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Preface

These pages present a collection of recent papers primarily documenting the nascent
science of neutrino geophysics. Most of the papers followed from talks given at
Neutrino Sciences 2005: Neutrino Geophysics' held at the University of Hawaii in
December 2005. Several papers were solicited later in an effort to make the collection as
comprehensive as possible. Every paper was scrutinized by an external reviewer to
assure the quality of scientific content. These reviewers are thanked for lending their
scientific expertise through their many thoughtful comments and suggestions. All
authors are commended for providing excellent manuscripts of their important work
while maintaining a spirit of cooperative collaboration throughout. Although every
attempt was made to produce a thoroughly accurate volume, it is the accepted
responsibility of the associate editor for any mistakes, errors, or omissions in the pre-
sented material. The recommendations, advice, and wisdom of John Learned and
Sandip Pakvasa were indispensable in organizing and completing this project. Pro-
duction charges were generously provided by the University of Hawaii. The support of
Hawaii Pacific University, which contributed teaching release time, is gratefully ac-
knowledged.

Stephen T. Dye
Associate Editor
November 28, 2006

Stephen T. Dye is an associate professor of physics at Hawaii Pacific University and an
affiliate to the graduate faculty of the Department of Physics and Astronomy at the
University of Hawaii at Manoa.

'See www.phys.hawaii.edu/~sdye/hnsc.html
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Abstract. Long distance detection of electron anti-neutrinos from reactors at distances of order 200 km
has been achieved with the 1000 ton liquid scintillator-based KamLAND instrument in Japan. In summer
2005 the KamLAND group reported the first detection of anti-neutrinos from the natural radioactivity of
the earth. These measurements are due to uranium and thorium decays dominantly from the nearby crust
in Japan, and are expected to have only a small contribution from the earth’s mantle (and core). Several
new detectors are under consideration around the world for measurements which when taken together can
reveal the location of these heavy elements, which are expected to contribute a major share of the internal
earth’s heating via their radioactivity. This heating is of course associated with providing the power to
drive the geomagnetic field and plate tectonics. Geologists have only indirect evidence about the deep
earth, mostly from seismic wave velocity and inferences from a few meteorites. Anti-neutrino detection, on
the other hand, yields direct information about earth’s interior. The location and magnitude of the earth’s
uranium and thorium are crucial to understanding the origin and evolution of the earth and present day
activity.

Keywords: Neutrino, anti-neutrino, uranium, thorium, rare metal abundance, earth heat balance,
geomagnetic field, plate tectonics

1. Welcome

This meeting provides for most of us the opportunity to meet with colleagues
from different disciplines on an exciting topic of mutual interest: the study of
neutrinos emanating from the earth, and what we can learn about the deep
and inaccessible interior from these ghostly messengers. We share the unusual
chance to meet in a small and informal venue where one can ask those “dumb
questions” (the ones that are usually hard to answer), and we can all benefit
from new viewpoints. In fact, writing in retrospect, this did indeed take place,
and we had a wonderful three days of very active information exchange.

2. Neutrino Science Blossoming

Many of the physicists at this meeting have participated in the great advances
made in neutrino physics in the last decade. Neutrinos have been largely a
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curiosity in the study of elementary particle physics due to the extreme dif-
ficulty of their detection. This is mainly due to their only interaction being via
the weak force, and hence their traveling right though detectors and even the
earth and sun, almost unimpeded. The cross-section between a proton and a
geo-neutrino (an electron anti-neutrino of a few MeV) is a mere 10™** cm?, or
about 1/100 billionth the cross section for a photon striking a proton. Hence,
huge instruments are necessary to get into the game, and these have been
developed over the last twenty-five years. Some were built mainly to search
for the decay of ordinary matter (proton decay), which has yet to be found.
Yet, by (open eyed) serendipity three major events have occurred.

First, a burst of neutrinos was observed arriving from a collapsing star at
a distance of 150,000 light years, on 23 February 1987. This provided evi-
dence for the end of life of large stars, and gave confirmation to many things
suspected of neutrinos. In fact neutrinos are invoked as vital participants
driving the type-II supernova explosion shock wave responsible for the
production of the heavy elements under study at this meeting: the general
belief is that the only significant source of heavy elements in our universe is
during the explosion of the envelope surrounding the collapsing neutron core
of an exhausted star.

The second major event in neutrino studies was the reported observation
by the Super-Kamiokande collaboration in 1998 of “‘oscillations” of neu-
trinos, and in this instance the morphing in flight of one of the three flavors
of neutrinos (electron, muon and tau neutrinos) from muon neutrino to tau
neutrino (and back). This observation, now multiply confirmed, indicates the
peculiarity that the muon neutrinos and tau neutrinos are essentially as mixed
as they can be, transforming almost entirely, with a frequency of about
10° Hz for energies of about 1 GeV, back and forth between flavors. This
unique oscillation phenomenon tells us that neutrinos do have some rest
mass, albeit much less than an electron (by about a factor of 20 million).
These observations were not anticipated by model builders, however the
phenomenon of neutrino oscillations had been discussed for many years.
Non-zero neutrino masses require physics beyond the Standard Model of
particle physics.

The third major step occurred as a concluding series of experiments elu-
cidated the origin of the 35 year *‘solar neutrino puzzle.”” This began with the
measurement by Ray Davis and collaborators of solar neutrino interactions
in a radiochemical experiment in the Homestake gold mine in 1968. His
experiment and other later experiments found a deficit of neutrinos from the
sun, as compared to well developed predictive models of solar burning. Much
speculation and even acrimony over whether the solar models were wrong or
the experiments were wrong, was dismissed by results from two experiments
in the last four years. First, the SNO experiment in a deep nickel mine in
Canada, using heavy water as (an expensive) target was able to measure not
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only the flux of electron neutrinos, as had several other experiments
(including Super-Kamiokande), but most importantly they were able to
detect a process called the ‘“‘neutral current interaction” which responds to
any type of neutrino, and hence measure the total flux of neutrinos arriving
from the sun, not just electron neutrinos. Indeed their results indicated that
there were no missing neutrinos, but that the number of electron neutrinos
was greatly depleted at earth.

Finally, the KamLAND experiment measuring electron anti-neutrinos
(which should show the same behavior as electron neutrinos) was able to
measure the flux of electron anti-neutrinos due to all the power reactors
operating around Japan, at a typical distance of 200 km. Not only did
KamLAND measure the decrease in rate as expected from solar neutrinos,
but the energy distribution of the anti-neutrinos as observed showed the
unique oscillatory signature (see Figure 1). This eliminated the last compet-
ing hypotheses.

This latter experiment, KamLAND has the sensitivity to see neutrinos all
the way down in energy to around 1 MeV, where one begins to find the flux
of neutrinos from radioactive decays throughout the earth, and hence the
present meeting is made possible.

It should be said that neutrinos, while presenting great challenges to
detection, on the flip-side, present the possibility for peering inside luminous
objects from throughout the universe. Not only can we see inside the earth
and into the core of the sun where the fusion furnace burns, but into
exploding stars, and we hope in the near future into the cores of galaxies,
other of the most energetic objects in the universe, and ultimately back to the
time of the Big Bang.
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Figure 1. Ratio of observed to expected reactor neutrinos versus distance from the reactor
from KamLAND and previous experiments. KamLAND was first to see a deficit due to
neutrino oscillations.
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On the terrestrial front, experiments and neutrino beams are being plan-
ned and even constructed to study details of the newly recognized oscillation
phenomenon, in hopes of elucidating some of the most peculiar aspects of
particle physics. Some of the heavier quarks slightly violate a symmetry
called CP invariance. It is of great interest to know if neutrinos share this
peculiar property, and this will be tested in some difficult experiments in the
next several decades.

Practical applications are also being studied, from nearby reactor moni-
toring with truck-sized detectors, to dreams of a world network of (as yet
impractical) instruments to monitor all the world’s reactors as well as keep
track of clandestine nuclear weapons testing. The field is indeed blossoming
and this is the right time to start dreaming of doing neutrino tomography of
the earth.

3. Where is the Uranium and Thorium in the Earth?

What do we know about the inner earth (see Figure 2)? The answer is,
unfortunately, not very much and perhaps less than what we know about the
inside of the sun. We can only guess the composition by analogy, using
spectroscopy of the outer sun and direct measurements of meteorites. In fact
only three Carbonaceous Chondrites are generally taken to provide the
template for terrestrial composition. Of course we can directly sample only
the material at or near the earth’s surface. There are expected differences in
this composition and the proto-earth abundances, due to early heating which
drove off light elements, and due to chemical combinations of some elements
which may be shallower or deeper within the earth. All this will be (was)
discussed in detail at the meeting by experts. From our viewpoint as physi-
cists it is a complicated story, without even a consensus upon the earth
formation sequence, and certainly a tale which presents multiple possible
scenarios.

The most direct evidence for the structure of the earth comes from seismic
measurements (see Figure 3). Multiple recordings of earthquakes yield sound
velocity profiles of the earth and even some detail on lateral heterogeneity.
Combining these with measured earth mass moments (from satellites), and an
equation of state, one may infer the earth’s radial density profile. However,
the composition cannot be inferred uniquely from this; one can only posit a
possible mixture which would satisfy the velocity constraints.

The internal terrestrial heat gradient drives circulation producing conti-
nental drift from the mantle, and also the geomagnetic field is thought to
originate from the circulation of the liquid outer core. From the frozen-in
magnetic fields of dated rocks on the surface, we know that geo-magnetic
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Figure 2. Sketch of earth in cross section (http://133.5.170.64/Museum/Museum-e/Part5-¢/
P51-e/earth_struct-e.htm).

fields have been around for billions of years, and though fluctuating in
direction have had reasonably constant magnitude.

Earth surface heat flow is tiny compared to solar irradiance and mea-
surements are difficult, particularly from the ocean floor. Data with model-
dependent interpolation gives ranges from 30 to 45 TW for the total heat
emission. Given expectations on the U/Th content, the U/Th radiogenic heat
may be in the range of 20 TW, but could be twice that. Many other possible
sources of heat have been suggested, but radioactivity is thought to be
dominant, though the heat budget remains uncertain to a factor of two, see
Table I.

The big question is not how much U/Th but whether it has mostly floated
like slag up under the crust (as most experts believe), or remains in solution in
the mantle, or has sunk onto the core-mantle boundary, or even into the core
(and combinations of all of the above). One controversial model by Herndon
(Herndon, 1996; Hollenbach and Herndon, 2001), has enough U in the inner
core to power a natural breeder reactor providing 1-10 TW from the inner
core. (This geo-reactor, if it exists, will be easy to detect in the new experi-
ments discussed below.) While most geologists do not accept this geo-reactor
model, it is not at all certain where the U/Th resides in the earth. Where the
U/Th delivers the radiogenic heating makes a big difference, even without a
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Figure 3. Plot of radial velocity and density profiles from Preliminary Reference Earth Model
(Dziewonski and Anderson 1981).

TABLE 1

Overview of earth heat flow balance (Verhoogen, 1980)

Element/Source Abundance (ppm) Earth Total Heat (TW)
Calc. Meas.

Potassium (K) 170 3.7 £ 50%
Uranium (U) 0.018 10.0 £ 50%
Thorium (Th) 0.065 10.5 £ 50%?
Total Radioactive 24.2 + 50%7?
Other Sources <10?
Geo-Reactor 0-10? <20

Total Heat Flow 30-50 30-45
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geo-reactor, since presumably the circulation of liquid outer core is the region
of origin of the geomagnetic field. It would seem that one would need a fire
under the pot to drive the presumed geo-dynamo. And, one would imagine
that the mantle would do well with the heat from below, though there are
some who argue that the circulation can originate in dropping cooled flows.

Another issue has to do with the content of potassium, in particular the
radioactive potassium-40. The earth seems to be somewhat depleted in
potassium, relative to external reference abundances, and models have been
made suggesting that it may have disappeared due to volatility. However, the
inner earth core does seem to have slightly less density (based upon seismic
velocity) than from the expected nickel-iron mix. Some speculate that the
decreased density is due to potassium in solution, which might then allow for
potassium heating to be the real pot-boiler from below.

Sadly the potassium-40 neutrinos are of very low energy, and do not make
the signature inverse beta decay reaction (not enough energy to promote a
proton to a neutron plus positron). Particle physicists have not found any
viable plans as yet to measure the potassium-40 neutrinos, though one new
idea is put forward at this meeting by Mark Chen.

4. How Can We Detect Geo-Neutrinos?
4.1. INVERSE BETA DECAY AND HISTORY

The neutrino was posited to exist in the 1930’s but was thought to be
undetectable due to its miniscule probability for interaction with matter.
Fred Reines and Clyde Cowan did in fact observe electron anti-neutrinos
from large military nuclear reactors in the mid 1950’s, at a distance of around
10 m from the reactor core. Since that time various groups have made further
measurements at ever greater distances, concluding in the successful detection
of reactors from all around Japan at ranges of typically 200 km, in the
KamLAND experiment in 2002 (Eguchi et al., 2003).

The detection mechanism takes advantage of the “inverse beta decay”
process, whereby a proton is transmuted to a neutron and the anti-neutrino
turns into a positron (see Figure 4). The positron immediately annihilates
with an electron in the medium, giving off two (back-to-back) gamma rays. If
the medium is some scintillating material (typically an organic liquid which
converts ionization by particles into nanosecond pulses of blue light), this
results in a flash of light whose energy is proportional to the initial neutrino
energy, less a portion (0.8 MeV) of the 1.8 MeV of energy needed to make
the reaction. The neutron is given a small forward momentum from the
incoming neutrino, but slows rapidly, walking randomly in direction, and
captures on a proton in the medium in a time of about 200 us, making a
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Figure 4. Schematic of electron anti-neutrino detection, showing production and prompt
annihilation of a positron, followed by a 2.2 MeV emission from the neutron capturing on a
proton (making a deuteron).

deuteron. The deuteron binding energy of 2.2 MeV is then released as a
gamma ray, and this causes a second flash in the scintillating liquid. The
combination of the two sets of light flashes, one of known energy, and both
close in space and time, provides a powerful filter for extracting the electron
anti-neutrino interactions from the wealth of other single flashes (due to
radioactivity, solar neutrinos, electronic noise, cosmic rays, etc.).

In KamLAND (see Figure 5) the liquid scintillator consists of hydrocar-
bons, so the target is hydrogen and the neutron capture is also accomplished
by hydrogen. (Neutrino interaction on the protons or neutrons in the carbon
nucleus requires too much energy because of the nuclear binding energy to be
of use here.) However, some detectors (including the original Reines—Cowan
instrument) use a scintillating liquid ‘“loaded” with elements which have
much larger neutron capture cross sections, and higher energy emissions (eg.
Gd, Cd). Such liquids can be expensive and some have proved unstable, but
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Figure 5. Cross section of the 1000 ton liquid scintillator-based KamLAND detector located
in a deep mine in Japan, and able to measure electron anti-neutrinos arriving from nuclear
power reactors at distances of hundreds of kilometers around Japan.
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may be worth pursuing to improve the directional signature since they can
shorten the neutron capture distance and time by a large factor (> 10).

4.2. NATURAL NEUTRINO SPECTRA

As illustrated below in Figure 6, the dominant fraction of the reactor signal
as observed by KamLAND, is in an energy region between about 2.0 and
7.0 MeV neutrino energy, corresponding to 1.2 — 6.2 MeV in the observed
first pulse energy in the detector. The decay energies attributable to uranium-
238 decay chain and to thorium-232 decay chain are all below 3.4 MeV (see
Figure 7). There is an additional background shown in Figure 6, due to a
contamination of the KamLAND detector by radon and a reaction of alpha
particles with carbon-13. This background is avoidable and will not be a
factor in later measurements, though it was a nuisance in the initial Kam-
LAND attempt at measuring the U/Th neutrinos, as reported in the cover
issue of Nature in July 2005 (Araki et al., 2005). Note that the reactor fission
products fortunately do make higher energy neutrinos than the natural
radioactive decay neutrinos, so we can clearly distinguish the two sources by
their characteristic spectra, as illustrated in Figure 6.

One may also note that the spectra from U and Th differ significantly, so
with adequate statistics we can measure the ratio of U/Th as well as observe
the total flux and hence amount of U and Th. Observing the total rate does
not correspond to the total abundance of U and Th however, even in a
uniformly layered earth (it is not the same as for electrical charges and Gauss’
law). Moreover there are surely great lateral heterogeneities due to the
varying crustal composition. Most U/Th is expected to be in or near the
crust, so discerning the amount distributed throughout the mantle and core is
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Figure 6. Spectrum of electron anti-neutrinos from reactors at KamLAND (dashed curve)
and several backgrounds, including those due to natural radioactive decay of U and Th at
energies below 3.4 MeV (dot-dashed curve) (Araki et al., 2005).
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Figure 7. **¥U and ***Th series decay anti-neutrinos extend to energies of 3.3 MeV, while *°K
anti-neutrinos are all below 1.4 MeV, and not detectable by inverse beta decay.

very difficult. For example, only 27% of the flux from U/Th decay at
KamLAND is expected to be from the mantle and core, and most due to the
local mountains and deeper plate. Oceanic crust is younger and thinner and
expected to have typically only 1/10 as much U/Th as that when measuring
from a continental location, and hence the crucial issue of how much of the
terrestrial radioactivity is in the mantle/core will need to be measured from
an oceanic location.

4.3. CAN WE MEASURE MORE THAN RATE?

Of course we would like to measure the arrival directions for the neutrinos
and hence map out the origin in direct fashion. However, directional mea-
surement is very hard at these energies and particularly in a scintillating
material with its isotropic light emission. A small handle can be had from the
net momentum transmitted to the neutron by the neutrino, which statistically
biases the locations of the positron annihilation and the neutron capture to
be slightly aligned with the original neutrino direction. The Chooz reactor
experiment in France did achieve an 18 degree resolution from their nearby
reactor with several thousand events (see Figure 8). It appears that in the
next generation of instruments, neutrino directionality will be of marginal
utility. Studies are needed to determine if much can be deduced about the
internal earth distribution, from the average directionality of U/Th neutri-
nos. It will have to await a further generation of instruments with neutrino
tracking ability to make much progress. Ideas, some mentioned at this
meeting, range from highly segmented detectors with high electron density
and shorter neutron capture distance, to coherent neutrino scattering. None
are close to implementation on a large and affordable scale (and coherent
scattering has not been observed at all as yet).
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Figure 8. Chooz experiment data exhibiting weak directional dependence of vector between
positron annihilation and neutron capture locations (Appolonio et al., 2000).

A similarly difficult situation obtains for measuring the neutrinos from
potassium 40. Unfortunately the highest potassium energy is 1.3 MeV, which
is below the inverse beta threshold. There is also a weak electron neutrino line
from potassium 40 due to electron capture.

5. Synergy in Multiple Observations around the World

Various groups have proposed or built experiments which can contribute to
the study of natural electron anti-neutrinos (see Table II). The KamLAND
detector in Japan has reported results, as discussed above. The long delayed
and somewhat small Borexino detector in Italy will hopefully come into
operation late in 2006. The SNO detector, located in Canada, which made
such excellent measurements of solar neutrinos using a heavy water target
will end its run in 2006, and is being considered for conversion to a scintil-
lating liquid detector (SNO+). Proposals have also been put forward for
other instruments; in Baksan (Caucasus, Russia), Homestake Mine (USA),
Finland (LENA), by a Dutch group for EARTH, drilling below the island of
Curacao, and by the Hanohano group for deep ocean emplacement near
Hawaii. See discussions of these projects in these proceedings, and see map of
locations in Figure 9. All proposed projects except EARTH and Hanohano
would be dominantly measuring anti-neutrinos from U and Th decay from
the local crust and to a lesser degree from the mantle. The ratio of neutrinos
from the local crust to neutrinos from the mantle (and core) measured at
KamLAND is expected by calculation to be about 3:1. In a deep ocean
location, due to the thin and not so radioactive oceanic crust, the situation is
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TABLE II

Some proposed geo-neutrino instruments, location, size and status
Project KamLAND  Borexino SNO + Hanohano
Location Japan Italy Canada Hawaii
Crust Continental =~ Continental  Continental  Oceanic
Current status or Start date Operating 2007 2008 Planning
Depth (meters water equivalent) 2700 3700 6000 4500
Target (10°? free protons) 0.35 0.18 0.57 8.7
Geo-neutrinos per year- Total 13 8 30 110
Geo-neutrinos per year- Mantle 4 2 5 81
Reactor neutrinos per year 39 6 32 12

Homestake SNO+ LENA Baksan

~J

Hanchano N

EARTH |

Borexino

Figure 9. Map of proposed geo-neutrino detector locations.

expected to be reversed (3:1 mantle and core to crust). Thus, given at least a
20% uncertainty in the calculations of expected fluxes for locations domi-
nated by the local crust, one cannot extract the mantle (and core) contri-
bution from continental measuring locations alone. There is nice synergy
however with measurements both from an (one or better more) oceanic
location and continental locations from which the mantle (and core) con-
tribution can be subtracted.

Discussions are underway about the possibility of making measurements
at multiple ocean locations and what can be learned and sensitivity required
to detect expected contrasts (such as between ordinary mantle and that near
large upwellings). The Hanohano design target volume (now set at 10 kilo-
tons) is being aimed at this prospect, given the mobility of this instrument.
We envisage a one year run at several locations. Hanohano can also be
located off shore from a nuclear reactor complex, and may provide an
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opportunity for a precision measurement of the solar mixing angle (0 |») and
atmospheric mass-squared differences leading to determination of neutrino
mass hierarchy.

6. Other Applications of Future Large, Low-Energy Neutrino Detectors

In the future we can anticipate many uses of neutrinos both for fundamental
science in particle physics and astrophysics, and in applications as probes due
to their unique penetrating ability. For some time now people have written
papers suggesting some far-out possibilities, such as active earth tomography
with accelerator-produced neutrino beams and perhaps natural neutrinos,
using neutrino beams to search for oil, measure heterogeneities, determine
earth core properties in ways unrivaled, and even as carrier beam for an
ultimate galactic time standard.

In the shorter term we can begin to think seriously about using neutrinos
to monitor nuclear reactors, both for checking on use of the reactor and
reactor performance. This can only reasonably be carried out from close-in
(10-100m) and with cooperative facilities. For locations which may not be
cooperative, one can stand away distances of hundreds or even thousands of
kilometers. However, the price for range is great since the flux falls with
distance squared and moreover one starts to have competing signals from
other reactors (see Figure 10). Since there are about 500 reactors in the
world, one can imagine a network of roughly that number of detectors which
can monitor all the world’s reactors, and can subtract the known contribu-
tions from cooperative sites, revealing clandestine operations. While there are
other means to search for rogue reactors (eg. thermal signatures), one cannot
shield the neutrinos. And, the synergistic application of multiple monitoring
techniques may yield more powerful constraints.

Another application in this line, which comes for free with remote (close-
in detectors would not have the sensitivity) reactor monitoring is the detec-
tion of clandestine nuclear weapons testing. There are many mechanisms in
place for detecting such activity, although there have been cases of both false
positives and false negatives. The neutrino signature cannot be faked or
masked, and is a definitive measure of the weapons fission yield. Studies show
that a large array for reactor monitoring as above, could detect weapons
down to the one kiloton level anywhere in the world.

Science applications of future huge low energy neutrino detectors are also
very exciting. For example, a one gigaton instrument (or collection totaling
that effective mass) could detect supernovae from throughout our galactic
supercluster, recording perhaps one per week. Such would have many
associated studies ranging from stellar evolution to general relativity and
particle physics. The measurement of the sum of electron anti-neutrinos
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Figure 10. Size requirements for an anti-neutrino detector to measure a reactor flux to 25%
uncertainty in 6 months. Upper is for a 10 MWt reactor, lower for a 1 GWt reactor. Back-
ground is not considered. Practical volumes now are up to about 1-10 MT, and in future may
go to 1 GT. Detectors beyond a few km must be underground or underwater for cosmic ray
shielding.
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Figure 11. Neutrino spectra, illustrating the flux expected from a 1 kiloparsec distant massive
star during the last few days of silicon burning. Notice that this (electron neutrino and anti-
neutrino) flux rises by about two orders of magnitude above the solar electron neutrino flux in
the energy range between roughly 1 and 2 MeV (Odrzywolek, Misiaszek, and Kutschera,
2004).

from all previous supernovae throughout the universe would yield much
interesting information on stellar formation rates and cosmology. On a
more local level, increased thermal neutrino output of a star within our
galaxy during the last few days of burning prior to implosion may be
registered with large instruments, giving earth a supernova early warning
system (see Figure 11).
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7. Challenge and Outlook

e Geologists: tell us what you need to know most and what are the range
of possibilities one may find. Also, please tell us about potential for
unorthodox phenomena, such as the hypothetical geo-reactor.

e Physicists: tell us what can be done now, and in a few years. How well
can we measure the U/Th content? Can we measure the K content? Can
radial distributions be measured?

e All: What are the larger implications of these measurements for life on
earth and in other circumstances?

e Outlook: lots of fun, as we witness here perhaps the birth of a new and
important area of science.
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I shall summarize the marvellous accomplishments in neutrino physics of the
past decade, very briefly sketch our current understanding of these elusive
particles and provide a personal list of the most important challenges that
remain in this discipline, given in (my) order of priority. Because the fol-
lowing discussion is more provocative than novel, I must apologize in
advance for the inevitable omissions, distortions, inequities and iniquities
resulting from my ignorance or infirmitude, inattention or ineptitude and
unintended arrogance.

The neutrino story began with the desperate remedy Pauli proposed in
1931 and later may have regretted: “I have done something terrible,” he
wrote, “‘I have predicted an undetectable particle.” A quarter of a century
later, Pauli was proven right about the neutrino but wrong about its unob-
servability. Since then, we have learned a great deal more about neutrinos:
that they come in three species, that they oscillate in identity, that they have
mass, and much more. Indeed, Pauli’s desperate remedy soon became a
powerful tool which helped reveal the quark structure of hadrons, and
through the discovery of neutral currents, established the validity of the
electroweak theory. Furthermore, neutrino observations have confirmed our
understanding the nature of both supernova and the sun. This very confer-
ence shows that neutrinos may someday help us to understand the inner
structure of our planet as well. Consider, if you will, some of the many
remarkable advances in neutrino physics of just the past decade:

1994: The surprising and anomalous indications of the LSND experiment
should not be included in this list for two reasons. The experiment did
not take place in the past decade and its result has not been confirmed.

1998: Super-Kamiokande dramatically resolved an apparent atmospheric
neutrino anomaly that was first noted by IMB and Kamiokande. The
announcement at Takayama of decisive evidence for neutrino mass
and atmospheric oscillations was met by a standing ovation.
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CHOOZ set the current upper bound to the subdominant mixing angle
0,5 associated with 3-family neutrino oscillations.

DONUT (at Fermilab) was the first experiment to provide direct evi-
dence for the existence of tau neutrinos.

SNO decisively solved the solar neutrino problem by measuring neu-
tral current interactions of all the neutrinos coming from the sun.
KamLAND observed the disappearance of electron anti-neutrinos
from relatively distant nuclear reactors.

KamLAND reported the detection of antineutrinos from natural
sources within the Earth.

These, among other, of the many recent accomplishments in neutrino
physics have led to numerous prizes and medals. I have selected ten recent
awards to list below:

1995:

2000:

2001:

2002:

2003:

2002:

2002:

2003:

2003:

2003:

Fred Reines wins the Nobel Prize for his detection of the neutrino
(with Clyde Cowan, since deceased) for work done 40 years earlier.
Ray Davis and Masatoshi Koshiba share the Wolf Prize for their
observations of neutrinos of astrophysical origin.

Ray Davis is awarded the National Medal of Science for his lifelong
contributions to neutrino physics.

Nick Samios wins the Pontecorvo Prize for discovering, via neutrino
interactions, the Q™ particle and the first charmed baryon.

John Bahcall wins the Dan David Prize for his contributions to neu-
trino astrophysics.

Ray Davis and Masatoshi Koshiba share the Nobel Prize for the
detection of cosmic neutrinos.

Masatoshi Koshiba, Yoji Totsuka and Tokaaki Kajita share the
Panofsky Prize for their compelling evidence for neutrino oscilla-
tions.

John Bahcall and Ray Davis share the Fermi Prize for work leading to
a revolution in the understanding of the properties of neutrinos.

Art McDonald is awarded the Hertzberg Medal for developing and
exploiting the Sudbury Neutrino Observatory.

Tom Bowles, Vladimir Gavrin and Vadim Kuzmin share the
Markov Prize for their radiochemical research on the solar
neutrino problem.

It is clear from all these awards that neutrino physics has become a
recognized, well-regarded, and exciting discipline. So, what have we learned
(or not learned) from all this research? An executive summary follows in the
form of a very short list:
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e There seem to be exactly three active (i.e., weak doublet) neutrino states,
at least two of which have mass.

e The masses and mixings of neutrinos seem to be described by a minimal
model: a 3 x 3 matrix that involves precisely six observable parameters,
all but one of them either roughly measured or constrained. These
consist of three angles: 0, (solar), 0,3 (atmospheric), and 03
(subdominant), one CP-violating phase J, and two squared-mass
differences: Agorar and Ayim.

e No experiment (with the exception of LSND) suggests or requires the
mixing of active neutrinos with sterile light singlet states.

e Neutrino masses may just as well be ‘Majorana’ (lepton-number
violating) or ‘Dirac’ (lepton-number conserving). Intermediate possibil-
ities, such as would require sterile neutrinos, are disfavored.

e Despite hundreds of published theoretical papers, little is known about
the origin of neutrino masses, and nothing at all about why the various
parameters are what they are. The latter question is quite analogous to
the mystery of quark masses and mixings.

e Neutrino experiments have enabled the most sensitive searches for
flavor-dependent Lorentz violation in the neutrino sector. The relevant
dimensionless parameters are known to be less than 1072°.

I conclude with yet one more list addressing the question of what are the
future challenges for neutrino physicists, in order of importance as I see it:

(1) First on my list, pour rendre une politesse, must be The Study of Geo-
neutrinos: antineutrinos produced by naturally radioactive elements
within our planet’s crust, mantle and core. Why on Earth should this be
interesting?

e Because their precise measurement is a daunting and difficult challenge
for experimenters who thrive on doing the near impossible.

e Because theorists have written (and will write) lots of papers about
geoneutrinos, such as Eder and Marx in the 1960s and at least 13 others
(including me) in the 1980s.

e To determine how uranium and thorium are distributed within the
Earth, and (optimistically) to see if potassium has accumulated in the
core, thus helping power the geomagnetic dynamo.

e To test the speculative suggestion that there is a natural nuclear reactor
within Earth’s core.

e Additional motivations to investigate geoneutrinos are likely to appear
in the Proceedings to this conference.
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(2) The Quest for Neutrinoless Double Beta Decay

If this process is decisively observed, we will know that lepton number is
not conserved. This would be a truly important discovery.

The existence of neutrinoless ff decay would show that neutrinos are
likely to have Majorana masses. Conversely, if it be shown that the
process is absent at an appropriate level, then neutrino masses are likely
to be Dirac, although there are more exotic possibilities.

If the process is both seen and measured, we will have a quantitative test
of our simple 3 X 3 matrix description of neutrino masses and mixings,
and as well, an estimate of the absolute size of neutrino masses.

In 2001, Klapdor et al. claimed ‘Evidence for No-Neutrino Double Beta
Deacay’ [Mod. Phys. Lett. Al6, 2409]. However, Aalseth et al.
responded that ‘there is no basis’ to this claim [Ibid. A17, 1475]. And so?
Although one experiment may suffice in principle to establish the
existence of no-v i decay, several positive results will be necessary to
clinch the case. Great discoveries demand decisive proof! Furthermore,
several experiments will be needed to pin down the neutrino parameter
M., because the relevant nuclear matrix elements are poorly known.

(3) Setting the Parameters of the Minimal Model

The subdominant angle 63 must be measured (and must not be too
small) if we are to detect CP violation in the neutrino sector. The present
(CHOOZ) limit is roughly sin’26,5 < 0.2, where I say roughly because
the constraint strongly depends on A,y,. We must do much better.
Minos-Numi may achieve 0.06; Double-CHOOZ will aim for 0.03; while
the (not yet funded) Daya Bay project will target 0.01.

Aside from the question of how far 0,3 departs from zero, we must know
how close are 0, to ©/6 and 6,5 to n/4.

The squared-mass differences are roughly known: A, =3 %
1 x 1072 eV? and Ay, = 8 £ 1 x 107° eV>. More accuracy is required,
especially for the atmospheric difference. Furthermore, it is essential to
determine whether the neutrino mass hierarchy is normal or inverted... a
question that could be addressed by long baseline off-axis experiments.
It would be wonderful, but difficult, to demonstrate CP violation in the
neutrino sector. JPARC may accomplish this feat, if 0,5 is at least a few
degrees and ¢ is nearly maximal. Again, more sensitive experiments are
needed.

Finally, the big question: Are all aspects of neutrino propagation
determined by the six parameters of the minimal model? If not, great!
We will be challenged. But if so, what more can experimenters do? Will
they have accomplished their appointed task?
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What about LSND? This experiment alleges to see v, — v, with a small
mixing angle and large (0.1-10 eV?) squared-mass difference. This result
is unique in that it cannot be explained in the otherwise triumphant
minimal (3-state) model. Hundreds of theorists are in hot pursuit, but |
am not yet persuaded to join the chase. It is the intent of the long-running
MiniBoone experiment to confirm or refute the LSND experiment, but
its result has not yet been announced. While a decisive refutation would
put this issue to rest, I fear that theorists will be permitted to play their
games for years to come.

To Catch a Supernova We observed a total of 18 events from supernova
1987a at IMB and Kamioka, thereby confirming our understanding of
core-collapse supernove. How wonderful it would be to detect and
measure thousands of neutrinos from the next relatively nearby super-
nova... in a year or a century from now. So much the better if our ever-
ready detector could (like SNO) distinguish between charged-current and
neutral-current events. Such a device (with some cooperation from nat-
ure) could tell us alot about both neutrinos and supernove. I would assign
a high priority to the indefinite maintenance of such a facility.

Absolute Neutrino Masses Oscillation phenomena depend only upon
differences of squared masses, and not upon their absolute masses. At
present, we have only a weak lower bound to their size from oscillation
experiments:

> mi>0.05eV/c,

and a surprisingly strong upper bound from our more astrophysical
colleagues:

Zm,-<leV/c2.

With further work, the constraints may come much closer together, and
it is just possible that the mass scale will be set through the observation
of neutrinoless double beta decay.

Searches for neutrino-mass effects on the endpoints of beta spectra may
also be relevant to this issue. At present, studies of the tritium endpoint
constrain the ‘v, mass’ to be less than 2.2 eV, which is compatible with, but
no stronger than, the cosmological claim. Can we anticipate improvement?
Of course, better direct limits on the masses of the muon and tau neutrinos
can and will be set, but these are unlikely to be relevant.

Cosmic Ray Neutrinos We have seen and studied neutrinos of extra-
terrestrial origin: from the sun, from a supernova and as tertiary
products of cosmic-ray impacts. But what about neutrinos as primary
cosmic rays?
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As point sources in the sky?

As transient sources such as GRBs?

As ultra-high energy neutrinos?

From ‘W-bursts’ via the Glashow resonance?
From WIMP anihillation within the Earth or sun?

In short, will there ever be a true science of neutrino astronomy?

(8) Surprises? Who knows what Nature has in store for us?

Sterile neutrinos,

Mass-Varying Neutrinos,

Lorentz Violation,

Effects due to Extra Dimensions,

Neutrino with Magnetic Moments,

Decaying Neutrinos,

Departures from Flavor Universality,

What about N, = 2.984 + 0.008, a 2-¢ discrepency?

Or will there be something even more interesting, Because as always, we
must allow Nature to call the shots.

Research supported in part by the National Science Foundation under

grant number NSF-PHY 0099529.
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Abstract. The radioactivity of the earth is an important parameter in understanding the dynamics of the
planet and the evolution of the crust-mantle—core system but geochemical and geophysical approaches
have had only a limited success in defining it. The opportunity of a direct estimate of the radioactivity of
the earth by measurement of the geoneutrino flux takes on an added significance in this context. Such an
independent new measurement will help resolve and/or clarify a number of questions about global scale
processes in the earth and will help advance earth sciences.
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“— In science, conventional wisdom is difficult to overturn”

—Richard L. Armstrong, 1991.

1. Introduction

The radioactivity of the earth is an important parameter for understanding
the earth’s internal energy budget and the evolution and dynamics of the
planet. As described below, attempts to estimate the overall radioactivity of
the planet over the past few decades by using tools of geochemistry and
geophysics have had only a partial success. This is not because that the tools
are inadequate but because of some fundamental limitations in observing the
earth. The net result is that at present we have only some model-dependent
notions about the radioactive content of the earth’s mantle and core, about
99% of the mass of the earth. The only parts of the earth for which we have
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some reliable estimates of the radioactive content are the crust and the upper
mantle, because they are directly accessible for sampling. Since heat produced
in the interior of the earth by decay of radioactive isotopes U, Th, and K is
the driving force responsible for the dynamic activity of the earth, a precise
estimate of the radioactivity of the earth will aid in clarifying the energy
budget for a variety of global dynamic processes, such as the plate-tectonic
motions and convection in the mantle, global surface heat flow, production
and maintenance of the geomagnetic field for ~4 billion years, and the
crystallization and evolution of the inner core. It is fortunate that a possi-
bility to directly measure the earth’s radioactivity seems to be at hand now.
Radioactive decay in the earth of elements such as U and Th results in the
production of geoneutrinos. Recent progress in the detection and measure-
ment of this geoneutrino flux has advanced to a level that a new independent
tool for measuring the radioactivity of the earth due to U and Th is available
now (Mantovani et al., 2004; Fiorentini et al., 2005; and several articles in
this volume). Present geoneutrino detection techniques do not permit mea-
surement of K, due to the lower energy of K-neutrinos, relative to those from
U and Th decay, and further development in the technique is needed for
K-determination. I review here the current situation with respect to our
understanding of the radioactivity of the earth. The prospect to look for-
ward to is that we have an opportunity to examine many of the present
notions of the radioactivity of the planet by this new tool offered by neutrino
physics.

2. Radioactivity of the crust and the mantle

At present, information about the radioactivity of the earth is obtained in
three approaches: (1) Direct measurement of K, U and Th in rocks from the
crust and the outer few hundred kilometers thick layer of the mantle are now
available. These provide a reasonably consistent estimate of the radioactivity
of the crust, in a variety of crustal models employed by geoscientists. Beyond
that, a fundamental difficulty exists in estimating the overall radioactivity of
the entire mantle or the earth. The lower mantle, with a mass nearly half of
that of the entire earth is not accessible for a direct measurement of its
radioactivity. Seismic velocity measurements or mineral physics data cannot
provide useful constraints on the trace and radioactive element content of the
lower mantle (e.g., Mattern et al. 2005). Secondly, it is generally considered
that the core with nearly one-third the mass of the earth is devoid of any
radioactivity. This is being debated at present, however. Thus, in essence we
are left with considerable uncertainty with respect to the radioactivity of
about 80% of the mass of the earth in the lower mantle and the core. Nev-
ertheless, several geochemical models have estimated the composition and the
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radioactive content of the mantle and the total earth based on data from the
crust and the upper mantle samples (Jagoutz et al., 1979; Wanke et al., 1984;
Hart and Zindler, 1986). One of the goals in these studies is to understand the
differentiation history of the earth into a primitive silicate fraction (often
referred to as the Bulk Silicate Earth — BSE) with a metallic core, and the
further differentiation of the BSE into the crust and the mantle. These models
consider the lower mantle to be similar in composition to the upper mantle.
However, whether or not the mantle is compositionally layered is by no
means a settled question at present (see for example Anderson 1989a, b; 2005;
T. Lubetskaya and J. Korenaga, submitted).

(2) Geochemical information provided by meteorites combined with the
terrestrial data has provided an enlarged framework for constructing geo-
chemical models for the radioactivity of the earth. It has been known for a
long time that the relative abundances of the lithophile refractory elements,
for example Ca, Mg, Al, etc., in the earth’s crust and upper mantle combined,
match that of C1 carbonaceous chondrites, a class of volatile rich primitive
meteorites with composition that closely matches the solar photosphere
(Ringwood, 1966). In contrast, several volatile elements, such as the alkalis
and halogens etc., appear depleted in the earth. Furthermore, the pattern of
depletion of volatile elements is thought to follow closely the volatility of
elements in the solar nebula during condensation processes. Since then it has
become customary to use C1 chondrites as a reference initial composition to
compare the terrestrial abundance estimates to understand the accretion
processes and the differentiation history of the earth into the crust, mantle
and the core. McDonough and Sun (1995) provide a detailed description of
such a model with complete references to prior studies. Commonly used
estimates of the radioactivity of BSE and the planet (Table I) are taken from
this model.

(3) The terrestrial surface heat flow is an expression of heat production in
the earth and can be an indicative measure of the internal radioactivity of the
earth. We now have a large database of heat flow measurements from both
the continents and the oceanic regions. Even with such information, the
global average heat flux cannot be precisely determined; current estimates
(Lee, 1970; Pollack et al., 1993; Stein, 1995; Hoffmeister and Criss, 2005)
range from 30 to 44 TW (1 TW = 10'> W). The higher value exceeds the
heat production of chondritic model earth by nearly a factor of two (see the
compilation by Lodders and Fegley, 1998). It is possible to rationalize this
discrepancy by invoking a variety of possibilities such as a significant secular
cooling delay of 1-2 Ga (1Ga = 10’ years) which equates the present sur-
face heat flux to radiogenic heat produced in the past, or by including
residual primordial heat from accretion, or other sources (Anderson, 2005).
No definitive statements can be made about these possibilities at present, but



26 V. R. MURTHY

TABLE 1

Geochemical estimates of U, Th and K in the Bulk Silicate Earth — BSE)*
U Th K Reference
0.021 - 231 Wanke et al., (1984)
0.018 0.064 180 Taylor and McClennan (1985)
0.0208 - 266 Hart and Zindler (1986)
0.0203 0.0813 258 Hofmann (1988)
0.0203 0.0795 240 McDonough and Sun (1995)
0.0202 0.0764 235 Van Schmus (1995)°

“Based on the assumption that the lower mantle is compositionally similar to the upper
mantle. All values are in parts per million.
®Suggested average values.

one is left with the notion that the present heat flux is much greater than can
be accounted for by the radioactive content of the earth shown in Table 1.

The K/U ratio in rocks from the crust and upper mantle is ~1 x 10* but in
chondrite meteorites is higher (see Lassiter, 2004 for an up-to-date discussion
of K/U ratios in terrestrial materials and meteorites). The low K/U ratio in
the earth and the low K abundance in the mantle is attributed to the loss of
moderately volatile K from the earth. However, the volatile loss cannot be
due to partial vaporization from the earth, because the isotopic composition
of K in the earth is identical to that of meteorites (Humayun and Clayton,
1995). The volatile K-loss must have preceded planetary formation, implying
incomplete condensation or loss of volatiles in the precursor materials that
formed the earth. Since this type of volatile loss of alkalis is not shown by the
chondritic meteorites across the entire range of composition from the most
primitive volatile-rich, highly oxidized C1 meteorites to the highly reduced
metal-rich E-chondrites (Lodders, 1995), one is forced to conclude that
precursor material for the earth and the meteorites cannot be the same.

Terrestrial oxygen, the most abundant major element in the earth (>30%
by mass of the planet) is different in isotopic composition from that of ClI
chondrites and ordinary chondrites. It is not possible to produce terrestrial
type oxygen from chondritic type by any understandable volatility or frac-
tionation processes. C1 chondrites also cannot provide for the abundance of
~30% Fe in the earth (Javoy, 1995). Drake and Righter (2002) have discussed
in some detail the general difficulty of using chondrite meteorites for initial
starting composition for the earth. It is difficult to avoid the conclusion that
C1 and ordinary chondrites cannot be the precursor material for the earth,
thereby diminishing their usefulness as reference material for understanding
terrestrial fractionations.

The O-isotopic composition is a strong constraint in identifying earth
precursor material, The only meteoritic material that closely matches the
terrestrial O-isotope composition is that represented by the highly reduced
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metal-rich EH- enstatite chondrites. Based on this and the similarity of the
oxidation states of the earth and the enstatite chondrites, some have sug-
gested that EH condrites may be more appropriate precursors for the earth
(Javoy and Pineau, 1983; Javoy et al., 1986; Javoy, 1995; Lodders, 1995,
2000). These types of models have the advantage of simultaneously satisfying
the stringent requirement of the O- and other stable isotope characteristics,
the high iron content of the earth, and the global heat flow data (Javoy, 1995;
Hofmeister and Criss, 2005). Models of this type yield a significantly higher
radioactive content in BSE than those listed in Table I.

There are other uncertainties as well. An important recent experimental
work calls for a significant hidden reservoir of material enriched in radio-
active elements in the deep mantle. Boyet and Carlson (2005) inferred from
the '**Nd evidence from the mantle that an early global differentiation of the
mantle soon after the formation of the earth had segregated a radioactive rich
layer deep in the earth. This enriched layer is isolated from the dynamic
activity of the mantle and has been totally isolated since its inception in the
early history of the earth. Boyet and Carlson (2005) estimate that such a layer
could contain up to 43% of the earth’s inventory of U, Th and K with a heat
production of ~9 TW. A similar deep enriched reservoir has also been pro-
posed to explain the rare gas evolution of the earth (Tolstikhin and
Hofmann, 2005). If the mantle has such deep hidden reservoirs, estimating the
radioactive content of the mantle from upper mantle samples would grossly
underestimate the radioactivity of the mantle and therefore, of the planet.

It thus appears that our present knowledge of the radioactivity of the
BSE, the bulk silicate portion of the earth (68% by mass of the planet) suffers
from many fundamental uncertainties, such as to what its initial starting
composition was, the question of whether the lower mantle is similar in
composition to the upper mantle, and the possibility of hidden reservoirs of
radioactivity in the deep interior. The radioactivity estimates in Table I are
by no means uniquely constrained at present; rather, about all we have are
some model-dependent estimates that need further evaluation.

3. Radioactivity of the Core

The presence of radioactive elements in the core has been a controversial
issue for a long time. Conventional wisdom relegates the bulk inventory of K,
U and Th in the earth exclusively to the silicate crust and the mantle (BSE),
leaving the metallic core devoid of any radioactivity (see for example,
McDonough, 1999). This is consistent with the familiar geochemical
behavior of K, U and Th, which tend to partition preferentially and almost
exclusively into silicates in the upper parts of the earth. However, in
recent years it has become clear, both in theory and in experiment, that
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silicate-metal partitioning behavior of elements is not an invariant charac-
teristic but is a function of pressure, temperature, composition of the metal,
oxygen fugacity and other variables. It is is thus not useful to hold on to the
rigid classification of elements as lihtophile, chalcophile or siderophile.
Rather, to evaluate realistically whether or not there is radioactivity in the
core, we need to investigate the geochemical behavior of these radioactive
elements at the high P and T conditions relevant to core-mantle segregation
in the earth. Such investigations are emerging just now.

Of the three main radioactive elements in the earth, K, U and Th,
potassium is the only element for which there is some basis both in theory
and experiment calling for its presence in the core. The suggestion that K can
enter a sulfur-bearing metallic core of the earth was initially made by Lewis
(1971) and Hall and Murthy (1971). Recent experiments have confirmed the
solubility of K in Fe-S melts (Gessman and Wood, 2002; Murthy et al.
2003). If the earth’s core formed by segregation of metallic liquids in the Fe—
FeS system, the level of K-solubility observed in these experiments suggests
that a significant amount of potassium can be present in the core and act as a
radiogenic heat source in the core. The precise amounts cannot be estimated
at present because the effect of pressure and temperature on the solubility is
not yet completely determined.

Bukowinski (1976) showed by quantum mechanical calculations that a
change in electronic structure (from 4d-like orbitals to 3s-like orbitals) makes
K behave more like a transition element, thus allowing its entry into metallic
Fe. Since then, other experimental and theoretical studies have found this
change in chemical bonding of K at high pressure (Ito et al., 1993; Parker
et al., 1996; Lee et al., 2004). Clear evidence that K can alloy with Fe at a
pressure above >26 GPa and temperatures >2500 K, and at pressure cor-
responding to the core—mantle boundary (CMB) is provided by recent
experimental works of Lee and Jeanloz (2003) and Hirao et al. (2006). These
experiments uniquely show that K can also enter Fe-metal without the
presence of O as suggested by Gessman and Wood (2002) or without the
presence of sulfur (Hall and Murthy, 1971; Murthy et al., 2003). Thus it
appears that significant K can be present and serve as a radioactive heat
source in the core. Table II summarizes the estimates of K radioactivity in
the core from various models, theoretical calculations and the recent exper-
iments.

In spite of these experimental data from four different groups, McDon-
ough (2003) has raised objections to the notion of the presence of K in the
core. The objections are based on presumed behavior of elements like Ca and
the rare-earth elements (REE) whose behavior at high P, T conditions rele-
vant core formation is not known at present. For example, McDonough
argues that Ca is also known to enter metallic liquid along with K (Gessman
and Wood, 2002) so that conditions in the earth that would result in K
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TABLE 11
A comparison of inferred values of potassium abundance in the core from geochemical
models, theoretical calculations, and recent experiments and the corresponding heat production
in terawatts (TW) today

Method Abundance Radiogenic Reference
(ppm) heat production
(TW)
Geochemical models 0 0 McDonough (1999),

GERM database,
McDonough (2003)

Theoretical calculations 550 £ 260 ~4-5 Lodders (1995)
200400 Buffett (2003)
250-750 Labrosse (2003)
Up to 1420 9 Roberts et al. (2003)*
400 ~3 Nimmo et al. (2004)
Experimental <1 0.01 Chabot and Drake (1999)
100-250 ~0.8-2.0 Gessman and Wood (2002)
60-130 0.4-0.8 Murthy et al. (2003)
Up to 7000 Up to 45 Lee and Jeanloz (2003)°
35 0.23 Hirao et al., submitted

#As quoted in Labrosse and Macouin, 2003.

°See discussion in Lee and Jeanloz (2003). This is an upper limit; for realistic conditions of
core formation in the earth, the authors note that the value is likely to be much less, possibly
around 1200 ppm.

extraction into the core should lead to subchondritic refractory element
ratios such as Ca/Al, Ca /Sc etc., in the earth, contrary to observation. The
argument is misleading in that a simple calculation using the D¢, (abundance
of Ca in metal/abundance of Ca in silicate) values from Gessman and Wood
(2002) demonstrates that the effect of Ca extraction is so small and is entirely
within the 10% error of the estimated abundance of Ca in the mantle.
McDonough’s (2003) arguments about the REE and some isotopic systems
such as Sm/Nd and Lu/Hf suffer from the fact that nothing is known
about Drgg (abundance of REE in metal/abundance of REE in silicate) in
terrestrial sulfides at high pressure and temperature.

The CMB heat flux is estimated to be from 2-12 TW (Labrosse and
Macouin, 2003, and references cited therein) and controls the rate of core
cooling. Some recent studies of the energetics of the core, particularly the
question of how best to reconcile the CMB heat flux with the size of inner
core and the >3.5 Ga age of the magnetic field suggest the possibility of
radioactivity in the core (Buffet, 2002; Nimmo et al. 2004). Using somewhat
different parameters, similar conclusions have been reached by others
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(Labrosse, 2003 and the references cited therein). In view of the recent
experimental data it is reasonable to attribute this to the radioactivity of K in
the core. About 400 ppm K is in best accord with the present size of the inner
core and the power needs of a geomagnetic dynamo for the past 3.5 Ga.

There have been some suggestions for the presence of U (and Th) in the
core. Furst et al. (1982) noted that under the highly reduced conditions rel-
evant to core formation in the earth, U and Th tend to become chalcophile
and thus might enter a sulfur-bearing core. Feber et al. (1984) noted the
significant solubility of UO, in impure Fe-metal at 1 bar pressure and at
temperature >3000 K and suggested that significant U may be present in the
core to act as a heat source. Murrell and Burnett (1986) measured partitioning
of K, U and Th between silicate and sulfide liquids to suggest that U and Th
are more likely to be present in the core than K. A comparison of the recently
determined Th/U ratios in chondrite meteorites to the terrestrial value, led
Humayun (2003) to suggest the possibility of entry of U into the core.

In a series of papers Herndon (see for example, Herndon, 1980, 1998) has
proposed a gravitational sinking of U to the core during the primordial
differentiation of the earth and acts as an energy source in the core. The
model requires U to be totally reduced to metallic form at the time earth
formed. Such a low state of oxidation would have led to a reduction of all
iron in the planet to metallic form, leaving no oxidized iron in the mantle.
This is not supported by the observation that the mantle contains ~8% of
oxidized iron. Direct modern experimental data to determine the presence of
U in the core have been inconclusive and contradictory so far (Wheeler et al.
2004; Bao et al. 2004; Malvergne et al., 2005). Thus, whether U and Th are
present in the core remains a moot question at present.

4. Conclusions

It thus appears that the radioactivity of the earth, either in the mantle or
in the core is not well constrained by current geochemical and geophysical
studies. There is a substantial uncertainty as to the precursor material that
accreted to form the earth and the meteoritic models employed are pla-
gued by many difficulties. While we continue to refine and expand these
models and terrestrial observations, the fundamental difficulty that we
have no way of directly measuring the radioactivity of a substantial
fraction of the mass of the planet, i.e., the lower mantle and the core
should be kept in mind. A way out of this dilemma is provided by the
possibility of a direct measurement of the radioactivity of the mantle and
the core by measurement of geoneutrino flux due to radioactivity in the
earth.
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Abstract. In this paper we discuss the Herndon hypothesis that a nuclear reactor is operating at the
center of the Earth. Recent experimental evidence shows that some uranium can have partitioned into the
core. There is no viable mechanism for the small amount of uranium that is dissolved in the molten metal
to crystallize as a separate uranium phase (uranium metal or uranium sulfide) and migrate to the center of
the core. There is no need for an extra heat source, as the total heat leaving the core can be easily provided
by “‘classical” heat sources, which are also more than adequate to maintain the Earth’s magnetic field. It is
unlikely that nuclear georeactors (fast breeder reactors) are operating at the Earth’s center.

Keywords: Earth’s core, heat sources, nuclear georeactor, meteorites, uranium partitioning

1. Introduction

It is generally agreed that the core must produce a significant amount of
energy, which is necessary to maintain convection in the outer core as well as
the magnetic field of the Earth. It is claimed that a significant part of the heat
production in the core is due to the presence of blobs of concentrated ura-
nium that act as fast breeder reactors. The papers in which Herndon has
developed this idea (see, e.g. Herndon, 1980, 1993, 2005, Hollenbach and
Herndon, 2001) cover a period of more than 25 years. I will simplify the
discussion, which involves the composition and redox state of the lower
mantle and core, the distinction between an endo-earth (from 680 km
downward) and an exo-earth (comprising the upper mantle and the crust),
the composition of the inner core, stated to be Ni,Si, and the nature of the
boundary layer between core and mantle. Recently he has also proposed
Whole Earth Decompression Dynamics Theory as a new concept to replace
plate tectonics (Herndon and Edgerley, 2005).

I do not think that all these additional hypotheses are necessary to accept
the possibility that a fraction of uranium under the assumed redox conditions
can exist as U-sulfide or even as uranium metal and can find its way into the
core. High-pressure experiments (Murthy et al., 2003) at core conditions
have shown that potassium, which is also a lithophile element, can probably
enter the core at concentrations between 60 and 250 ppm. Some experimental



34 R.D. SCHUILING

evidence for the behavior of uranium at high temperatures and pressures
corresponding to core conditions has recently become available (Wheeler
et al., 2006; Bao et al., 2005; Malavergne et al., 2005). This makes it easier to
accept for the moment that part of the uranium could behave in a similar
fashion as potassium, and reach concentrations between 1 and 6 ppb in the
Earth’s core, although Wheeler et al. (2006) note that *“‘the transfer of U from
metal sulfide to silicate under our experimental conditions is so complete that
insufficient U would remain so as to be of any importance to the core’s heat
budget”. The experiments of Bao et al. (2005) show that at high pressures
several percentage of silicon enter the metal phase when liquid iron coexists
with peridotite, and uranium concentrations in the metallic phase also in-
crease with pressure. After accepting the possibility that uranium can parti-
tion into the core, we can focus on whether there is a plausible scenario for
uranium to crystallize as a separate phase, and to concentrate into >100 kg
blobs that can act as fast breeder reactors, and whether it is possible that the
products of the reactor that poison the reactor process can be removed from
time to time by diffusion.

2. Origin and Composition of the Earth

Most attempts at reconstructing the composition of the Earth are based on a
particular choice of meteorites, usually chondritic, as ordinary chondrites are
the most common type of meteorite. Herndon claims that this assumption is
wrong, and that the Earth has formed mainly from a rare class of meteorites,
the enstatite chondrites. Javoy (1995) and Wanke et al. (1984) have also
argued that enstatite chondrites have played a major role in determining the
composition of the Earth. In order to avoid discussions about the type of
meteorites that have contributed to the composition of the Earth, I will
derive the composition of the Earth in a different way by starting with
average solar matter, and apply a condensation sequence to it (Schuiling,
1975; Schuiling et al., 1994). No primary evidence from meteorites will be
used. This permits us to subsequently use the information obtained from
meteorites for validation of the model.

If we start with solar matter, it will be necessary to use a yardstick to
convert elemental ratios into elemental masses, because all solar abundances
are relative to 10'? atoms of hydrogen, and all cosmic abundances, a more
practical measure for condensed bodies, are expressed relative to 10° atoms
of silicon. I have approached the problem in two steps. First I have made the
arbitrary assumption that there is no silicon in the Earth’s core, so the
Earth’s only inventory of silicon is the sum of the silicon in the mantle and in
the crust. We will first treat the core as an unknown substance with a mass of
192 x 10% g.
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Contrary to Herndon’s distinction between an endo-earth and an exo-
earth, I have assumed that the mantle has a more or less homogenous
composition throughout. There is no compelling geophysical evidence to
the contrary, and seismic tomography shows that convection cells can
pass unhindered through the 680 km boundary into the deeper mantle.
Such convection cells would serve for some crude homogenization by
mixing.

In the following we will often refer to an element as being lithophile,
chalcophile or siderophile. Lithophile means that the element readily reacts
with oxygen, and is commonly incorporated into silicate rocks. Chalcophile
elements prefer to combine with sulphur as metal-sulphides, and siderophile
elements are mostly found as native metals. When these substances melt, the
lithophile elements and the metals form two immiscible liquids, like the slag
and the metal in metallurgical processes, and the chalcophile elements are
preferentially taken up by the metal melt.

Once the total mass of silicon in mantle + crust has been determined, we
can calculate for each element the quantity of that element that should be
present in the Earth relative to this calculated mass of silicon. We can then
compare those calculated quantities to the quantities of each element actually
found. We will define apparent depletion as the ratio between the mass of an
element as found on Earth (in atmosphere, oceans, crust and mantle) and the
mass of that element that should be present according to its cosmic abun-
dance in the case of its complete condensation. So, apparent depletion of an
element Z is

Apparent depletion (Z) =

CZ(earth) X MasS earth)
cosmic abundancez x atomic wt.z X atomsg;(carth) X 10-¢

Now we can predict the following outcome of these calculations:

e If an element is lithophile and refractory, its apparent depletion should
have a value of 1.

e If an element is lithophile and volatile, its apparent depletion should be
less than 1, and decrease with increasing volatility.

e If an element is siderophile (or chalcophile) and refractory, its apparent
depletion should be less than 1; the missing part is then attributed to the
core.

e Ifan element is siderophile and volatile, its apparent depletion should be
less than 1. A value is assigned by comparison with its lithophile
neighbors of similar volatility, and the remaining deficit is assigned to
the core.
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Figure 1 is the outcome of this exercise. It conforms in general to the
predictions. All lithophile, refractory elements show an apparent depletion
close to 1, and all siderophile refractory elements have a lower apparent
depletion. At increasing volatility, the apparent depletions decrease. On
closer look, there are a number of interesting minor features. First of all, the
elements Li, Be and B show an apparent depletion well over 1. This is due to
the fact that their solar inventory was higher at the origin of our solar system,
but that these elements have since been used up in fusion reactions in the sun,
whereas the Earth has preserved their abundances as they were 4.6 billion
years ago. This discrepancy, of course, does not show up in Earth models
based on chondrite compositions, as the meteorites have formed from the
same primitive solar composition as the Earth. Argon and lead also show a
relative excess, because part of the lead has formed in the Earth as daughter
product of the decay of uranium and thorium, and part of the argon as a
decay product of potassium.

Some more fundamental characteristics are as follows. All the refractory
lithophile elements that condense at temperatures of 1200 K and above (Mg,
Al, Ca, Sc, Ti, Sr, Y, Zr, Nb, Ba, La, Hf, Ta, Th and U) show apparent
depletions not of 1.0 as predicted, but all slightly in excess of 1. The most
logical explanation is that our yardstick is too small. By admitting about 7%
of silicon in the core all these discrepancies disappear, because thereby the
amounts of these elements that should be present in the Earth are all pro-
portionally increased, and their apparent depletions are thereby reduced to
values around 1. It also solves already part of the problem that according to
geophysics the core should contain in the order of 10-15% of elements lighter
than iron.

A second interesting point is the fact that the decrease of apparent
depletions as a function of volatility is not a smooth curve, but that there
seems to be a second level of apparent depletions around 0.1-0.15, com-
prising elements of different volatility that condense over a wide range of
temperatures between 400 and 1200 K. The simplest explanation of these
data is that the Earth consists of a mixture of two populations of condensed
particles, one high temperature main fraction that completed its condensa-
tion around 1200 K, and a smaller second fraction (similar to carbonaceous
chondrites?), including elements like Cs, Rb, Na and K, as well as the
somewhat chalcophile elements Ag, Sn, Sb and As, that stopped condensa-
tion at temperatures around 400 K.

The data also permit the reconstruction of the composition of the core. By
adding up all the missing masses of the siderophile elements, we can calculate
the composition and the mass of the core, which is found indeed to consist
mainly of Fe, Ni and S, with 7% Si, and has a calculated mass which closely
corresponds to the observed mass of the core. We can now compare this
calculated composition of the core, as an independent check, with the average
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Figure 1. Apparent depletions of elements in the Earth. Triangles denote siderophile or
chalcophile elements; dots denote lithophile (and some atmophile) elements.

composition of iron meteorites and find a surprising agreement (Figure 2).
Remember that so far we have not used meteorite data in our calculation, so
the agreement is an independent check. The fact that the calculated mass of
the core also conforms closely to the observed mass is another independent
outcome. Silicon and sulfur add up to 11%, in satisfactory agreement with
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Figure 2. Average composition of iron meteorites compared to the calculated abundances of
siderophile and chalcophile elements in the Earth’s core.

the geophysical requirement of the presence of between 10 and 15% of ele-
ments lighter than iron in the core.

It should be noted that the internal consistency of the model is in itself a
strong argument that the derived composition of the Earth can’t be far from
the truth. Large deviations from the derived abundances are very unlikely.

3. Segregation of Core and Mantle

After the accretion of the Earth, the internal temperature rose quickly (heat
generated by impacts, conversion of potential energy into heat during self-
compression, and the radioactive decay of short-lived isotopes). This led to
widespread melting, and the segregation of a metal/metal sulfide melt and a
silicate melt, that are immiscible. The heavier metal melt sank to the centre of
the Earth. The segregation process itself contributed to heating, as the po-
tential energy that was liberated by the process was transformed into heat.
One can imagine, therefore, that once started, the segregation of core and
mantle became a runaway process until it was completed. According to Birch
(1965), the segregation event itself has caused an average heating of the entire
Earth of about 1600 K. Silicate magma and metal melt remained in close
contact at high temperatures (in excess of 4000 K) until they segregated. This
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must mean that they were maintaining thermodynamic distribution equilib-
rium until the moment of separation. As a result, lithophile elements must
have maintained low, but measurable concentrations in the metal melt, and
siderophile elements must have done likewise in the silicate melt. Even at the
much more moderate temperatures of steel furnaces, the concentration of
Si0; in the molten iron in equilibrium with a silicate slag is of the order of
0.5%. At the high temperatures near the core-mantle boundary one can
expect that the equilibrium concentration of SiO, in molten iron was even
higher.

3.1. INTERMEZZO: THE BEHAVIOR OF ELEMENTS IN EARTH SYSTEMS

Major elements in a system usually form their own compounds. Such natural
crystalline compounds are called minerals. Trace elements rarely form their
own minerals, because their low concentrations are normally accomodated
by solid solution in the crystal lattice of the compounds of major elements.
This process is known as isomorphic substitution, meaning that an atom of a
trace element replaces a major element in its compounds, provided there is
some similarity between the ionic radius and the charge of the major element
and of the trace component. If the ionic radius of an element is much smaller
or larger than those of “common’ elements, the tendency to form their own
compounds, even if they occur only in trace amounts, becomes larger. If the
ionic charge is different, there is often the possibility to compensate this with
so-called coupled substitutions or the creation of vacancies.

A case that may be relevant to the Herndon hypothesis concerns the fate
of uranium. The ionic radius of four-valent uranium is 0.97 A, very close to
the ionic radius of two-valent Ca (0.99 A). Under the normal reducing
conditions in the Earth, uranium assumes a valence of four, and has a ten-
dency to substitute for calcium in the lattice of a Ca-mineral.

4. The Cooling Stage of the Core

Obviously, the core, after its formation, must have been completely molten.
The heat production of radioactive isotopes with short half-lives decreased
rapidly, and the amount of heat from long-lived isotopes also decreased with
time. Any superheat from the segregation event dissipated, so the inevitable
outcome was that the core started a slow cooling. We know that the inner
core is now solid. From the fact that the solidification has progressed to
slightly over 1200 km it can be deduced that the whole core has cooled by
about 170 K since the beginning of solidification. The moment at which the
inner core started to solidify cannot be determined with any confidence.
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Table I summarizes the main heating and cooling stages of the core in the
course of the geological history.

From the limited knowledge we have about the properties of a metal melt
at core conditions, it is likely that a solid nickel-iron will solidify from a melt
that has a metal-metal sulfide composition. Herndon claims that the inner
core consists of Ni,Si, but this seems unlikely in view of the fact that Ni,Si is
lighter than Ni or Fe, and that its melting temperature is also lower, at least
at low pressures. If any solid crystalline Ni,Si would form in a cooling core, it
will probably float to the top.

Earlier we have stated that the molten metal must have been in distri-
bution equilibrium with the silicate or oxide phases in the mantle. These
components cannot be incorporated in crystalline iron or nickel-iron, so if
one part of the melt that was saturated with these compounds crystallizes,
this automatically results in supersaturation of the remaining residual melt
(the outer core) with these same lithophile phases, which will start to crys-
tallize. Even the high-pressure equivalents of olivine are much lighter than
the metal melt, so once they have formed crystals these will tend to rise in the
melt. This additional (chemical) buoyancy helps to power the dynamo
(Buffett et al., 2000). The crystals are trapped beneath the roof of the core (at
the CMB, the core—mantle boundary). They continue to grow on their slow
journey upward, and because they are free-floating and not disturbed by
contact with other solids, they develop their own crystal shapes. This way a
layer of silicate or oxide minerals floating in a matrix of molten metal is
accumulating below the core—mantle boundary, and this layer will become
thicker as a function of the crystallization of the inner core. This sequence of
events is very similar to the formation history of a fairly rare class of
meteorites, the so-called pallasites. Pallasites are stony-iron meteorites. If
they are not too much deformed by later shock effects, they are composed of
idiomorphic (“having their own crystalline shape’) crystals of olivine,
floating in a matrix of nickel-iron that displays a continuous Widmannst-
atten pattern (a subsolidus unmixing of nickel-rich metal lamellae from a
nickel-poor matrix, indicating a very slow cooling history, in the range of
0.5-7.5 K per million years (Sears, 1978).

The core—mantle boundary layer must be forming in a similar way, only
the olivine crystals will be substituted by their high-pressure equivalents, and
the rate of cooling will be even lower than for the smaller planetesimals, in
the order of 0.04-0.17 K per million years.

The solidification of the inner core releases a considerable amount of heat
of crystallization. This will constitute a larger or smaller portion of the
present heat flow from the core, depending on whether the inner core started
to grow relatively late or relatively early in the Earth’s history. It also makes
assertions about the necessity of additional contributions to the heat flow
from the core rather uncertain.
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TABLE 1
Main heating and cooling stages of the core during geological history

Main events in Earth history and their thermal consequences

Heating stages

1. Cooling of a solar nebula, and condensation of refractory elements. Final temperature

of condensation around 1200 K, based on the condensation temperatures of refractory
elements that have completely condensed and less refractory (““volatile”) elements that have
only partly condensed.

2. Accretion of condensed phases into a proto-earth. Temperatures inside the Earth rise by
self-compaction, energy from impacting bodies and high levels of short-lived radiogenic
elements. Temperatures rise rapidly to ~2000 K (melting point of iron at low pressures).

3. Iron starts to melt in the upper levels of the Earth (triggered locally by asteroid impacts?),
and the metal magmas start to descend.

4. The lost potential energy is transformed into heat. At the completion of segregation this
heating is equivalent to 1600 K for the whole Earth, but most of this heating takes place in
the deeper levels of the Earth, where temperatures rise considerably more during the
runaway process of segregation. The melting point of mantle material at pressures of the
core—mantle boundary (CMB) is around 3800 K. It is highly probable that this temperature
was considerably exceeded at the completion of core—mantle segregation.

Cooling stages

5. The superheat left after segregation is rapidly removed by whole mantle /iguid convection,
until the lower mantle has solidified.

6. This is followed by a period of slow cooling (but faster than at present) of the core by
liquid convection, and of the mantle by heat conduction supplemented by whole mantle
solid convection and/or mantle plumes rising from the CMB. Uncharted, but probably
important heat sinks are the cold subducting plates and the endothermic reactions taking
place in these plates like dehydration and decarbonation.

7. Temperatures of core and mantle drop to the point that a solid inner core starts to

form. Initially the latent heat of crystallization contributes very little to the heat budget

of the core. At this stage heat production of the core is mainly from (higher than present)
levels of *°K (and uranium?) and the loss of heat by cooling.

8. At present: heat production from *“’K has diminished considerably (more than 10 times
since the formation of the Earth), and most of the heat produced at present is from the latent
heat of core solidification. Temperatures throughout the whole core and the deeper mantle have
dropped by about 170 K since the first formation of a solid core, and by more than 500 K since
the completion of segregation.

5. Meteorites and the Earth

Most meteorites are so-called chondrites that never have been part of larger
parent bodies. The other meteorites can be divided into achondrites
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(crystalline stony meteorites), iron meteorites, and stony-iron meteorites.
These are all believed to derive from larger planetesimals, and the iron
meteorites and pallasites were part of planetesimals that had undergone
segregation into a silicate mantle and a nickel-iron core. The achondrites are
usually rich in olivine and pyroxene, and can be assimilated to mantle
material. The iron meteorites, which consist of nickel-iron, usually contain
some troilite. They show evidence of very slow cooling and are most likely
similar to core material. The pallasite class of stony-iron meteorites, that also
show evidence of very slow cooling, has probably formed as a boundary layer
at the core-mantle boundary of planetesimals. Taking into account that in
the Earth temperatures and pressures are much higher than they were in the
smaller planetesimals, causing some qualitative differences, we can recognize
the same fundamental classes of meteorites in the structure of the Earth as
are reaching the Earth from outer space.

6. The Herndon Hypothesis. Behavior of Uranium in the Core

The total uranium inventory of the Earth amounts to approximately
9 x 10" g, of which slightly over half is present in the crust. Uranium con-
centrations in the upper mantle are also fairly well constrained, and are
around 10 ppb. This leaves a maximum of about 3 x 10" g of uranium for
the lower mantle + core (Herndon, 1993, assumes a total mass of U in the
core + lower mantle of just over 1 x 10" g). The whole mantle would have
a U-concentration of ~10 ppb if this uranium is partitioned into the mantle,
as is commonly believed on account of its lithophile character. If, however,
the uranium of the endo-earth, in Herndon’s terminology, would be very
efficiently partitioned into the core, its average uranium concentration could
reach a theoretical maximum of 15 ppb (1-6 ppb according to Malavergne
et al., 2005). This is equivalent to 3 x 10" ton of uranium, a staggering
amount, but the problem is conceiving a mechanism to concentrate part
of it in pure uranium blobs of >100 kg, which could act as fast breeder
reactors.

In principle this can be treated as a problem of ore formation. Ore for-
mation is the result of the sum of processes by which a low concentration of
an element is extracted from a large volume of rock, transported and
deposited in a small volume of rock with a high concentration (a high grade,
in ore terms). Most ore forming processes are linked to steep gradients in
chemical potential, pressure and temperature, the boiling of the solvent, the
mixing of two different fluids that are out of equilibrium, or the cooling and
crystallization of a melt. Crystals floating in a liquid will settle toward the
bottom if they are heavier than the medium, or float when they are lighter.
Sometimes the ore-forming process itself is preceded by an enrichment step
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leading to a protore, a rock volume that is already enriched in the component
which later will form the ore deposit. It seems highly unlikely that any steep
gradients in chemical gradient, pressure or temperature would persist in a
fluid metallic core, and it is also hard to think of any separate immiscible
fluids, except, of course, the immiscible silicate and metal melts that were
responsible for the segregation process itself, and form the two reservoirs
between which the uranium was distributed.

Is it possible that uranium, dissolved in a metal-metal sulfide melt at
concentrations of 10 ppb or less could crystallize as a separate phase and sink
to the center of the Earth? Although Herndon (1993) on the basis of the
alleged higher temperature of melting of uranium compared to that of iron
asserts that this is a straightforward proposition, it certainly is not. At low
pressures, the melting point of uranium is much lower than that of iron, but
even if we assume that the melting point of uranium rises much faster than
that of iron as a function of pressure, the conclusion that uranium is the first
metal to crystallize in a core fluid is not correct. If we look at the phase
diagram of the system UO,—Fe (Feber et al., 1984), we see that at the
compositions to be expected in the core (~80% Fe, and 10 ppb U, a con-
centration ratio of 100 million) we are on the far right side of the diagram,
which is the field of molten iron in which a few percentage of UQO,_, are
dissolved (It is strange to note that Feber et al. use a number for the mass of
the core and the amount of iron in it that is almost three orders of magnitude
less than the real value). According to their phase diagram (Figure 3), the
solubility of uranium in this melt is a few percent, i.e., a million times larger
than 15 ppb, so uranium at these extremely low concentrations will never
crystallize out as a separate phase. One might also remark that even if the
uranium would be the first to crystallize as a metal, there is no reason for it to
settle toward the very center of the Earth, because the pull of gravity at the
center of the Earth is zero.

We must conclude that the direct crystallization of uranium metal in the
core is impossible. We will later come back to the possibility that the uranium
collects in a separate mineral phase, and later is liberated from this enriched
phase, but we will first discuss the second part of Herndon’s hypothesis: Is
there a plausible mechanism for the uranium, once formed, to collect in large
blobs capable of maintaining a nuclear reactor? If we would accept for the
moment that there were solid grains of uranium or uranium-sulfide floating
around in the core, this is something that could indeed be envisaged, al-
though it requires some wild speculation. One must then invoke convecting
fluids that trap such uranium grains in irregularities at the outside of the
inner core, much like the trapping of gold particles in a river bed. Although
this remains pure speculation, it is at least a remote possibility.

The third step in the breeder concept, the removal of the reactor products by
diffusion meets again serious obstacles. As uranium is heavier than nickel-iron,
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Figure 3. Phase diagram of the system UO,—Fe.

any concentration of uranium that might form will settle on the growing inner
core and soon become encapsulated by the next layer of solid nickel-iron.
Diffusion rates of the reactor products (except maybe for helium) are extremely
low through a solid medium, even at temperatures around 4000 K. So, unless
an unknown efficient means of transport can be discovered, the self-poisoning
of the breeder reactor remains a formidable obstacle.

From what has been said before, it seems that an efficient pre-concen-
trating step is an absolute requirement. Can we construct a viable mechanism
by which uranium concentrations might form in the core, or in the CMB? As
pointed out by Herndon, uranium in the Abee enstatite chondrite is mainly
present in the mineral oldhamite (CaS) and in niningerite (Mg,Fe)S.
Oldhamite is probably a carrier for trace amounts of uranium. It is not an
uncommon mineral in enstatite chondrites and in aubrites (a type of
achondrite). If, by any chance, the metal/metal sulfide melt would be satu-
rated with Ca$S, this mineral would start to crystallize as a result of the
oversaturation of the residual melt caused by the solidification of the inner
core. Crystalline CaS is lighter than liquid nickel-iron, and will rise until it is
trapped beneath the solid mantle. On its way up, it will have scavenged trace
amounts of uranium. A mush of CaS crystals enriched in uranium can be
considered as a protore, because concentrations may have gone up from
10 ppb in the homogenous melt to maybe 1-10 ppm, depending on the
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solubility of CaS in a metal melt under core conditions. If the oldhamite
crystals are swept together over the downgoing limb of core convection cells,
this can act as a first concentration step. It is unclear, however, how this
uranium can subsequently be separated from its host mineral and become
concentrated into small uranium blobs (uranium “ore bodies’’). Concentra-
tions of uranium-bearing oldhamite crystals, however, over the descending
limbs of convection cells in the core may have interesting geophysical
implications, because they will constitute local heat sources (from the
radioactive decay of uranium), that may be the preferred birthplaces for
mantle plumes.

7. Heat Production in the Core. Need for “Non-conventional”” Heat Sources?

The following contributions to heat flow from the core can be distin-
guished:

latent heat of solidification of inner core,

cooling of the core,

heat of crystallization of oxides/silicates in supersaturated outer core,
potential energy from shrinking of the core during solidification and rise
of lighter crystallizing solids to the CMB,

heat production by decay of *°K,

heat production by decay of uranium,

heat production by decay of '**Te, '*"Re, '%¢Os,

breeder reactors?

In the table below (Table II) we have summarized these different contribu-
tions. It is clear that assumptions regarding the timing of the beginning of
solidification, as well as regarding the potential amounts of K and U in the
Earth’s core lead to widely different heat-flows from the core, varying from a
low value of 6.1 TW for a beginning of solidification of the inner core 4
billion years ago, and little potassium and no uranium to a high value of
27.3 TW for a late beginning of the onset of solidification and maximum
allowable values for K- and U-concentration in the core. As the total heat
flow from the core is estimated to be between 6 and 12 TW (Buffet, 2003),
and the requirement for maintaining the Earth’s magnetic field is only in the
order of 1 TW (at a Carnot efficiency of 20% this would require a heat
production of 5 TW), it is clear that there is no compelling reason to
postulate the existence of additional ‘“‘unconventional” heat sources like
breeder reactors. One should realize that heat production from the core is not
a fixed quantity, but is dependent on the “demand” of the overlying mantle.
It is conceivable that when a cold subducting slab comes into contact with the
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CMB, the heat demand increases, to which the core responds by faster
cooling and a faster growth of the inner core. It is conceivable that the
Earth’s magnetic field may also change in response to such variations in the
thermal regime.

The heat of solidification of iron at core pressures is considerably larger
than its latent heat of melting at 1 bar, on account of the large PAV term
(Schuiling et al., 2005).

8. He/*He Isotope Geochemistry

For some time it seemed that the existence of marked helium isotope
anomalies in rocks that were supposed to come from the deep mantle, or even
to have originated at the CMB (mantle plumes) constituted a strong argu-
ment for the existence of nuclear reactors in the core. Observations of
3He/*He higher than ~10 times the atmospheric value were generally inter-
preted as evidence for a plume from the lower mantle, even in the absence of
supporting data. This, however, is strictly an assumption. There is a growing
body of observations that make a shallow, upper mantle origin for many
helium anomalies likely (Meibom et al., 2003; Anderson et al., 2005), such as
high *He/*He in Samoan xenoliths that are known to be of upper mantle
origin and in diamonds known to have been mined from pipes. High *He/*He
is also observed at Yellowstone, where extensive work has provided a strong
case that the magmatic system there is lithospheric only. So, although high
*He/*He certainly fits in with Herndon’s fast breeder concept, it is by no
means compelling evidence.

9. Conclusions

Herndon’s postulate that uranium is for a significant part partitioned into the
core seems possible, and would automatically lead to an increased heat
production in the core by radioactive decay. If this uranium is subsequently
taken up by a mineral like oldhamite, this could lead to localized anomalies
in heat production near the CMB, which might trigger the rise of mantle
plumes.

There is no conceivable mechanism by which a uranium compound or
uranium metal could crystallize from a metal-metal sulfide melt containing
uranium at 15 ppb or less, and concentrate into large enough blobs to act as
fast breeder reactors. One should always be aware, though, that our inability to
conceive such a mechanism should never be taken as absolute proof that it is
impossible, and it remains interesting to see what geoneutrino fluxes would tell
us.



48 R.D. SCHUILING

There is no need for the assumption of an additional heat source in the
core. Conventional heat sources are more than adequate to provide the as-
sumed heat flow from the core and the energy source for maintaining the
Earth’s magnetic field.
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Comment on R. D. Schuiling’s Paper

To appreciate the essential scientific reasons for the possible existence of a
nuclear reactor at Earth’s center, it is necessary to understand precisely the
oxidation state of the deep interior of the Earth as well as the nature and
probable circumstances of Earth’s origin, which led to that state of oxidation.
For example, in referring to the quote from Wheeler et al. (2006), ‘“‘the
transfer of U from metal sulfide to silicate under our experimental conditions
is so complete that insufficient U would remain so as to be of any importance
to the core’s heat budget,”” Schuiling neglected to note that the silicate used in
the laboratory experiment contained 8% FeO. A more highly reduced silicate
— nearly devoid of FeO, such as MgSiO;, consistent with the enstatite-
chondritic deep interior of the Earth — would have yielded a significantly
different laboratory result. Similarly, in referring to elemental behavior using
Goldschmidt’s term ‘“‘chalcophile,”” Schuiling fails to mention that chalco-
philicity is related to state of oxidation. Even making use of some conden-
sation model, as Schuiling does, necessitates assuming a particular pressure,
which leads to a particular range of oxygen fugacities. Schuiling adopts
without reservation the so-called standard model of solar system formation,
evidently without realizing that the resulting state of oxidation in that con-
temporary formation model would inevitably lead to Earth having an
insufficiently massive core. And, he accepts the model-dependent idea that
the inner core is partially crystallized iron metal, which produces energy by
growing. But that thought for inner core composition was developed before
data from the 1960s led to a different possibility that is the consequence of the
highly reduced state of oxidation of the endo-Earth.
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Transdyne Corporation,
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Abstract. Only three processes, operant during the formation of the Solar System, are responsible for the
diversity of matter in the Solar System and are directly responsible for planetary internal-structures,
including planetocentric nuclear fission reactors, and for dynamical processes, including and especially,
geodynamics. These processes are: (i) Low-pressure, low-temperature condensation from solar matter in
the remote reaches of the Solar System or in the interstellar medium; (ii) High-pressure, high-temperature
condensation from solar matter associated with planetary-formation by raining out from the interiors of
giant-gaseous protoplanets, and; (iii) Stripping of the primordial volatile components from the inner
portion of the Solar System by super-intense solar wind associated with T-Tauri phase mass-ejections,
presumably during the thermonuclear ignition of the Sun. As described herein, these processes lead
logically, in a causally related manner, to a coherent vision of planetary formation with profound
implications including, but not limited to, (a) Earth formation as a giant gaseous Jupiter-like planet with
vast amounts of stored energy of protoplanetary compression in its rock-plus-alloy kernel; (b) Removal of
approximately 300 Earth-masses of primordial volatile gases from the Earth, which began Earth’s
decompression process, making available the stored energy of protoplanetary compression for driving
geodynamic processes, which I have described by the new whole-Earth decompression dynamics and
which is responsible for emplacing heat at the mantle-crust-interface at the base of the crust through the
process I have described, called mantle decompression thermal-tsunami; and, (¢) Uranium accumulations
at the planetary centers capable of self-sustained nuclear fission chain reactions.

Keywords: crustal heat, Earth core, Earth structure, georeactor, geodynamics, geo-antineutrino, Solar
System formation, thermal-tsunami, whole-Earth decompression dynamics

1. Introduction

Early in 1939, Hahn and Strassmann (1939) reported their discovery of
neutron-induced nuclear fission. Just months later, Fliigge (1939) speculated
on the possibility that self-sustaining chain reactions might have taken place
under natural conditions in uranium ore deposits. Kuroda (1956) used Fer-
mi’s nuclear reactor theory (Fermi, 1947) to demonstrate the feasibility that,
two billion years ago or before, thick seams of uranium ore might have
become critical and functioned as thermal neutron reactors moderated by
ground water. Sixteen years passed before French scientists discovered in
1972 the first of several fossil remains of natural nuclear reactors at Oklo, in
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the Republic of Gabon, Africa (Bodu et al., 1972). These had operated about
1.8 billion years ago as thermal neutron reactors, in much the same manner
as predicted by Kuroda (Maurette, 1976), and had also operated to some
extent as fast neutron breeder reactors (Fréjacques et al., 1975; Hagemann
et al., 19795).

There is evidence that certain planets contain internal energy sources. In
1969 astronomers discovered that Jupiter radiates to space more energy than
it receives. Verification followed, indicating that not only Jupiter, but Saturn
and Neptune as well each radiate approximately twice as much energy as they
receive from the Sun (Aumann et al., 1969; Conrath et al., 1991). For two
decades, planetary scientists could find no viable explanation for the internal
energy sources in these planets and declared that “by default” (Stevenson,
1978) or “by elimination” (Hubbard, 1990) the observed energy must come
from planetary formation about 4.5 x 10° years ago. In 1992, using Fermi’s
nuclear reactor theory, I demonstrated the feasibility for planetocentric
nuclear fission reactors as the internal energy sources for the giant outer
planets (Herndon, 1992). Initially, I considered only hydrogen-moderated
thermal neutron reactors, but soon demonstrated the feasibility for fast
neutron reactors as well, which admitted the possibility of planetocentric
nuclear reactors in non-hydrogenous planets (Herndon, 1993, 1994, 1996).

It is known that the Earth has an internal energy source at or near the
center of the planet that powers the mechanism that generates and sustains
the geomagnetic field. In 1993, using Fermi’s nuclear reactor theory, I
demonstrated the feasibility of a planetocentric nuclear fission reactor as the
energy source for the geomagnetic field (Herndon, 1993). Initially, I could
only postulate that the georeactor, as it is called, would operate as a fast
neutron breeder reactor over the lifetime of the Earth. Subsequent state-of-
the-art numerical simulations, made at Oak Ridge National Laboratory,
verified that the georeactor could indeed function over the lifetime of the
Earth as a fast neutron breeder reactor and, significantly, would produce
helium in the same range of isotopic compositions observed in oceanic bas-
alts (Herndon, 2003; Hollenbach and Herndon, 2001).

Raghavan (2002) demonstrated the feasibility of using geo-antineutrinos
as a means for verifying the existence of the georeactor. Why is verification
extremely important? As noted by Domogatski et al. (2004), “‘Herndon’s idea
about georeactor located at the center of the Earth, if validated, will open a
new era in planetary physics.”

The purpose of this paper is to disclose the nature of Solar System pro-
cesses that underlie planetary formation, geodynamics, and the georeactor.
The processes revealed lead logically, in causally related ways, to planetary
compositions, internal structures, and the basis for the georeactor. The
processes disclosed also lead to a new vision of global dynamics, called whole-
Earth decompression dynamics (Herndon, 2004c, 2005b, c), as well as to a new
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concept of heat transport within the Earth, called mantle decompression
thermal-tsunami, which emplaces heat at the base of the crust. In a broader
sense, the processes revealed lead to a fundamentally different view of
planetary formation than considered over the past four decades and to a new
understanding of the genesis of the matter that comprises the Solar System.

2. Nature and Origin of Planetary Matter

The constancy in isotopic compositions of most of the elements of the Earth,
the Moon, and the meteorites indicates formation from primordial matter of
common origin. Primordial elemental composition is yet manifest and
determinable to a great extent in the photosphere of the Sun. The less volatile
rock-forming elements, present in the outer regions of the Sun, occur in
nearly the same relative proportions as in chondritic meteorites, the relative
elemental abundances being related, not to chemical properties, but to
nuclear properties.

Chondrites differ somewhat from one another in their respective pro-
portions of major elements (Jarosewich, 1990; Wiik, 1969), in their states of
oxidation (Herndon, 1996, Urey and Craig, 1953), mineral assemblages
(Mason, 1962), and oxygen isotopic compositions (Clayton, 1993); accord-
ingly, they are grouped into three distinct classes: enstatite, carbonaceous and
ordinary. Virtually all approaches to whole-Earth composition are based
upon the idea that the Earth is similar in composition to a chondrite mete-
orite. A major controversy within the Earth sciences began more than six
decades ago with the choice of chondrite type as being representative of the
Earth (Herndon, 2005a).

Only three major rock-forming elements, iron (Fe), magnesium (Mg) and
silicon (Si), together with combined oxygen (O) and sulfur (S), comprise at
least 95% of the mass of each chondrite and, by implication, each of the
terrestrial planets. These five elements, because of their great relative abun-
dances, act as a buffer assemblage. Minor and trace elements provide a great
wealth of detail, but are slaves to that buffer system and are insufficiently
abundant to alter conclusions derived from the major elements.

For decades, the abundances of major elements (E;) in chondrites have
been expressed in the literature as ratios, usually relative to silicon (E;/Si)
and occasionally relative to magnesium (E;/Mg). By expressing Fe-Mg—Si
elemental abundances as molar ratios relative to iron (E;/Fe), as shown in
Figure 1, I discovered a fundamental relationship bearing on the nature of
chondrite matter that can be understood at different levels (Herndon,
2004b). In Figure 1, chondrite data points scatter about three distinct, well
defined, least squares fit, straight lines, unique to their classes, despite
mineralogical differences observed among members within a given class of
chondrites.
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Figure 1. Molar (atom) ratios of Mg/Fe and Si/Fe from analytical data on 10 enstatite
chondrites, 39 carbonaceous chondrites, and 157 ordinary chondrites. Data from Baedecker
and Wasson (1975), Jarosewich (1990), Wiik (1969). Members of each chondrite class data set
scatter about a unique, linear regression line. The locations of the volatile-rich Orgueil car-
bonaceous chondrite and the volatile-rich Abee enstatite chondrite are indicated. Line inter-
sections A and B represent the compositions, respectively, of the primitive component and the
partially differentiated-enstatite-chondrite-like component from which the ordinary chondrites
appear to have formed.

At one level of understanding, Figure 1 means that the well-mixed pri-
mordial matter became, or evolved to become, only three distinct types of
matter which still retain more-or-less the full complement of readily con-
densable elements and which became the building blocks of the terrestrial
planets. At a deeper level, as discussed in reference (Herndon, 2004b), the
relationship shown in Figure 1 admits the possibility of ordinary chondrites
having been derived from mixtures of two components, representative of the
other two types of matter, mixtures of a relatively undifferentiated carbo-
naceous-chondrite-like primitive component and a partially differentiated
enstatite-chondrite-like planetary component.

The interest here is not simply to understand the origin of chondrite
meteorites, but to understand the nature of the physical processes leading to
the evolution of their components from the well-mixed primordial progenitor
material. The components of chondrite meteorites are in a sense like the
results of experiments made in a laboratory, but absent knowledge of exact
experimental conditions. Making sense out of these data can lead to a
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broader understanding of what processes are possible and impossible in the
medium from which the planets formed.

The Abee enstatite chondrite and the Orgueil carbonaceous chondrite
typify the primitive (least differentiated) end members of their respective
types of matter, as shown in Figure 1. In terms of their elemental composi-
tions, including their respective complements of volatile trace elements, they
are virtually identical meteorites, an indication of a relatively simple chemical
progression from their essentially uniform, well-mixed primordial parent
matter. But these two meteorites are strikingly different in terms of their
states of oxidation, mineral compositions, evidence of thermal exposure, and
formation-location in the Solar System.

There have long been mainly two ideas about how the planets of the Solar
System formed. In the 1940s and 1950s, the idea was discussed about planets
“raining out” from inside of giant-gaseous protoplanets with hydrogen gas
pressures on the order of 10°-10° bar (Eucken, 1944; Kuiper, 1951a; Urey,
1951). But, in the early 1960s, scientists instead began thinking of primordial
matter, not forming dense protoplanets, but rather spread out into a very
low-density “solar nebula” with hydrogen gas pressures on the order of 107>
bar. The idea of low-density planetary formation, often referred to as the
standard model, envisioned that dust would condense at fairly low temper-
atures, and then would gather into progressively larger grains, and become
rocks, then planetesimals, and ultimately planets (Stevenson, 1982; Wetherill,
1980).

These two ideas about planetary formation embody fundamentally dif-
ferent condensation processes which, I submit, are the underlying cause for
the two unique types of chondritic matter shown in Figure 1. The immediate
implication is that both processes were operant during the formation of the
Solar System. The relative extent and region of each process can be ascer-
tained to some certitude from thermodynamic considerations together with
planetary data. Even within present limitations, a consistent picture emerges
that is quite unlike the standard model of Solar System formation.

3. Low-Temperature, Low-Pressure Condensation

Following the publication by Cameron (1963) of his diffuse solar nebula
models at pressures of about 107> bar, confusion developed during the late
1960s and early 1970s about the nature of the products anticipated to result
by condensation from an atmosphere of solar composition at such low
pressures. The so-called “‘equilibrium condensation” model was contrived
and widely promulgated (Larimer and Anders, 1970). That model was
predicated upon the later refuted assumption (Herndon 1978; Herndon and
Suess, 1977) that the mineral assemblage characteristic of ordinary chondrite
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meteorites formed as the condensate from a gas of solar composition at
pressures of about 107> bar.

The great majority of chondrites observed falling to Earth are called or-
dinary chondrites, the name denoting their great frequency of occurrence,
~98%. In terms of the five major elements comprising about 95% of the mass
of each ordinary chondrite, their mineral assemblage is quite simple, as
shown in Table I. Silicon and magnesium occur combined with oxygen in the
silicate minerals, olivine, (MgO, FeO),SiO,, and pyroxene, (MgO, FeO)SiO,.
Some iron occurs combined with oxygen in the silicate minerals, some as iron
metal, Fe, and some combined with sulfur as troilite, FeS. The minerals of
ordinary chondrites are generally crystalline and typically show evidence of
exposure to elevated temperatures.

Suess and I showed that the oxidized-iron content of ordinary-chondrite-
silicate-minerals was consistent, not with their condensation from an atmo-
sphere of solar composition, but from an atmosphere where hydrogen was
about one-thousandth as abundant (Herndon and Suess, 1977). Subsequently,

TABLE 1
The mineral assemblages characteristic of chondritic meteorites

Chondrite type Major minerals

Hydrous chondrites
Carbonaceous chondrites Complex hydrous layer lattice silicate
e.g. Mg, Fe)sSiz010(0, OH)g
Epsomite, MgSO, - 7H,0
Magnetite, Fe;0,
Anhydrous chondrites
Carbonaceous chondrites Olivine, (Fe, Mg),SiO,4
Pyroxene, (Fe, Mg)SiO3
Pentlandite, (Fe, Ni)oSg
Troilite, FeS

Ordinary chondrites Olivine, (Fe, Mg),SiO4
Pyroxene, (Fe, Mg)SiO3
Troilite, FeS
Metal, (Fe-Ni alloy)

Enstatite chondrites Pyroxene, MgSiO3
Complex mixed sulfides e.g.
(Ca, Mg, Mn, Fe)S
Metal, (Fe, Ni, Si alloy)
Nickel silicide, Ni,Si

The hydrous C1 carbonaceous chondrites have a state of oxidation characteristic of low-
pressure condensation to low temperatures. The highly reduced enstatite chondrites are similar
to the matter of the endo-Earth, the inner 82% of the Earth.
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I showed (i) that there is at most only a single temperature, if any at all, where
the ordinary chondrite mineral assemblage can exist in equilibrium with solar
matter, and (ii) that condensation of that mineral assemblage would neces-
sitate an atmosphere depleted in oxygen, as well as hydrogen, relative to solar
matter (Herndon, 1978). The ordinary chondrite mineral assemblage is not the
condensate from an atmosphere of solar composition at hydrogen pressures
on the order of 107> bar. So, what then is the mineral assemblage expected?

From thermodynamic considerations it is possible to make some gener-
alizations related to the condensation process in an atmosphere of solar
composition. In that medium, the oxygen fugacity is dominated by the gas-
phase reaction H, + 1/20, = H,O which is a function of temperature, but
is essentially independent of pressure over a wide range of pressures where
ideal gas behavior is approached. Oxygen fugacity controls the condensate
state of oxidation at a particular temperature. At high temperatures the state
of oxidation is extremely reducing, while at low temperatures it is quite
oxidizing. The state of oxidation of the condensate ultimately becomes fixed
at the temperature at which reaction with the gas phase ceases and/or
equilibrium is frozen-in by the separation of gases from the condensate.

Condensation of an element or compound is expected to occur when its
partial pressure in the gas becomes greater than its vapor pressure. Generally,
at high pressures in solar matter, condensation is expected to commence at
high temperatures. At low pressures, such as a hydrogen pressure of 107 bar,
condensation is expected to progress at relatively low temperatures at a fairly
oxidizing range of oxygen fugacity. At low temperatures, all of the major
elements in the condensate may be expected to be oxidized because of the
great abundance of oxygen in solar matter, relative to the other major con-
densable elements. Beyond these generalizations, in this low-pressure regime,
precise theoretical predictions of specific condensate compounds may be
limited by kinetic nucleation dynamics and by gas-grain temperature differ-
ences arising because of the different mechanisms by which gases and con-
densate lose heat.

Among the thousands of known chondrites, only a few, like the Orgueil
carbonaceous chondrite, have a state of oxidation and mineral components
with characteristics similar to those which might be expected as a condensate
from solar matter at low pressures. Essentially all of the major elements in
these few chondrites are oxidized, as shown in Table I. The major silicate is
not a well-defined crystalline phase like olivine, but is, instead, poorly
characterized phyllosilicate, a layer-lattice, claylike, hydrous material. The
presence of sharp, angular shards of crystalline olivine and pyroxene in
Orgueil (Reid et al., 1970) appear to be an admixed xenolithic component
and shows no indication of alteration, suggesting the phyllosilicate is pri-
mary, rather than a secondary aqueous alteration product of olivine. Iron
occurs, not as metal, but as magnetite, Fe;0,4, (Hyman et al., 1978) which
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presents in a variety of unique morphologies including plaquettes and
framboids (Jedwab, 1971; Hua and Buseck, 1998). In Orgueil sulfur occurs
mainly as epsomite, MgSO,- 7H,0, (Endress and Bischoff, 1993) instead of
as troilite, FeS.

There is debate as to how much alteration might or might not have oc-
curred on the Orgueil meteorite’s parent body (Tomeoka and Buseck, 1988).
Nevertheless, that meteorite is the closest chondrite representative to what
may be expected as a low-temperature, low-pressure condensate from the
oxygen-rich gas of solar composition. Re-melting and/or re-evaporating and
re-condensing Orgueil-like matter, after loss of primordial gases, may be
expected to yield crystalline minerals, such as olivine and pyroxene, similar in
composition to some other, more evolved, carbonaceous chondrites, such as
the Allende meteorite which contains so much oxidized iron in its crystalline
silicates, that there is very little remaining as the metal. Significantly,
reflectance spectroscopy results appear to identify carbonaceous chondrite-
like matter on the surfaces of bodies in the Kuiper Belt in the outer regions of
the Solar System (Lederer and Vilas, 2003).

The idea of planetary formation from a diffuse solar nebula, with
hydrogen pressures on the order of 107> bar, envisioned that dust would
condense at fairly low temperatures, and then would gather into progres-
sively larger grains, and become rocks, then planetesimals, and ultimately
planets. In the main, that idea leads to the contradiction of the terrestrial
planets having insufficiently massive cores, because the condensate would be
far too oxidized for a high proportion of iron metal to exist. But as evidenced
by Orgueil and similar meteorites, such low-temperature, low-pressure con-
densation did in fact occur, perhaps only in the evolution of matter of the
outer regions of the Solar System, and thus may contribute to terrestrial
planet formation only as a component of late addition veneer.

4. High-Temperature, High-Pressure Condensation

In 1944, on the basis of thermodynamic considerations, Eucken (1944)
suggested core-formation in the Earth as a consequence of successive con-
densation from solar matter, on the basis of volatility, from the central region
of a hot, gaseous protoplanet with molten iron metal first raining out at the
center. Except for a few investigations initiated in the early 1950s (Kuiper
1951a, b; Urey, 1952; Bainbridge, 1962), that idea languished when interest
was diverted to Cameron’s low-pressure solar nebula models (Cameron,
1963).

The enstatite chondrites consist of the most highly reduced natural min-
eral assemblage known (Table 1). The principal silicate mineral, enstatite,
MgSiO;, contains very little oxidized iron. The metal phase contains



SOLAR SYSTEM PROCESSES UNDERLYING PLANETARY FORMATION 61

elemental silicon; magnesium and calcium, strongly lithophile (oxyphile)
elements, occur in part as sulfides. And, unique nitrogen-containing minerals
occur. The Abee enstatite chondrite has virtually the same relative abundance
of volatile elements, such as lead and thallium, as the Orgueil carbonaceous
chondrite, which consists of hydrous low-temperature minerals. But, in
striking contrast, the Abee meteorite shows evidence of having been at melt
or near-melt temperatures as evidenced by sub-euhedral crystals of enstatite
embayed by iron metal. Interestingly, as Rudee and I have shown by met-
allurgical experiments, the Abee enstatite chondrite cooled from 700 °C to
200 °C in a matter of about 2 h (Herndon and Rudee, 1978; Rudee and
Herndon, 1981).

The formation of enstatite chondrites has posed something of an enigma
for those who make models because, for low-temperature condensation at
hydrogen pressures of about 107> bar, solar matter is much too oxidizing for
that mineral assemblage. This has led to the suggestion that loss of H>O or
C/O 20.9 in solar matter might account for the state of reduction observed
(Larimer, 1968).

On the basis of thermodynamic considerations, Suess and I showed at the
high-temperatures for condensation at high-pressures, solar matter is suffi-
ciently reducing, i.c., it has a sufficiently low oxygen fugacity, for the stability
of some enstatite chondrite minerals. However, formation of enstatite-
chondrite-like condensate would necessitate thermodynamic equilibria being
frozen-in at near-formation temperatures (Herndon and Suess, 1976). There
is much to verify and learn about the process of condensation from near the
triple point of solar matter, but the glimpses Suess and I have seen are
remarkably similar to the vision of Eucken (1944), i.e., molten iron raining
out in the center of a hot, gaseous protoplanet.

At present, there is no adequate published theoretical treatment of solar-
matter condensation from near the triple-point. But from thermodynamic
and metallurgical considerations, some generalizations can be made. At the
high temperatures at which condensation is possible at high pressures, nearly
everything reacts with everything else and nearly everything dissolves in
everything else. At such pressures, molten iron, together with the elements
that dissolve in it, is the most refractory condensate.

There are reasons to associate the highly reduced matter of enstatite
chondrites with the inner regions of the Solar System: (i) The regolith of
Mercury appears from reflectance spectrophotometric investigations (Vilas,
1985) to be virtually devoid of FeO, like the silicates of the enstatite chon-
drites (and unlike the silicates of other types of chondrites); (ii) E-type
asteroids (on the basis of reflectance spectra, polarization, and albedo), the
presumed source of enstatite meteorites, are, radially from the Sun, the inner
most of the asteroids (Zellner et al., 1977); (iii) Only the enstatite chondrites
and related enstatite achondrites have oxygen isotopic compositions
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indistinguishable from those of the Earth and the Moon (Clayton, 1993);
and, (iv) Fundamental mass ratios of major parts of the Earth (geophysically
determined) are virtually identical to corresponding (mineralogically deter-
mined) parts of certain enstatite chondrites, especially the Abee enstatite
chondrite (Herndon, 1980, 1993, 1996).

In the absence of evidence to the contrary, the observed enstatite-chon-
dritic composition of the terrestrial planets permits the deduction that these
planets formed by raining out from the central regions of hot, gaseous
protoplanets (Herndon, 2004d). With the possible exception of Mercury, the
outer veneer of the terrestrial planets may contain other components derived
from carbonaceous-chondrite-like matter and from ordinary-chondrite-like
matter.

5. Evidence of Earth Being Like an Enstatite Chondrite

Imagine melting a chondrite in a gravitational field. At elevated tempera-
tures, the iron metal and iron sulfide components will alloy together, forming
a dense liquid that will settle beneath the silicates like steel on a steel-hearth.
The Earth is like a spherical steel-hearth with a fluid iron-alloy core sur-
rounded by a silicate mantle.

The Earth’s core comprises about 32.5% by mass of the Earth as a whole.
Only the enstatite chondrites, not the ordinary chondrites, have the suffi-
ciently high proportion of iron-alloy that is observed for the core of the
Earth, as shown in Figure 2. Moreover, other components of the interior of
the Earth can be identified with corresponding components of an enstatite
chondrite meteorite.

Oldham (1906) discovered the Earth’s core by determining that beneath
the crust the velocities of earthquake-waves increase with increasing depth,
but only to a particular depth, below which their velocities abruptly and
significantly become slower as they enter the core. When earthquake waves
enter and leave the core, they change speed and direction. Consequently,
there is a region at the surface, called the shadow zone, where earthquake-
waves should be undetectable. But in the early 1930s, earthquake-waves were
in fact detected in the shadow zone. Lehmann (1936) discovered the inner
core by showing that a small solid object, within the fluid core, could cause
earthquake waves to be reflected into the shadow zone.

Four years after its discovery by Inge Lehmann, Birch (1940) pronounced
the composition of the inner core to be partially crystallized nickel-iron
metal. Birch envisioned the Earth to be like an ordinary chondrite meteorite,
the most common type of meteorite observed to fall to Earth. In arriving at
that vision, Birch considered neither the rare, oxygen-rich carbonaceous
chondrites, which contain little or no iron metal, nor the rare oxygen-poor
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Figure 2. The percent mass of the alloy component of each of nine enstatite chondrites and
157 ordinary chondrites. This figure clearly shows that, if the Earth is chondritic in compo-
sition, the Earth as a whole, and especially the endo-Earth, is like an enstatite chondrite and
not like an ordinary chondrite. The reason is clear from the abscissa which shows the molar
ratio of oxygen to the three major elements with which it combines in enstatite chondrites and
in ordinary chondrites. This figure also clearly shows that, if the Earth is chondritic in com-
position, the Earth as a whole, and especially the endo-Earth, has a state of oxidation like an
enstatite chondrite and not like an ordinary chondrite. Data from Baedecker and Wasson
(1975), Jarosewich (1990), Kallemeyn et al. (1989), Kallemeyn and Wasson (1981).

enstatite chondrites, which contain iron metal and also some strange min-
erals, such as oldhamite, CaS, that are not found in the surface regions of the
Earth.

Birch thought that nickel and iron were always alloyed in meteorites and
he knew that the total mass of all elements heavier than nickel was too little
to comprise a mass as large as the inner core. Birch therefore suggested that
the inner core was nickel-iron metal that had begun to crystallize from the
melt.

Nearly four decades later, I realized that elemental silicon, discovered in
the 1960s in the metal of enstatite chondrites (Ringwood, 1961) under
appropriate conditions could cause nickel to precipitate as nickel silicide, an
intermetallic compound of nickel and silicon, like the mineral perryite, which
had been discovered in the 1960s in enstatite chondrites (Ramdohr, 1964).
The abstract of my 1979 paper (Herndon, 1979) states in its totality: “From
observations of nature the suggestion is made that the inner core of the Earth
consists not of nickel-iron metal but of nickel silicide.”
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After an inspiring conversation with Inge Lehmann in 1979, I progressed
through the following logical exercise: If the inner core is in fact nickel
silicide, then the Earth’s core must be like the alloy portion of an enstatite
chondrite. If the Earth’s core is in fact like the alloy portion of an enstatite
chondrite, then the Earth’s core should be surrounded by a silicate shell like
the silicate portion of an enstatite chondrite. This silicate shell, if it exists,
should be bounded by a seismic discontinuity, because the silicates of
enstatite chondrites have a different and more highly reduced composition
than rocks that appear to come from within the Earth’s upper mantle
(Jagoutz et al., 1979). Using the alloy to silicate ratio of the Abee enstatite
chondrite and the mass of the Earth’s core, by simple ratio proportion I
calculated the mass of that silicate shell. From tabulated mass distributions
(Dziewonski and Gilbert, 1972), I then found that the radius of that predicted
seismic boundary lies within about 1.2% of the radius at the seismic dis-
continuity that separates the lower mantle from the upper mantle. This
logical exercise led me to discover the fundamental quantitative mass ratio
relationships connecting the interior parts of the Earth with parts of the Abee
enstatite chondrite that are shown in Table II (Herndon, 1980).

Discovery of the Mohorovici¢ discontinuity separating the crust from the
mantle as well as discovery of the Earth’s core and inner core in the first half
of the 20th Century resulted from pronounced differences in seismic
observables, whereas initially the mantle appeared to be uniform. In the
1960s, improvements in seismic resolution began to indicate difficult-to-
observe discontinuities within the mantle (Stacey, 1969). These were initially
assumed to result from pressure-induced crystal structure changes, rather
than compositional boundaries.

From terrestrial seismic data (Dziewonski and Gilbert, 1972; Dziewonski
and Anderson, 1981) the gross features of the inner 82% of the Earth, the
lower mantle and core, collectively called the endo-Earth, appear to be rel-
atively simple, consistent with the identification of that part being like an
enstatite chondrite (Herndon, 1980, 1982). The upper mantle, on the other

TABLE II
Fundamental mass ratio comparison between the endo-Earth (core plus lower mantle) and the
Abee enstatite chondrite (Herndon, 1980)

Fundamental Earth ratio Earth ratio value Abee ratio value

Lower mantle mass to total core mass 1.49 1.43
Theoretical
Inner core mass to total core mass 0.052 0.052 if Ni3Si
0.057 if Ni,Si
Inner core mass to (lower mantle + core) mass 0.021 0.021
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hand, displays several seismic discontinuities suggestive of different layers.
The oxidized iron content (FeO) of primitive, ultramafic, upper-mantle-de-
rived nodules (Jagoutz et al., 1979) would be out of equilibrium if in contact
with the virtually FeO-free MgSiO3 lower mantle, implying one or more
layers of yet unknown but chemically different composition within the upper
mantle. Such layering is consistent with the addition of carbonaceous-
chondrite-like matter and/or ordinary-chondrite-matter during the latter
stages of Earth formation (Wetherill, 1980). Indeed, just such a chondritic
component is discernable in primitive ultramafic, upper-mantle-derived
nodules (Jagoutz et al., 1979).

6. Overview of Solar System Formation

To understand more clearly the implications arising from protoplanetary
Earth formation, it is helpful to envision the overall environment as indicated
by chondrite chemical evidence and observational data. Although there is an
evolutionary pre-history to the origin of the Solar System, involving among
other things element nucleosynthesis, that pre-history is not considered here.

There seems to be little doubt that the oxidized, hydrous carbonaceous
chondrites, like Orgueil, originate in the outer reaches of our Solar System,
regions sufficiently cold to permit the retention of water in the vacuum of
space for billions of years. The oxidation state of Orgueil-like carbonaceous
chondrites is just what one would expect for solar-matter low pressure con-
densation at low temperatures.

The highly reduced matter of the inner regions of the Solar System, on the
other hand, appears to have originated quite differently. In the main, the
terrestrial planets are like the highly reduced enstatite chondrite meteorites.
Thermodynamic considerations are consistent with the concept of Eucken
(1944) that the terrestrial planets, like the Earth, rained out from the central
regions of hot, gaseous protoplanets.

From solar abundances (Anders and Grevesse, 1989), the mass of pro-
toplanetary-Earth was 275-305mg, not very different from the mass of
Jupiter, 318mg. The formation of early-phase close-in gas giants in our own
planetary system, is certainly consistent with observations and implications
of near-to-star giant gaseous planets in other planetary systems (Fischer and
Valenti, 2005; Santos et al., 2003; Udry et al., 2003), so it is no longer nec-
essary to assume planet migration to explain those observations.

Solar primordial gases and volatile elements were separated from the
terrestrial planets soon after planet formation, presumably early during some
solar super-luminous event, such as the T-Tauri phase mass-ejections, pre-
sumably associated with the thermonuclear ignition of the Sun (Joy, 1945;
Herbig, 1962; Lada, 1985; Lehmann et al., 1995). Indeed, there is some
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reason to think that Mercury was only partially formed at the time of super-
luminosity.

As 1 discussed (Herndon, 2004b), the relationship shown in Figure 1
admits the possibility of ordinary chondrites having been derived from mix-
tures of two components, representative of the other two types of matter,
mixtures of a relatively undifferentiated carbonaceous-chondrite-like primi-
tive component and a partially differentiated enstatite-chondrite-like com-
ponent. All ordinary chondrites are depleted relative to solar matter in
siderophile refractory elements, such as iridium and osmium. Siderophile
refractory element depletion in individual ordinary chondrites, as I have
shown, is proportional to their relative respective proportion of the partially
differentiated enstatite-chondrite-like component, indicating a single reservoir
source of partially differentiated enstatite chondrite-like matter (Herndon,
2004Db).

The high bulk density of planet Mercury indicates that much of the silicate
matter for the upper portion of Mercury’s mantle was lost at some previous
time (Urey, 1951, 1952; Bullen, 1952). I have suggested that some matter
from the protoplanet of Mercury, Mercury’s complement of lost elements,
became that partially differentiated enstatite-chondrite-like planetary com-
ponent of the ordinary chondrites, presumably separated during the time of
Mercury’s core formation through dynamic instability and/or expulsion
during the Sun’s initially violent ignition and approach toward thermonu-
clear equilibrium. I have suggested that the Mercurian component was then
re-evaporated together with a more oxidized component of primitive matter
and ended up mainly in the asteroid belt, the presumed source-region for the
ordinary chondrites (Chapman, 1996). Such a picture would seem to explain
for the ordinary chondrites, their major element compositions, their inter-
mediate states of oxidation, and their ubiquitous deficiencies of refractory
siderophile elements, and would explain as well a major, primary source of
matter in the asteroid belt.

The approximately seven-fold greater depletion of refractory siderophile
elements, within the ordinary chondrites’ partially differentiated enstatite
chondrite-like planetary component, than other, more volatile, siderophile
elements such as nickel, cobalt, and gold, indicates that planetary-scale dif-
ferentiation, at least in this one instance, progressed in a heterogeneous
manner (Herndon, 2004a, b, e).

Although the terrestrial planets appear to have rained out from the central
regions of hot, gaseous protoplanets, evidence suggests some outer, minor,
secondary accretion of oxidized matter in the grain-growth accumulation way
envisioned by, for example, Wetherill (1980). Such secondary accumulation
may consist in the main of carbonaceous chondrite-like matter, ordinary
chondrite-like matter, and their derivatives, for example, iron meteorites
and achondrites. I have estimated that the total mass of ordinary chondrite
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matter originally present in the Solar System amounts to only 1.83 x 10** kg
(Herndon, 2004e). That amount of mass is insufficient to form a planet as
massive as the Earth, but may have contributed significantly to the formation
of Mars, as well as adding to the veneer of other planets, including the Earth.
Presently, only about 0.1% of that mass remains in the asteroid belt.

7. Implications of Protoplanetary Earth Formation

The principal consequences of Earth’s origin from within a giant gaseous
protoplanet are profound and affect virtually all areas of geophysics in
major, fundamental ways. Principal implications result (i) from Earth having
been compressed by about 300 Earth-masses of primordial gases, and (ii)
from the deep-interior having a highly reduced state of oxidation. The former
provides Earth’s main geodynamic driving-energy and leads to a new vision
of global dynamics, which I call whole-Earth decompression dynamics
(Herndon, 2005b, ¢) and which, among other things, leads to a new geo-
physical concept related to heat emplacement at the base of the crust. The
latter results in great quantities of uranium and thorium existing within the
Earth’s core, and leads to the feasibility of the georeactor, a hypothesized
natural, nuclear fission reactor at the center of the Earth as the energy source
for the geomagnetic field.

8. Evidence of Earth as a Jupiter-Like-Gas-Giant

Planets generally consist of more-or-less uniform, closed, concentric shells of
matter, layered according to density. The crust of the Earth, however, is an
exception. Approximately 29% of the surface area of the Earth is composed
of the portions of continents that presently lie above mean sea level; an
additional 12% of the surface area of the Earth is composed of the conti-
nental margins, which are submerged to depths of no more than 2 km
(Mc Lennan, 1991). The continental crust is less dense and different in
composition than the remaining surface area, which is composed of ocean-
floor basalt.

To date there has been no adequate geophysical explanation to account
for the formation of the non-contiguous, crustal continental rock layer, ex-
cept the idea put forth by Hilgenberg (1933) that in the distant past for an
unknown reason the Earth had a smaller diameter and, consequently, had a
smaller surface area. From modern surface area measurements, I calculated
that the smaller radius required would be about 64% of its current radius,
which would yield a mean density for the Earth of 21 g/cm®. The reason for
Earth’s smaller radius, I submit, is that the Earth rained out from within a
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giant-gaseous protoplanet and originally formed as the rock-plus-alloy kernel
of a giant gaseous planet like Jupiter (Herndon, 2004c, 2005c).

The mass of protoplanetary-Earth, calculated from solar abundance data
(Anders and Grevesse, 1989) by adding to the condensable-planetary ele-
ments their proportionate amount of solar elements that are typically gases
(e.g., H, He) or that form volatile compounds (e.g., O, C, N), lies in the range
of about 275-305 times the mass of the present-day Earth. That mass is quite
similar to Jupiter’s mass, 318my.

Pressures at the gas-rock boundary within the interior of Jupiter are
estimated to be in the range from 43 Mbar to 60 Mbar (Podolak and
Cameron, 1974; Stevenson and Salpeter, 1976). Using a theoretical
Thomas—Fermi—Dirac approach (Salpeter and Zapolsky, 1967), I calculated
density at Jupiter-model, gas-rock-boundary pressures for matter having the
approximate composition of the Earth as a whole. The calculations are based
upon eight chemical elements that account about 98% of the Earth’s mass,
assume volume additivity, and ignore phase separations and transitions. The
results of the calculations, presented in Table III, show that a Jovian-like gas
envelope is sufficient to compress the protoplanetary alloy-plus-rock core
that became the Earth to a mean density of 21 g/cm®.

The density value of 21 g/cm?®, estimated to result from compression by
the great mass of giant-planet gases, is identical to that expected for a smaller
Earth with a contiguous, closed, crustal continental shell. That identity, I
submit, stands as evidence of the Earth having been a giant, gaseous planet
like Jupiter (Herndon, 2004c, d).

9. Whole-Earth Decompression Dynamics

Early in the 20th Century, Wegener (1912) proposed that the continents at
one time had been united, but subsequently had separated and drifted
through the ocean floor to their present positions. After being ignored for
half a century, Wegener’s idea of continental drift re-emerged, cast into a new

TABLE III
Published model pressure and density estimates (Podolak and Cameron, 1974; Stevenson and
Salpeter, 1976) at the gas-rock boundary of Jupiter, shown for comparison with theoretical
calculation of compressed Earth density at the same pressures

Jupiter Model Jupiter Model Compressed Earth
pressure (Mbar) density (g/cm?) density (g/cm?)

43 18 20

46 18 21

60 20 23
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form called plate tectonics theory, with more detail and with new supporting
observational data.

In plate tectonics, oceanic basalt, observed erupting from the mid-oceanic
ridges, is thought to creep slowly across the ocean basin and to subduct, to
plunge into the Earth, typically into submarine trenches. This theory appears
to explain many geologic features observed at the Earth’s surface, such as
magnetic striations on the ocean floor, but necessitates solid-state mantle
convection (Runcorn, 1965; Davies, 1977; Peltier, 1989), for which there is no
unambiguous evidence despite decades of investigations.

Hilgenberg (1933) published a fundamentally different idea about the
continents. He imagined that the Earth, for an unknown reason, was initially
smaller in diameter, without oceans, and that the continents formed a uniform
shell of matter covering the entire surface of the planet. Hilgenberg’s idea, that
the Earth subsequently expanded, fragmenting the uniform shell of matter
into the continents and creating ocean basins in between, is the basis for Earth
expansion theory (Carey, 1976, 1988; Scalera, 1990; Scalera and Jacob, 2003).

The principal impediments to the idea of Earth expansion have been (i)
the lack of knowledge of a mechanism that could provide the necessary
energy (Cook and Eardley, 1961; Beck, 1969) without departing from the
known physical laws of nature (Jordan, 1971) and (ii) the ocean floors are less
than 200 million years old which would seem to imply very recent expansion.
In 1982, Scheidegger stated concisely the prevailing view, ““Thus, if expansion
on the postulated scale occurred at all, a completely unknown energy source
must be found” (Scheidegger, 1982). Recently, I disclosed just such an energy
source that follows from fundamental considerations (Herndon, 2004c,
2005b, c¢), the energy of protoplanetary compression, and set forth a different
geodynamic theory, called whole-Earth decompression dynamics, which
unifies seemingly disparate elements of plate tectonics theory and Earth
expansion theory into one self-consistent description of the dynamics of the
Earth as a whole.

After being stripped of its great, Jupiter-like overburden of volatile pro-
toplanetary constituents, presumably by the high temperatures and/or by the
violent activity, such as T - Tauri phase solar wind (Joy, 1945; Herbig, 1962;
Lada, 1985; Lehmann et al., 1995), associated with the thermonuclear igni-
tion of the Sun, the Earth would inevitably begin to decompress, to rebound
toward a new hydrostatic equilibrium. The initial whole-Earth decompres-
sion is expected to result in a global system of major primary cracks
appearing in the rigid crust which persist and are identified as the global,
mid-oceanic ridge system, just as explained by Earth expansion theory. But
here the similarity with that theory ends. Whole-Earth decompression
dynamics sets forth a different mechanism for whole-Earth dynamics which
involves the formation of secondary decompression cracks and the in-filling
of those cracks, a process which is not limited to the last 200 million years.



70 J. MARVIN HERNDON

As the Earth subsequently decompresses and swells from within, the deep
interior shells may be expected to adjust to changes in radius and curvature
by plastic deformation. As the Earth decompresses, the area of the Earth’s
rigid surface increases by the formation of secondary decompression cracks
often located near the continental margins and presently identified as sub-
marine trenches. These secondary decompression cracks are subsequently in-
filled with basalt, extruded from the mid-oceanic ridges, which traverses the
ocean floor by gravitational creep, ultimately plunging into secondary
decompression cracks, thus emulating subduction.

As viewed today from the Earth’s surface, the consequences of whole-
Earth decompression dynamics appear very similar to those of plate tec-
tonics, but with some profound differences. In fact, most of the evidence
usually presented in support of plate tectonics also supports whole-Earth
decompression dynamics. Just as in plate tectonics, one sees seafloor being
produced at the mid-oceanic ridge, slowly moving across the ocean basin and
disappearing into the Earth. But unlike plate tectonics, the basalt rock is not
being re-cycled continuously by convection; instead, it is simply in-filling
secondary decompression cracks. From the surface it may be very difficult
indeed to discriminate between plate tectonics and whole-Earth decompres-
sion dynamics.

Usually arrayed as supporting plate tectonics theory, observations of
ocean-floor magnetic striations, transform faults, island arc formation, and
the generation and distribution of earthquakes are, I submit, consequences of
whole-Earth decompression dynamics. These have the same basis and
understanding in whole-Earth decompression dynamics as in plate tectonics.

Moreover, mantle seismic tomography results can be interpreted as
imaging in-filled decompression cracks (Bunge et al., 2003). Seismic differ-
ences that are used to arrive at such images are not necessarily a reflection of
temperatures, as often assumed, but can arise from differences in densities
and/or differences in compositions. Moreover, the images are static; motion
is only inferred on the basis of anticipations.

But there are global, fundamental differences between whole-Earth
decompression dynamics and plate tectonics, especially as pertains to the
growth of ocean-floor, to the origin of oceanic trenches, to the fate of down-
plunging slabs, to the displacement of continents, and to the emplacement of
heat at the base of the crust.

10. Mantle Decompression Thermal-Tsunami
Previously in geophysics, only three heat transport processes have been

considered: conduction, radiation, and convection or, more generally,
buoyancy-driven mass transport. As a consequence of whole-Earth
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decompression dynamics, I add a fourth, called mantle decompression
thermal-tsunami (Herndon, 2006).

As the Earth decompresses, heat must be supplied to replace the lost heat
of protoplanetary compression. Otherwise, decompression would lower the
temperature, which would impede the decompression process.

Heat generated within the core from actinide decay or fission or from
radioactive decay within the mantle may enhance mantle decompression by
replacing the lost heat of protoplanetary compression. The resulting
decompression, beginning as low as at the bottom of the mantle, will tend to
propagate throughout the mantle, like a tsunami, until it reaches the
impediment posed by the base of the crust. There, crustal rigidity opposes
continued decompression, pressure builds and compresses matter at the
mantle-crust-interface, resulting in compression heating. Ultimately, pressure
is released at the surface through volcanism and through secondary
decompression crack formation and/or enlargement.

It has been long known through experience in deep mines and with bore-
holes that temperature increases with depth within the crust. For more than
half a century geophysicists have made measurements of continental and
oceanic heat flow with the aim of determining the Earth’s heat loss
(Table IV). Pollack et al. (1993) estimate a global heat loss of 44.2 TW
(1 TW=10"> W) based upon 24,774 observations at 20,201 sites.

Previously, numerous attempts have been made to match measured global
heat loss with radionuclide heat production from various geophysical models
involved with plate tectonics. Usually, models are made to yield the very
result they model, but in this case there is a problem. Current models rely
upon radiogenic heat for geodynamic processes, geomagnetic field genera-
tion, and for the Earth’s heat loss. The problem is that radionuclides cannot
even satisfy just the global heat loss requirements.

Previous estimates of global heat production invariably come from the
more-or-less general assumption that the Earth’s current heat loss consists of
the steady heat production from long-lived radionuclides (**°U, #**U, and “’K).

TABLE IV
Continental and oceanic mean heat flow and global heat loss

Reference Continental Heat  Oceanic Heat  Global Heat Global Heat

Flow mWm™> Flow mWm™  Flow mWm™  Loss 10'°W
Williams et al. (1974) 61 93 84 42.7
Davies (1980) 55 95 80 41.0
Sclater et al. (1980) 57 99 82 42.0
Pollack et al. (1993) 65 101 87 44.2

From Pollack et al. (1993).
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Estimates of present-day global radiogenic heat production, based upon
chondritic abundances, typically range from 19 TW to 31 TW. These represent
an upper limit through the tacit assumption of rapid heat transport irrespective
of assumed radionuclide locations. The short-fall in heat production, relative to
Earth’s measured heat loss (Pollack et al., 1993), has led to speculation that the
difference might be accounted for by residual heat from Earth’s formation,
ancient radiogenic heat from a time of greater heat production, or, perhaps,
from a yet unidentified heat source (Kellogg et al., 1999).

One of the consequences of Earth formation as a giant, gaseous, Jupiter-
like planet (Herndon, 2004d), as described by whole-Earth decompression
dynamics (Herndon, 2004c, 2005b, ¢), is the existence of a vast reservoir of
energy, the stored energy of protoplanetary compression, available for
driving geodynamic processes related to whole-Earth decompression. Some
of that energy, I submit, is emplaced as heat at the mantle-crust-interface at
the base of the crust through the process of mantle decompression thermal-
tsunami. Moreover, some radionuclide heat may not necessarily contribute
directly to crustal heating, but rather to replacing the lost heat of proto-
planetary compression, which helps to facilitate mantle decompression.

11. Precipitation of the Structures of the Endo-Earth

One of the consequences of Earth formation by raining out from the central
regions of a hot, gaseous protoplanet is the highly reduced state of oxidation
of its interior (Eucken, 1944; Herndon and Suess, 1976). The Earth consists
in the main of two distinct reservoirs of matter separated by the seismic
discontinuity that occurs at a depth of about 680 km and which separates the
mantle into upper and lower parts (Herndon, 1980). The endo-Earth, the
inner 82% of the Earth’s mass consists of the highly reduced lower mantle
and core; the more oxidized exo-Earth is comprised of the components of the
upper mantle and crust.

The matter comprising the endo-Earth precipitated from primordial gases
under conditions that severely limited its oxygen content, relative to its other
elements (Eucken, 1944; Herndon and Suess, 1976; Herndon, 2004d). The
oxidation state of the condensate determines not only the relative mass of the
core, but the elements the core contains, and the compounds which precip-
itate from the core and that give it its structure and its energy production
capability. The oxidation state of the core cannot be subsequently changed,
even by the pressures that prevail in that region.

The seismically deduced structure, divisions, and components of the endo-
Earth are essentially identical to corresponding parts of the Abee enstatite
chondrite meteorite, as shown by the mass ratio relationships presented in
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Table II. The identity of the components of the Abee enstatite chondrite with
corresponding components of the Earth (Herndon, 1980, 1993, 1998) means
that with reasonable confidence one can understand the composition of the
Earth’s core by understanding the components of Abee meteorite or of one
like it.

Envision highly reduced condensate, like that of the Abee enstatite
chondrite and the endo-Earth, raining out from near the triple point of solar
matter in the center of a hot giant-gaseous protoplanet (Eucken, 1944;
Herndon and Suess, 1976; Herndon, 2004d). The magnesium, silicon, oxy-
gen, and sulfur of enstatite-chondritic-like protoplanetary matter may have
all begun their condensate origin dissolved in iron metal, along with minor
and trace elements. Because of the extremely low oxygen fugacity in that
medium at the high temperatures at which condensation is possible at high
pressures, the amount of oxygen in the multi-element condensate would have
been severely limited, even though oxygen is more abundant than the sum of
all of the readily condensable elements of solar matter.

After raining out in the center of a hot gasecous protoplanet, elements of
the condensate would be expected to compete on the basis of chemical
activity and, during cooling, would begin to precipitate from the liquid
condensate forming the interior parts of the planet. The dominant factors
governing subsequent precipitation are oxyphilicity (affinity for oxygen) and
incompatibility.

Elements have different chemical affinities for oxygen, which are related to
their different oxidation potentials. Generally, oxyphile elements of the initial
multi-element protoplanetary condensate will compete for available oxygen
and will separate from the iron-alloy like slag separates from steel on a steel-
hearth.

In ordinary-chondrite matter, there is more than enough oxygen available
for all oxyphile elements (including uranium and thorium) with some left
over to combine with iron. Consequently, if the Earth as a whole really were
like an ordinary chondrite meteorite, there would be no uranium and tho-
rium in the core and the core would be too small (Figure 2). But that is not
the case.

Highly reduced matter, like that of the Abee enstatite chondrite and the
endo-Earth, was separated from primordial solar gases under conditions that
severely limited the oxygen content (Eucken, 1944; Herndon and Suess, 1976;
Herndon, 2004d). For the protoplanetary Earth, elements of the condensate
with a high affinity for oxygen (oxyphile elements) would be expected to
combine with the limited available oxygen to form, atop the iron-alloy core, a
low-density silicate mantle of MgSiO3 which, at lower mantle pressures, is
stable in a perovskite crystal structure (Ito and Matsui, 1978; Chaplot et al.,
1998; Chaplot and Choudhury, 2001).
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As a consequence of its highly reduced state of oxidation, the proto-
planetary condensate that became the endo-Earth had insufficient oxygen to
accommodate all of its oxyphile elements. As a consequence, certain oxyphile
elements, including Si, Mg, Ca, U, and Th, occur in part in the iron-based
alloy portion of the Abee enstatite chondrite and in the Earth’s core. Oxy-
phile elements are generally incompatible in an iron-alloy and upon cooling
these ultimately tend to precipitate as non-oxides, mainly as sulfides, at the
earliest thermodynamically feasible opportunity.

Based upon well-known metallurgical principles (Ribound and Olette,
1978; Inoue and Suito, 1994), the portion of calcium and magnesium,
occurring in the core and being incompatible in an iron-based alloy, would be
expected to combine with sulfur to form oldhamite, CaS, and niningerite,
MgS, low-density, high-temperature precipitates, which would float to the
outer surface of the fluid core. These CaS and MgS precipitates, as I have
suggested (Herndon, 1993, 1996, 2005a), are responsible for the observed
seismic ‘“‘roughness” at the core-mantle boundary, called D”.

Upon further cooling, it is expected that dissolved silicon (Si) in the fluid
core will combine with nickel (Ni) and precipitate as nickel silicide, which will
settle by gravity, forming the Earth’s solid inner core (Herndon, 1979, 1980,
2005a). As shown in Table II, a fully crystallized nickel silicide inner core
would have precisely the mass observed, thus providing strong supporting
evidence.

12. Radionuclides of the Endo-Earth

For decades there has been much discussion as to the possible existence of
“0K in the Earth’s core. Although there are some indications from enstatite
meteorites of alloy-originated potassium, specifically in the mineral djerfi-
sherite, Kg(Cu, Fe, Ni),5S,6Cl, the relative proportion of non-oxide potas-
sium appears to represent at most only a few percent of the potassium
complement (Fuchs, 1966). In the Abee enstatite chondrite, most of the
potassium occurs in the mineral plagioclase, (Na, Ca)(Si, Al)4Og, which
would seem to suggest that most of the endo-Earth’s “°K occurs in the lower
mantle, perhaps in the region near the boundary of the upper mantle.
Additional investigations are needed to be any more precise regarding the
distribution of *°K.

Although there may be some intrinsic uncertainty as to amount of *°K, if
any, in the Earth’s core, current data on the uranium distribution in enstatite
chondrites clearly indicate the non-lithophile behavior of that element in
EH/E4 enstatite chondrites, like the Abee meteorite, and, by inference, in
the endo-Earth. Generally, uranium occurs within the mineral oldhamite,
CaS, an indication that in the enstatite chondrite matter, uranium is a
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high-temperature precipitate. Chemical leaching experiments show that
Abee-uranium behaves as a sulfide (Matsuda et al., 1972). The tentative
assignment of uranium as the mono-sulfide, US, seems reasonable. As cur-
rently available instrumental capability for determining this information
quite precisely exists, I have recommended the requisite investigations
(Herndon, 1998).

Within the Earth’s core, one would expect uranium to precipitate at a high
temperature. Just as uranium, a trace element, was swept-up or co-precipi-
tated with a more abundant high-temperature precipitate, oldhamite, CaS, in
enstatite chondrites, one might expect to some extent the possibility of a
similar fate within the Earth’s core. Ultimately, uranium, being the densest
substance, would be expected to collect at the Earth’s center. Unlike other
trace elements such as thorium, uranium masses of at least ~1 kg occurring as
nodules early in Earth’s history would have been able to maintain sustained
nuclear fission chain reactions that could generate sufficient heat to melt their
way out of any mineral-occlusion impediment on their descent to the center
of the Earth.

Russian scientists (Anisichkin et al., 2003; Rusov et al., 2004) have sug-
gested the possibility of precipitated uranium accumulating in a layer atop
the inner core and participating in a slow-burning nuclear-fission wave front
reaction. To me, it seems that a uniform layer would be too thin, allowing too
great a proportion of neutrons to escape for maintenance of criticality. But
uniformity is only one possibility. In this remote and strange frontier, it is a
good idea to keep an open mind on all of the possible georeactor variations.

Thorium, like uranium, occurs exclusively in the alloy portion of the Abee
enstatite chondrite and by implication in the Earth’s core. Also, thorium, like
uranium, occurs in that meteorite within the mineral oldhamite, CaS (Murrell
and Burnett, 1982), an indication of its being a high-temperature precipitate.
Chemical leaching experiments indicate that Abee-thorium behaves in part as
a sulfide, and in part as an unknown non-sulfide (Matsuda et al., 1972).
Unlike uranium, accumulations of thorium would not have been able to
sustain nuclear fission chain reactions.

Thus, it would appear that uranium and thorium may occur at the core-
mantle boundary occluded in the core floaters, the low-density, high-tem-
perature precipitate, oldhamite, CaS, atop the fluid core or, alternatively,
they may be concentrated at the center of the Earth, depending upon
respective precipitation and accumulation dynamics. Presently, there is no
methodology by which to predict the relative proportion of these at the two
boundaries of the core, its center and its surface. Because of the ability of
~1 kg nodules of uranium to undergo self-sustaining nuclear fission chain
reactions, which can melt free of occlusion, one might expect uranium to
occur primarily at the center of the Earth and thorium to occur at the core-
mantle boundary within oldhamite.
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13. Radionuclides of the Exo-Earth

It would be desirable to be able to specify the radionuclide distribution within
the exo-Earth, the upper mantle and crust. But at present there is uncertainty
in the compositions of the layers of the upper mantle and uncertainty as to
the composition of the parent materials for that region of the Earth.
Moreover, because of mantle decompression thermal-tsunami, measured
heat loss from the crust can no longer be considered a justification for high-
radionuclide content of the exo-Earth. As a “ball park™ estimate, one might
guess that the radionuclide complement of the exo-Earth represents an
additional 18% of the endo-Earth complement, with much of the exo-Earth
uranium and thorium residing in the crust. Ultimately, it should be possible
to refine these estimates by tedious efforts to discover fundamental quanti-
tative relationships that lead logically to that information.

14. Georeactor Nuclear Fission

Nuclear fission produces energy, consumes uranium, and produces neutron-
rich fission products which subsequently f decay, yielding antineutrinos.
Detection of georeactor-produced antineutrinos is one way to validate the
existence of the georeactor (Raghavan, 2002; de Meijer et al., 2004; Domo-
gatski et al., 2004; Fiorentini et al., 2004).

Using Fermi’s nuclear reactor theory (Fermi, 1947), in 1993, I demon-
strated the feasibility of a planetocentric nuclear fission reactor as the energy
source for the geomagnetic field (Herndon, 1993). Initially, I could only
postulate that the georeactor would operate as a fast neutron breeder reactor
over the lifetime of the Earth (Herndon 1994, 1996). Subsequent state-of-the-
art numerical simulations, made at Oak Ridge National Laboratory, verified
that the georeactor could indeed function over the lifetime of the Earth as a
fast neutron breeder reactor and, significantly, would produce helium in the
same range of isotopic compositions observed in oceanic basalts (Hollenbach
and Herndon, 2001; Herndon, 2003).

Georeactor numerical simulation calculations are made using the SAS2
analysis sequence contained in the SCALE Code Package from Oak Ridge
National Laboratory (SCALE, 1995) that has been developed over a
period of three decades and has been extensively validated against isotopic
analyses of commercial reactor fuels (England et al., 1984; Hermann and
DeHart, 1998). The SAS2 sequence invokes the ORIGEN-S isotopic gen-
eration and depletion code to calculate concentrations of actinides, fission
products, and activation products simultaneously generated through fis-
sion, neutron absorption, and radioactive decay. The SAS2 sequence per-
forms the 1-D transport analyses at selected time intervals, calculating an
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energy flux spectrum, updating the time-dependent weighted cross-sections
for the depletion analysis, and calculating the neutron multiplication of the
system.

From nuclear reactor theory (Fermi, 1947), the defining condition for self-
sustaining nuclear fission chain reactions is that k. = 1.0. The value of k.
represents the number of fission neutrons in the current population divided
by the number of fission neutrons in the previous population. If kg > 1.0,
the neutron population and the energy output are increasing and will con-
tinue until changes in the fuel, moderators, and neutron absorbers cause kg
to decrease to 1.0. If keg < 1.0, the neutron population and energy output are
decreasing and will eventually decrease to zero. If k.p = 1.0, the neutron
population and energy output are constant.

Natural uranium consists mainly of the readily fissionable >**U and the
essentially non-fissionable ?**U. In a natural reactor, the value of kg is
strongly dependent upon the ratio *>U/**®U. The reason that thick seams of
natural uranium ore are presently unable to undergo self-sustaining nuclear
fission chain reactions, i.e., ke < 1.0, is because the 235U/238U ratio is too
small. The *®U absorbs too high a proportion of neutrons. Because the half-
life of 23U is shorter than that of *3U, the ratio of >**U/***U was higher in
the geological past, making possible the condition for natural fission,
kegr > 1.0.

Main georeactor characteristic operational parameters and uncertainties
are illustrated in Figure 3, showing k.s as a function of time for
several numerical simulations made at constant fission powers. These
show the importance of breeding, fission-product removal, and intrinsic
self-regulation.

In Figure 3, the curve labeled “VLP-FPR” shows the necessity for
breeding. In this example, the very-low-power fission produced only insig-
nificant amounts of fissionable actinides. Consequently, the k.t was deter-
mined almost entirely by the natural decay of uranium, and, by the end of
about 2 gigayears of operation, self-sustained nuclear fission chain reactions
become impossible.

The “VLP-FPR” and the curve labeled “FPR” were calculated with
instantaneous removal of fission products. But the “FPR” curve was calcu-
lated at a much higher power level where breeding kept k. > 1.0. As noted
by Herndon (1994) and Seifritz (2003), the principal fuel-breeding takes place
by the reaction ***U(n,y)***U(7)**’Np(f7)***Pu(x)*>°U. Too low an oper-
ating power will lead to insufficient breeding, whereas at power levels too
high, the uranium fuel would be entirely consumed too early in the lifetime of
the Earth.

For the georeactor to be able to operate into the present, fission products
must be removed naturally. That necessity is shown quite clearly in Figure 3
by the curve labeled “FPNR,” calculated with fission products not removed.
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Figure 3. Numerical simulation results, chosen to illustrate main georeactor operational
parameters and uncertainties, are presented in terms of kg over the lifetime of the Earth. The
curve labeled “VLP-FPR” is very low power for the case of fission products instantaneously
removed. “FPR” is a 3 TW run also for the case of fission products instantaneously removed.
“FPNR” is a 3 TW run with fission products not removed.

After operation of about 1.5 gigayears, k.t < 1.0 and self-sustained nuclear
fission chain reactions become impossible. As I have discussed (Herndon,
1993, 1994), there is a natural mechanism for georeactor fission product
removal: At the center of the Earth, density is a function almost entirely of
atomic number and atomic mass. The fission process splits the actinide nu-
cleus into two pieces, each being considerably less dense than its parent. At
the high sub-core temperatures, even in the microgravity environment, these
would tend to separate on the basis of density. This process may operate as
one self-regulation mechanism.

Another, yet unknown, self-regulation mechanism appears evident from
the curve labeled “FPNR” in Figure 3. Note that, at the time of Earth
formation, the value of kg is quite high; the uranium mix is “hot.” In the
numerical simulation, fission power generation was specified and controlled.
In nature, without a self-regulation mechanism operating, at this high a value
of kg, the georeactor would have run wild and might have burned out its
uranium fuel long before life had existed on Earth. Early on, before about
1.5 gigayears of operation, fission product accumulation alone would not
have been an effective self-control mechanism. Some other mechanism must
have operated.
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15. Radionuclide Abundance and Distribution

Much is yet unknown concerning the distribution of radionuclides within the
Earth. Because of the identity between the parts of the endo-Earth and
corresponding parts of the Abee enstatite chondrite, it is possible to make
direct inferences as to radionuclide states of oxidation and locations within
the endo-Earth, although not to the degree of precision that might ultimately
be possible given adequate petrologic data with modern instrumentation and
appropriate laboratory experiments (Herndon, 1998, 2005a). It is likewise
possible to make some rough estimates of current georeactor energy pro-
duction and uranium consumption, but past georeactor operation is for the
most part unknown.

Within those limitations, the following generalizations concerning the
endo-Earth radionuclides can be made: (i) Most of the “°K may be expected
to exist in combination with oxygen in the silicates of the lower mantle,
perhaps being confined to transition-region between the upper and the lower
mantle; (i) Uranium may be expected to exist at the center of the Earth
where it may undergo self-sustaining nuclear fission chain reactions, but there
is a possibility some non-fissioning uranium may be found scattered diffusely
within the CaS core floaters; and, (iii) Thorium may be expected to occur
within the core floaters at the core-mantle boundary, although its presence as
well at the center of the Earth cannot be ruled out. Thorium is unable to be
georeactor fuel or to be converted into fuel for the georeactor (Herndon and
Edgerley, 2005).

Radionuclide abundance estimates for the endo-Earth and guesses for the
exo-Earth are shown in Table V. Their respective locations are represented
schematically in Figure 4. In demonstrating the feasibility of the georeactor, |
used very conservative uranium estimates, amounting to approximately 20%
of the estimated total possible initial endo-Earth uranium content (Herndon,
1993; Hollenbach and Herndon, 2001). The results shown in Table V, are
based upon results of numerical simulations assuming that the entire amount
of uranium is available for nuclear fission (Herndon and Edgerley, 2005).
These, therefore, provide some boundary conditions on the maximum pres-
ent-time radionuclide abundances.

In a series of numerical simulations run at successively higher power
levels, Edgerley and I found that, with the same maximum initial endo-
Earth uranium content, the georeactor could operate at a constant power
level of as much as 30 TW and still be operating (Herndon and Edgerley,
2005). The question of power level, especially in times past, is the greatest
unknown. Measurements of geo-antineutrinos pose the possibility of
revealing the current distribution of radioactive nuclides and fission
products.
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TABLE V
Estimates of the maximum present-day radionuclide content within the endo-Earth and
guessed amounts in the exo-Earth

Nuclide Kilograms

Endo-Earth (estimate)

K 5.001 x 10"7

22Th 1.322 x 107

By 3.065 x 10 (2.504 x 10'%)
28y 3.373 x 10" (3.456 x 10'6)
Exo-Earth (guess)

0K 1.100 x 107

22Th 2.908 x 10'°

B5y 4.629 x 10"°

238y 1.528 x 10'°

Endo-Earth values of uranium in parentheses, given for reference only, assume no fission
activity. Data from Baedecker and Wasson (1975), Murrell and Burnett (1982).

16. Georeactor Variability

Seated deep within the Earth, the geomagnetic field varies in intensity and
reverses polarity frequently, but quite irregularly, with an average time
between reversals of about 200,000 years. Previously envisioned deep-Earth
energy sources, including natural radioactivity, change only gradually and in
only one direction over time. Variations, in the geomagnetic field, therefore,
have previously only been ascribed to some mechanical instability in its
production mechanism. I have suggested that the variable and intermittent
changes in the intensity and direction of the geomagnetic field may have their
origin in nuclear reactor variability (Herndon, 1993). Generally, variability in
nuclear fission reactors arises from changes in composition and/or position of
fuel, moderators, and neutron absorbers. Although as yet there is no irre-
futable evidence of planetocentric nuclear reactor variability, circumstantial
evidence certainly invites inquiry.

Upon considering observations of Jupiter’s internally generated energy, 1
demonstrated the feasibility of planetocentric nuclear fission reactors as
energy sources for the giant planets (Herndon, 1992) in part using the same
type of calculations employed by Kuroda (1956) to predict conditions for the
natural reactors that were later discovered at Oklo, Republic of Gabon
(Bodu et al., 1972; Fréjacques et al., 1975; Hagemann et al., 1975). The near-
surface natural reactors at Oklo, which were critical about 1.8 gigayears ago,
operated intermittently (Maurette, 1976). Recent investigations suggest quite
rapid cycling periods with 0.5 h of operation followed by 2.5 h of dormancy
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Figure 4. Schematic representation of the interior of the Earth showing regions in the endo-
Earth where radionuclides may be expect to be concentrated.

(Meshik et al., 2004). While the specific control mechanism, presumably
involving water, may not be directly applicable to the planetocentric reactors,
the observations nevertheless demonstrate the potential variability of natural
nuclear reactors.

Atmospheric turbulence in the giant planets appears to be driven by their
internal energy sources. Jupiter, Saturn, and Neptune produce prodigious
amounts of energy and display prominent turbulent atmospheric features.
Uranus, on the other hand, radiates little, if any, internally generated energy
and appears featureless. In the summer of 1878, Jupiter’s Great Red Spot
increased to a prominence never before recorded and, late in 1882, its
prominence, darkness, and general visibility began declining so steadily that
by 1890 astronomers thought that the Great Red Spot was doomed to
extinction. Changes have been observed in other Jovian features, including
the formation of a new lateral belt of atmospheric turbulence (Peek, 1958).

Jupiter, 98% of which consists of a mixture of H and He, an excellent heat
transfer medium, is capable of rapid thermal transport. It is important to
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establish whether these atmospheric changes are due to changes in planeto-
centric nuclear reactor output as it seems, especially as these would represent
short-period variability (Herndon, 1994). Ultimately, one may hope to
understand the nature and possible variability of georeactor energy pro-
duction by making fundamental discoveries and by discovering fundamental
quantitative relationships in nature.

17. Deep-Earth Helium Evidence of the Georeactor

Clarke et al. (1969) discovered that *He and “He are venting from the Earth’s
interior. The *He/*He ratio of helium released to the oceans at the mid-
oceanic ridges is about eight times greater than in the atmosphere
(R/Rp = 8 £ 1, where R is the measured value of *He/*He and R, is the
same ratio measured in air = 1.4 x 107°), and, therefore, cannot be ascribed
to atmospheric contamination. High helium ratios, e.g., ~37 R, (Hilton
et al., 1999), have been observed from deep-source plumes, such as Iceland
and Hawalii.

Previously, lacking knowledge of a deep-source *He production mecha-
nism, deep-Earth *He has been assumed to be of primordial origin (Clarke
et al., 1969; Hilton et al., 1999), trapped within the mantle at the time that
the Earth formed. But the ratio of primordial *He/*He is thought to be ~107%,
a value inferred from gas-rich meteorites (Pepin and Singer, 1965), which is
about one order of magnitude greater than helium released from the mantle.
In ascribing a primordial origin to the observed deep-Earth *He/*He, the
assumption implicitly made is that the primordial component is diluted by a
factor of about 10 with *He produced by the natural radioactive decay of
uranium and thorium in the mantle and/or in the crust. The alternative
suggestion (Anderson, 1993), that the *He/*He arises instead from cosmic
dust, subducted into the mantle, necessitates assuming that the influx of
interplanetary dust particles was considerably greater in ancient times than at
present and also assuming a ten-fold dilution by *He.

Helium isotope fission products from georeactor numerical simulations
made at the Oak Ridge National Laboratory are shown in Figure 5. The data
shown are values of the *He/*He ratio, relative to the same ratio in air (Ry),
at each 2 x 10° year time step for each power level of the numerical simu-
lations. For comparison, the range of values of the same ratio, measured in
oceanic basalts, is shown in Table VI at a 20 confidence level. The entire
range of *He/*He values from oceanic basalts, shown in Table VI, is pro-
duced by self-sustaining nuclear fission chain reactions, as demonstrated by
the georeactor numerical simulations results presented in Figure 5.

I have suggested that the observed deep-source helium is georeactor-
produced and is in fact strong evidence for the georeactor’s existence
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Figure 5. Nuclear georeactor numerical simulation results for 3 TW and 5 TW power levels
showing the *He/*He ratios relative to air (Rx) produced during 2 x 10° year increments over
the lifetime of the georeactor. Each data point represents the ratio of the *He and “He fission
yields for a single time step. The pronounced upward trend of the data results from the
continuing reduction of **¥U, the principle source of “He, by fission and by breeding. From

Herndon (2003).

TABLE VI

Statistics of *He/*He relative to air (Ra) of basalts from along the global spreading ridge

system at a two standard deviation (2¢) confidence level

Propagating Lithospheric Tears 11.75
Manus Basin 10.67
New Rifts 10.01
Continental Rifts or Narrow Oceans 9.93
South Atlantic Seamounts 9.77
MORB 8.58
EM Islands 7.89
North Chile Rise 7.78
Ridge Abandoned Islands 7.10
South Chile Rise 6.88
Central Atlantic Islands 6.65
HIMU Islands 6.38
Abandoned Ridges 6.08

HoH B H K W R OH K K R H

5.13 Ry
3.36 R,
4.67 Ry
5.18 Ry
1.40 Ry
1.81 Ru
3.63 Ry
0.24 Ry
2.44 Ry
1.72 Ra
1.28 R,
0.94 R
1.80 Ra

Anderson (2000).
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(Hollenbach and Herndon, 2001; Herndon, 2003). Rao (2002) has provided
background information and described the georeactor as being the solution
to the riddles of relative abundances of helium isotopes and geomagnetic field
variability.

18. Eventual Demise of the Georeactor

Energy production by natural radioactive decay is predictable over time,
decreasing gradually at known rates, and will continue to do so well into the
future. By contrast, the consumption of uranium by georeactor-nuclear-fis-
sion may not have been constant in the past. At some point, the uranium
supply of the georeactor may become exhausted, burned out by nuclear
fission, possibly much sooner than it would have been exhausted by radio-
active decay alone. The high *He/*He values in certain measurements of
so-called plumes, specifically Icelandic and Hawaiian, may indicate the
approach of the demise of the georeactor (Herndon, 2003).

In Figure 5, the upward trend over time of the data for each power level is
principally the consequence of the diminishment by natural decay and by fuel
breeding of ***U, the principle source of “He. For a particular power level,
the highest values represent the most recent production, especially near the
end of the nuclear fission lifetime of the georeactor.

The limitation on the upper limits for *He/*He depends upon the georeactor
being critical, i.e., k> 1.0, as its actinide fuel approaches depletion. The main
factors affecting that circumstance are the amount and nature of the initial
actinide sub-core and the operating history of the georeactor. One may rea-
sonably expect, therefore, that the high values for *He/*He, shown in Figure 5,
may not be true upper limits. It seems reasonable, though, that the high helium
isotope ratios, measured in Hawaiian and in Icelandic basalt (Hilton et al.,
1999), may signal the approach of the end of georeactor lifetime, although one
may presently only speculate as to the time-frame involved.

One shortcoming of oceanic basalt helium isotopic measurements is that
the time of formation of the helium is unknown. But from Figure 5, one can
see that helium time-of-formation is important for assessing the time of
demise of the georeactor. Future precision measurements of geo-antineutri-
nos may help to address that shortcoming.

19. Grand Overview and Generalizations

Only three processes, operant during the formation of the Solar System, are
responsible for the diversity of compositions observed in planets, asteroids,
and comets and are directly responsible for planetary internal-structures and
dynamical processes, including and especially, geodynamics. These processes
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are: (1) Low-pressure, low-temperature condensation from solar matter in the
remote reaches of the Solar System or in the interstellar medium; (ii) High-
pressure, high-temperature condensation from solar matter associated with
planetary-formation by raining out from the interiors of giant-gaseous pro-
toplanets, and; (iii) Stripping of the primordial volatile components from the
inner portion of the Solar System by super-intense solar wind associated with
T-Tauri phase mass-ejections, presumably during the thermonuclear ignition
of the Sun.

Low-pressure, low-temperature condensation from solar matter in the
remote reaches of the Solar System or in the interstellar medium is the
process responsible for cometary matter, and is responsible for one of the two
components from which ordinary chondrite meteorites are composed. It is
responsible for the primitive Orgueil-like carbonaceous chondrite meteorites
and, after separation from primordial volatile components and being melted
and/or re-evaporated and re-condensed, it is responsible for the more crys-
tallized and evolved carbonaceous chondrites, such as the Allende meteorite.
This type of matter contributes to the terrestrial planets only as a late-
addition veneer component.

High-pressure, high-temperature condensation from solar matter, associ-
ated with planetary-formation by raining out from the interiors of giant-
gaseous protoplanets, is the process responsible for the bulk of planectary
formation and for establishing the highly reduced state of oxidation of
planetary interiors. Internal planetary structures are produced as a conse-
quence of the highly reduced state of planectary interiors, including the
occurrence of major quantities of uranium in planetary cores, leading to
planetocentric nuclear fission reactors. That same condensation process is
responsible for Earth formation as a giant gaseous Jupiter-like planet and for
storing vast amounts of the energy of protoplanetary compression in the
rock-plus-alloy kernel that became Earth as we know it.

Stripping of the primordial volatile components from the inner portion of
the Solar System by super-intense solar wind associated with T-Tauri phase
mass-ejections, presumably during the thermonuclear ignition of the Sun, is
the process responsible for removal of gaseous components associated with
the formation of terrestrial planets, including removal of part of the proto-
planet of Mercury, which became the other of the two components from
which ordinary-chondrite matter formed in the region of the asteroid belt. It
is the process responsible removing approximately 300 Earth-masses of pri-
mordial volatile gases from the Earth, which began Earth’s decompression
process, making available vast amounts of energy for driving geodynamic
processes which I have described by the new whole-Earth decompression
dynamics, and which is responsible for emplacing heat at the mantle-crust-
interface at the base of the crust through the process I have described, called
mantle decompression thermal-tsunami.



86 J. MARVIN HERNDON

The three processes, operant during the formation of the Solar System,
lead logically, in a causally related manner, to a coherent vision of planetary
formation with profound implications. Consequently, there is reason to
suppose that each planet and, perhaps, each of the larger moons, has at its
center, a region of highly reduced enstatite-chondrite-like matter and a
uranium sub-core at one time capable of self-sustained nuclear fission reac-
tions. The vision of planetary formation presented here is consistent with
observations of near-to-star gas-giants in other planetary systems. The geo-
dynamic processes for the terrestrial planets may differ from one another to
some extent, not so much due to their interiors, but as a consequence of the
circumstances of their accumulation and removal of primordial volatile
components.

These are exciting times in the natural physical sciences. Along with the
new understanding of Solar System formation and whole-Earth geodynamics
described above, new experimental advances are being made that, I submit,
will inevitably confirm and perhaps extend these concepts. Already, astron-
omers are beginning to image remote planetary systems and finding
close-to-star gas giants like Earth at a very early stage. Neutrino physicists,
with decades of experience measuring neutrinos from the Sun and from outer
space, are beginning to detect anti-neutrinos from within our own planet. To
image the interior of the Earth using anti-neutrinos, physicists face great
challenges in attempting to attain the high resolution and directionality
needed. But facing great challenges and making important discoveries is what
science is all about.
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Abstract. Earth shines in antineutrinos produced from long-lived radioactive elements: detection of this
signal can provide a direct test of the Bulk Silicate Earth (BSE) model and fix the radiogenic contribution
to the terrestrial heat flow. In this paper we present a systematic approach to geo-neutrino production
based on global mass balance, supplemented by a detailed geochemical and geophysical study of the region
near the detector, in order to build theoretical constraints on the expected signal. We show that the
prediction is weakly dependent on mantle modeling while it requires a good description of the crust
composition in the region of the detector site. In 2005 the KamLAND experiment proved that the
technique for exploiting geo-neutrinos in the investigation of the Earth’s interior is now available. After
performing an analysis of KamLAND data which includes recent high precision measurements of the
B3C(a, n)'°0 cross section, we discuss the potential of future experiments for assessing the amount of
uranium and thorium in different reservoirs (crust, mantle and core) of the Earth.

1. Introduction

The KamLLAND collaboration has recently published (Araki et al., 2005) new
experimental results, claiming some 28 geo-neutrino events from uranium and
thorium decay chains in a two-year exposure. This important step shows that
the technique for exploiting geo-neutrinos in the investigation of the Earth’s
interior is now available. In order to understand where to go with geo-
neutrinos, we have to know where we stand in the light of the available data.
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The most interesting feature of geo-neutrinos is that they bring to Earth’s
surface information coming from the entire planet concerning the amount of
long-lived radioactive elements. Their detection, allowing for a quantitative
determination of global elemental abundances, can provide a direct obser-
vational test of a classical geochemical paradigm, the Bulk Silicate Earth
(BSE) model. Furthermore, geo-neutrinos can reveal the radiogenic contri-
bution to terrestrial heat flow, providing thus an important contribution to
the understanding of Earth’s energetics.

In this review, mainly based on the results of our group (Fiorentini et al.,
2005b; Mantovani et al., 2004; Fiorentini et al., 2005a; Fiorentini et al.,
2003b; Fiorentini et al., 2003d), we shall address the following questions:

—  What do we know about U, Th and *“°K in the Earth?

— What are the predictions and their uncertainties of a reference model for
geo-neutrino production, i.e. of a model based on the current geo-
chemical and geo-physical information?

— What is the contribution of the region near the detector? A close look at
the nearby region is relevant in order to subtract from the geo-neutrino
signal the local contribution, with the aim of determining the global
component.

— How do we relate the geo-neutrino signal with the total mass of long-
lived radioactive elements in the Earth?

— What are the implications of the KamLAND result?

Finally, we discuss the potential of future experiments for assessing the
amounts of U and Th in different reservoirs (crust, mantle and core) of the
Earth.

2. U, Th and K in the Earth: How much and where?

Earth’s global composition is generally estimated from that of chondritic
meteorites by using geochemical arguments which account for losses and
fractionation during planet formation. Along these lines the Bulk Silicate
Earth (BSE) model is built, which describes the “primitive mantle™, i.c., the
outer portion of the Earth after core separation and before the differentiation
between crust and mantle. The model is believed to describe the present crust
plus mantle system. Since lithophile elements should be absent in the core’,

! One needs to be careful, since the definition of an element’s behaviour, i.e., lithophile or not,
depends on the surrounding system; there exist models of the Earth’s core suggesting it is a
repository for radioactive elements.
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TABLE 1
U, Th and K according to BSE, from (Fiorentini et al., 2003b)
m [10'7 kg] Hg [10" W] L, [10**s7]
U 0.8 7.6 5.9
Th 3.1 8.5 5.0
K 0.8 3.3 21.6

the BSE provides the total amounts of U, Th and K in the Earth, estimates
from different authors being concordant within 10-15% (McDonough,
2003). From the estimated masses, the present radiogenic heat production
rate Hr and anti-neutrino luminosity L, can be immediately calculated, see
Table I and, e.g., (Fiorentini et al., 2005a).

The BSE is a fundamental geochemical paradigm. It is consistent with
most observations, which regard mostly the crust and an undetermined
portion of the mantle. The measurement of quantities — such as the geo-
neutrino signals — which are directly related to the global amounts of
radioactive elements in the Earth will provide a direct test of this model of
the composition and origin of our planet.

Indeed, heat released from radiogenic elements is a major source of the
terrestrial heat flow, however its role is not understood at a quantitative level.
The masses estimated within the BSE account for a present radiogenic pro-
duction of 19 TW, which is about one half of the estimated heat flow from
Earth (McDonough, 2003, Hofmeister and Criss, 2005). Anderson refers
(Anderson, 2005) to this difference as the missing heat source mystery and
summarizes the situation with the following words: “Global heat flow esti-
mates range from 30 to 44 TW ... Estimates of the radiogenic contribution ...
based on cosmochemical considerations, vary from 19 to 31 TW. Thus, there
is either a good balance between current input and output ... or there is a
serious missing heat source problem, up to a deficit of 25 TW ...”” If one can
determine the amounts of radioactive elements by means of geo-neutrinos, an
important ingredient of Earth’s energetics will be fixed.

Concerning the distribution of radiogenic elements, estimates for uranium
in the continental crust based on observational data are in the range:

mc(U) = (0.3 —0.4) x 10" kg (1)

The extreme values have been obtained in (Fiorentini et al., 2003b) by taking
the lowest (highest) concentration reported in the literature for each layer of
the Earth’s crust, see Table II of (Mantovani et al., 2004), and integrating
over a 2° x 2° crust map. The main uncertainty comes from the uranium mass
abundance a; ¢ in the lower crust, with estimates in the range (0.2—1.1) ppm.
Estimates for the abundance in the upper crust, ayc, are more concordant,
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TABLE II
Average uranium abundance in the continental crust, from (Fiorentini et al., 2003b)

Reference {acc) [ppm]
Taylor and McLennan, 1985 0.91
Weaver and Tarney, 1984 1.3
Rudnick and Fountain (1995) 1.42
Wedepohl (1995) 1.7
Shaw et al. (1986) 1.8
This work, minimal 1.3
This work, reference 1.54
This work, maximal 1.8

ranging from 2.2 to 2.8 ppm. The crust — really a tiny envelope — should thus
contain about one half of the BSE prediction of uranium in the Earth.

About the mantle, observational data are scarce and restricted to the
uppermost part, so the best estimate for its uranium content m1,; is obtained
by subtracting the crust contribution from the BSE estimate:

my = MBSg — Ni¢c (2)

A commonly held view is that there is a vertical gradient in the abundances of
incompatible elements in the mantle, with the top being most depleted. A
minimum gradient model has a fully mixed and globally homogeneous
mantle; the other extreme is a model where all the uranium is at the bottom
of the mantle.

Geochemical arguments are against the presence of radioactive elements
in the completely unexplored core, as discussed by McDonough in a recent
review of compositional models of the Earth (McDonough, 2003).

Similar considerations hold for thorium and potassium, the relative mass
abundance with respect to uranium being globally estimated as:

a(Th) : a(U) : a(K) = 4 :1:10,000 3)
We remark that the well-fixed ratios” in Eq. (3) imply that detection of geo-

neutrinos from uranium will also bring important information on the amount
of thorium and potassium in the whole Earth.

2 We shall always refer to element abundances in mass and we remind the reader that the
natural isotopic composition is ***U/U = 0.993, ***Th/Th = 1 and *K/K = 1.2 x 107
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3. A reference model and its uncertainties
3.1. URANIUM, THORIUM AND POTASSIUM DISTRIBUTION

Our aim is to build a reference model (labeled as “‘ref.”’), which incorporates
the best available knowledge of U, Th and K distributions inside Earth.
Concerning Earth’s crust, we distinguish oceans and seawater, the conti-
nental crust, subdivided into three sublayers (upper, middle, and lower),
sediments and oceanic crust. These seven layers have been mapped in (Bassin
et al., 2000), which provides values of density and depth over the globe on a
grid with 2° steps. We distinguish then the upper mantle (extending down to
about 600 km), the lower mantle (down to about 2900 km), and the core: we
use the preliminary reference earth model (PREM) (Dziewonski and
Anderson, 1981) for the values of the densities of the mantle, assuming
spherical symmetry.

For each component, one has to adopt a value for the abundances a(U),
a(Th), and a(K). In the literature of the last twenty years one can find many
estimates of abundances for the various components of the crust (OC, upper
CC, lower CC,...), generally without an error value (see Tables II-IV of
Mantovani et al., 2004), two classical reviews being in Refs. (Taylor and
McLennan, 1985; Wedepohl, 1995) and a most useful source being provided
by the GERM Reservoir Database (GERM, 2003).

For the upper mantle we are aware of several estimates by Jochum et al.
(1986), White (1993), O’Nions and McKenzie (1993), Hofmann (1988), and
Zartman and Haines (1988). In this respect data obtained from material
emerged from unknown depths are assumed to be representative of the
average composition down to about 600 km.

For each (sub)layer of the crust and for the upper mantle, we adopt as
reference value for the uranium abundance ¢™(U) the average of the values
reported in Tables II, I11, and IV of (Mantovani et al., 2004). Concerning Th
and K, we observe that the abundance ratios with respect to uranium are
much more consistent among different authors than the corresponding
absolute abundances. We shall thus take the average of ratios and from these
construct the reference abundances for thorium and potassium:

@(Th) = (Th/U)a™ (U) and &(K) = (K/U)a™(U) (4)

For the lower mantle, where no observational data are available, we resort
to the BSE model, which — we recall — describes the present crust-plus-mantle
system based on geochemical arguments.

The mass of each element (X = U, Th, K) in the lower mantle n; v (X) is
thus obtained by subtracting from the BSE estimate the mass calculated for
the crust and upper mantle:
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TABLE III
Total yields. N, is the total number of geoevents (U + Th) in the absence of oscillations
predicted from the reference model for 10°% proton yr (or in TNU) and AN, is the “1¢” error

Location Nuo AN, Now Nhigh
Baksan 91 13 51 131
Hawaii 22 6 10 49
Homestake 91 13 51 130
Kamioka 61 10 33 96
Gran Sasso 71 11 39 106
Pyhasalmi 92 13 51 131
Sudbury 87 13 48 125
Curacao 57 10 30 92

N'OW (nDighy ig the minimal (maximal) prediction. For dm* > 4 x 107%¢V? the geoevent yield
is N = Nyo[l1—0.5 sin2(29)}, from (Mantovani et al., 2004).

TABLE IV
Errors from the regional geophysical and geochemical uncertainties at Kamioka, from
(Fiorentini et al., 2005b)

Source AS[TNU] Remarks
Composition of upper-crust samples 0.96 30 error
Upper-crust discretization 1.68
Lower-crust composition 0.82 Full range
Crustal depths 0.72 30 error
Subducting slab 2.10 Full range
Japan Sea 0.31 Full range
Total 3.07 Full range
mym(X) = mpse(X) — mee(X) — moc(X) — mym(X) &)

Reference abundances for the lower mantle are then obtained by dividing
these values by its mass myy = 2.9 x 10** kg. According to geochemical
arguments, negligible amounts of U, Th and K should be present in the core.
The resulting choice of input values for the reference model is collected in
Tables II-1V of (Mantovani et al., 2004).

3.2. THE UNCERTAINTIES OF THE REFERENCE MODEL

Since the abundance ratios look relatively well determined, we concentrate
on the uncertainties of the uranium abundances in the different layers and
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propagate them to the other elements. For the reference model, we have
mec(U) = 0.345 x 10" kg, moc(U) = 0.005 x 10'7 kg, the total mass of
CC being mcc = 2.234 x 10*? kg. According to our model, the average
uranium abundance in the CC is thus acc(U) = 1.54 x 107°.

We determine a range of acceptable values of acc(U) by taking the lowest
(highest) concentration reported in the literature for each layer, see Table 11
of (Mantovani et al., 2004). The main source of uncertainty is from the
abundance in the lower crust, estimated at 0.20 ppm in (Rudnick and
Fountain, 1995) and at 1.1 ppm in (Shaw et al., 1986). Estimates for the
abundance in the upper crust are more concordant, ranging from 2.2 ppm
(Condie, 1993) to 2.8 ppm (Taylor and McLennan, 1985). We remark that,
within this approach, the resulting average crustal U abundance {(acc) is in
the range 1.3-1.8 ppm, which encompasses all estimates reported in the lit-
erature (Rudnick and Fountain, 1995; Shaw et al., 1986; Wedepohl, 1995;
Weaver and Tarney, 1984) except for that of (Taylor and McLennan, 1985),
{acc) = 0.91 ppm, see Table 1.3

low : acc(U) = 1.3 x 107% acc(Th) = 5.2 x 107 acc(K) = 1.3 x 1072

high : acc(U) = 1.8 x 107%; acc(Th) = 7.6 x 107%; acc(K) = 1.97 x 1072

For the upper mantle, we take as extrema the two values known to us
(Jochum et al., 1986; Zartman and Haines, 1988) for uranium and we deduce
thorium and potassium by rescaling

low : aym(U) =5 x 107 aym(Th) = 13 x 107 aym(K) =6 x 1072

high : aym(U) = 8 x 107%; aym(Th) = 21 x 107%; agm(K) = 9.6 x 1073

Concerning the lower mantle, we fix the mass of radiogenic elements by
requiring that the BSE constraint (3.2) is satisfied and we assume uniform
abundance.

3.3. PREDICTED YIELDS

The no oscillation yields, calculated with the fluxes of the reference model,
are shown in Table XII of (Mantovani et al., 2004). In the same table we also
present the estimated lo errors. The geo-neutrino signal is expressed in

3 Note that this paper quotes ranges of mass and fluxes tighter than in (Mantovani et al.,
2004), which used the value {acc) = 0.91 ppm from (Taylor and McLennan, 1985) as lower
limit.
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Terrestrial Neutrino Units, one TNU corresponding to 107>? geo-neutrino
captures per target proton per year.

For the Kamioka site the prediction of the reference model is N,, = 61
TNU in good agreement with the “best model” of (Fiorentini et al., 2003a;
Fiorentini et al., 2003c), N,, = 67 TNU, in between the values of (Roths-
child et al., 1998), N,, = 43 TNU, and of model 1b of (Raghavan et al.,
1998), N,, = 75 TNU.

4. A closer look for Kamioka

The geo-neutrino signal depends on the total uranium mass of radioactive
elements in the Earth and on the geochemical and geophysical properties of
the region around the detector (Fiorentini et al., 2003a). For KamLAND, we
estimated (Mantovani et al., 2004) that about one half of the signal originates
within 200 km from the detector. This region, although containing a globally
negligible amount of uranium and thorium, produces a large contribution to
the signal as a consequence of its proximity to the detector. This contribution
has to be determined on the grounds of a detailed geochemical and geo-
physical study of the region, if one wants to extract from the total signal the
remaining part which carries the relevant information. The study of the re-
gion around Kamioka, including the possible effects of the subducting plates
below the Japan Arc and a discussion of the contribution from of the Japan
Sea, is in (Fiorentini et al., 2005b).

Starting from the 2° x 2° world crustal map, we isolated six ‘‘tiles”,
around Kamioka and we performed a detailed study of their uranium con-
tent, see Figure 1. The seismic velocity structure of the crust beneath the
Japan Islands has been determined in (Zhao et al., 1992) from the study of
some 13,000 arrival times of 562 local shallow earthquakes. By applying an
inversion method, the depth distribution of the Conrad and Moho discon-
tinuities beneath the whole of the Japan Islands are derived, with an esti-
mated standard error of £ 1 km over most of Japan territory. This allows
distinguishing two layers in the crust: an upper crust extending down to the
Conrad and a lower part down to the Moho discontinuity.

The upper-crust chemical composition of Japan Islands has been studied in
(Togashi et al., 2000), based on 166 representative specimens, which can be
associated with 37 geological groups based on age, lithology and province. By
combining the base geological map of Figure 2 of (Togashiet al., 2000) —which
distinguishes 10 geological classes — with the abundances reported in Table I of
the same paper, one can build a map of uranium abundance in the upper crust,
under the important assumption that the composition of the whole upper crust
is the same as that inferred in (Togashi et al., 2000) from the study of the
exposed portion.
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Figure 1. Uranium abundance in the upper crust of Japan (Fiorentini et al., 2005b).

Hg(U) [TW]
5 10 15

[}
o

9]
o

Signal [TNU]
'S
)

[\
o

w
o
oIIIIIIIIIIIIIIIIIIIIIIIIIIIIIo

-
o

IIIl[lIllllllllllllllllllllll

o

[\

m [10%7 kg]

Figure 2. The predicted signal from uranium geo-neutrinos at KamLAND (Fiorentini et al.,
2005b).

We are not aware of a specific study of the lower part of the Japan
crust, however, it is well known that there are similarities between the
composition of the Japanese crust and that of the Sino-Korean block. In
an extensive compositional study of East China crust (Gao et al., 1998),
the estimated uranium abundance in the lower part is between 0.63 and
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1.08 ppm. On these grounds we shall take for the abundance in the lower
crust of Japan:

arc =0.85+0.23 ppm

For the this discussion, we use the asymptotic value of the survival proba-
bility and the best fit value of the mixing angle, i.e. (Pee) = 0.59.*

The contributions to the produced flux and to the signal from the six tiles
near Kamioka are:

Og=1.59 x 10° cm™? 57!

S =12.74 TNU

With respect to our previous estimate from the whole globe (Mantovani
et al., 2004), giving ® = 3.676 x 10° cm™%s™! and S = 28.6 TNU, we find
that the six tiles contribute 43% of the flux and 45% of the signal: this
justifies the close scrutiny of the region within the six tiles. Some 3/4 of the
contribution arises from the upper crust.

In more detail, the tile hosting Kamioka generates 29% and 30% of the
total produced flux and signal, respectively. The host cell, i.e., the cell where
Kamioka is located, contributes 9% to the total produced flux.

The uranium mass contained in the six tiles is about mg = 3.3 x 10" kg,
really negligible (less then 0.05%) with respect to that estimated for the whole
Earth. We have considered several sources of the uncertainties affecting this
estimate of the local contribution, see Table IV.

5. The geo-neutrino signal as a function of uranium mass in the Earth

The arguments presented in the previous sections permit a test of the BSE
model, which fixes the total amount of long-lived radiogenic elements in the
Earth. One can go further, and ask for a general relationship between the
geo-neutrino signal and the total mass of uranium (and other radiogenic
elements) in the Earth.

The main ingredient is what we call “‘the proximity argument”, i.e. the fact
that for a fixed mass the maximal (minimal) signal is obtained by placing the
sources as close to (as far from) the detector as possible. We already isolated
the contribution from the region near the detector and thus we concentrate
on the contribution from different reservoirs in the rest of the world (RW), by

4 For more details of the dependence of the survival probability on the distance with dm?> (see
Mantovani et al., 2004); the discussion of the errors on the oscillation parameters can be
found at the end of section 5.4.
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TABLE V
Minimal and maximal estimated uranium abundances for the continental crust in ppm, from
(Fiorentini et al., 2005b)

Min Max
Upper crust 2.2 2.8
Lower crust 0.2 1.1

supplementing the proximity argument with the constraint that the distri-
bution of radiogenic elements are consistent with geochemical and geo-
physical information on the globe.

5.1. THE CRUSTS CONTRIBUTION

For the Earth’s crust, we use again the 2° x 2° map of (Bassin et al., 2000)
distinguishing several crustal layers which are known to contain different
amounts of radioactive elements. For each layer minimal and maximal
estimates of uranium abundances found in the literature are adopted, so as to
obtain a range of acceptable fluxes, see Table V.

Depending on the adopted values, the uranium mass’ in the crust mc(U) is
in the range (0.3-0.4) in units — here and in the following — of 10!” kg. Clearly
a larger mass means a bigger signal, the extreme values being:

SMM(U) = 6.448 TNU for mc(U) =03 and
SM(U) =8.652 TNU for mc(U) = 0.4

5.2. THE CONTRIBUTION FROM THE MANTLE

Concerning uranium in the mantle, we assume spherical symmetry and that
the uranium mass abundance is a non-decreasing function of depth. It fol-
lows that, for a fixed uranium mass in the mantle m(U), the extreme pre-
dictions for the signal are obtained by:

(1) placing uranium in a thin layer at the bottom and
(ii) distributing it with uniform abundance in the mantle.

5> We are discussing uranium, however similar considerations hold for thorium.
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These two cases give, respectively:

S (U) =12.15 x my(U) TNU  and
SIN(U) =17.37 x my(U)  TNU

5.3. CRUST AND MANTLE

By using again the proximity argument, we can combine the contributions
from crust and mantle so as to obtain extreme predictions: for a fixed
total m(U) = mc(U) + my(U), the highest signal is obtained by assigning
to the crust as much material as consistent with observational data
(mc(U) = 0.4) and putting the rest, m(U)— mc(U), in the mantle with a
uniform distribution. Similarly, the minimal flux/signal is obtained for the
minimal mass in the crust (mc(U) = 0.3) and the rest in a thin layer at
the bottom of the mantle. In conclusion, the contribution from the rest of
the world is within the range:

Simn) —[6.448 + 12.15(m — 0.3)]  TNU and
S (8,652 + 17.37(m — 0.4)]  TNU

5.4. GEO-NEUTRINO SIGNAL AND URANIUM MASS

By combining the regional contribution, we get the uranium geo-neutrino
signal as a function of uranium mass in the Earth:

S(U) = Sp(U) £ A(U)
where

So(U) = 17.66 + 14.76 x m(U)
and

A*(U) = (3.07)* 4 [2.61 x m(U) — 0.55]* (6)
This error is obtained by combining in quadrature all geochemical and
geophysical uncertainties discussed in the preceding paragraphs. All of them
have been estimated so as to cover =+ 3¢ intervals of experimental measure-
ments and total ranges of theoretical predictions.

However, this error does not account for present uncertainties on neu-
trino oscillation parameters and on the cross section of the scattering
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TABLE VI
Effect of the oscillation parameters on the signal. The relative/absolute variation is computed
with respect to the prediction for the best fit values (dn® = 7.9 x 107 ¢V? and tan? 0 = 0.40),
from (Fiorentini et al., 2005b)

Parameter Signal variation
tan? 6 = 0.26 +13.5%

tan? 6 = 0.67 -12.2%

om* = 6.9 x 1070 eV? +0.11 TNU
om? = 9.3 x 107 eV? -0.10 TNU

antineutrino-proton. For the sake of discussing the potential of geo-neutrinos,
we shall ignore for the moment these error sources.

The expected signal from uranium geo-neutrinos at KamLAND is pre-
sented as a function of the total uranium mass m(U) in Figure 2. The upper
horizontal scale indicates the corresponding radiogenic heat production rate
from uranium (Hg = 9.5 X m).

The predicted signal as a function of m(U) is between the two lines de-
noted as Spign and Sjw, Which correspond, respectively, to Sy £+ A.

Since the minimal amount of uranium in the Earth is 0.3 x 10'7 kg (cor-
responding to the minimal estimate for the crust and the assumption of
negligible amount in the mantle), we expect a signal of at least 19 TNU. On
the other hand, the maximal amount of uranium tolerated by Earth’s ener-
getics®, 1.8 x 10'7 kg, implies a signal not exceeding 49 TNU.

For the central value of the BSE model, m(U) = 0.8 x 10'” kg, we predict
S(U) = 29.5 + 3.4 TNU, i.e., with an accuracy of 12% at “3¢”. We remark
that estimates by different authors for the uranium mass within the BSE are all
between (0.7-0.9) x 10'7 kg. This implies that the uranium signal has to be in
the interval (24.7-34.5) TNU. The measurement of geo-neutrinos can thus
provide a direct test of an important geochemical paradigm.

The effect of uncertainties about the oscillation parameters is presented in
Table VI. In this respect the mixing angle is most important. Figure 4 (b) of
(Araki et al., 2005) shows a 3¢ range 0.26 < tan’0 < 0.67 (central value
0.40): the corresponding range for the average survival probability is
0.52 < P.. < 0.67 (central value 0.59), with a 3¢ relative error on the signal
AS/S =~ 13%, which is comparable to the geological uncertainty in Eq. (5.1).
The mixing angle should be determined more precisely for fully exploiting the
geo-neutrino signal.

® For an uranium mass m = 1.8 x 10!” kg and relative abundances as in Eq. (3), the present
radiogenic heat production rate from U, Th and K decays equals the maximal estimate for the
present heat flow from Earth, HE** = 44 TW (Pollack et al., 1993).
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5.5. EXTENSION TO THORIUM

The same analysis was extended to thorium in (Mantovani et al., 2004)
assuming global chondritic uranium-to-thorium mass ratio, m(Th)/
m(U) = 3.9 £ 0.1, so that we can now connect the combined signal at Ka-
mioka due to geo-neutrinos from uranium and thorium progenies, S(U + Th),
with the radiogenic heat production rate from these elements, H(U + Th), see
Figure 3.

The allowed band in Figure 3 is estimated by considering rather extreme
models for the distributions of radioactive elements, chosen so as to maxi-
mize or minimize the signal for a given heat production rate, see (Fiorentini
et al., 2005b).

We also remark that, in comparison with the present experimental error,
the width of the band is so narrow that we can limit the discussion to the
median line of the allowed band in Figure 3, which represents our best
estimate for the relationship between signal and radiogenic power.

By using the Bulk Silicate Earth (BSE) model, giving H(U + Th) = 16
TW, our prediction for Kamioka is centered at 37 TNU.

By assuming that uranium and potassium in the Earth are in the ratio 1/
10,000 and that there is no potassium in the core, the total radiogenic power
is HU + Th + K) = 1.18 H(U + Th). With these assumptions, a maxi-
mal and fully radiogenic heat production rate, H(U + Th + K) = 44 TW,
corresponds to H(U + Th) = 37 TW, which gives signal S(U + Th) =
56 TNU.

6. Discussion of the KamLAND results

The KamLAND collaboration has reported (Araki et al., 2005) data from an
exposure of N, = (0.346 £ 0.017) x 10* free protons over time T = 749
days with detection efficiency € = 69%: the effective exposure is thus
Eqx = N, x Txe = (0487 £+ 0.025) 103% protons- year. In the energy re-
gion where geo-neutrinos are expected, there are C = 152 counts, implying
statistical fluctuation of +12.5. Of these counts, number R = 80.4 + 7.2
are attributed to reactor events, based on an independent analysis of higher
energy data. Fake geo-neutrino events, originating from '*C(x, n)'°O reac-
tions following the alpha decay of contaminant >'°Po, are estimated to be
F = 42 + 11, where the error is due to 20% uncertainty on the *C(«, n)'°O
cross section and 14% uncertainty on the number of *'°Po decays in the
detector. Other minor backgrounds account for B = 4.6 £ 0.2 events.
The number of geo-neutrino events is estimated by subtraction,
N({U+Th) = C— R-F- B, with an uncertainty obtained by combining the
independent errors: N(U+Th) = 2511, The geo-neutrino signal is thus
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Figure 3. Predictions on the combined signal S(U+ Th) from uranium and thorium geo-
neutrinos at Kamioka as a function of the radiogenic heat production rate H(U + Th). The
shaded area denotes the region allowed by geochemical and geophysical constraints. The
dashed median line represents our best estimate for the relationship between signal and
radiogenic power (Fiorentini et al., 2005a).
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Figure 4. Cross section of *C(e, n)!'°0. The solid line corresponds to the JENDL compila-
tion, dots are the experimental points from (Harissopulos et al., 2005).

S(U+Th) = N(U+Th )/E.x = 5175 TNU. From the median line in Fig-
ure 3 one finds

H(U+Th) = 31f§%TW (rate only)

This “‘rate only” study has been improved in (Araki et al., 2005) by
exploiting the shape of the spectrum. A likelihood analysis of the unbinned
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spectrum yields N(U+Th) = 287,'¢, see Figure 4b of (Araki et al., 2005).
This implies S(U+Th) = 5753 TNU and

H(U + Th) = 38"3;TW (rate + spectrum)

The best fit value is close to the maximal and fully radiogenic model, however
the BSE is within 1.

By using the median line in Figure 3, the 99% confidence limit on the
signal (145 TNU) corresponds to 133 TW. If we include the uncertainty band
of the theoretical models, we find an upper bound of 162 TW, see point in
Figure 3. This point corresponds to a model with total uranium mass
m(U) = 80 x 10'® kg, an uranium poor crust, m(U) = 3 x 10'® kg, the rest
of the uranium being placed at the bottom of the mantle, and global chon-
dritic thorium-to-uranium ratio.

This 162 TW upper bound is much higher than the 60 TW upper bound
claimed in (Araki et al., 2005), which was obtained by using a family of
geological models which are too narrow and are also incompatible with well-
known geochemical and geophysical data, see (Fiorentini et al., 2005a).

We remark that the bound H(U + Th) < 162 TW which we have extracted
from KamLAND data does not add any significant information on
Earth’s interior, since anything exceeding H(U+Th) = 37 TW [ie.
H(U+Th+K) = 44 TW] is unrealistic. The upper limit simply reflects the
large uncertainty in this pioneering experiment.

On the other hand, what is important for deciding the potential of future
experiments is the relationship between geo-neutrino signal and heat pro-
duction in the physically interesting region, H(U + Th) <37 TW. The basic
parameter is the slope, dS/dH, which expresses how the experimental error
translates into an uncertainty on the deduced heat production. For our
models we find from Figure 3 dS/dH ~ 1 TNU/TW. This slope is the same at
any location. Discrimination between BSE and fully radiogenic models,
which demands precision AH ~ 7 TW, requires thus an experiment with an
accuracy AS ~ 7 TNU.

7. The geo-neutrino signal and the ">C(a, n)'®O cross section

As already remarked, a major uncertainty for extracting the geo-neutrino
signal originates from the '*C(a, n)'°O cross section. The values used in
(Araki et al., 2005) are taken from the JENDL (2005) compilation, which
provides an R-matrix fit of relatively old data. A 20% overall uncertainty has
been adopted in (Araki et al., 2005), corresponding to the accuracy claimed
in the original experimental papers, see e.g. (Bair and Haas, 1973).
Recently, a series of high precision measurements for this cross section has
been performed (Harissopulos et al., 2005). In the relevant energy range
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(1.0 = 5.3) MeV, the absolute normalization has been determined within 4%
accuracy. The measured values are generally in very good agreement with
those recommended in JENDL, see Figure 4; however, we find that the
neutron yield per alpha particle is 5% smaller. It follows that the number of
fake neutrinos is lower, F = 40 £+ 5.8, and geo-neutrino events obviously
increase.

The “rate only” analysis gives now 277,16 geo-neutrino events, corre-
sponding to S(U+ Th) = 555> TNU. From the median line of Figure 3, the
radiogenic power is now:

H(U +Th) = 36*33TW (rate spectrum + new'*C(a, n)'°O)

We also performed an analysis of the binned spectrum reported in Figure 3
of (Araki et al., 2005). This analysis gives N(U+Th) = 3174 counts, cor-
responding to S(U+Th ) = 635 TNU and thus:

H(U + Th) = 4453 TW  (rate spectrum + new'>C(a,n)'°0)

8. Future prospects
The present situation can be summarized in the following points:

— KamLAND has shown that the technique for exploiting geo-neutrinos
in the investigation of the Earth’s interior is now available.

—  New data on "*C(«, n)'°0 corroborate the evidence for geo-neutrinos in
KamLAND data, which becomes close to 2.5¢.

— On the other hand, the determination of radiogenic heat power from
geo-neutrino measurements is still affected by a 70% uncertainty. The
best fit of H(U+Th) is close to the prediction of maximal and fully
radiogenic model, however the BSE prediction is within lo.

— The universal slope dS/dH ~ 1 TNU/TW means that for determining the
radiogenic heat within £7 TW the experimental error has to be £7
TNU, i.e. factor four improvement with respect to present.

It looks to us that the following questions are relevant for the future:

— How shall we have definite (at least 30) evidence of geo-neutrinos?
— How much uranium and thorium are in the Earth’s crust?

— How much in the mantle?

— What about the core?
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Figure 5. The ratio of reactor anti-neutrino events (in the geo-neutrino energy region) to the
expected geo-neutrino events all over the globe.

A preliminary point for establishing suitable detector locations is the reactor
background. Figure 5 shows the ratio of reactor events (in the geo-neutrino
energy region) to the expected geo-neutrino events all over the globe. The
location of KamLAND is obviously one of the worst for the study of geo-
neutrinos.

The potential of different locations is summarized in Table VII, where we
present the separate contributions to the geo-neutrino signal from crust
and mantle according to our reference model, as well as the merit figure
r = geo-neutrino events/reactor events.

With more statistics KamLAND should be capable of providing three
sigma evidence of geo-neutrinos, but discrimination between BSE and fully
radiogenic models definitely requires new detectors, with class and size

TABLE VII
The signal (U + Th) expected from the crust Sc, from the mantle Sy and the total signal Stor
in Terrestrial Neutrino Units [TNU]

Location Sc(U+Th) Sm(U +Th) StoT(U +Th) r

Baksan 43.3 9.3 52.6 5.0
Hawaii 3.6 9.3 12.9 10.0
Homestake 43.8 9.3 53.1 5.0
Kamioka 26.4 9.3 35.7 0.1
Gran Sasso 32.8 9.3 42.1 1.1
Pyhasalmi 44.0 9.3 53.3 2.0
Sudbury 433 9.3 52.6 0.9
Curacao 24.3 9.3 33.6 10.0

The r factor is the ratio between the geo-neutrino events and reactor events. For this dis-
cussion, we use the asymptotic value of the survival probability (P..) = 0.59.
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similar to that of KamLAND, far away from nuclear power plants. Borexino
should reach the 3¢ evidence, but cannot go much further due to its relatively
small size.

SNO " with liquid scintillator will have excellent opportunities to deter-
mine the uranium mass in the crust, which accounts for about 80% of the
geo-neutrino signal at Sudbury. This will provide an important test of models
for the Earth’s crust.

A detector at Hawaii, very far from the continental crust and reactors, will
be mainly sensitive to the mantle composition. We note that the amount of
radioactive materials in this reservoir is the main uncertainty of geological
models of the Earth. The expected signal, however, is rather small and this
demands a several kilotons size.

For the very long term future, one can speculate about completely
new detectors, capable of providing (moderately) directional information.
These should allow identification of different geo-neutrino sources (crust,
mantle and possibly core) in the Earth; in summary, ‘“se son rose fi-
oriranno”.
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Abstract. Geo-neutrinos emitted by heat-producing elements (U, Th and K) represent a unique probe of
the Earth interior. The characterization of their fluxes is subject, however, to rather large and highly
correlated uncertainties. The geochemical covariance of the U, Th and K abundances in various Earth
reservoirs induces positive correlations among the associated geo-neutrino fluxes, and between these and
the radiogenic heat. Mass-balance constraints in the Bulk Silicate Earth (BSE) tend instead to anti-
correlate the radiogenic element abundances in complementary reservoirs. Experimental geo-neutrino
observables may be further (anti)correlated by instrumental effects. In this context, we propose a sys-
tematic approach to covariance matrices, based on the fact that all the relevant geo-neutrino observables
and constraints can be expressed as linear functions of the U, Th and K abundances in the Earth’s
reservoirs (with relatively well-known coefficients). We briefly discuss here the construction of a tentative
“geo-neutrino source model” (GNSM) for the U, Th, and K abundances in the main Earth reservoirs,
based on selected geophysical and geochemical data and models (when available), on plausible hypotheses
(when possible), and admittedly on arbitrary assumptions (when unavoidable). We use then the GNSM to
make predictions about several experiments (‘“forward approach”), and to show how future data can
constrain a posteriori the error matrix of the model itself (“backward approach”). The method may
provide a useful statistical framework for evaluating the impact and the global consistency of prospective
geo-neutrino measurements and Earth models.

Keywords: Bulk Silicate Earth, covariance, earth interior, error matrix, heat-producing elements, neu-
trinos, statistical analysis

1. Introduction

Electron antineutrinos emitted in the decay chains of the heat-producing
elements (HPE) U, Th, and K in terrestrial rocks — the so-called geo-neu-
trinos — represent a truly unique probe of the Earth interior; see Fiorentini
et al. (2005a) for a recent review and Krauss et al. (1984) for earlier discus-
sions and references. The first indications for a (U + Th) geo-neutrino signal
at >2¢ confidence level in the KamLAND experiment by Araki et al. (2005)
have boosted the interest in this field, and have started to bridge the two
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communities of particle physicists and Earth scientists — as exemplarily tes-
tified by this Workshop (Neutrino Geophysics, Honolulu, Hawaii, 2005).

The hope is that future measurement of geo-neutrino fluxes can put sta-
tistically significant constraints to the global abundances of HPEs and to their
associated heat production rates, which are currently subject to highly de-
bated Earth model assumptions (McDonough, 2003; Sleep, 2005). This goal,
despite being experimentally very challenging, is extremely important and
deserves dedicated (possibly joint) studies from both scientific communities.

One methodological difficulty is represented by the different “feeling” for
uncertainties by particle physicists versus Earth scientists. First important
attempts to systematize (U, Th, K) abundance uncertainties in a format
convenient for geo-neutrino analyses have been performed in Enomoto
(2005) and particularly in Mantovani et al. (2004, 2005), Fiorentini et al.
(2005b), where errors have been basically assessed from the spread in pub-
lished estimates (consistently with mass balance constraints).

We propose to make a further step, by systematically taking into account
the ubiquitous error covariances, i.e., the fact that several quantities happen
to vary in the same direction (positive correlations) or in opposite directions
(negative correlations) in the geo-neutrino context. For instance, in a given
Earth reservoir (say, the mantle), the U, Th and K abundances are typically
positively correlated. However, they may be anticorrelated in two comple-
mentary reservoirs constrained by mass balance arguments, such as the
mantle and the crust in Bulk Silicate Earth (BSE) models. Experimental geo-
neutrino observables may be further (anti)correlated by instrumental effects.

An extensive discussion of our approach to these problems is beyond the
scope of this contribution and will be presented elsewhere (Fogli et al.,
2006a). Here we briefly report about some selected issues and results,
according to the following scheme. In Sec. 2, we discuss the general aspects
and the statistical tools related to covariance analyses, with emphasis on geo-
neutrino observables. In Sec. 3, we construct a tentative model for the source
distribution of (U, Th, K) in global Earth reservoirs (Geo Neutrino Source
Model, GNSM). In Sec. 4, we discuss some issues related to the character-
ization of local sources around geo-neutrino detector sites. In Secs. 5 and 6,
we show examples of “forward” error estimates (i.e., propagation of GNSM
errors to predicted geo-neutrino rates) and shortly discuss ““backward” error
updates (i.e., GNSM error reduction through prospective geo-neutrino data).
We draw our conclusions in Sec. 7.

2. Covariance and Correlations: General Aspects

In this section, we discuss some general aspects of covariance analyses in
geochemistry and in neutrino physics, and then present the basic tools
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relevant for geo-neutrino physics. We remind that, for any two quantities P
and Q, estimated as

P=P+op, (1)

Q=0 =*oay, 2

the correlation index ppp €[—1, + 1] between the 1o errors of P and Q
parameterizes the degree of ““‘covariation” of the two quantities: p > 0 (<0) if
they change in the same (opposite) direction, while p = 0 if they change
independently; see, e.g., Eadie et al. (1971). The covariance (or squared error)
matrix of P and Q contains o5 and on as diagonal elements, and pppopog as
off-diagonal ones. For more than two variables with errors o; and correla-
tions o, the covariance matrix is af, = p;;0;0; (symmetric, with p; = 1 on the
diagonal).

2.1. COVARIANCE ANALYSES IN GEOCHEMISTRY

In 1998, the Geochemical Earth Reference Model (GERM) initiative was
officially launched (Staudigel, 1998), in order to provide a ‘‘consensus model”
for the elemental abundances, together with their errors and correlations, in
all relevant Earth reservoirs. Although a lot of work has been done in this
direction, e.g., through rich compilations of data and estimates (http://
www.earthref.org), the correlation matrices have not yet been estimated — not
even for subsets of elements such as (U, Th, K). To our knowledge, only a
few regional studies discuss HPE covariances. These difficulties can be in part
overcome by using the (more frequently reported) elemental ratio informa-
tion. For instance, if the ratio of two abundances P and Q is reported to-
gether with its error gp)p, the correlation between P and Q can be inferred
through the following statistical relation, valid at first order in error prop-
agation:

(570)- () (- mml)(3)

Although the “ratio” and “‘correlation” information appear to be inter-
changeable through the above formula, from a methodological viewpoint it is
better to use the latter rather than the first, since the ratio of two Gaussian
variables is a Cauchy distribution with formally infinite variance (Eadie
et al., 1971) — a rather tricky object in statistical manipulations.
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2.2. COVARIANCE ANALYSES IN NEUTRINO PHYSICS

Neutrino physics has undergone a revolution in recent years, after the dis-
covery of neutrino flavor oscillations. Phenomenological fits to neutrino
oscillation data have become increasingly refined, and now routinely include
covariance analyses (see, e.g., Fogli et al., 2006b). For our purposes, a rele-
vant example is also given by the Standard Solar Model (Bahcall et al., 2005),
which provides, among other things, errors and correlations for solar neu-
trino sources. We shall try to apply a similar “format” to a Geo-Neutrino
Source Model (GNSM) in Sec. 3.

Correlations arise not only at the level of neutrino sources, but also at the
detection level, as a consequence of instrumental effects. For instance, the
KamLAND experiment is currently more sensitive to the sum (U + Th) of
geo-neutrino fluxes rather than to the separate U and Th components. As a
consequence, the measured U and Th geo-neutrino event rates are anticor-
related: if one rate increases the other one tends to decrease, in order to keep
the total rate constant (within errors).

Figure 1 shows explicitly the anticorrelation between the U and Th
experimental rates through their 1, 2, and 3-¢ contours (solid lines) taken
from our KamLAND data analysis (Fogli et al., 2006a). The contours in

KamLAND geo-v analysis
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Figure 1. Best-fit U and Th event rates and error contours (solid lines) from our analysis of
KamLAND geo-neutrino data (Fogli et al., 2006a). The contours are very close to two-
dimensional Gaussian confidence levels (dashed ellipses). Units: 1 TNU = 1 event/year/10*
target protons.
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Fig. 1 are well approximated by a bivariate gaussian (dashed lines) with
parameters:

Ry =1254+489TNU, Rty, = 34.7 £ 28.5TNU, p = —0.645. 4

We have also verified that our KamLAND data analysis reproduces the
confidence level contours in the alternative plane spanned by Ry + Ry, and
(Ry—Rm)/(Ry + Rry) (Araki et al., 2005) (not shown); however, as
explained in the previous subsection, we prefer to avoid any “‘ratio’” and to
use just (Ry, Rty) and their correlation.

2.3. GENERAL TOOLS FOR GEO-NEUTRINOS

In the context of geo-neutrinos, statistical analyses are greatly simplified by
the fact that all relevant observables are linear combinations of the HPE
abundances &’ in different reservoirs (S = U, Th, K; i = reservoir index),
with coefficient determined by known physics and by the geometry of the
Earth mass distribution.

In particular we consider: (i) the total radiogenic heat H of the Earth
(decay energy absorbed per unit of time); (ii)) the geo-neutrino flux ®p at a
given detector site D (number of v, per unit of area and time); and (iif) the
corresponding event rate Rp at a given detector site D (number of events
from v, + p — n + e, per unit of time and of target protons). Such quantities
can be written as:

HR:ZhSZMI'aiSa (5)
S i
DOp = (Pec) > s > _fPa?, (6)
S i

Rp = <Pee> er Zf,’Dal‘Sa (7)
S i

where the universal coefficients /g, ¢s, and rg, according to our calculations
(Fogli et al., 2006a), are given in Table I. In the above equations, M, is the
mass of the i-th reservoir, while (P,.)=0.57 is the average survival oscil-
lation probability of geo-v,. The geometrical coefficients f” represent the
mass-weighted average of the inverse square distance of the detector site D
from the ith reservoir, necessary to account for the flux decrease with
distance; their numerical values will be reported elsewhere (Fogli et al.,
2006a).
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TABLE I
Universal (reservoir-independent and detector site-independent) coefficients for the calculation
of the total heat (H) of the Earth, and of the total v, flux (®p) and event rates from inverse
beta decay (Rp) at any detector site D

S hs (uW/kg) $s (10" v./em’/s) rs (10° TNU)
U 98.0 123 15.2

Th 26.3 26.1 1.06

K 349 x 107 45.4 x 1073 0

Conversion factors: 1 TNU = 1 event/year/10°? target protons; 1 year = 3.15576 x 107 s.
Natural abundances of isotopes are assumed.

The Earth mass distribution necessary to compute the M;s and /s is
taken from the Preliminary Earth Reference Model (PREM) (Dziewonski
and Anderson, 1981), properly matched with a crustal model defined over a
grid of 2°x 2° tiles (Bassin et al., 2000). The Earth is assumed to be parti-
tioned into the following homogeneous reservoirs: core, lower mantle (LM),
upper mantle (UM), continental crust (CC) (in three layers — upper, middle,
lower) and oceanic crust (OC) (lumped into one layer). The distinction (if
any) between LM and UM is strongly debated and will be commented later.
For a set of possible geo-neutrino detector sites (Kamioka, Gran Sasso,
Sudbury, Hawaii, Pyhidsalmi, Baksan), we consider “local” reservoirs, de-
fined as the nine (three-by-three) tiles of the 2°x2° model which surround
each detector site — except for Kamioka, where 13 tiles are considered, cor-
responding to the “Japanese arc and forearc” as defined in the crustal model
(Bassin et al. 2000). Due to the inverse-squared-distance decrease of the
neutrino flux, it turns out that local and global reservoirs can provide
comparable contributions to the geo-neutrino event rates, at least for
detectors sitting on the CC.

The main task is then to build a model for the abundances a7, embedding
covariances. In other words, by switching to a single-index vector notation
for simplicity,

{azs}lsz_lUTJ}\IrK_) a= {ai}izl....,3N (®)
(where N is the number of reservoirs), an Earth model should provide, for
any entry in the HPE abundance vector a, both a central value @; and a
standard deviation =o;,

ai=4a;, Lo (9)
together with the error correlation matrix p. The components of the
covariance matrix ¢ are then

[az]ij = p;;0i0;. (10)
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Given any two quantities P and Q (as in Egs. (5)—~(7)) defined as linear
combinations of the ¢;s (with T = transpose),

P=> pa;=p'a, (11)
i

Q=Y qa=q'a, (12)
i

it turns out that their 1—¢ errors op and o are simply given by

op =Y pipip;oio; =p o’p, (13)
i

0o =Y qiipy0i0; = q' 6°q, (14)
Z

with (P, Q) correlation given by

_ 2PidiPyoi9 _pla’q

Pro = (15)

O’pGQ UPGQ

The above equations will be used below to compute correlations among
experimental event rates, or between an experimental rate and the radiogenic
heat.

3. Towards a Geo-Neutrino Source Model

In this Section we briefly discuss our methodology to provide entries for Egs.
(9, 10), i.e., a GNSM for HPE abundances in the Earth. We remind that,
concerning the entries for Eq. (9) (errors only, no correlations), our approach
overlaps in part with earlier relevant work performed in Fiorentini et al.
(2005a, b), Mantovani et al. (2005).

3.1. THE BULK SILICATE EARTH

Bulk Silicate Earth models (McDonough, 2003) provide global constraints
on elemental abundances (especially in the primitive mantle), under a set of
hypotheses. In particular, BSE models include the plausible assumption that
elements which have both high condensation temperature (‘“‘refractory’’) and
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that are preferentially embedded in rocks rather in iron (“lithophile’’) should
be found in the primitive mantle (i.e., in the undifferentiated mantle + crust
reservoir) in the same ratio as in the parent, pristine meteoritic material.
Among the three main HPEs (U, Th, K), the first two are also refractory
lithophile elements (RLE), so the Th/U global ratio should be the same in
BSE and in the (supposedly) parent and most primitive meteoritic material
(carbonaceous chondrites CI). Our summary (Fogli et al., 2006a) of the re-
cent and detailed works on absolute (Palme and O’Neill, 2003; Lodders,
2003) and relative (Rocholl and Jochum, 1993; Goreva and Burnett, 2001) U
and Th abundances in CI meteorites (with 1¢ errors) is:

allh = 30.4(1 £0.10) x 1072, (16)
ag; = 8.10(1 £0.10) x 1077, (17)
(aly/ady) = 3.75(1 £0.05), (18)

which implies a (Th, U) error correlation pc; = 0.875 through Eq. (15).

The BSE/CI abundance ratio is expected to be the same for all RLEs, if
indeed they did not volatilize during the Earth formation history. The
benchmark is usually provided by a major RLE element such as Al, which,
being much more abundant than the trace elements Th and U, can be more
robustly constrained, both by mass-balance arguments and by direct sam-
pling. Our summary (Fogli et al., 2006a) for the BSE/CI abundance ratio of
Al from three detailed BSE models (McDonough and Sun, 1995; Allegre
et al., 2001; Palme and O’Neill, 2003) is

(ahsp/ad)) = 2.7(1 £0.10). (19)
The previous arguments and estimates imply that

agty = aly - (apsp/ad)) = 82.1(1 £0.14) x 107, (20)

agsg = aly - (apsp/ad)) =21.9(1£0.14) x 107, (21)

with (Th, U) error correlation pgsg = 0.936.

The K element, being (moderately) volatile, needs a separate discussion.
In Jochum et al. (1983) it was argued that U is a good “‘global” proxy for K,
since: (1) the K/U abundance ratio was found to be nearly constant in 22
samples of Mid-Ocean Ridge Basalt (MORB) from the Atlantic and Pacific
ocean floor (thought to be representative of the whole mantle); (2) the
MORB K/U ratio was found to be (accidentally) similar to the K/U ratio
estimate in the crust from an older model (Wasserburg et al., 1964). The
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MORB K/U ratio (1.27 x 10*) was then boldly generalized to the whole
Earth, with small estimated errors (1.6%) (Jochum et al., 1983). However, it
should be noticed there are no geochemical arguments to presume that dis-
parate elements such as U and K should have the same partition coefficients
between melt (=crust) and residual mineral (=depleted mantle); indeed,
analogous alleged coincidences have later been disproved (Hofmann, 2003).
Therefore, we think that the ‘“canonical K/U = 12,700” ratio, so often
quoted in the geochemical literature, should be critically revisited in future
studies. Provisionally, from a survey of recent literature about the abun-
dances of K and U (and of another possible K-proxy element, La (Palme and
O’Neill, 2003)) in MORB databases, CC samples and estimates, and BSE
models, we are inclined to Fogli et al. (2006a): (1) increase significantly —
although subjectively — the K/U uncertainty; and (2) slightly lower the central
value (as compared with Jochum et al., 1983). More precisely, we take

(apse/agse) = 1.2 x 10*(1 £0.15), (22)
which, by proper error propagation, gives the absolute K abundance as
apsp = 263 x 107°(1 £0.21), (23)

with (K, Th) and (K, U) correlations equal to 0.648 and 0.701, respectively.
Table II presents a summary of the BSE (U, Th, K) abundances, errors and
correlation matrix, together with similar information about the main BSE
sub-reservoirs (as discussed below).

Needless to say, all the above BSE estimates may be significantly altered,
if possible indications for non-zero HPE abundances in the Earth core (Rama
Murthy, 2005) are corroborated by further studies. For the sake of simplicity,
we do not consider such possibility in this work.

3.2. THE CONTINENTAL CRUST (CC)

Average elemental abundances in CC, and their vertical distribution in the
three main identifiable layers (upper, middle, lower crust = UC, MC, LC),
have been presented in a recent comprehensive review (Rudnick and Gao,
2003), together with a wealth of data and with a critical survey of earlier
literature on the subject. In particular, it is stressed in Rudnick et al. (2003)
that some previous CC models are not consistent with known crustal heat
production constraints (Jaupart and Mareschal, 2003). This fact shows that:
(1) the spread of published values for elemental abundances is not necessarily
indicative of the real uncertainties, since some estimates can be invalidated by
new and independent data; (2) heat production estimates in the CC provide a
relevant constraint (linear in the U, Th, K crustal abundances) which might
help, together with geo-neutrino measurements, to reduce the HPE abundance
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estimates in reference models. The latter point will be further elaborated
elsewhere (Fogli et al., 2006a).

We basically adopt the results in Rudnick and Gao (2003) for the UC,
MC, LC abundances of (U, Th, K) and their uncertainties, with the following
differences: (1) since no error estimates are given for the LC, we conserva-
tively (but arbitrarily) assume fractional 1o errors of 40% in this layer; (2)
our reference crustal model (Bassin et al., 2000) and the one in Rudnick and
Gao (2003) provide mass ratios among layers (UC:MC:LC), respectively,
equal to 0.359:0.330:0.311 and 0.317:0.296:0.387. This difference is somewhat
disappointing, since it induces weighted-average HPE abundance shifts in the
CC of order 10%, which are definitely non-negligible. “Consensus values”
for the mass distribution in the three CC layers (upper, middle, lower) would
thus be desirable in the future. Provisionally, we assume that CC elemental
abundance errors cannot be smaller than the “mass distribution” induced
error (10%). We also assume, from a survey of the relevant literature, a 9%
fractional error for each of the K/U, Th/U, and K/Th ratios in the crust —
which in turn provide the (U, Th, K) correlations (Fogli et al., 2006a). Given
such inputs, the CC abundances (central values, errors, and correlations) turn
out to be as shown in Table II.

3.3. THE UPPER MANTLE (UM)

We assume a homogeneous composition for UM (defined as the sum of
transition zone + low-velocity zone + “lid” in the PREM model, Dzie-
wonski and Anderson, 1981). Global and detailed analyses of all the avail-
able UM samples and constraints have been performed in two recent papers
(Workman and Hart, 2005; Salters and Stracke, 2006) which, unfortunately,
do not really agree in their conclusions, despite being based in part on the
same petrological database (http://www.petdb.org). Concerning HPE’s, we
then take as central values the average of Salters and Stracke ((2006) and
Workman and Hart (2005), but we attach the most conservative error esti-
mates of Salters and Stracke (2006), which are large enough to cover the
spread between Salters and Stracke (2006) and Workman and Hart (2005).
We assume a K/U ratio error in UM of the same size as for the BSE (£15%),
and a Th/U ratio error of £13%, as suggested from the scatter of points in
Fig. 2 of Salters and Stracke (2006). Given such inputs, the UM abundances
turn out to be Fogli et al. (2006a) as shown in Table II.

3.4. THE OCEANIC CRUST (OC)

The OC is difficult to sample and, not surprisingly, only a few papers (to our
knowledge) deal with its average trace-element composition (see, e.g., Taylor
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Figure 2. Comparison between LM, UM, and BSE abundances of Uranium, in ppb (107%)
units. Our GNSM estimates are shown as 1, 2, and 3¢ error ellipses. The slanted lines represent
the cases of whole mantle convection (in the left panel) and of decoupled LM (in the right
panel).

and McLennan, 1985; Hofmann, 1988, Wedepohl and Hartman, 1994). We
adopt the “intermediate” central values of Taylor and McLennan (1985),
which suggest a HPE enrichment of the OC by a factor 20-25 with respect to
the (parent) UM. Since the enrichment is approximately uniform for all three
HPEs, we think it reasonable to assume that the same relative spread of
abundances is transferred from the UM (parent mineral) to the OC (melt).
Therefore, in the absence of other information, we attach to the (U, Th, K)
abundances in the OC the same fractional errors and correlations as for the
UM, see Table II.

3.5. THE LOWER MANTLE (LM)

The consistent derivation of LM abundances, errors and correlations is a
qualifying result of our work. The abundances in the lower mantle (LM) are
obtained by subtraction (LM = BSE — UM — CC — OC), namely, by the mass
balance constraint:

apy = (apseMese — agyyMum — ageMcc — apeMoc)/Mum, (24)
for S = U, Th, K. Since the three HPE abundances af; are linear combi-
nations of BSE, UM, CC, and OC abundances, it is possible to apply the
formalism of Sec. 2.3 and to obtain their errors and correlations, whose
numerical values are listed in Table II (last three columns). It turns out that
the LM fractional uncertainties are comparable to those of the UM (~30%),
and that the LM abundances are strongly correlated with the BSE ones but
moderately anticorrelated with the CC ones, due to the subtraction proce-
dure. The LM anticorrelation with the UM and OC is instead very small,
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since the latter two reservoirs contain relatively small absolute amounts of
HPEs, as compared to the CC and BSE.

Once the LM contents of HPEs are obtained, the BSE information
becomes redundant, and one can proceed with the information contained in
the 12 entries for the (CC, OC, UM, LM) abundances, and the corresponding
12 x 12 correlation matrix, which are reported in Table II. Notice that,
within the quoted uncertainties, the abundances in Table II are consistent
with those reported in Mantovani et al. (2004).

3.6. WHAT ABOUT MANTLE CONVECTION?

There is currently a strong debate about the nature and extent of mantle
convection, with scenarios ranging from two-layer models (with geochemi-
cally decoupled UM and LM) to whole mantle convection (with completely
mixed UM and LM), and many intermediate possibilities and variants
(McDonough, 2003). Two extreme possibilities are: (1) a geochemically
homogeneous mantle (i.e., no difference between UM and LM, v = aim);
and (1) a strict two-layer model (i.e., a lower mantle conserving primitive
mantle abundances, afy = aBsg).

Our estimates in Table II are intermediate between such two cases, and
thus agree better with models predicting partial mantle mixing. The two
extreme cases are anyway recovered by stretching the uncertainties to
roughly +3¢. Figure 2 shows the 1, 2, and 3¢ error ellipses in the (LM, UM)
and (LM, BSE) Uranium abundance planes; within 30, both cases
aPm = aum and afy = apsg (slanted lines) are allowed. Similar results are
obtained for Th and K (not shown). Therefore, our GNSM estimates are
sufficiently conservative to cover, within +3¢, a wide spectrum of mantle
mixing scenarios (two-layer convection, partial UM-LM mixing, whole
mantle convection).

4. Issues Related to “Local” Reservoirs

In our work, local reservoirs have been arbitrarily defined as the nine crustal
tiles around each detector (except for Kamioka), see Sec. 2.3. Here we discuss
some issues related to this or other choices for the “local” contribution to
geo-neutrino fluxes.

4.1. WHAT 1S A ““LOCAL’’ RESERVOIR?

It is necessary to define in some way “‘local” reservoirs, since the crust (and
perhaps the mantle) within a few hundred km from each detectors site may
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well be different from the average crust defined in the previous section. This
fact has already been recognized in Enomoto (2005) and Fiorentini et al.
(2005b), where “local” HPE abundances for the Kamioka site have been
estimated. The boundaries of the local crust are matter of convention — but
any convention is not without consequences, however. In particular, in our
approach, we observe that the correlation between ‘“local” reservoirs and
“global” ones (LM, UM, OC, CC) is expected to vanish: the uncertainty of
the U abundance near the Kamioka mine has probably nothing to do with
the errors of the whole CC and OC crust estimates. However, only dedicated
studies, which should take into account all locally homogenous geochemical
micro-reservoirs and their correlation lengths with farther geo-structures, can
provide a physically motivated distinction between local and global reser-
voirs — a task much beyond the scope of this work. For simplicity, we just
assume that all local-to-global abundance correlations are exactly zero.

4.2. HORIZONTAL AND VERTICAL (U, TH, K) DISTRIBUTION UNCERTAINTIES

Assuming that a “local” reservoir is defined in some way, its volumetric
distributions of HPE’s can significantly affect the estimated geo-v fluxes, due
to the inverse square distance dependence. In principle, one would like to
have such detailed information around each detector site, both horizontally
and vertically. In practice, however, one usually has mainly scattered “‘sur-
face” samples and only weak constraints about the vertical HPE distribution.
Although the HPE abundances are expected to decrease with depth, the
decrease may be highly site-dependent and non-monotonic (see Furukawa
and Shinjoe (1997) as an example for the Japanese crust). In some cases (e.g.,
Schneider et al., 1987) the horizontal and vertical distributions of HPE’s are
correlated by the fact that the crust is locally “tilted” — a situation which may
represent both a complication and an opportunity.

In all cases, significant progress in the characterization of the HPE vol-
umetric distribution in local reservoirs can be obtained only by dedicated
geophysical and geochemical studies, which should collect all the (currently
sparse and partly unpublished) relevant pieces of data, including represen-
tative rock samples, local crustal models, and heat flow measurements. Some
interesting work in this direction has been done for the Kamioka site
(Enomoto, 2005; Fiorentini et al., 2005b), showing that a O(10%) uncer-
tainty in the local geo-neutrino flux (at 1¢) may perhaps be reachable. We
think that 10% should be the “target error” for the characterization of the
local geo-neutrino flux at each detector site. Much larger errors would hide
information coming from farther reservoirs, and in particular from the
mantle.
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4.3. PROVISIONAL ASSUMPTIONS

In order to make provisional numerical estimates, we make the following
assumptions for local HPE abundances in the crust: (1) we assume the same
numerical values and errors as for the average upper, middle, and lower crust
estimates (Rudnick and Gao, 2003) discussed in Sec. 3.2, except for the
Kamioka site where the average upper crust abundances are taken from
the thorough geochemical study in Togashi et al. (2000); (2) we assume that
the correlations between local and global abundances, as well between local
crust layers, are zero; (3) we assume a plausible (but arbitrary) hierarchy of
correlations between HPE abundances in each layer: p(U, Th) = 0.8, p(U,
K) = 0.7, p(K, Th) = 0.6, implying that Th is a good proxy for U and that K
is a somewhat worse proxy for both U and Th (as it generally happens in
other reservoirs). Further comments about such choices are given elsewhere
(Fogli et al., 2006a). As previously remarked, the admittedly arbitrary
assumptions characterizing local contributions to geo-v fluxes can and should
be improved by dedicated inter-disciplinary studies.

5. Forward Propagation of Uncertainties

We have described in Sec. 2 a possible path towards the definition of a
GNSM, i.e., of a set of HPE abundances, errors and correlations in a given
partition of the Earth into global and local reservoirs. We now show
examples of propagation of such uncertainties, according to Egs. (11)—(15).

5.1. ERRORS AND CORRELATIONS AT A SPECIFIC SITE (KAMIOKA)

Figure 3 shows our estimated geo-neutrino event rates from U and Th decays
at the Kamioka site (including neutrino oscillations with (P,.) = 0.57),
superposed to the same experimental (gaussian) contours as in Fig. 1. The
numerical values for the GNSM predictions are:

Ry =24.9£2.0 TNU, Ry = 6.7 £ 0.5 TNU, p = +0.902. (25)

The correlation between the theoretical rates is positive, since Th and U
are good proxies of one another in each reservoir. The total (U + Th) rate in
Kamioka is also positively correlated with the total (U + Th + K) radio-
genic heat H in the Earth. We estimate:

Rusth = 31.6 £ 2.5 TNU, H = 21.1 = 3.0 TW, p = +0.858. (26)
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Figure 3. U and Th geo-neutrino event rate predictions from our tentative GNSM at
Kamioka (small ellipses with positive correlations), superposed to the same KamLAND
experimental constraints as in Fig. 1. In both cases, the 1, 2, and 3¢ contours are shown.
Current experimental errors appear to be significantly larger than the “theoretical” GNSM
ones.

The strong correlation between Ry.t, and H implies that a precise
measurement of the former would yield a robust constraint on the latter.
Unfortunately, the experimental errors in Fig. 3 are still much larger than the
theoretical (GNSM) ones, implying that, at present, the first KamLAND
data do not significantly constrain plausible Earth models and the associated
radiogenic heat (see also Fiorentini et al., 2005c). Patient accumulation of
statistics, significant reduction of background and systematics, and new
independent experiments, are required to test and constrain typical Earth
model predictions.

5.2. ERRORS AND CORRELATIONS AMONG DIFFERENT SITES

Table III shows our estimates for the total (U + Th) rates (central values and
+1o error) at different possible detector sites, together with their correlation
matrix. Correlations are always positive (when one rate increases, any other
is typically expected to do the same), but can either be strong (such as be-
tween Gran Sasso and Pyhidsalmi, both located in somewhat similar CC
settings), or relatively weak (such as between any “‘continental crustal site”
and the peculiar “oceanic site” at Hawaii, which sits on the mantle). Such
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TABLE III
Expected total neutrino event rates (U + Th), together with their errors and correlations, as
calculated for different sites within the GNSM, assuming {P,.) = 0.57

Site Rate (U+Th) £ 1o (TNU) Correlation matrix

Kam. Gra. Sud. Haw. Pyh. Bak.

Kamioka (Japan) 31.60 + 2.46 1.000 0.722 0.649 0.825 0.630 0.624
Gran Sasso (Italy)  40.55 + 2.86 1.000 0.707 0.641 0.734 0.700
Sudbury (Canada)  47.86 + 3.23 1.000 0.554 0.688 0.652
Hawaii (USA) 13.39 £ 2.21 1.000 0.484 0.510
Pyhésalmi (Finland) 49.94 + 3.45 1.000 0.692
Baksan (Russia) 50.73 £ 3.41 1.000

correlations should be taken into account in the future, when data from two
or more detectors will be compared with Earth models.

6. Backward Update of the GNSM Error Matrix

As shown in Fig. 3, the first KamLAND data do not yet constrain our
tentative GNSM. However, it is tempting to investigate the impact of future,
high-statistics and multi-detector geo-neutrino data on the model. In par-
ticular, one might try to estimate what are the HPE abundances which best fit
both the starting GNSM and a set of prospective, hypothetical experimental
data (“backward” update of GNSM errors). It can be shown that the
covariance formalism allows to reduce this problem to matrix algebra (Fogli
et al., 2006a).

Here we give just a relevant example of possible results, in an admittedly
optimistic future scenario where all six detectors in Table III are operative
and collect separately U and Th events for a total exposure of 20 kilo-ton
year, at exactly the predicted rate, with no background and no systematics. In
such scenario, the mantle and BSE uranium abundance errors would be
reduced as in Fig. 4, which should be compared with the previous estimates
in Fig. 2. It can be seen that, in principle, the depicted scenario might allow
to reject at >>3¢ the case apnv = aum, 1.e., of global mantle convection,
which would be a really relevant result in geophysics and geochemistry.
Needless to say, more realistic (and less optimistic) simulations of prospective
data need to be performed in order to check if similar goals can be experi-
mentally reached. In any case, our approach may provide a useful template
for such numerical studies.
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Figure 4. As in Fig. 2, but including constraints from a hypothetical data set from six
detectors running for 20 kTy in ideal conditions. See the text for details.

7. Conclusions and Prospects for Further Work

In this contribution to the Hawaii Workshop on Neutrino Geophysics (2005)
we have briefly presented a systematic approach to the ubiquitous issue of
covariances in geo-neutrino analyses. Correlations among the abundances of
(U, Th, K) in each reservoir and among different reservoirs, as well as co-
variances between any two linear combinations of such abundances
(including neutrino fluxes, event rates, heat production rates) have been
treated in a statistically consistent way. A tentative GNSM — embedding a
full error matrix for the (U, Th, K) abundances in relevant local and global
reservoirs — has been built, based on published data (when available) and on
supplementary assumptions (when needed). The construction of the GNSM
highlights some crucial issues that should be solved by dedicated studies, in
order to get the most from future geo-neutrino data. Applications of our
approach have been given in terms of predictions for future experiments
(“forward” propagation of errors) and of GNSM error reduction through
prospective data (“‘backward” update of uncertainties). Inter-disciplinary
studies of more refined geochemical and geophysical Earth models, and of
future possible observations of geo-neutrino signals, are needed to quantify
more realistically both the assumed uncertainties and the future impact of
geo-neutrino data in Earth sciences.
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Abstract. The Kamioka liquid scintillator antineutrino detector (KamLAND), which consists of 1000
tones of ultra-pure liquid scintillator surrounded by 1879 photo-multiplier tubes (PMT), is the first
detector sensitive enough to detect geoneutrinos. Earth models suggest that KamLAND observes geo-
neutrinos at a rate of 30 events/10°2-protons/year from the 2**U decay chain, and 8 events/102-protons/
year from the ***Th decay chain. With 7.09 x 10*' proton-years of detector exposure and detection
efficiency of 0.687 + 0.007, the ‘rate-only” analysis gives 25f}§ geoneutrino candidates. Assuming a Th/U
mass concentration ratio of 3.9, the ‘rate + shape’ analysis gives the 90% confidence interval for the total
number of geoneutrinos detected to be from 4.5 to 54.2. This result is consistent with predictions from the
Earth models. The 99% C.L. upper limit is set at 1.45 x 107! events per target proton per year, which is
3.8 times higher than the central value of the model prediction that gives 16 TW of radiogenic heat
production from >*¥U and ***Th. Although the present data have limited statistical power, they provide by
direct means an upper limit for the Earth’s radiogenic heat of U and Th.

Keywords: Geoneutrino, KamLAND, earth energetics, bulk silicate earth

1. Neutrino Geophysics with KamLAND

It is widely accepted that radiogenic heat contributes a large part to the
Earth’s heat budget. Due to direct relation between the number of radioac-
tive decays in the Earth and the neutrino flux from the decays, neutrinos are
expected to provide fruitful information on Earth’s energetics. Using neu-
trinos to study processes inside the Earth was first suggested by Eder (1966)
and Marx (1969) in 1960’s, and has been reviewed a number of times (Avilez
et al., 1981; Krauss et al., 1984; Kobayashi and Fukao, 1991; Raghavan
et al., 1998; Rothschild et al., 1998; Mantovani et al., 2004). The Kamioka
liquid scintillator antineutrino detector (KamLAND), which detects few
MeV of electron antineutrinos with 1000 tones of ultra-pure liquid scintil-
lator, is the first detector sensitive enough to measure geologically produced
antineutrinos (geoneutrinos).

238U, #°U and #**Th generate radiogenic heat via a series of alpha and
beta decays. “°K generates radiogenic heat via either beta decay or electron
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capture with branching ratios of 0.893 and 0.107, respectively. In addition to
a daughter nucleus, each beta decay produces an electron and an antineu-
trino. Electron capture produces a neutrino and a daughter nucleus. These
decays can be summarized by

U —2°Pb 4 8*He + 6e~ + 6V + 51.7MeV, 1/, =4.468 x 10° yr
U 2P+ 7*He +4e~ + 4V, +46.0 MeV , 11, =7.038 x 10° yr
2Th —*Pb + 6*He + 4e™ +4v. +42.7 MeV , 11/, =1.405x 10" yr
YK —»%Ca+e” +7.+1.31 MeV (89.3%), 11/, =1.277 x 10° yr
VK +e —=PAr + v, + 1.51 MeV (10.7%)
0]

Antineutrino luminosity Ly (number of antineutrino emissions per unit
time) and heat generation H of 2*U, #°U, #?Th and *’K can be directly
calculated from their mass M by

28U Ly[1/ sec] = 7.46 x 107 - M[kg] = 7.84 x 10" . H[W]
25U 1 Ly[1/ sec] = 3.20 x 10° - M[kg] = 5.67 x 10" . H[W] o
22Th : Ly[1/sec] = 1.62 x 107 - M[kg] = 6.18 x 10" - H[W]

[ ] M| ]

WK Ly[1/sec] = 2.31 x 10° - M[kg] = 8.18 x 10'> . H]W

where the neutrino kinetic energy is subtracted from H, since almost all this
energy escapes the Earth. In order to calculate the energies taken by neutrinos
on beta decays, the allowed beta transition formula with the Fermi correction
is used except for “*K and ?'"Bi in the **U series; the 3rd unique forbidden
transition formula is used for *°K, and the spectrum tabulated in (Aleksankin,
1989) is used for *'°Bi. The isotope decay data used in this calculation is taken
from (Firestone and Shirley, 1996). Based on chondritic abundances and
cosmochemical consideration of the volatility of elements, the current model
of the bulk silicate Earth (BSE) (McDonough and Sun, 1995) gives heat
generation of 8 TW by ***U and ***U, 8 TW by ***Th, and 3 TW by “°K,
resulting in total of 20 TW for the radiogenic heat generated in the Earth’s
interior. Table I summarizes the neutrino luminosity, heat generation of these
elements, among with total mass in the Earth given by the BSE model. Fig-
ure 1 shows the calculated antineutrino spectra from these elements. There are
even more radioactive elements in the Earth, as also listed in Table I, making
negligible contribution to the total radiogenic heat production.

The neutrino flux at a position 7 for each isotope can be calculated from
the isotope distribution (isotope mass per unit rock mass) a(r) by integrating
the contribution over the entire Earth,
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Figure 1. Geoneutrino Spectrum. KamLAND can only detect geoneutrinos with energies
greater than 1.8 MeV (right of the vertical dotted line); hence it is insensitive to >**U and “°K
geoneutrinos.
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where A is the decay rate per unit mass, dn(E,)/dE, is the energy spectrum of
neutrinos per decay, p(i’) is the rock density, and P(E,, | — 7’|) is the neu-
trino survival probability after traveling from the source position 7’ to the
detector position 7. The neutrino survival probability is given by a well-
established formula,

“)

2 2
P(E,, L) 2 1 — sin20,5 sin’ <1~27Am12[ev ]L[m])

E,[MeV]

where L = |[— 7|. In order to evaluate the geoneutrino rate detectable by
KamLAND, we constructed a model of the Earth (Enomoto, 2005a, b). The
model is based on the BSE composition given by McDonough (McDonough
and Sun, 1995) and a crustal composition model given by Rudnick and
Fountain (1995). Following common practice, we assume that the core does
not contain U and Th. The mantle composition is assumed to be uniform and
is obtained by subtracting the crustal composition from the BSE composi-
tion. With this Earth model, the geoneutrino flux at the KamLAND site (36°
25’36” N, 137°18’43” E, 358 m elevation from the sea level) is calculated to
be 2.34 x 10° cm™%sec™! from ***U decay, 0.07 x 10° cm %sec™" from **°U
decay, 1.99 x 10° cm %sec™' from 2*’Th decay, and 1.48 x 10® cm %sec™
from “°K decay. As shown in Figure 2, about half of the total geoneutrino
flux originates within 500 km radius, and about a quarter comes from the
mantle. By modifying the Earth model, we found that re-distribution of the
sources between the upper and lower mantle makes 3% variation to the total
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Figure 2. The expected **®*U and **Th geoneutrino flux within a given distance from Kam-
LAND. Approximately 25 and 50% of the total flux originates within 50 km and 500 km of
KamLAND, respectively. The mantle contributes 27% of the total flux.

flux, and alternation of the crustal models (i.e., adopting other crustal models
(McLennan and Taylor, 1999; Wedepohl, 1995) with keeping the BSE
composition by adjusting the mantle composition) makes 8% variation in the
total flux (for details, see Enomoto, 2005a, b). The model parameters and the
calculated flux contribution from each part of the Earth are summarized in
Table II.

Due to large contribution from the near-field region, regional geological
effect may considerably influence the total geoneutrino flux, while not sig-
nificantly affecting the global geophysics. An estimation of the Japan Island
Arc crustal composition shows depletion of U and Th in the Japan crust,
which leads to reduction of U and Th geoneutrino flux at the KamLAND site
by 6.4% and 8.4%, respectively. Based on a large scale geochemical study,
the near-field surface geological non-homogeneity might affect the total flux
at about 3-10%. Other regional geological effects, such as subducting plate
and stagnant slab beneath Japan, Sea of Japan geology, Kamioka mine
(where the KamLAND detector is located) geology, possible undiscovered
uranium deposits, are estimated and found to affect the total flux at less than
few percent (Enomoto, 2005a, b). In addition to the geological uncertainties,
the uncertainty of the neutrino oscillation parameters makes 6% error in the
flux estimation.

KamLAND detects electron antineutrinos via neutron inverse beta-decay,

Vet+p—et+n ®)

which has a 1.8 MeV neutrino energy threshold, and a well-established cross-
section (Vogel and Beacom, 1999). Only antineutrinos emitted from the >**U
and ?*’Th decay series have energy higher than this threshold energy.
The number of geoneutrino events from the reaction for the ***U and ***Th
antineutrinos are calculated by
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N = Noroon - - - / dE\,a(Ev)% (6)
E,

where Nproion 18 the number of target protons, 7 is the detector exposure time,

¢ is the detection efficiency, and o(E,) is the cross-section of the reaction.

With 1-year exposure of 10* target protons assuming 100% efficiency,

one ***U-neutrino event corresponds to a flux of 7.67 x 10* cm™s™!, and one

232Th-neutrino event corresponds to a flux of 2.48 x 10° cm™%s™".
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Figure 3. Schematic diagram of the KamLAND detector. The neutrino target/detector is
1000 ton of ultra-pure liquid scintillator (LS, 1,2,4-trimethylbenzene 20%, dodecane 80%,
PPO 1.52 g/l) contained in a 13-m-diameter spherical plastic balloon (135-um-thick trans-
parent nylon/EVOH composite film). The balloon is supported and constrained by a network
of Kevlar ropes. A buffer of dodecane and isoparaffin oils between the balloon and an 18-m-
diameter spherical stainless-steel containment vessel shields the LS from external radiation.
The specific gravity of the buffer oil is adjusted to be 0.04% lower than that of the LS. An
array of 1879 photomultiplier tubes (PMT’s) are mounted on the inner surface of the con-
tainment vessel. The array includes 1325 specially developed fast PMT’s with 17-inch-diameter
photocathodes and 554 older Kamiokande 20-inch PMT’s. While the total photo-cathode
coverage is 34%, only the 17-inch PMT’s corresponding to 22% coverage are used for this
geoneutrino analysis. A 3-mm-thick acrylic barrier at 16.6-m diameter helps prevent radon
emanating from PMT grass from entering the LS. The containment vessel is surrounded by a
3200 ton water-Cherenkov detector with 225 20-inch PMT’s. This outer detector absorbs
gamma-rays and neutrons from the surrounding rock and provides a tag for cosmic-ray
muons.
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2. The KamLAND Detector

KamLAND is located in the Kamioka mine, 1000 m below the summit of
Mt. Ikenoyama, Gifu prefecture, Japan (36°25°36” N, 137°18" 43" E,
2700 m.w.e. underground) (http://www.awa.tohoku.ac.jp/KamLAND). The
detector consists of 1000 ton of ultra-pure liquid scintillator (1,2,4-trimeth-
ylbenzene 20%, dodecane 80%, and PPO 1.52 g/I) surrounded by 1879
photo-multiplier tubes (PMT), 1325 of which are specially developed fast 17-
inch PMT’s and 554 of which are older Kamiokande 20-inch PMT’s. Figure
3 illustrates the detector construction. The light output of the liquid scintil-
lator is about 8000 photons/MeV, and the photo-coverage of the 1879 PMT’s
is 34%, providing ~500 p.e./MeV. For the geoneutrino analysis presented in
this paper, only 17-inch PMT’s are used, corresponding to 22% photo-cov-
erage. The liquid scintillator was purified by the water extraction technique,
resulting in very low radioactive impurity level ((3.5 = 0.5) x 10™®g/g for U,
(5.2 + 0.8) x 107"7g/g for Th). The large light output and the low radioactive
impurity level enable us to detect few MeV of antineutrinos. Together with
the large volume, the KamLAND detector has attained the first sensitivity
for geoneutrinos.

Electron antineutrinos are detected by the inverse beta-decay reaction (5).
The reaction makes two correlated events. ‘Prompt event’, which is produced
by the position, gives an estimate of the incident neutrino energy,
E, ~ E,~ 4+ 0.8MeV, where the E.- is the kinetic energy of the positron plus
the electron-positron annihilation energy. With a mean time of ~200 us, the
neutron is captured by a proton, producing a deuteron and a 2.2 MeV
gamma-ray (‘delayed event’). The coincidences between the prompt and de-
layed events provide an effective way to reduce background.

Event positions are reconstructed based on PMT hit time distributions.
Event energies (visible energy, or light yield) are determined from the amount
of detected light after correcting for spatial dependences of the detector re-
sponse. Particle energies are then calculated from the visible energy consid-
ering scintillator response (quenching) and Cherenkov light emission. The
event position and energy determination are calibrated with gamma-ray
sources deployed along the vertical center axis of the detector. Within the
geoneutrino energy range (0.9 MeV < Egpe < 2.6 MeV, where Eyipie
roughly corresponds to E,+), positions and energies are determined within
5 cm and 2% accuracy, respectively, throughout the spherical volume of 5 m
radius from the detector center. The scintillator mass in the 5 m radius
spherical fiducial volume is estimated using reconstructed vertices of uni-
formly distributed cosmogenic events (°B and °Li) and the measured total
scintillator mass. The number of target protons in the fiducial volume is
estimated at (3.46 + 0.17) x 10°'.
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2.1. DATA ANALYSIS

The data presented here are based on a total detector live-time of 749.1 days
after basic data quality cuts. The total exposure is (7.09 + 0.35) x 10°! target-
proton years (Araki et al., 2005b). Neutrino event candidates are selected by
searching for prompt events accompanied with a single 2.2 MeV delayed
event. The time coincidence between the prompt and delayed events (AT) is
required to satisfy 0.5u s<AT < 500u s, and the spatial coincidence between
the prompt and delayed (Ar) is required to satisfy Ar < 100 cm. The delayed
event energy (FEq) is required to satisfy | Eq—2.2MeV| < 0.4MeV, taking
account of the detector energy resolution. The energy window for the prompt
events of the geoneutrino candidates is set to 0.9MeV < E.+ <2.6 MeV,
which corresponds to the neutrino energy of 1.7MeV < E, < 3.4 MeV (the
energy range reaches below the inverse beta-decay threshold owing to the
detector energy resolution). The overall efficiency for detecting geoneutrino
candidates within this energy window in the 5 m radius spherical fiducial
volume is estimated to be 0.687 = 0.007. To reject cosmogenic backgrounds,
whole volume or partial volume vetoes are applied following the passage of
every cosmic muon. The deadtime due to the vetoes, 10.5% of the total run
time, is subtracted from the live-time.

Background for geoneutrino candidates is dominated by antineutrinos
from nuclear reactors in the vicinity of the KamLAND detector, and by
alpha-particle induced neutrons due to radioactive contamination within the
detector. As shown in Figure 4a, reactor neutrinos reach substantially higher
energies than geoneutrions, and the properties of the reactor antineutrinos
have been studied in detail using this energy region (Eguchi, 2003; Araki
et al., 2005). Using the neutrino oscillation parameters determined with an-
tineutrinos in the £, > 3.3 MeV region, together with the global analysis of
the solar neutrinos (assuming CPT invariance), the reactor antineutrino
background in the geoneutrino analysis window is estimated to be 80.4 + 7.2.
The error is dominated by the neutrino oscillation parameter uncertainties,
and the initial reactor neutrino flux was calculated within a 3% error.

The alpha-particle-induced neutron background is due to the '*C(a, n)'°O
reaction, where the alpha particle is produced in the *'°Po decay. The initial
energy of the alpha particle emitted by the *'°Po decay is 5.3 MeV, and the
B3C(a, n)'°0 reaction produces neutrons with kinetic energy up to 7.3 MeV.
The neutrons scatter protons as they thermalize, and the scattered protons
yield scintillation light with a total visible energy of few MeV. Here the visible
energy is much smaller than the initial neutron kinetic energy owning to
scintillation light quenching for high ionization density. The thermal neutrons
are captured by protons and produce a 2.2 MeV delayed gamma signal, in
exactly the same way as neutrons produced by the inverse beta decay reaction.
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219po’s is produced by decay of 2!'°Pb, which has a half-life of 22 years.
219pYy’s is populated throughout the whole scintillator volume from the decay
of #*Rn, which might have been injected into the liquid scintillator during
the detector construction process. Non-equilibrium of the *'°Po decay rate
implies that 2'°Pb could be populated during a short period of scintillator
filling into the detector, and an estimation of the initial amount of 222Rn
based on this assumption resulted in about 100 Bq/m>, which is more than
the maximum amount under contact of the liquid scintillator with atmo-
spheric air (Note that Rn concentration in the mine air is much higher than
atmospheric air).

On the basis of the '*C(a, n)'°O reaction cross-section, the alpha-particle
energy loss in the scintillator, and the number of *'°Po decays, the total
number of neutrons produced is calculated to be 93 + 22, where the error is
dominated by 20% uncertainty in the '*C(a, 7)'°O reaction cross-section and
14% uncertainty on an estimation of the 2'°Po decay rate. The neutron
energy distribution is calculated using a '*C(a, 1)'°O neutron angular dis-
tribution data. The visible energy spectrum is then calculated with neu-
tron—proton scattering simulation and an estimated quenching factor for
protons, assigning reasonably large error (10% in energy determination)
for uncertainties in the quenching factor estimation. Including the efficiency
for passing the neutrino selection cuts, the number of *C(«, 7)'°0 events is
estimated to be 42 + 11.
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Figure 4. Neutrino energy spectra in KamLAND (left) and spectrum shape analysis result
(right). Panel (a) shows the experimental points together with the total expectation (thin solid
line), the total expected spectrum excluding the geoneutrino signal (thick solid line), and the
expected spectra of the background signals. The geoneutrino spectra are calculated from our
reference Earth model, which is based on the BSE model. In panel (b), the 68.3, 95.4, and
99.7% confidence level contours for detected **U and ***Th geoneutrinos are shown. The
small shaded area represents the prediction from the reference Earth model. The vertical
dashed line represents the value of (Ny— Ntp)/(Ny+ Ntn) assuming the mass ratio of
Th/U = 3.9. The dot represents our best fit point, favoring 3 ***U geoneutrinos and 18 >**Th
geoneutrinos.
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The contribution from accidental coincidences is 2.38 is eliminated as
small as 2.38 £ 0.01 events, by adopting tighter neutrino-selection criteria
with a smaller radius fiducial volume than used for the reactor neutrino
analysis (Araki et al., 2005a). There is a small contribution to the back-
ground from decays of cosmic-muon-induced unstable nuclei such as °Li
(which has a neutron in the final state), and neutrinos from spent reactor
fuel. There is a negligible contribution from fast neutrons generated by
cosmic ray interactions and spontaneous fission of ***U. Other background
sources considered and found to be negligible include neutron emitters and
correlated decays in the radioactive impurities, (y, n) reactions, solar neu-
trino induced break-up of H, and cosmic neutrino interaction with scin-
tillator-composing nuclei. The total number of background events is
estimated to be 127 + 13.

The total number of observed antineutrino candidates within the energy
range of 1.7MeV < E, < 3.3MeV is 152. The error on the geoneutrino
detection efficiency is estimated at 5.0%, which is dominated by the fidu-
cial volume determination uncertainty (4.9%). Including the detection
systematic errors, part of which are correlated with the background esti-
mation errors, a ‘rate-only’ analysis gives 25f}g geoneutrino candidate
events. Dividing by the detection efficiency, live-time, and number of target
protons, the total geoneutrino rate obtained is 51f§2 per 10¥-protons per
year.

Figure 4a shows the observed neutrino candidate event energy spectrum,
the estimated background spectra, and the expected geoneutrino spectra
calculated based on our Earth model. The confidence intervals for the
number of observed geoneutrinos from an un-binned maximum likelihood
analysis is shown in Figure 4b. As shown in the figure, KamLAND has
sensitivity in determination of the total geoneutrino flux (vertical axis in the
figure), while KamLAND is less sensitive in discrimination between the U-
series and Th-series geoneutrinos (horizontal axis in the figure). On the other
hand, the Th/U mass ratios in the chondritic meteorites, the solar photo-
sphere, and surface rock samples show stable value at around 3.9, and model
estimations of the Th/U mass ratios in the bulk Earth, the crusts and the
mantle, are relatively more reliable than the absolute concentrations of U
and Th. Assuming a Th/U mass ratio of 3.9, the 90% confidence interval
for the total number of geoneutrino candidates is estimated to be 4.5-54.2,
with a central value of 28.0. The 99% C.L. upper limit is given at 70.7 events,
which corresponds to 145 geoneutrinos per 10*%-protons per year and a flux
of 1.62 x 10" em s~
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3. Discussion

One of the primary interests of geoneutrino observation is to determine the
Earth’s global heat budget (i.e., direct test of the BSE model). As mentioned
previously, the dependence of the flux on the crustal and mantle modeling is
about the same order of magnitude as the current uncertainty of the BSE
composition. Figure 5 shows the relation between the U and Th amount in
each reservoir of the Earth and the geoneutrino flux from each reservoir,
calculated with our reference Earth model. In the figure, alternation of res-
ervoir’s composition moves the corresponding point along the diagonal line
(the slope of which is determined by the geometrical shape of the reservoir
and the detector position), and the total geoneutrino flux from all of the
reservoirs is obtained as a simple vector sum of each reservoir point.
Assuming that we scale concentrations of U and Th in all reservoirs equally,
the total geoneutrino flux observed with KamLAND Fy 1y, is related to the
total >*®U and **’Th mass in the Earth My, 1, and the heat generation
Hy 1y as
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Figure 5. Comparison with Earth model predictions. Both figures show the same values but in
a different axis scaling and different reservoir classification. The horizontal line is the Kam-
LAND best-fit flux and the horizontal shaded band shows the interval of 68.3% C.L. The
horizontal dotted line is the 99% C.L. upper limit. The points represent the expected neutrino
flux at the KamLAND site in the reference Earth model; Upper Continental Crust (UCC),
Middle Continental Crust (MCC), Lower Continental Crust (LCC), Oceanic Crust (OC),
Continental Sediment (CS), Oceanic Sediment (OS), Upper Mantle (UM), and Lower Mantle
(LM). This assumes a Th/U ratio of 3.9. The auxiliary axis on the top shows heat generation
from U and Th for a given U + Th mass.
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Therefore the observed geoneutrino flux corresponds to 235 TW of the

total radiogenic heat by *®U and ?**Th decays. If we fix the crustal com-

position and parameterize the mantle composition as another example, the
relation becomes

Muymilk Fuinlem2s71] — 31.7 x 10°

Hy o [TW] = u+Thlkg] — 658 +( U+Th| ] )

— .8
2.49 x 1016 1.22 x 10° ®

In this case the observed geoneutrino flux corresponds to 3338 TW of the
total radiogenic heat. Relations under other constraints can be directly
obtained from the points and lines in Figure 5 and/or the numbers listed in
Table II in the same way.

The 99% C.L. flux upper limit is 3.8 times higher than the predicted flux
based on the reference Earth model, which gives 16 TW of total radiogenic
heat from U and Th. Since the 99% C.L. flux upper limit is far above the
predictions from Earth models due to limited statistics, we do not expect that
any realistic Earth models can be used to translate this large flux to heat
production. However, if we simply scale the heat production with relation (7)
just to show the possible effect that geoneutrino data would have on geo-
physical thermal constraints, then the 99% C.L. flux upper limit is translated
to a heat production of 60 TW.

The current KamLAND observation (confidence interval and 99% upper
limit) is shown in Figure 5. The observation is in agreement with our Earth
model prediction based on the BSE composition, although the measurement
errors are relatively large. Even if the current KamLAND observation is not
as precise as predictions or limits by Earth models, one can see that geo-
neutrino observation is approaching the point where we can gain fruitful
geophysical information with geoneutrinos.

3.1. FUTURE PROSPECTS

The current KamLAND observation suffers from large background origi-
nating from the reactor antineutrinos and (o, n) reactions. In particular, the
contribution from the (o, 7) reaction background is poorly estimated due to
large uncertainties of the '°Po decay rate, (o, n) cross-section o (E), (o, 1)
partial cross-section do (E, )/dQ where 6 is the neutron scattering angle, and
the neutron (or proton) quenching factor.

In order to reduce the uncertainty on >!°Po decay rate, we have improved
the event reconstruction tool, resulting in a small bias in the low energy and
large R (i.e., near the boundary of the fiducial volume) region. A new
measurement of the (o, n) total cross-section is now available (Harissopulos,
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2005), which reduces the error on the total cross-section from 20% to 4%. In
order to understand the liquid scintillator response to protons, we have
performed a measurement with a mono-energetic neutron beam. A new
calibration source, which consists of an o source and '*C, is being prepared.
In summary, we will have a better understanding of the («, n) background
process and will be able to reduce one of the largest uncertainties of geo-
neutrino observation.

For the next phase of the KamLAND experiment, which primarily aims
for real-time observation of "Be solar neutrinos, a new purification system is
being constructed. This system is beneficial for geoneutrions measurement,
since it reduces background due to accidental coincidences and (o, n) to a
negligible level. Reduction of accidental coincidences may allow extending
the fiducial volume and improving the detection efficiencies by relaxing the
delayed coincidence event selection criteria.

We estimated prospects of future KamLAND geoneutrino observation
after purification by applying the same analysis method as used for the
current geoneutrino analysis (Araki et al., 2005b) to software-generated
neutrino event candidates. An extended fiducial volume of 5.5 m radius
together with an improved detection efficiency of 99% are used, which are the
values currently implemented in the KamLAND reactor neutrino analysis
(Araki et al., 2005a). Figure 6 shows the expected analysis results after
750 days exposure of the detector, which is the same period as used in the
current KamLAND geoneutrino result. KamLAND can determine the
geoneutrino flux within 35% accuracy, which is a great improvement from
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Figure 6. Prospects of future KamLAND geoneutrino observation after purification. The
same analysis method as used for the current analysis is applied, except for reduced radioactive
background estimation and consequent selection criteria relaxation. The solid lines show the
68.3, 95.4, and 99.7% confidence level contours. The dotted lines show the same analysis of
prospects, except for absence of reactor neutrino background.



EXPERIMENTAL STUDY OF GEONEUTRINOS WITH KAMLAND 145

the current 54% accuracy. The significance of positive geoneutrino signal
may reach 99.96%. If we combine it with the current data, the accuracy
becomes 28%, which is comparable with the model prediction uncertainty.
The 99% flux upper limit may be given at around 30 TW heat-generation-
equivalent, which is below the surface heat-flow measurement results
(44.2 + 1.0 TW (Pollack, 1993)). Separation of ***U and ***Th neutrinos
seems to be still difficult due to large backgrounds from the surrounding
nuclear power reactors, as shown in the figure by the contrast between the
contours with and without the reactor background.

4. Conclusion

The measurement of antineutrinos with an exposure of (7.09 + 0.35) x 10!
target-proton years of KamLAND is the first experimental study of geo-
neutrinos. The present measurement is consistent with our model predictions
based on the bulk silicate Earth composition, and sets an 99% C.L. upper
limit of the geoneutrino flux from ***U and ***Th decays within the Earth at
1.62 x 107 em™%s™!, which scales to 60 TW of radiogenic heat production
equivalent. Further exposure with improved accumulation of statistics with
improved analysis method, reduced systematic error, and removal of radio-
active background sources by the newly installed purification system will
provide more precise determination of the geoneutrino flux, which might be
comparable with uncertainties in the Earth models. The current result of
KamLAND demonstrates that geoneutrinos are practical new tool to study
the Earth interior, and paves the way to future, more accurate measurements.
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Abstract. A natural nuclear fission reactor operating in the center of the Earth has been proposed by
Herndon (Hollenbach and Herndon, 2001) as the energy source that powers the geo-magnetic field. The
upper limit on the expected geo-reactor power is set by the estimated 12 TW (Buffett, 2003) heat flow from
the Earth’s core. If it exists, a nuclear reactor of that size emits a strong anti-neutrino flux. Emitted electron
anti-neutrinos can be detected by the Kamioka liquid scintillator anti-neutrino detector (KamLAND)
(Raghavan, 2002), and the geo-reactor power level is proporional to the anti-neutrino emission rate.
KamLAND measures the geo-reactor power as a constant positive offset in detected anti-neutrino rate on
top of the varying anti-neutrino rate coming from man-made reactors. Here we present the first attempt to
measure the geo-reactor power. Based on a 776 ton-year exposure of KamLAND to electron anti-neutri-
nos, the detected flux corresponds to (6 & 6) TW. The upper limit on the geo-reactor power at 90%
confidence level is 18 TW, which is below the lower limit of the total Earth’s radiogenic heat, estimated to be
between 19 and 31TW (Anderson, 2003).

Keywords: Anti-neutrinos, geo-reactor, geo-magnetic field, natural nuclear reactor

1. Introduction

J.M. Herndon suggests that a nuclear fission reactor operates in the Earth’s
core (Hollenbach and Herndon, 2001), energizing the Earth’s magnetic field.
Confirmation of the existence of the geo-reactor would provide very
important and revolutionary information about the Earth’s dynamics, inner
core composition and would require rethinking of current theories of planet
formation. Lack of geo-reactor existence, although less revolutionary, would
nevertheless present significant independent confirmation of the mainstream
models of the Earth’s interior.

Existence of the geo-reactor can be confirmed or denied by the measure-
ment of its anti-neutrino flux. Being a fission reactor, the geo-reactor must
emit a strong anti-neutrino flux. We assume that the flux is constant over the
data-taking period of a few years. The constant intensity of the geo-magnetic
field implies that the geo-reactor, being its power source, has a steady power



148 JELENA MARICIC FOR KAMLAND COLLABORATION

output as well. Because anti-neutrino flux is proportional to reactor power,
constant power level implies constant anti-neutrino flux emission. The
KamLAND detector started its operations in January 2002 to study phe-
nomenon of anti-neutrino oscillations by observing anti-neutrino flux coming
from nuclear reactors around Japan and the rest of the world. This resulted
in the measurement of neutrino oscillation parameters (Araki et al., 2005a).
The KamLAND detector is also sensitive to anti-neutrino flux coming from
the geo-reactor and can observe its flux as a fixed increase in the detected rate
on top of the time varying flux coming from man-made reactors (their power
levels and thus their anti-neutrino emission rates change over time). Figure 1
illustrates the variation of the unoscillated anti-neutrino rate from man-made
reactors and the level of the geo-reactor contribution for two arbitrary values
of geo-reactor power.

2. A Nuclear Reactor in the Earth’s Core?

The geo-reactor hypothesis requires a radically different inner core compo-
sition (Herndon, 1979, 1980, 1996) from the composition predicted by the
traditional BSE model (McDonough and Sun, 1995) which makes it con-
troversial. However, there is some indirect evidence that support existence of
the geo-reactor in the Earth’s core (Herndon, 2003). Details of the geo-
reactor model are described by the hypothesis author (Hollenbach and
Herndon, 2001; Herndon, 2006).

KamLAND can detect the hypothetical geo-reactor via its anti-neutrino
flux. The expected anti-neutrino rate is assumed to be constant and scales
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Figure 1. Unoscillated expected rate of anti-neutrinos from commercial nuclear reactors vary
on daily basis, while the geo-reactor provides a small, albeit constant contribution to the
overall expected rate.
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with: geo-reactor power, inverse square of the Earth radius (assuming that
geo-reactor is located in the Earth’s center) and survival probability of anti-
neutrinos due to the oscillation effects.

Anti-neutrino survival probability is described with the following formula:

2 1ay2
P(¥e — 7o) ~ 1—sin220]zsinz<mﬂ ]), (1)
where sin” 201, = (0.81670:93)(0,, is the mixing angle between 7, and ¥, from
the combined global solar solution (Ahmed, 2004)). The value of mixing mass
squared difference in the same solution is Am?, = (6.45%32-107%)eV>.
Although Am? is better constrained by a measurement performed by
KamLAND (Araki et al., 2005a), this cannot be employed herein since that
solution was obtained under the assumption of negligible geo-reactor signal
and would therefore bias our analysis toward zero geo-reactor power. Since
the geo-reactor is many oscillation lengths distant, the survival probability
formula can be replaced by P(ve — ve) = 1 —0.5- sin” 20,,, with negligible
error. However this approximation can not be used for man-made reactors
that are several hundred kilometers away from KamLAND.

3. Anti-neutrino Detection with KamLAND

KamLAND is a 1 kton liquid scintillator detector located 1 km undeground,
below the Mt. Ikenoyama, Gifu perfecture, Japan. Details of the KamLAND
detector are given in Eguchi et al. (2003). Electron anti-neutrinos in
KamLAND are detected via the inverse f-decay reaction,

Ve+p—e" +n. )

The inverse beta reaction consists of a prompt and a delayed event. The
prompt event takes place when the created positron annihilates with a nearby
electron emitting two gamma rays in opposite direction. The visible energy of
the prompt event is 0.8 MeV lower than the energy of the incoming anti-
neutrino. The delayed event takes place when the thermalized neutron gets
captured on a proton, emitting a gamma ray with energy of 2.2 MeV. The
delayed event typically happens within ~2 m of the prompt event and about
200 us later (on average). This delayed coincidence detection scheme makes
anti-neutrino interactions distinguishable from the majority of background
sources, which are characterized by single events. Since the energy threshold
of the inverse f decay is 1.8 MeV, only anti-neutrinos above this energy can
be detected.

The search for the geo-reactor has been performed in the energy range
above 3.4 MeV to exclude geological anti-neutrinos coming from decay
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chains of **U and #**Th, whose flux is not well known (Araki et al., 2005b)
and whose maximum energy is 3.4 MeV. The data sample used for this
analysis corresponds to 515.1 days of livetime with a total detection efficiency
of (0.898 £ 0.015). The target volume had a radius of 5.5 m and included
4.61 x 10%? target protons.

Anti-neutrinos coming from man-made nuclear reactors around Japan
and the rest of the world are the background in the search for the geo-reactor
signal. The expected number of background events depends on the choice of
oscillation parameters. The expected number of anti-neutrinos before inclu-
sion of neutrino oscillation effect is (365.2 £ 23.7), but after neutrino oscil-
lations are applied the actual expected number is (2431“25), using values of
oscillation parameters taken from SNO experiment (Ahmed, 2004).

There are background sources in the detector that mimic the anti-
neutrino signal. Accidental background is caused by coincidence of single
events that pass the anti-neutrino event selection criteria by accident. The
accidental background in the chosen data sample is estimated to be
(2.69 £ 0.02) events. Another source of background is caused by cosmic
rays traversing the detector. Although the detector is vetoed after each
muon via a set of cuts (so called muon spallation cuts), long-lived spall-
ation products like °Li/*He still contribute to the background. Their
contribution is estimated to be (4.8 £ 0.9) events. The largest non-anti-
neutrino background comes from o particles from the **?Rn decay chain
that engages the reaction '*C(x, n)'®O contributing (10.3 + 7.1) events.
Thus, the total non anti-neutrino background in the chosen data sample is
estimated to be (17.8 £+ 8.0) events.

The expected geo-reactor signal is estimated under the assumptions of
stable power output and an anti-neutrino energy spectrum resembling that
from man-made nuclear reactors whose anti-neutrino production is described
in Bemporad et al. (2002). The expected geo-reactor rate in KamLAND
above 3.4 MeV and with 100% detection efficiency is 0.0102 events/day -
TW, before inclusion of oscillation effects. A comparison of signals is shown
in Figure 2.

Anti-neutrino candidates are selected from the data sample based on the
following criteria:

time between the prompt and delayed event is 0.5us < AT < 1000us
distance between prompt and delayed event is AR<2 m

energy of the prompt event is 2.6 MeV < E, omp < 8.5 MeV

energy of the delayed event is 1.8 MeV < Ejejayed < 2.6 MeV

both prompt and delayed event must take place within a fiducial volume
with radius R < 5.5 m.
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The total number of observed anti-neutrino candidates that pass the
above selection cuts is 258. The energy spectrum of candidates together with
background is shown in Figure 2.

The unbinned Maximum Likelihood Method (Bevington and Robinson,
2003) was used to set an upper limit on the geo-reactor power. A six
parameter fit was performed, where geo-reactor power, detection efficiency,
BC(a, n)'°O background, °Li/*He background, and neutrino oscillation
parameters were varied. The fit included daily rate information, anti-neutrino
energy spectrum shape information as well as time variations of the incoming
anti-neutrino flux on a daily basis. This information was especially important
for the geo-reactor search, since the incoming anti-neutrino flux varied sig-
nificantly over time (as shown in Figure 1), providing greater leverage for the
analysis.

The best fit for the likelihood function shown in Figure 2 yields unoscil-
lated geo-reactor rate in KamLAND of (0.06 £ 0.06) events/day or (16 + 16)
geo-reactor anti-neutrinos in our data sample. This corresponds to a geo-
reactor power of (5.9 £ 5.9) TW,. The simultaneous best fit solution for the
mixing parameters gives Am? = 8.2-107° eV? and sin’260 = 0.81 which is
consistent both with solar neutrino solution and the KamLAND stand-alone
solution. The 90% C.L. upper limit for the putative geo-reactor power is 18
TW, as shown in Figure 3. As a cross-check, an analysis with a lower energy
threshold of 2.4 MeV has been performed. This increased the number of anti-
neutrino candidates to 362 events or by about 40%, but background sources,
as well as their uncertainties, were significantly larger as well. Nevertheless,
the best fit solution for the geo-reactor power agrees within experimental
error with the higher energy threshold analysis.
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Figure 2. Observed energy spectrum (squares) together with the best fit solution for the geo-
reactor spectrum with background sources. The best fit solution with contribution from the
geo-reactor is also shown.
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Figure 3. Ay? as a function of geo-reactor power. Ry meaning best fit for measured geo-
reactor power based on the experimental data.

4. Discussion of Results and Conclusion

Limits on the power of the hypothetical Earth-centered geo-reactor have
been set for the first time. The mean value is within 1o from zero, making the
best fit result inconclusive with respect to geo-reactor existence. The mean
value of 6 TW is in agreement with the 10 TW maximum heat flow expected
from the Earth’s core. The 90% C.L. of 18 TW is below the lower limit of the
total radioactive heat flow (Anderson, 2003). The situation is summarized in
Figure 4 which shows the range of power attributed to radioactive decay
throughout the Earth (19-31 TW) versus the reactor power ‘“measured”
herein. The diagonal lines represent the total heat flow measurement from the

[ Limits on the Geo-reactor Power |

: Rmﬁogcliic heat at 67% C.L. measured
Total Earth ' with KamLAND
~heat flow ;

Total expected
radiogenic heat

pm-rnclor W]
w
o

50

P o + resigua [TW]

Figure 4. Comparison of geo-reactor result with known geological constraints.
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Earth (31-44 TW). Figure 4 shows that geo-reactor is not ruled out by
geological constraints. As KamLAND acquires more data, the limits on the
geo-reactor power will improve and errors will be reduced. However, mea-
surement of the geo-reactor power that would definitely confirm or reject
geo-reactor hypothesis can only be achieved by a KamLAND-sized detector
located far from commercial nuclear reactors. Hawaii is among the best
locations in the world for this type of measurement. There are efforts to
develop such a detector with the Hanohano project, described in these pro-
ceedings (Dye et al. 2006).
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Abstract. Decays of radionuclides throughout the earth’s interior produce geothermal heat, but also
are a source of antineutrinos; these geoneutrinos are now becoming observable in experiments such as
KamLAND. The (angle-integrated) geoneutrino flux has been shown to provide a unique probe of
geothermal heating due to decays, and an integral constraint on the distribution of radionuclides in the
earth. In this paper, we calculate the angular distribution of geoneutrinos, which opens a window on the
differential radial distribution of terrestrial radionuclides. We develop the general formalism for the
neutrino angular distribution. We also present the inverse transformation which recovers the terrestrial
radioisotope distribution given a measurement of the neutrino angular distribution. Thus, geoneutrinos
not only allow a means to image the earth’s interior, but offer a direct measure of the radioactive earth,
both revealing the earth’s inner structure as probed by radionuclides, and allowing a complete deter-
mination of the radioactive heat generation as a function of radius. Turning to specific models, we
emphasize the very useful approximation in which the earth is modeled as a series of shells of uniform
density. Using this multishell approximation, we present the geoneutrino angular distribution for the
favored earth model which has been used to calculate the geoneutrino flux. In this model the neutrino
generation is dominated by decays of potassium, uranium, and thorium in the earth’s mantle and crust;
this leads to a very “peripheral” angular distribution, in which 2/3 of the neutrinos come from angles
0 2 60° away from the nadir. We note that a measurement of the neutrino intensity in peripheral
directions leads to a strong lower limit to the central intensity. We briefly discuss the challenges facing
experiments to measure the geoneutrino angular distribution. Currently available techniques using in-
verse beta decay of protons require a (for now) unfeasibly large number of events to recover with
confidence the forward scattering signal from the background of subsequent elastic scatterings. Nev-
ertheless, it is our hope that future large experiments, and/or more sensitive techniques, can resolve an
image of the earth’s radioactive interior.

Keywords: Geoneutrinos
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1. Introduction

The decays of radioactive species within the earth generate an important
component of geothermal heat. However, a quantitative accounting of the
radioactive energy generation of the earth requires a detailed knowledge of
the abundance distribution of the key long-lived radioisotopes — uranium,
thorium and potassium — inside the earth. Because our knowledge of these
abundance distributions is incomplete, the radiogenic heat output is conse-
quently model-dependent and thus uncertain. A fundamental diagnostic is
the “Urey ratio”” which measures the ratio P,,q/Pios; Of total radioactive heat
production to the surface heat loss. Current estimates span the range e.g.
(McKenzie and Richter, 1981; Stein, 1995)

Prad/Plost ~0.5-0.6 (1)

which seems to suggest that radiogenic heating is a dominant heat source, but
not the only one. It is even possible that the Urey ratio is closer to 1, as the
primordial heat from earth’s formation should have radiated away a long
time ago (Albarede and van der Hilst, 2002), and so the earth’s heat could be
fully radiogenic. This would imply that more radioactive material is hidden in
the earth than presently suspected. The strength of these qualitative con-
clusions thus hangs on the strength of the quantitative measurements of the
radiogenic heat production and total heat loss.

A beautiful if challenging means of measuring the radiogenic heat pro-
duction of the earth follows from the realization that f-decays not only are a
heat source but also produce neutrinos. Decades ago, the prescient work of
Eder (1966) and later Krauss et al. (1984) pointed out that the radioactive
heat flux and the neutrino flux from the earth are tightly linked. A mea-
surement of the neutrino flux would constrain the radiogenic heat produc-
tion, and thus offer a new and direct measure of the Urey ratio. Clearly, a
precise measurement of the Urey ratio would provide important insight into
the interior structure and dynamics of the earth.

This vision of neutrino geophysics has enjoyed a major advance recently,
with the first detection of geoneutrinos by the KamLAND Collaboration
(Eguchi et al., 2003; Araki et al., 2005a). In fact, the detection of these
geoneutrinos was only a side product of the KamLAND detector, as it is
primarily designed to detect the flavor change of reactor antineutrinos pro-
duced by the Japanese nuclear power plants. The KamLAND Collaboration
reported an excess of v, events above background. They estimate at 90%CL
that between 4.5 and 52.4 geoneutrino events were detected (Araki et al.,
2005a), which gives a geoneutrino flux at KamLAND of about F, ~ 5 x 10°
neutrinos cm™> s~ '. The corresponding limits on terrestrial radiogenic heat
production are weak (<60 TW at 99%CL) but consistent with geophysical
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estimates. Obviously these are early days, but we are encouraged that, even in
the presence of a dominant anthropogenic background, KamLAND has
demonstrated that geoneutrinos exist at observable levels.

Several groups have taken interest in these neutrinos and have in
conjunction with geophysicists and geologists worked on models for the
distribution of radioactive elements in the earth and predicted the
(angle-integrated) geoneutrino flux at different detector sites (Rothschild
et al., 1998; Fiorentini et al. 2003a, b; Nunokawa et al. 2003; Mantovani
et al., 2004). The flux calculations have already become rather sophisticated,
and are based on detailed geophysical models, in some cases even including
the effects of the anisotropic radioisotope densities in the crust. These models
confirm in detail that indeed the geoneutrino flux is proportional to radio-
genic heat flux, but with the important caveat that the exact scaling between
the two depends on the detailed abundance and density distributions within
the earth.' In this sense, the geoneutrino flux measurement at any given site
i1s an integral measure of the radioisotope distribution. Combining mea-
surements from multiple sites can constrain the distribution of geoneutrino
sources.

In this paper we consider the angular distribution of the geoneutrino flux.
We show that, in the idealized futuristic case in which the angular distribu-
tion is well measured, it can be inverted to recover the full density distribu-
tion of radionuclides — a tomography of the structure and radiogenic heat
generation of the earth. In addition, we come to the conclusion that with a
future low-energy antineutrino detector with even crude angular resolution, it
will be possible to distinguish between the different earth models and solve
the problem as to how much radioactive material is contained in the earth
and where it is located. Thus, the angular distribution provides a differential
measurement of the radioisotope distribution, and can reveal a wealth of new
information about the structure and content of the earth.

We first present the formal calculations in Section 2. After outlining the
general formalism, we consider the useful approximation of a uniform den-
sity shell, from which a multiple-shell model of the earth can be constructed.
Our formalism can allow for a more realistic, aspherical distribution of
radioisotopes; however, this extra detail would complicate our results and
obscure some of the simple trends we wish to point out. We can look forward
to the day when it becomes possible to measure the angular distribution with

"It is true that, at least in a spherically symmetric earth, the surface heat flux is directly
related, via Gauss’ law, to the total mass of radionuclides (c.f. Equation 24). However, a
simple Gauss’ law argument fails in the case of neutrinos, because at each point they are
emitted isotropically, not just radially, and as we will see, the “sideways” neutrinos make a
large contribution to the total surface geoneutrino flux.
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significant precision, at such time more realistic model-building (such as al-
ready has been accomplished for the geoneutrino flux) would be justified.

We then review in Section 3 models for the radioisotopic content of the
earth. Using these models we construct physically motivated spherically
symmetric illustrations of plausible geoneutrino angular distributions (Sec-
tion 4). We present several plots for different geological abundance predic-
tions, finding in general that the high radioisotope content of the crust leads
to a large “peripheral” geoneutrino signal. We investigate the possibility of
“K in the core, as recently suggested by several groups (Gessmann and
Wood, 2002; Lee and Jeanloz, 2003; Rama Murthy et al., 2003); if core 40K s
at the high end of these predictions, then the resulting neutrino signal could
be quite large and should lead to a readily observable central intensity peak,
though the very low beta-decay endpoint of “°K presents even more severe
experimental challenges for the potassium neutrinos than for those from
uranium and thorium. Indeed, as we discuss in Section 5, antineutrinos are
presently detected via the reaction v, + p — e* + n, which allows for some
angular resolution due to the forward scattering of the neutron. The
threshold of this reaction is 1.8 MeV, implying that all *°K neutrinos and
most of the uranium and thorium flux is lost for detection. Thus, low-reso-
lution imaging of the thorium and uranium earth is beyond the reach even of
next-generation neutrino experiments, although we note that these should be
the first to confirm the anisotropy of the geoneutrino signal (Hochmuth
et al., 2005). It remains for even more advanced experiments to achieve an
angular sensitivity fit for the challenges of geoneutino detection. With this in
mind, we present conclusions in Section 6, and discuss the exciting possi-
bilities that will arise when we are finally able to use neutrinos to image the
interior of the earth.

Before we begin the formal development, a word of clarification seems in
order. Note that for brevity, we will refer to the emitted particles as neutri-
nos, although they are of course antineutrinos. In fact, there is some regular
v, production due to “°K electron captures. However, the branching here is
10.72% of all *°K decays, and thus the majority of the *°K nuclei f-decay and
yield v, with a continuous energy spectrum. We look forward to the day when
the monoenergetic “°K electron capture v, flux (and angular distribution!)
can be measured and compared against the v, signal. However, in this paper
we will consider only the dominant, f-decay v, signals from K, Th, and U.

2. Formalism
The fundamental quantity we wish to calculate is the differential intensity 7,

or surface brightness, of geoneutrinos at the surface of the earth. This is just
the distribution of neutrino flux F versus solid angle: (0, ¢) = dF/dQ. Both
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angular coordinates are local and observer-centered: 0 € [0, ©/2] is the nadir
angle, i.e., the angle measured from the downward vertical (so that the center
of the earth is at 0 = 0, and the horizontal is at 0 = n/2; see Figure 1). The
angle ¢ is an azimuth. These angles thus cover the ‘“‘sky” underfoot (or
rather, the terrestrial hemisphere) which we wish to image. In this paper we
will consider only the case of a spherically symmetric earth (including the
outermost layers). This guarantees that the intensity / = () is azimuthally
symmetric and so only depends on the nadir angle. In this case, we have 1(0)
= 2n)"" dF/dcos 0.

The neutrino intensity in any direction depends on the distribution of
sources along that line of sight. The governing equation is that of radiation
transfer for neutrinos, which is formally identical to the usual expression for
photons (Chandrasekhar, 1950), although of course the microphysics is quite
different (the earth is optically thin to neutrinos, but neutrinos do undergo
oscillations). Then over a line of sight 5, ignoring scattering and absorption,
the intensity changes according to

di/ds = q(5) /4n @)

where ¢ is the source function at point §, which measures the local neutrino
production rate per unit volume.
For each radioisotope species i, this takes the form
_ i pi

q9i=—=—"- 3

T Ty

Figure 1. The basic geometry of the problem. An observer at point O measures an intensity,
which sums the emission along a line of sight 5. The nadir Ry points to the center C of the
earth, which makes an angle 6 with the line of sight. A given point along § is at geocentric
distance 7
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Here n; and p; are the local number and mass densities, respectively, of species
i in the earth. The 1; is the mean lifetime and m; is the mass of an i nucleus.
The total source is just a superposition of all species: ¢ = >, ¢;. The effects
of neutrino oscillations are not yet included; we will address this below
(Section 2.2).

Integrating Equation (2) over a line of sight at nadir angle 0, we find the
intensity

2Rz cos 0
1(0) :/0 q(5)ds 4

where § is centered on the observer, as seen in Figure 1.

Since models of the earth’s structure and composition are expressed in
terms of the radius 7, it is very useful to rewrite Equation (4) in these geo-
centric coordinates. From Figure I we see that §=7+ Rs, so that
7=5— R and thus

s(r,0) = Re cos 0 £ \/r2 — (1 —cos? )R, Q)

where +(—) corresponds to the far side (near side) of the midpoint
s = Rg cos 0 of the line of sight. Therefore, for a fixed nadir angle 0, we can
transform the integral to the geocentric coordinate system:

Ry .
qi(r)r
I;(0) = 2/ dr 6

( ) Ry sinf \/1’2 — (1 — cos? Q)RZB ( )

where ¢,(r) can in a non-spherically symmetric case also be a function of
(geocentric) latitude and longitude. In this case, the factor of two is replaced
by the sum of integrals for the near-side and the far-side of the midpoint s =
R cos 0. In our special case of spherical symmetry, the contribution from the
near half of the sphere is the same as the contribution from the far side.
Equation (6) explicitly demonstrates that the intensity /(0) is an integral
transformation of the source distribution ¢(r). In fact, this mapping is a form
of the Abel transform (Bracewell, 1986), which is used in deprojection
problems in both astrophysics (Binney and Tremaine, 1987) and geophysics
(Dahlen, 2004). Thus it is clear that a determination of the intensity distri-
bution offers a measure of the source distribution. Namely, one can invert the
transformation (deproject the image) to fully recover the complete source
distribution ¢(r); this inversion procedure is explicitly presented in Appendix
A. In other words, a measurement of the angular distribution of geoneutrinos
not only yields an image of the earth’s radioactive interior, but this image can
also be inverted to give a tomography of the terrestrial radioisotope distribution.
Clearly, the geoneutrino angular distribution offers a unique and powerful
probe of the interior of the earth. This power will be further illustrated below,
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where we will see that even a partial (low-resolution) determination of 1(0)
offers important geophysical information.

In evaluating Equation (6), it will be convenient to introduce dimen-
sionless scaled variables: a radial fraction x =r/Rg € [0, 1], a local mass
fraction @; = p,/p, and a local density measure p = p/p (with p = 3M /4nR},
the mean earth density). It will also be useful to denote the nadir angle cosine
as i = cos 0. We then rewrite Equation (6) as a product of two terms

1;(0) = Liogi(w)- (7
Here the dimensionful overall magnitude is set by
5 NiaipRe

Lip =
47'CA,"L','I’I’Z,,,’

: ®)
where N; is neutrino multiplicity, i.e., the number of geoneutrinos released
per decay chain and m, the atomic mass unit. Values of /;, appear in Table I;
the radioisotope abundances are taken from Table II. The dimensionless
angular distribution (akin to the “phase function” of radiation transfer
(Chandrasekhar, 1950)) is the heart of this paper, and is contained in the
function

. )
gi(w) = / mdx \/% ©)

which requires knowledge of the density distribution of each radioisotope,
usually presented in terms of mass fractions ¢; and a total density profile p via
pi = pi/ pi = (ai/ ai)p-

The flux of geoneutrinos integrated over different annuli is also of interest.
We quantify this in terms of the flux exterior to the nadir angle 6, via

Fi(>0)=F(<p) = dQIi(k, ¢) (10)
Qshell
TABLE 1
Properties of the principle geoneutrino source nuclei
Radioisotope Mean v, multiplicity Isotopic Mean terrestrial Intensity
species life 7 (Gyr) N; abundance (%) abundance a; normalization

1;» [neutrinos

em ™2 s sr!]

40K 1.84 1 0.0117 1.8 x 1078 2.4 % 10°
28y 6.45 6 99.2745 5.3%x 1078 0.48 x 10°
22T 20.3 4 100 1.35x 1078 0.56 x 10°
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Fi(>0) = F(<p) =2nl /0# dug(w) (11)

Fi(>0) = Fi(<p) =2nligH(p) (12)

where second and third expressions assume spherical symmetry, and where the
dimensionless quantity H encodes the angular dependence. A consequence
of this definition is that the total neutrino flux 1is given by
Fi(0>0) = Fi(u<1) =2nl;oH(1). This can be compared with existing calcu-
lations (Krauss et al., 1984; Fiorentini et al., 2003b; Mantovani et al., 2004).

2.1. THE UNIFORM SHELL APPROXIMATION

We want to consider a single shell with a density p;, in species i which is
constant between riy, = xinRe and roy = Xou Ry, and zero otherwise:

- Z)iO Xin <X < Xout,
(x) = ? 13
pilx) { 0, otherwise 13

This form allows us to simplify the integral and solve it analytically. In
particular, owing to the constant density, the intensity at each line of sight is
just proportional to the shell path length As(0) along that sightline.

There are three cases to be distinguished, as one can see in Figure 2:

ﬁi,O(\/:“z — Mou — /P — u?n), > iy

= - S 14
g(,u) pi,O :u2 — Hout Hout S n S Hin ( )
0, u < Hout
TABLE II
Mantle and crust elemental abundance distribution (Mantovani et al., 2004)

Region Radii (km) a (U) a (Th) a (K)
Lower mantle 3480-5600 13.2 x 107° 52 %1077 1.6 x107*
Upper mantle 5600—6291 6.5x 107° 17.3 x 107 0.78 x 107*
Oceanic crust 6291-6368 0.1 %107 0.22 x 107° 0.125 x 1072
Lower crust 6291-6346.6 0.62x 107° 3.7%107° 0.72 x 1072
Middle crust 6346.6-6356 1.6 x 107° 6.1 x 107° 1.67 x 1072
Upper crust 6356-6368 2.5%107° 9.8 x 107 2.57 %1072
Sediments 6368-6371 1.68 x 107° 6.9 x 107° 1.7 x 1072

Oceans 6368-6371 32 %1077 0 4.0 % 107
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N

B < pout

Tout

Hin

tout < p < Hin

K> in

Figure 2. Geometry for the uniform shell model. The inner and outer shell radii are r;, and
r'out Tespectively. The lines of sight tangent to the inner and outer edges of the shell are shown,
and are at nadir angle cosines y;, and gy, respectively. These lines of sight divide the ter-
restrial hemisphere into three distinct regions, which are labeled.

where

Hin = 4/ 1 - xizna Hout = 1/ 1 - xgut' (15)

These are integrable, and give

Pio [12uh (1) How) — 15 (1) 1)), 1> i

H(/'L) = ﬁi,O:u(Z)uth(.u/,uout)a Hout S u S Hin (16)
0 H < Hout
where
1 1
h(u):iu\/uz—l—§1n<u—|—\/u2—l). (17)

Note that Equation (16) calls /(u) only in the domain u > 1, and that 4(1) = 0.
The total flux for a uniform shell was first calculated in Krauss et al. (1984),
and one can easily show that F(u < 1) reproduces their result.

There are four cases we want to illustrate; these are plotted in Figure 3. In
the “uniform earth” model, the density is the same throughout the whole
planet (x;,=0, xou=1). This gives an angular distribution which grows
linearly with u, g(u) = p;ou, and hence I(0) o< cos(6). The integrated flux
which increases quadratically as H(u) = ﬁi70u2/2, i.e., H(0) oc cos?0. This
therefore gives a very centrally bright distribution. In the “uniform core”
model, the density is non-zero only in a central region which extends from
Xin = 0 to xou. As seen in Figure 3, this gives an inner intensity distribution
which is similar to the uniform earth model, as one would expect, but which
goes to zero, as it should, at the outer tangent figy,.
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Figure 3. The angular distribution of intensity for different cases of a 1-zone, uniform density
model, shown as a function of nadir angle 0. The units in the vertical scale are arbitrary, and
the normalizations of the different curves are chosen for clarity.

As we will see below, it turns out that a more physically motivated case is
the “‘uniform crust” model, where only the layers of the earth (from x;, to
Xout = 1) contribute. This yields an intensity distribution

g(p) = {éi,o [,u— \/,u2 _:uizn }> M= Uin (18)

pi,O:ua u < Hin

H(w) — pg) ['ucz)uth(:u/:uout) - :“iznh(:“/:“in)L M= Uin 19
R I in

which is also linear in u, and thus scales as I o cos(0), for large angles. The
intensity peaks at inner tangent point ,, where the line of sight is longest. A
measurement of this peak would thus give the position of the inner edge.
Interior to w;,, the intensity drops to a minimum at the nadir, where the
column density is the smallest. But the central intensity is nonzero, and is
simply related to the peak intensity via

Ipeak — I(Hln) — AS(ILLin) — /1 + Xin (20)
Icenter I(l) Arshell 1 - Xin
This useful relation allows one to use the peripheral flux, due to emission
from earth’s outer layers, to put a lower limit on the contribution of these
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layers to the central flux. Any observed central flux in excess of this limit
must be due to emission from the inner earth.

The last model illustrated in Figure 3 is a single shell with arbitrary inner
and outer radii. The intensity distribution is an amalgam of the features seen
in the special cases of the crust and core models. As with the crust model, the
intensity peaks at the inner tangent point, where the line of sight is longest.
As with the core model, the intensity goes to zero at the outer tangent. Thus,
a measurement of the peak would give the position of the shell’s inner edge,
while a measurement of the cutoff would give the outer edge.

2.2. TOWARDS A REALISTIC MULTISHELL MODEL

Based on the idealized calculations in the last section we want to build now a
model that is applicable for the earth’s Interior. The earth of course does not
have a constant density. However, we can approximate the density structure
as a series of uniform density shells. Indeed, earth models are in practice
typically expressed in this manner. Formally, the generalization is trivial,
thanks to the lack of neutrino absorption and scattering, which guarantees
that superposition holds:

L0y =">" 17(0) (21)
shells j
F(>0) =Y F(>0) (22)
shells j

where Iﬁf)(@) and F,(-’)(H) are the intensity and flux, respectively, from shell ;.

Moreover, we must consider the effect of neutrino oscillations (Fiorentini
et al., 2003a; Nunokawa et al., 2003). As the mass eigenstates of the neu-
trinos differ from the flavor eigenstates, some of the initial v, signal will be
converted into other flavors during propagation, and thus reduce the v, signal
in the detector. In general, the oscillations will have a “vacuum” contribu-
tion, but will be modified due to the earth matter effects, which are density-
and energy-dependent. If matter effects are important, then it complicates the
determination of the angular distribution, introducing a density- and path-
dependent oscillation factor into Equation (6) and its descendants. This
factor would complicate the inversion of the angular distribution 1(0) to
recover the radioisotope source distribution ¢(r).

However, we do not expect matter effects to play any greater role, due to
the low energy of the geoneutrinos and the low density of the earth. This can
be justified if the vacuum oscillation length L, is much smaller than the
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oscillation length in matter L. If we take the values of Barger et al. (1994)
for the matter in the earth and a value for Am* ~ 107 eV?, we obtain L, ~
10 km and L, ~ 1000 km. Therefore |L,| < |L,|, and we see that, roughly
speaking, the vacuum oscillation length is short compared to both the matter
oscillation length and to the changes in density; thus the vacuum oscillations
will wash out any matter effect and average out the pathlength dependence.
We thus follow Mantovani et al. (2004) and introduce only a density-inde-
pendent survival probability of (1 — %sin2 2912) = 0.59 in our equations.
Here 9, is the dominant electron-neutrino v, — v, mixing angle; solar neu-
trino experiments and KamLAND are best fit (Araki et al., 2005b) by
tan? ¥y = 0.40%019 (and hence sin®20;, =0.82) and Am? = (7.970%)x
10-5 eV2. Therefore the intensity scaling of Equation (8) changes to:

1.
Ly = (1 — Esm2 21912) 1. =

Table I sums up the important properties of the radioactive elements in
question.
In the next section we want to use this and discuss different earth models.

3. Earth Models

The geoneutrino intensity depends on the radioisotope density structure p(r),
which is usually presented as abundances a; and a total density p, where p;, =
a; p. The earth’s interior structure and total density are primarily probed via
the propagation of seismic waves. These results have been synthesized by
Dziewonski and Anderson in their Preliminary Reference Earth Model
(Dziewonski and Anderson, 1981). Following Mantovani et al. (2004) we will
adopt this model. In addition, for our spherically symmetric study we took
the outermost 3 km of the earth to be sediments.

The distribution of radioisotope abundances «; are obtained with different
geological measurements which, for most of the earth’s interior, are neces-
sarily indirect. Consequently, the abundance distribution remains model-
dependent. Indeed, the measurement of the angular distribution of geoneu-
trinos (as well as the geoneutrino energy spectrum) would provide a powerful
new method to measure the radioisotope distribution. For the purposes of
illustration here, we will adopt the values of a; given in the reference model
of Mantovani et al. (2004), which is very detailed and draws on a wealth of
geophysical data. Note that in the following we will refer to the model of
Mantovani et al. as (geophysical) reference model. This model takes into
account the bulk silicate earth model, which describes the composition of the
crust-mantle system (McDonough and Sun, 1995). Table II shows the
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adopted abundance distribution. Note that these are elemental abundances;
we assume that the isotopic fractions of Table I hold throughout the earth.
This correction is particularly important for “°K.

The composition of the earth’s core deserves special attention. The earth’s
core consists largely of iron. But its density is lower than one would expect if
the core were pure iron. Therefore it is assumed that light elements in the
form of alloys are present (McDonough, 2002). So far it was generally be-
lieved, that the core does not hold any significant amount of radioactive
elements, as there was no evidence that the radioactive isotopes in question
could alloy with iron. Hence, in the reference model radioactive elements are
only placed in the mantle and in the crust, but are absent from the core.

On the other hand, it is puzzling why carbonaceous chondrites have a
K/U ratio that is eight times higher than in the crust-mantle system
(Wasserburg et al. 1964). In this connection, it is noteworthy that recent
experiments demonstrate that potassium does form alloys with iron under
high temperature and pressure conditions which likely were present at earth’s
formation. The maximum possible amounts of potassium in earth’s core
suggested by experiments and cosmochemical considerations range from
60-130 ppm (Rama Murthy et al., 2003), to 1200 ppm (Gessmann and
Wood, 2002), to as high as 7000 ppm (Lee and Jeanloz, 2003). In light of
these experiments, we will consider the possibility of an additional radiogenic
contribution from the core, and quantify the impact of core *°K on the
reference model.

The amount of radioactive material in the core contributes also to the
radiogenic heat of the earth. Presently it is assumed that the earth’s surface
loses about 44 TW or 87 mW/m? (Pollack et al., 1993). However, this is not a
fixed value and the true heat loss is a matter of intense discussion (Hofmeister
and Criss, 2005). Note that the measured heat flow at the surface of the earth
is reasonably similar for various locations. The amount of surface radiation
depends on convection and conduction properties of the earth’s interior. The
present day heat production H in units of TW of uranium, thorium and
potassium with a total mass in kg of My, M., My, respectively is

MU MTh —4 MK
H = iM; ~ 10 ——— 27 —— 3.4 x 10 ™
Ze <10” kg> " (10” kg> L <10” kg)

(24)

where €; = Q,/m; 14, is the specific non-neutrino energy loss per nucleus, and
where My is the fotal potassium mass, for which the *°K isotopic fraction
appears in Table I. To obtain the heat production of potassium we used, that
in 89.28% of all cases a “°K nucleus f-decays with an average energy of
0.598 MeV (Van Schmus, 1995). The other decay mode of potassium is
electron capture with an energy of 1.505 MeV.
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With knowledge of the radioisotopic content of the earth from geoneu-
trinos, Equation (24) can be compared with the global heat flux, and used to
determine the Urey ratio Equation (1). While the radioisotope abundances
remain uncertain, one can rather turn the problem around, and use the global
heat flux with Equation (24) to set an upper limit to the radioisotopic content
and thus to the geoneutrino flux. Such an analysis has been carried out by
Mantovani et al., who find that this “maximal radiogenic”” model leads to
fluxes about twice the level of their reference model.

In the next section we will discuss the plots we created for the different
earth models.

4. Results

We now combine our general formalism with various earth models to arrive
at predictions for the geoneutrino angular distribution. We first consider the
reference model, then its variants and its uncertainties, and finally we com-
ment on the effect of anisotropies in the radioisotope distributions.

Since our theoretical discussion is already rather forward-looking com-
pared to present experimental capabilities (see Section 5), we illustrate the
angular distributions from all three principal geoneutrino radioisotopes.
However, the reader should bear in mind that given the low endpoint energy
of K, its neutrinos are below threshold for inverse beta decay, and thus
cannot be seen by this technique. Hence, the *°K neutrinos are even more
difficult to observe; for this reason, we will also show results when only the
28U and ***Th neutrinos are measured.

4.1. THE REFERENCE MODEL

The reference model serves as our standard and fiducial case. The geoneu-
trino intensity distribution based on the abundance values of this model
appears in Figure 4. We see that the total intensity is peaked near the hori-
zon, at large nadir angles. The strikingly “peripheral” character of this
neutrino distribution is a direct consequence of the location of the radio-
isotopes in the mantle and crust.

The experimental ability to detect this pattern is perhaps best quantified in
Figure 5, which displays the cumulative angle-integrated flux F for the ref-
erence model (c.f. Equation 10). The change in the normalized flux F/Fi.
over any angle interval gives the contribution of that interval to the total flux.
Figure 5 thus shows that fully 2/3 of the total flux arrives in the outermost
nadir angles 0 = 60°; this result holds whether or not 40K neutrinos are
observed.
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Figure 4. The figure shows the reference model. The dashed-dotted line represents the total
expected intensity. No contribution coming from the core has been added yet. The other
curves show the intensities from thorium, uranium and potassium separately. It can be seen
that the major contribution is coming from potassium.
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Figure 5. Cumulative flux expected for the reference model with the uranium and thorium
fluxes only. The flux is normalized to the total, and thus is dimensionless, spanning the range
0toI.

This model can thus be easily tested with an experiment having even very
modest angular resolution. For example, an experiment with 30° resolution
could test whether the counts in the outer 6§ > 60° are a factor ~2 higher than
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the counts in the inner 6 < 60°. The confirmation of this model would
vindicate the idea that U, Th, and K are congregate only in the mantle and
crust.

Figure 4 also shows the expected angular distribution separately for
uranium, thorium, potassium and the cumulative intensity for the reference
model. The uranium to thorium ratio stays approximately the same, whereas
the amount of potassium increases steeply in the crust. The intensity shows a
double peak, which is due to the fact, that the abundance of radioactive
elements is lower in the middle crust than in the upper and lower crust.

We note that the reference model gives a geoneutrino distribution quali-
tatively similar to the uniform crust model presented in Section 2. This of
course traces to the positioning of the radioisotopes in the outer earth.

4.2. MODELS WITH CORE POTASSIUM

We now turn to the possibility that the earth’s core might contain significant
amounts of *°K. Based on the experimental evidence that potassium can form
alloys with iron (Lee and Jeanloz, 2003; Rama Murthy et al., 2003) we use
the fiducial values obtained by different authors and add them to the refer-
ence model. We are aware that if the abundance ratios and mass ratios of the
reference models are correct and only the total mass estimates of U, Th and
K are incorrect, then the intensity of the neutrinos coming from the
crust—mantle system should go down, but the overall shape of Figure 4
should stay the same. This decrease in the peripheral intensity will make the
core contribution even more dominant. On the other hand, it is possible that
the assumptions of the reference model are correct (incorporating the bulk
silicate earth model with a heat production of ~20 TW), but the Urey ratio is
closer to 1 with a large amount of potassium in the core. In this case it is
legitimate to add a potassium contribution in the core, as suggested by Lee
and Jeanloz (2003), Rama Murthy et al. (2003) and Gessmann and Wood
(2002), to the reference model. Figure 6 shows the angular distribution for
different amounts of potassium in the core as could be found in the literature,
while Figure 7 shows the cumulative flux for the same models.

From Figures 6 and 7 it is clear that the introduction of *°K in the core
can significantly alter the geoneutrino angular distribution. The effect is to
enhance the central intensity (6 < 30°), possibly also raising the overall de-
tected flux. The departure from the reference model depends of course on the
core potassium abundance. The value given in Lee and Jeanloz (2003) of
7000 ppm potassium in the core is only an upper limit, but in this case the
core would clearly dominate the distribution. For 1200 ppm of potassium in
the core (Gessmann and Wood, 2002) the maximum intensities coming from
crust and core are approximately the same. But even the much lower value
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Figure 6. The curves show the possible abundances for potassium in the core as found in
Rama Murthy et al. (2003), Lee and Jeanloz (2003) and Gessmann and Wood (2002). The
dashed-dotted line is the intensity of the reference model.
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Figure 7. The models are equivalent to Figure 6, showing the cumulative fluxes of models
with potassium contribution in the core (normalization as in Figure 5). The dashed line
corresponds to the flux of the reference model.
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obtained by Rama Murthy et al. (2003) of 60-130 ppm might still be
detectable with a future neutrino detector.

A future low energy neutrino detector with angular resolution will be able
to distinguish between the opposing models. Again, with only a modest
resolution, it will already be possible to make important statements. An
experiment with 30° resolution could divide the emission into central, medial,
and peripheral bins, and the relative counts would test both the concentration
of radioisotopes in the mantle and crust, as well as the possible presence of
40K in the core.

4.3. UNCERTAINTIES

We want to investigate the impact of uncertainties of the reference model on
the geoneutrino distribution. The uncertainties for crust and mantle are
independent of each other. The crust itself can vary by about a factor of two
in radioisotope abundances and thus in geoneutrino intensity (Mantovani
et al., 2004). The net effect of these variations thus depends on how the crust
and mantle uncertainties combine.

Figure 8 shows some of the possible uncertainties. In the plot showing the
minimum amount of radioactive elements in the crust-mantle system it can
be perceived, that the reference model is on the low side of the possible
abundances in comparison to the maximum abundances, where the intensity
grows by a factor of two. The absence of a double peak in the intensity is due
to the fact, that in Mantovani et al. (2004) only an uncertainty for the whole
crust is given, which does not take into account the distinction between
lower, middle and upper crust. The overall shape of the maximum and
minimum abundance plots stays overall very similar to the reference model,
although there is a deviation from the general form at angles 6 = 30°. Thus
we see that in all cases there appears a large peripheral flux, which remains a
robust and highly testable prediction of this model.

For a more detailed analysis it will be necessary to construct a model of
the outermost layer of the earth, as we assumed for a change in altitude an
increase in the number of neutrinos coming from the sediments. But in any
case the crudeness of our estimate only infects the results for the outer
periphery, and the central angles remain reliable, as we now see.

4.4. CRUST ANISOTROPIES AND OBSERVING STRATEGIES
We have assumed spherical symmetry throughout, and thus our calculations

cannot directly address the effect of anisotropies in the radioisotope distri-
butions. Yet these anisotropies, which reside in the crust, can have a very
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Figure 8. The upper plot shows the intensity with a maximal amount of radioactive elements
in crust and mantle. In the lower panel the intensity for a minimal abundance in crust and
mantle is plotted. As the uncertainties in the abundances of mantle and crust are independent
of each other (Mantovani et al., 2004), the plot in the middle shows a hybrid scenario with a
maximal abundance in the mantle, whereas the crust abundance is minimized. The dashed-
dotted line in all three plots is the reference model intensity is added as dashed-dotted line in
all three plots for comparison. It can be seen that the reference model abundances are at the
lower limit of the possible range of values. That the crust is only represented by a single peak is
an artifact which arises because the uncertainties given in Mantovani et al. (2004) do not
distinguish between the different layers of the crust; this changes the intensity in the outer crust
significantly.

significant impact (Mantovani et al., 2004), since the crust is the largest
radioisotope reservoir. For example, Mantovani et al. (2004) predict fluxes
which differ by more than a factor of 2 between locations above minimum
and maximum crust depths. This would lead to changes in the overall geo-
neutrino intensity, and possibly to observable azimuthal asymmetry.

We note that emission from the crust will affect the intensity only at the
largest nadir angles. Thus we expect our spherical calculation to be reliable at
small to median angles. Furthermore, one can get a rough understanding of
the effect of different crust depths by adopting spherical models in which the
crust layers have the properties appropriate for the experimental location.

As an extreme example, consider a hypothetical model where we assume
that the neutrino detector is on a ship. That means that the crust has the
abundances of the oceanic crust and the top layer is 3 km of ocean water. Of
course in this case there is no sufficient shielding from cosmic rays and
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Figure 9. Same as for 8 but only for the uranium and thorium intensities.

atmospheric radiation, which will make the detection of low energy neutrinos
hard if not impossible. But nevertheless the effects are interesting, as the
contribution coming from large angles is reduced by a factor of three, which
should make it easier to detect the effects coming from the core and mantle.
We have presently no model for an anisotropic earth, but we expect, that for
the real earth in the described case the intensity for lower angles (0 < 60°) will
be very similar to the reference model (in case of its correctness), only the
contribution from the angles = 30° will be noticeably reduced.

5. Experimental Challenges and Prospects

We briefly want to address the practical aspects of measuring the geoneutrino
angular distribution. For a more thorough discussion and Monte Carlo study
see Hochmuth et al. (2005); here we summarize the basic results, which are
sobering, at least for the present.

Antineutrinos are usually detected via inverse f-decay of protons,
Ve + p — et + n, and the subsequent observation of the rapid e annihilation
signal as well as the delayed n capture onto an ambient nucleus. Part of the
momentum of the neutrino is transferred to the neutron, which thus contains
directional information (Vogel and Beacom, 1999). This directionality is,
however, gradually lost as the neutron elastically scatters before it is
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captured. As noted by Vogel and Beacom (1999), the number of elastic
scatterings is large enough that individual neutron directionality is lost; the
original forward direction can only be recovered statistically. For the case of
a collimated neutrino beam, the resulting neutron distribution is thus a
sphere of radius ~10 cm, whose center is offset from the e" in the forward
direction by only ~2 cm. This mismatch in scales requires a very large
number of events to resolve; this is the crux of the (main) difficulty in mea-
suring geoneutrino directionality. Given the “Poisson” blurring of elastic
scatting, directional sensitivity is best for liquid scintillators which use
materials (such as gadolinium) that have a large neutron capture cross sec-
tion. At present, no such measurement appears possible: KamLAND is a
liquid scintillator experiment, but the neutron capture on protons is slow
compared to gadolinium. However, the reactor neutrino experiment CHOOZ
did use a gadolinium-loaded scintillator, and was able to reconstruct the
source direction to within about ~20° (Apollonio et al., 2000), which as we
have emphasized would already be geophysically interesting. While CHOOZ
is no longer operating, and was too small to detect the geoneutrino intensity,
it nevertheless demonstrated that antineutrinos with an energy spectrum
similar to that of geoneutrinos can be already detected with modest angular
sensitivity.

Of course, even the crude sensitivity of CHOOZ was only achieved by
observing about 2500 events which originated from a well-localized point
source. Our situation is more demanding, as we wish to determine a pattern
with azimuthal symmetry. One thus would expect that the simplest approach
would test for anisotropy, e.g., how does the net upgoing neutron count rate
compare to the downgoing count rate, that is, does the geoneutrino signal
have a nonzero dipole?

In Hochmuth et al. (2005), it is shown that a large-volume, 50 kt scin-
tillator experiment can indeed detect deviations from an isotropic geoneu-
trino flux. Indeed, the simple presence of a dipole can be determined with a
few thousand events. However, the precision of the detection is very low.
Thus, to confidently distinguish between interestingly different geophysical
models — i.e., different dipole predictions for, say, a central vs. peripheral
distribution — requires a number of events N = 10°. Hochmuth et al. (2005)
thus conclude that upcoming experiments can hope to detect anisotropy but
with little discriminating power. Of course, a precision measurement of the
geoneutrino flux, and its spectrum, will of course still offer important
geophysical information.

Other experimental difficulties are also present. While the geoneutrino flux
is significantly higher than the supernova background, geoneutrino detection
will be all the more challenging given that typical geoneutrino energies are
relatively low, ~0.5-1.5 MeV (Krauss et al., 1984; Mantovani et al., 2004).
Indeed, the low threshold of *°K places its neutrino signal below the 1.8 MeV
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threshold for inverse beta decay, so that these geoneutrinos will be elusive for
the foreseeable future — barring innovative advances in experimental tech-
niques. And of course, a good geoneutrino experiment clearly will need to be
as far as possible from reactors. This is particularly important if the radio-
isotope distribution really is concentrated in the outer earth, as this will lead
to a peripheral flux which can be confused with (but possibly calibrated by)
the contribution from nearby detectors. A more promising aspect of geo-
neutrino physics is the detection of the speculative georeactor (Herndon,
2003). We just want to point out that such a reactor would have a similar
spectrum to conventional power plants, which sets a detection within reach of
a large future detector as noted in e.g. Hochmuth et al. (2005).

6. Discussion

Geoneutrinos offer invaluable and unique information about the energetics
and structure of the earth (Krauss et al., 1984; Fiorentini et al. 2003b). The
longstanding dream of measuring this neutrino population has now begun to
be realized with the first detection of a geophysical signal by the KamLAND
experiment (Araki et al., 2005a; Eguchi et al., 2003). This achievement is
already a triumph, as the geophysical component is (by design!) dominated
by the signal from reactor neutrinos. Nevertheless, we believe it is now
worthwhile to look forward to the even more challenging results of deter-
mining the angular distribution of geoneutrinos, which offers a wealth of new
information.

In this paper we thus have calculated the angular distribution of geo-
neutrinos which arise in f-decays of potassium, thorium, and uranium. We
have developed the general formalism for the neutrino intensity in a spher-
ically symmetric earth. We find that the geoneutrino angular distribution,
once known, can be inverted to fully recover the terrestrial radioisotope
distribution. Thus the geoneutrino ‘“‘sky” can provide a tomography of the
earth’s structure, and yields the full radial dependence of the radiogenic heat
production.

Turning to model-building, we explore the idealized case of an arbitrary
shell of uniform density. This can be generalized to give an earth model which
is a series of concentric uniform shells. We then adopt the radioisotope
profile of the reference model and calculate the resulting angular distribution
(Figure 4). Because the reference model places all radioisotopes in the mantle
and crust, the resulting geoneutrino intensity is highly ““peripheral,” with 2/3
of the flux coming from nadir angles 6 = 60°. Thus, even a crude measure-
ment of the angular distribution (say, in three 30° bins) would strongly test
this prediction.
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We have also investigated the effect of physically plausible variations to
the reference model. Mantovani et al. (2004) identify uncertainties in their
radioisotope distributions which have the effect of multiplicatively raising or
lowering the neutrino intensity, without a significant change to the angular
shape. However, both the shape and normalization of the intensity can
change strongly if the earth’s core contains a significant amount of potas-
sium, contrary to the assumptions of the reference model. If core potassium
abundances are near the current upper limits (Lee and Jeanloz, 2003), the
resulting geoneutrino signal can dominate the total flux. Measurements of the
angular distribution will probe the radioisotope abundances in the core. In
particular, measurement of the intensity inside a nadir angle 6 < 30° can
discriminate among possibilities recently suggested in the literature.

Moreover, the central and peripheral intensities are related, since the
peripheral neutrinos come from outer shells which also contribute to the
central signal. Thus a measurement of the peripheral flux can be used to place
a lower limit to the central flux. A difference between this lower limit and the
observed central flux then amounts to a detection of some radioisotopes in
the core.

A determination of the geoneutrino angular distribution will also solidify
the connection between the geothermal heat flux and the geoneutrino flux. As
noted by Fiorentini et al. (2003b), the radial component of the neutrino flux
is directly related, by Gauss’ law, to the geothermal heat production
(Equation 24). But neutrino emission is locally isotropic and hence contains
non-radial components; thus the angle-integrated geoneutrino flux in turn
includes the non-radial components, and thus can only be related to the heat
flux given a model of the radioisotope density profile. However, a measure-
ment of the geoneutrino angular distribution can be inverted to recover the
terrestrial radioisotope density distribution. This will allow for a full calcu-
lation not only of the global radiogenic heat production, but also of its radial
dependence. Thus one can test in detail models of heat production and
transport.

In this way, the neutrino intensity can be used to measure the radioactive
contribution to the geothermal heat flux. This can then be compared to
geophysical measurements (Stein, 1995) of the total heat flux. A comparison
of these results will yield a new and robust measurement of the Urey ratio
(Equation 1) (McKenzie and Richter, 1981). This in turn will shed light on
the thermal history of the earth, and quantify the importance of any non-
radioactive heating, presumably due to residual “primordial” processes
during the formation of the earth.

Also, we note that the reference model we have adopted normalizes to the
observed terrestrial heat flux and a Urey ratio of 0.5. Thus, if this Urey ratio
is correct, but the heat flux contains a significant component from the core,
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this will reduce the contribution from the outer layers, which will act to
redistribute the peripheral intensity to the interior.

These particular results illustrate a larger more general conclusion, that
geoneutrinos open a new window to the earth’s interior. Measurements of the
angular distribution of geoneutrinos will allow us to infer the radioisotope
distribution of the earth. This in turn offers a new probe of the earth’s
structure — for example, allowing a test of how sharp the radioisotope
boundaries are in going from crust to mantle to core. If the boundaries are
sharp, then the angular distribution will offer unprecedented new measures of
the positions of these boundaries and thus will be a general probe of the
interior structure of the earth.

Unfortunately, these lofty goals will, to say the least, require great
patience (and/or innovation!). For inverse beta decay detection reactions, the
1sotropizing effect of elastic scatterings presents enormous challenges in
recovering the neutrino directionality, particularly for a diffuse signal of the
kind we are considering. While next-generation large-volume scintillator
experiments can firmly establish the anisotropy of the geoneutrino signal, the
dipole sensitivity for any realistic experiment will be too poor to discriminate
among even drastically different radionuclide distributions.

In the meantime, there is hope; we note as well that we have so far
considered the total, energy-integrated, intensity. However, neutrino energy
information is also available, and indeed geoneutrino spectra have been
presented (Mantovani et al., 2004). Since the emitted energy spectra take the
well-understood f-decay form, with sufficient energy resolution it is possible
to separate the U and Th components. If this can be done in conjunction with
even the crudest angular resolution, it would be possible to actually distin-
guish beyond all doubt between neutrinos coming from U, Th and K and to
obtain a particularly complete picture of the radioactive earth.

Thus we believe the quest to measure an image of the “geoneutrino sky” is
a worthy if challenging and futuristic goal. As we have shown, even the first,
crudest attempts at neutrino imaging will yield important results, and will
thus impel further improvements.
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Appendix A: Terrestrial Tomography: Inverting the Angular Distribution

We may write the intensity distribution (Equation 6) in dimensionless units as

—2R@/ dx xq /deax X) (Al)

where ¢ = sin 6 € |0, 1} and x = r/Rg € [0, 1]. Thus both 7 and ¢ are defined
on the interval [0, 1]. Furthermore, for an experiment on the surface of the
earth, we expect that /(1) = 0 = ¢(1) because the earth’s density goes to zero
at the surface (by definition!). However, a real experiment located slightly
under the surface of the earth might have a nonzero horizontal flux 1(1).

Clearly, /(o) is an integral transformation, with K(o, x) = x/vVx?> — ¢? the
kernal. Specifically, Equation (Al) is a version of the Abel transform
(Bracewell, 1986). In fact, the usual Abel transform is applied to a function
defined over an infinite domain, but fortunately one can show that the key
results carry over to our case of a finite domain.

The inverse Abel transform appropriate for our case is

1! (o) I(1)
a(x) = TRs J, do o2 — x? * TRy V1 — 2 (A2
_ e I'(p) I(p = 0)
Q(X)__/o dﬂ\/l—xz—/ﬂ—’—nR@vl—)@ (A3)

where u = cos 0, and I'(y) = dI(y)/dy is the usual derivative.

Equation (A2) thus demonstrates by construction that, given a complete
knowledge of the intensity distribution, one can fully recover the radioiso-
tope source distribution. Thus, measurement of the geoneutrino angular
distribution truly does carry the promise of tomographic imaging of the
earth’s interior. In addition, with ¢(x) in hand, one can completely determine
the radiogenic heat production of the earth, both globally and as a function
of depth.

Furthermore, Equation (A2) has the properties one would expect on
physical grounds. The density at r = Rgx depends only on the intensity
derivative for the region sin 6 > x , i.e., angles along or exterior to the tangent
angle. Thus, inferring the outer density structure requires only knowledge of
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the peripheral intensity. On the other hand, to recover the inner density
structure requires both peripheral and central intensities. This is indeed
sensible if one thinks of the angular distribution roughly as a linear combi-
nation of intensities along the line of sight: outer angles have only a few
“terms” in the sum, while inner angles contain all “terms.”

One consequence of this result is that the peripheral intensity constrains
the central intensity, by setting a lower limit on it. If we consider /(o) only for
g > ag, we can infer a lower limit ¢,,;, to the density distribution at x < g,
namely

! r
q(x) > gmin(x) = —% / da% (A4)

This example illustrates that even with an incomplete or low-resolution
determination of the intensity pattern, one can draw powerful physical
conclusions.
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Abstract. The possibility of terrestrial antineutrino directionality studies is considered for future un-
loaded liquid scintillator detectors. Monte-Carlo simulations suggest that the measurable displacement
between prompt and delayed antineutrino signals makes such studies possible. However, it is estimated
that on the order of 1000 terrestrial antineutrino events are required to test the simplest models, de-
manding detectors of 100 kt size to collect sufficient data in a reasonable period of time.
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1. Introduction

In 2005, KamLAND collaboration reported the first result on the observa-
tion of terrestrial antineutrinos and their flux estimation (Araki et al., 2005).
This result is of prominent importance for geophysics. With significantly
higher statistics and smaller background levels in future experiments it will be
possible to check different geological models. Nonetheless, the measurement
of the incident antineutrino direction distribution would have even more
geological and geophysical implications.

First of all, according to commonly accepted geological models, (e.g.,
McDonough and Sun, 1995), the Earth’s continental crust is considered to
have relatively high concentrations of long-living radioactive isotopes (Tay-
lor and McLennan, 1985). Hence it is expected to produce more geoneutrinos
than the oceanic crust. If a KamLAND-like experiment is located on the
border between the oceanic and continental crusts, there might be a mea-
surable horizontal anisotropy in the antineutrino flux, provided the detector
is directionality sensitive. Second, since the mantle and especially the core are
believed to be depleted in uranium and thorium, which are the primary
sources of detectable terrestrial antineutrinos, the flux from the center of the
Earth should be substantially smaller than that from near-horizontal direc-
tions. Third, the highly debated geo-reactor hypothesis (Herndon, 1996;
Hollenbach and Herndon, 2001) can be finally tested, based on the
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antineutrino directionality study (Raghavan, 2002). Due to the differences in
the antineutrino spectra, the geo-reactor hypothesis test is practically inde-
pendent from the measurement of the radioactive isotope distribution inside
the Earth, as long as the detector is sensitive to the antineutrino energy.

Besides geoneutrino studies, the directionality measurement can provide
an additional tool to suppress background and to distinguish between dif-
ferent sources of antineutrinos, thus being useful for nearly all antineutrino
detection experiments. So the benefits of directionality measurements are
quite obvious. The goal of this paper is, using our experience from Kam-
LAND, to explore the feasibility of such measurements.

2. Detection Method in KamLAND

This study was performed for liquid scintillator (LS) antineutrino experi-
ments of KamLAND type and was originally intended to find out whether
directionality measurement was possible with KamLAND. It was realized
that such a measurement requires detectors much larger than KamLAND.
The main conclusions of this paper are relevant for future, large antineutrino
detectors using unloaded organic LS.

Water-Cherenkov detectors have a different detection mechanism and are
not considered here due to their high energy threshold (3.5-5 MeV) not
suitable for most terrestrial antineutrino studies.

In LS antineutrino experiments, electron antineutrinos are detected
through the inverse beta decay reaction:

Vet+p—et+n (1)

The main feature of this detection mechanism is that each antineutrino event
gives two signals, a prompt positron and a delayed neutron capture, well
correlated in space and time. This coincidence suppresses background tre-
mendously. However, the reaction has an energy threshold of about 1.8 MeV
and terrestrial antineutrinos with energies below that cannot be detected (e.g.
v, from *°K decay are undetectable through this mechanism).

Another property of the inverse beta decay is essential for the direction-
ality study in any scintillator-based experiment. The direction from the
prompt signal coordinate to the delayed one is correlated with the direction
of the incident antineutrino, although rather weakly. Due to the weakness of
this correlation, the detection of antineutrino directions on the event-by-
event basis is impossible. However, given enough events, it may still be fea-
sible to extract the antineutrino direction distribution function statistically,
by unfolding the angular correlation. This property has been successfully
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used in the CHOOZ experiment for the first practical directionality study
with a LS antineutrino detector (Apollonio et al., 2000).

Unlike KamLAND, CHOOZ used gadolinium-loaded LS, resulting in a
more timely, energetic, and isotropic delayed signal, so the simulations per-
formed for that experiment are not directly applicable to experiments using
unloaded LS. Thus the feasibility of a similar analysis with such detectors,
especially in the context of lower-energy terrestrial antineutrino studies, is the
subject of a quantitative study presented below. Before going on, it would be
instructive to cover the physics of event detection in more detail.

When an antineutrino interacting with a proton releases a positron and a
neutron in reaction (1), the residual energy is divided between the two
products. Owing to the laws of kinematics, the positron as the much lighter
particle gets most of the available energy.

The prompt signal is generated from the energy deposited by the positron
through ionization and Cherenkov radiation, followed by the positron
annihilation. The ionization generates scintillation directly, while the UV
part of Cherenkov radiation can be absorbed and re-emitted in longer
wavelengths by the scintillator. The positron annihilation with an electron
releases two 0.511 MeV gammas. The gammas lose energy mostly to
Compton scattering on electrons; the electrons cause ionization and hence
scintillation. All these processes take place on a time scale well within the
time resolution of the detector and are observed as a single event.

The kinetic energy of the neutron generated in the inverse beta decay is
below 100 keV and quickly diminishes through elastic scattering on nuclei of
the LS, primarily protons. These protons, being charged particles, do pro-
duce ionization as well, contributing a very small addition to the prompt
signal. After thermalization, the neutron experiences many elastic collisions
before being captured on a nucleus. In KamLAND LS, the most likely
neutron capturer is a proton, although a neutron does have a small proba-
bility to be captured on a '*>C nucleus as well. The capture on a proton yields
a 2.2 MeV gamma which, similarly to the annihilation gammas, loses energy
through Compton scattering on electrons. The latter lose energy to ionization
producing scintillation light. This signal forms the delayed event. Since the
average neutron lifetime before its capture on a proton is around 200 ps,
KamLAND electronics easily distinguish between the two events.

3. Directionality Detection Principle
The possibility for directionality analysis comes from the kinematics of

inverse beta-decay. The relativistic 4-vector momentum conservation
equations:
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P, + =+ ok, 2

where u = 0, 1, 2, 3 can be satisfied for any positron scattering angle, from
0° to 180°. Given the initial v, energy and this angle, the kinetic energies of
both neutron and positron, as well as the neutron scattering angle, are
determined from (2).

The relationship between the positron and the neutron scattering angles is
shown in Figure 1. Note that the component of neutron momentum in the
direction of the incident v, is always positive. In other words, neutrons
cannot “‘backscatter” in the inverse-beta reaction. This property is the key to
the directionality measurement.

The distribution of positron angles can be calculated (Vogel, 1999). It is
almost uniform with a slight preference for ““backscattering”. This study uses
the approximation:

do
dcos &

o 1 —0.102f cos ¢, 3)

where ¢ is the cross section of the reaction, f is the positron velocity in terms
of the speed of light and & is the scattering angle.

Starting with this distribution, a Monte-Carlo simulation is used to gen-
erate and track positrons and neutrons according to given v, energies. The
simulation yields spatial distributions of energy depositions for prompt and
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Figure 1. Neutron direction as a function of positron direction for v, energies (bottom to top)
2.2,3.4,8.2 MeV.
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delayed events. Due to the limited number of photoelectrons obtainable in
existing liquid scintillators from events with energies around 1-2 MeV, a
reliable reconstruction of the energy deposition spatial distributions is
practically impossible. Instead, some reference point for each event is esti-
mated by means of a maximum likelihood approach. Normally, it is asso-
ciated with the three-dimensional center of light emission and is referred to as
the “‘reconstructed vertex”.

Two statistical uncertainties arise here. First of all, the center of light
emission is not the same as the origin of the event that caused it. This is
especially true for the delayed signal in which the gamma can sometimes
travel more than one meter from the point of the neutron capture that
generated it. Second, vertex reconstruction tools can not be perfect and
always introduce additional smearing.

4. Simulation Procedure

The study employed GEANT4-07-01 Monte-Carlo simulation package
which is freely available from CERN. To track the neutrons, the G4NDL3.7
neutron scattering cross section database was used. The positron scattering
angle was simulated according to (3). As was mentioned above, once this
value is fixed, the angle of the neutron and the initial energies of both par-
ticles are known. From this point, the positron and the neutron are tracked
separately with GEANT4. The coordinates of detailed energy deposition
events are stored and later averaged to provide the estimations for recon-
structed vertices.

Two technical details are essential here. First, the position of the inverse
beta reaction is unknown, so the absolute displacement of either prompt or
delayed signals relative to its origin is useless. What can be measured is the
prompt-to-delayed displacement vector and this has to be simulated for any
comparison with the experiment. Second, the aforementioned additional
smearing by the vertex reconstruction should be included in the simulation.

Upon fairly general assumptions, the vertex reconstruction resolution is
inversely proportional to the square root of “Visible Energy” (essentially the
number of detectable photons generated in the event): ¢ = k/+/Eyis, which
has been confirmed in KamLAND. The coefficient “k” characterizes the
quality of vertex reconstruction and depends on many factors, including the
detector design, the scintillator composition, the quality of photomultiplier
tubes and electronics, the size of the detector and the accuracy of the
reconstruction algorithms.

Although long living isotopes emit almost no terrestrial antineutrinos with
energies above 3.5 MeV, this work includes simulations for up to 8.2 MeV to
cover most of the hypothetical geo-reactor spectrum as well. Simulation runs
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with different v, energies and different vertex reconstruction resolutions study
the significance of vertex finding quality for directionality analysis.

5. Simulation Results

A simulation of absolute displacements for low-energy v, signals, without
vertex reconstruction smearing is shown in Figure 2. The prompt signal does
not show appreciable systematic deviation from the origin. This is due to the
fact that the distribution (3) is almost flat, while the free path of positrons in
scintillator before annihilation is quite short. On the other hand, the delayed
signal exhibits a clear bias in the direction of the incident antineutrino as
expected. So does the vector between the prompt and delayed signal.
Therefore, the directionality analysis in an unloaded scintillator is, in prin-
ciple, possible. When all antineutrinos come from a single source direction, a
displacement of about 1.9-2.0 cm is expected. This is close to the 1.7 cm
obtained in a similar simulation for the CHOOZ experiment (Apollonio
et al., 2000). The difference might be attributable to different scintillator
composition.

The simulation of observable displacements smeared with vertex resolu-
tion equal to 12 cm/+/E,is[MeV] in each projection (x, y, z) is presented in
Figure 3. The displacement does not depend substantially on the antineu-
trino energy. Its spread decreases slightly with increasing energy due to the
better absolute resolution of the prompt signal but the effect is quite small.

6. Prospects for Model Checking

The simulation generated 240,000 events to achieve a statistically significant
result. In a real experiment, this many may not be available. When the sta-
tistical error of the average displacement becomes comparable to or exceeds
the displacement itself, no conclusion about the direction of incident an-
tineutrinos can be made. In general, the question about the sufficient number
of candidates is quite complicated and model dependent. Distinguishing
between two geological models with similar directionality patterns would
require more statistics.

Perhaps the easiest and the least demanding case here is a monodirectional
v, flux, e.g. the geo-reactor hypothesis test. The numbers of events necessary
to test the hypothesis at different confidence levels (CL) are estimated
according to the generated vertex distributions and presented in Table 1. The
table shows the number of ¥, events necessary to test the geo-reactor
hypothesis by means of directionality alone. Of course, from the practical
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Figure 2. Displacements of the prompt (top) and delayed (bottom) signals from the origin for
E;, = 2.6 MeV. The delayed signal is displaced by 1.95 cm in the direction of the incident v,.

e

point of view, this hypothesis can be tested by rate and spectrum shape
analysis, which would probably require fewer events.

The “Perfect vertex” represents the “raw” signal displacement with no
reconstruction smearing, just to show the absolute sensitivity limit of such a
study. In real experiments finite smearing is unavoidable but, as was men-
tioned above, can vary substantially. KamLAND achieves spatial resolution
of 12 cm/\/E\is[MeV], so this can be considered a realistic reference for fu-
ture experiments. A resolution of 30 cm/+/ E.is[MeV] is presented in the table
to illustrate the significance of reconstruction resolution. If the resolution is
compromised to that level by the detector design or by other factors, then
almost 2/3 of all statistics can be effectively lost for directionality purposes.

As for the absolute event numbers required for the directionality studies,
they are quite high. For instance, during four years of operation, KamLAND
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Figure 3. Prompt-to-delayed vertex displacement for reconstruction resolution 12 cm/
V/ Eyis]MeV] as a function of ¥, energy. Error bars correspond to RMS/4/240,000 to account
for the simulation accuracy.

TABLE I
Necessary event counts to test geo-reactor hypothesis at given confidence levels (CL) for
different vertex reconstruction resolutions by directionality only, in the absence of background

CL Perfect vertex 12 ecm/\/ Eyis[MeV] 30 cm// Eyis[MeV]
0.683 157 236 432
0.900 424 639 1171
0.950 600 905 1659
0.990 1036 1563 2863

has collected less than 1000 v, candidates and more than 90% of them are
reactor antineutrinos from nuclear power plants. Moreover, the values in
Table I are obtained for an ideal, no-background scenario.

In KamLAND, the biggest background source for terrestrial antineu-
trino studies is the reactor antineutrinos. Most other sources (including
uncorrelated accidental coincidences and the o-n correlated events) are
caused by the presence of radioactive isotopes in the detector. Currently,
they are smaller than but comparable to the reactor background. However,
KamLAND expects to reduce them by several orders of magnitude through
the detector purification. When this is completed those background sources
will become negligible. On the other hand, the reactor v, background is
unavoidable for KamLAND geoneutrino studies and the only way to
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minimize its impact in the future is to build new detectors much further
from working reactors.

The practical effect of the remaining background on the directionality
measurement is similar to that of a finite vertex resolution: still more events
are necessary for the same confidence level. Table 11 provides the quantitative
summary of such an effect. Testing more sophisticated geological models
and, in particular, the attempts to unfold the angular distribution of anti-
neutrino directions would also require more events than can be found in
Tables I and 1II.

7. Conclusion and Discussion

Monte-Carlo simulations taking into account the kinematics of inverse beta
decay and the properties of neutron scattering predict a statistically mea-
surable delayed signal displacement in the direction of the incident anti-
neutrino. This makes directionality studies with unloaded LS detectors
possible. However, the expected effect is small compared to the natural
spread of the reconstructed signals. Obtaining a statistically significant result
requires thousands of v, events (Tables I, II) even for the easiest case (i.e.
single antineutrino source). For KamLAND-sized detectors this implies at
least a century of run time, which is impractical.

It is mainly the spread of the delayed signal from neutron capture that
causes the need for high statistics. The single gamma resulting from the
neutron capture on hydrogen and sometimes traveling more than one meter
in a random direction greatly weakens the correlation between the antineu-
trino direction and the reconstructed vertex displacement.

There seem to be two ways to improve the situation. First, a bigger
detector located further from working reactors may provide enough statistics
in reasonable time. Thus, a 100-kt unloaded LS detector should collect

TABLE 11
Necessary event counts to test geo-reactor hypothesis at given confidence levels (CL) for vertex
resolutions of 12 cm/y/E\;s[MeV] in the presence of background, from the background-free
case to the case when background exceeds the geo-reactor signal by a factor of four

CL Background to signal ratio

0.0 0.1 0.25 0.5 1.0 2.0 4.0
0.683 236 258 290 350 465 678 938
0.900 639 698 785 947 1260 1836 2542
0.950 905 988 1113 1342 1786 2602 3602

0.990 1563 1706 1921 2317 3083 4491 6219
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enough events for simple terrestrial antineutrino directionality studies in
several years, provided the vertex reconstruction accuracy is not worse than
that in KamLAND and the background is low enough. Second, it may be
possible to minimize the spatial spread of the delayed event with specially
chosen LS loading. Preliminary estimations suggest that loading the scin-
tillator with °Li to yield *H+ o delayed signal instead of a single gamma
should offer about two to four times better statistical efficiency compared to
unloaded scintillators. High vertex reconstruction quality is especially
important in this case. These two approaches are not mutually exclusive
and can be combined in future experiments to provide the best direction-
ality detection characteristics.

The simulations show that background substantially decreases the sta-
tistical significance of data that can be collected through a given exposure. To
be an efficient geoneutrino instrument, a detector must be designed with
special care to avoid radioactive contamination and placed as far as possible
from working reactors. This is true for terrestrial antineutrino studies in
general but is really critical for the directionality analysis.

While practical directionality measurement is a very demanding task and
i1s impossible with existing detectors, including KamLAND, the scientific
significance of such research makes it worth constructing detectors better
suited for this purpose.
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Abstract. The programme Earth AntineutRino TomograpHy (EARTH) proposes to build ten under-
ground facilities each hosting a telescope. Each telescope consists of many detector modules, to map the
radiogenic heat sources deep in the interior of the Earth by utilising direction sensitive geoneutrino
detection. Recent hypotheses target the core-mantle boundary (CMB) as a major source of natural ra-
dionuclides and therefore of radiogenic heat. A typical scale of the processes that take place at the CMB is
about 200 km. To observe these processes from the surface requires an angular resolution of about 3°.
EARTH aims at creating a high-resolution 3D-map of the radiogenic heat sources in the Earth’s interior.
It will thereby contribute to a better understanding of a number of geophysical phenomena observed at the
Earth’s surface. This condition requires a completely different approach from the monolithic detector
systems as e.g. KamLAND. This paper presents, for such telescopes, the boundary conditions set by
physics, the estimated count rates, and the first initial results from Monte-Carlo simulations and labo-
ratory experiments. The Monte-Carlo simulations indicate that the large volume telescope should consist
of detector modules each comprising a very large number of detector units, with a cross section of roughly
a few square centimetres. The signature of an antineutrino event will be a double pulse event. One pulse
arises from the slowing down of the emitted positron, the other from the neutron capture. In laboratory
experiments small sized, '°B-loaded liquid scintillation detectors were investigated as candidates for
direction sensitive, low-energy antineutrino detection.

Keywords: antineutrino, antineutrino detector, core-mantle boundary, direction sensitive antineutrino
detection, EARTH, geoneutrino, inverse beta-decay, 10B-loaded liquid scintillator, 3D-mapping of the
Earth’s interior, Monte-Carlo simulations, radiogenic heat sources, undergound antineutrino telescope
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1. Introduction
1.1. How DoEs THE EARTH’S INTERIOR WORK?

In its special issue Science in July 2005 listed this question as one of the 25
most prominent questions for the next 25 years (Kerr, 2005). In October 2005
the Scientific American produced a special edition on “Our Ever Changing
Earth”. This indicates a revitalisation of widespread interest in the interior of
our planet. At first glance this sounds surprising. It seems that in contrast to
the successful exploration of our solar system and parts of the Universe, we
have a very limited knowledge of the interior of our planet. The deepest that
has been drilled into the Earth was ~13 km deep, a mere 0.1% of the Earth
diameter and corresponding to the cruising altitude of jetliners. With present
techniques, to ““descending” deeper is prevented by a rapid increase in tem-
perature and pressure.

Since the beginning of the 20th century information on the deeper parts
has been derived from the speed, reflection and refraction of seismic waves,
the moment of inertia and the precession motion of the planet, and the
physical, chemical and mineralogical information obtained from meteorites
and xenolithes. Our present knowledge is often schematically in spherical
symmetric models having a crust floating on a viscous mantle, subdivided
into a number of concentric shells and encompassing a partially liquid core
(Oldham, 1906; Gutenberg, 1914). Only in the crust and the upper mantle
usually some structure is indicated.

In the last decades of the 20th century through developments in seismic
tomography it has been revealed that parts of the crust are being subducted
and have reached the deeper parts of the mantle. The previous view that the
convective flow is stratified at a depth of about 670 km and an unmixed or
pristine lower mantle is preserved is no longer tenable (van der Hilst and
Karason, 1999; Zhao, 2004).

Boyet and Carlson (2005) present a new view on the Earth’s interior,
which is based on the differences in the isotopic abundance of '**Nd found in
meteorites and mantle-derived terrestrial samples. One of the new features is
that the layer at the core-mantle boundary (CMB) is a reservoir enriched in
radiogenic heat producing sources, resulting from a distillation of the earlier
magma ocean and subducted crust. This layer is likely to be the origin of the
deep volcanic plumes that manifest themselves at the Earth’s surface as ocean
islands (e.g. Hawaii, Iceland, Galapagos and Curagao).

Wilson (2005) quoting Tolstikhin and Hoffmann (2005) speculates that
this ‘hidden’ reservoir is composed out of the ancient primordial crust formed
from the solidifying magma ocean. Regardless of its precise dimensions and
location, the hidden reservoir is thought to contain over 40% of Earth’s K,
Th and U, the main heat producing elements. If it resides on the core-mantle
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boundary, the layer would form a blanket of heat, consistent with the tem-
perature jump of 1000-2000 K within a few hundred kilometres as proposed
by Lay et al. (1998).

Presently, little detail is known regarding the fate of subducting slabs. It is
clear that large earthquakes occur at the slab/continent interface, and within
the slab down to about 670 km depth. But just how far the slab penetrates
into the mantle and how the rheology of lithospheric materials behaves once
they reach the lower mantle are currently matters of active debate. These
questions are fundamental issues in Earth Sciences since they relate to the
nature of mantle convection as well as how the Earth evolved and cools off:
or, in other words, how the Earth’s Interior “works”?

Processes in the deeper Earth manifest themselves at the surface. The
convection in the liquid core produces the geomagnetic field, while the
convection in the mantle leads to drift of ocean plates and continents as well
as volcanic plumes forming ocean islands. These processes are driven by heat
flow. The location, type and size of the heat sources are still a topic of debate.
We know the heat flow at the Earth’s surface from measurements at about
25,000 locations. These measurements have lead to a rather detailed heat-
flow map (Pollack et al., 1993). The map shows a large variation (factor 20)
in heat flow at the surface with maxima at the mid-oceanic ridges on the
southern hemisphere. Integrating the mapped yields, gives a total heat flow of
about 45 TW, which is equivalent to the heat production of 15,000 power
plants of 1000 MW, each, with an efficiency of 33%.

1.2. GEONEUTRINOS

According to Buffett (2003), 6-12 TW is produced in the crust and is of
radiogenic origin (decay of natural radionuclides). Radiogenic processes are
considered to be predominantly responsible for also the remaining part of the
heat flow. In addition to heat the radiogenic processes in the Earth produce
antineutrinos and neutrinos: they have been named geoneutrinos (Araki
et al., 2005).

The heat produced in nuclear decay is directly related (Fiorentini et al.,
2003) to the flux of antineutrinos, as is illustrated in Table I. Detection of
low-energy antineutrinos produced in the U and Th decay processes has been
demonstrated by liquid scintillator detectors in Kamioka, Japan and in
Chooz and Bugey-3 in France. These set-ups primarily address the funda-
mental aspects of antineutrinos such as their flavour changes and the related
mixing angles. The principle of these detectors is based on the capture of an
electron—antineutrino, v, by a proton of the scintillator material, producing a
positron and a neutron. In a simplified picture the positron carries the energy
information and the neutron is emitted preferentially in the same direction as
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TABLE 1
Maximum electron-(anti)neutrino energy and heat production in natural decay processes
Decay Epax (MeV) Heat (W/kg)
28U —2% Pb + 84He + 6e + 6V¢ 3.26 0.95%107*
22Th —2%8 Pb 4 6*He + 4¢ + 47, 2.25 0.27x107*
40 40 . — 0 -
40K—> Caj;e—i—ve (88.8%) 1.31 036x 10~
K +e— "Ar + v, (11.2%) 1.51

the incoming antineutrino (Beacom and Vogel, 1996). The neutron travels
only a few centimetres before it is captured. In these detectors the neutron
capture is detected by the emitted capture y-ray. The delayed coincident
detection between positron emission and neutron capture characterises an
antineutrino detection signature.

The KamLAND collaboration published the first official results on the
detection of geoneutrinos (Araki et al., 2005) in July 2005. Their results were
obtained with a 1 kiloton, monolithic detector, filled with liquid scintillator
and housed in an underground mine near Kamioka, Japan. The detector was
originally designed for the detection of fundamental properties of antineu-
trinos and for this reason is located in the vicinity of nuclear power plants.
The geoneutrinos therefore are superimposed on a bell-shaped continuum
ranging up to about 8§ MeV in the antineutrino spectrum caused by an-
tineutrinos resulting from fission processes in the power reactors. The data
presented by Araki et al. (2005) correspond to a measuring period of about
750 days. They have been analysed after making extensive corrections for
antineutrinos from the power plants and spurious events due to cosmic-ray
induced reactions and due to the '*C(a, n)'®O reaction introduced in par-
ticular by the decay of *'°Po, which mimic geoneutrino events.

2. Proposed Geoneutrino Telescope

The need for high-resolution antineutrino tomography to map the radiogenic
heat sources in the Earth’s interior has set the goals for the Earth Antineu-
tRino TomograpHy (EARTH) programme, initially presented in 2004 (de
Meijer et al., 2004a, b). Waveform studies of seismic waves by closed spaced
seismometers record differences in waveforms, which can best be explained
by heterogeneities occurring over lateral distances as small as a few tens of
kilometres. Seismic-wave reflections have revealed that the layer thickness
varies between non-detectable up to 300 km (Lay et al., 1998; Jeanloz and
Lay, 2005). To resolve structures of 150-300 km diameter in the CMB
requires an angular resolution of about 3—4°. This goal is to be realised by a
set of ten telescopes distributed worldwide, each with a resolution of about
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10-15° achieved by using direction sensitive detector modules. This goal sets
a number of boundary conditions that more or less dictates our starting point
and the initial direction of our technological research. We are fully aware that
our task is ambitious and not straightforward and cannot be achieved with
state-of-the-art technology. Hence it requires a step-wise approach with
manageable tasks, clear deliverables and go/no—go decisions. It seems feasi-
ble, but requires considerable technological development, with therefore, in
all likelihood quite a number of spin-offs.

The results of KamLAND confirm the feasibility of geoneutrino detection
by large volume detectors, but with the present monolithic detectors, no
location of the geoneutrino sources can be made. As indicated above, the
antineutrino capture contains information on the direction of the incoming
antineutrino and the challenge becomes how to utilise this information. As
we will demonstrate in this proposal for the localisation of the radiogenic
heat sources, directional sensitive detectors are to be developed. These
detectors will be placed in a modular detector set-up to form a telescope with
a detector mass of four times that of KamLAND.

To check the feasibility and the degree of directional discrimination we
place our first telescope, TeleLENS (Telescope for Low-Energy Neutrino
based Sciences), on the island of Curagao, The Netherlands Antilles, situated
at about 12° N; 69° W. Using the crustal reference model as used by
Mantovani et al., (2004) and assuming 20 TW homogeneously distributed in
the mantle as well as a localised hypothetic source of 5 TW in the CMB at
30° S; 69° W, we estimate an expected signal of 24 TNU' from the conti-
nental and oceanic crusts, 17 TNU from the mantle and 6 TNU from the
hypothetical localised source. Since the conversion to the number of detected
geoneutrinos depends on the actual volume of the detectors, the detector
material and the detection efficiency, it is hard to produce reliable numbers
for TeleLENS at this stage of its development.

The choice for Curagao comes from its large distance to operating nuclear
power stations in Florida. The ratio between the fluxes of electron—an-
tineutrinos from the power reactors and geoneutrinos at Curacgao is 0.1. This
value is similar to the ratio for Hawaii and two orders of magnitude smaller
than for Kamioka, Japan. According to geological information obtained
from surface studies (Beets, 1972; Klaver, 1987) the western part of the island
contains a large and deep body of limestone on top of basalt. Plans for an
analysis of seismic data and pilot drilling are presently being discussed, partly
in the framework of the International Continental Scientific Drilling

! TNU stands for Terrestrial Neutrino Unit and corresponds to one electron—antineutrino
event per year and per 10°? proton.
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Programme (ICDP). A first exploratory drill to 70 m depth revealed a tem-
perature drop with depth similar to that in the ocean waters.

Direction sensitive antineutrino detectors have not yet successfully been
demonstrated and therefore the design, construction and test of these
detectors will be one of the objectives of the first phase of the EARTH
programme. At this time, our prime emphasis is on the development of the
detector units and modules as well as their associated electronics and read-
out systems. This development should lead to a Proof of Principle test of our
direction sensitive detectors, planned to be carried out at the nuclear power
plant of Koeberg, ~25 km north of Cape Town. The outcome of this test is
the first go/no—go decision point. We therefore refrain from further specu-
lations on the subsequent trajectories or the details of TeleLENS.

2.1. TECHNOLOGICAL APPROACH

Antineutrino detection is traditionally based on the inverse f-decay:
Ve +p—n+et

in which an electron—antineutrino, Ve, is captured by a proton producing a
positron and a neutron. The reaction has a Q-value of — 1.8 MeV, hence in a
scintillator, geoneutrinos produced by *°K are not detected (see Table I). As
mentioned above, in a simplified picture the positron carries the energy
information, and the neutron is emitted preferentially in the same direction as
the incoming antineutrino. The neutron is detected via charged particles or
photons emitted directly after it is captured by a nucleus in the scintillator
material. The neutron travels a few centimetres in a few microseconds before
it is captured. The delayed coincident detection between the positron and the
neutron defines an electron—antineutrino detection signature.

Traditionally the neutron capture takes place on a H or a Gd nucleus
within the scintillator. Prompt y-rays resulting from neutron capture are
detected. The y-ray emission is isotropic and the mean free path of the y-rays
is considerably larger than the few centimetres the neutron travels. Hence, the
direction information carried by the neutron is lost. In our proposal '°B is
used as a neutron catcher. Capture of a thermal or epithermal neutron on '°B
leads to disintegration into two charged particles (¢ and "Li nucleus) which
are then brought to rest in the scintillator within a few microns from the
point of capture. In addition, the velocity dependence (v,) of the neutron
capture cross section (1/vy,) of '°B leads to an earlier capture of the neutron.
This narrows the time window of the event and ensures that the neutron does
not deviate too much from its original direction. Our Monte-Carlo simula-
tions (see below) show a reduction in the number of collisions (between
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positron emission and neutron capture) by a factor of two in scintillators
containing 5% (by weight) '°B compared with those containing no boron.

Wang et al. (1999) have discussed the feasibility of using liquid boron-
loaded scintillators (BLS) for the detection of antineutrinos. Based on their
work together with earlier studies of boron-loaded scintillators we consider
that this detection medium is not suitable for use in large scale monolithic
detectors such as KamLAND but could nevertheless be useful in a
large detector system consisting of a large number of relatively small (<1 )
detector units. Two important factors that prohibit the use of BLS in a large
monolithic antineutrino detector are the following: (a) only a liquid BLS
could be considered for use in such a large detector and the liquid BLS
presently available are all highly hygroscopic and would thus be extremely
difficult to handle and to contain in large volumes; and (b) even though the
kinetic energy released to the charged products of the neutron capture
reaction in BLS is >2.3 MeV the light output resulting from this energy is
very small, equivalent to that produced by an eclectron of energy about
60 keV, due to the well-known ionisation density quenching characteristics of
organic scintillators. In a very large scintillator the light attenuation due to
the long travel distance through the scintillator to the photomultiplier tubes
can be expected to reduce the weak neutron capture signal to a level at which
it cannot be distinguished from photomultiplier noise and low energy
background.

These problems can be avoided in a modular system if the design of a
basic single detector unit is very simple and limited to a maximum volume of
about 1 1. In such a system there is first the possibility of using a plastic BLS
which is rugged and chemically stable, unlike the liquid BLS. However, even
if a liquid BLS is used, handling and containment of the liquid should not be
a problem when the volume is small. In addition, the good light collection
properties that can be achieved using the proposed size of module should
avoid problems in the detection of the small amplitude of the neutron capture
signal in BLS.

2.2. SIMULATIONS

The influence of 'B on the direction information carried by the neutron has
been investigated by simulating the capture reaction of an antineutrino by a
proton according to the kinematics as described by Beacom and Vogel
(1996). Figure 1 clearly shows the effect of '°B on the longitudinal and
transverse distribution of the position where the neutron is captured. It
clearly shows that the transverse distribution is much narrower and the
longitudinal distribution is also considerably more focussed. These effects are
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Figure 1. The effect of '°B loading on the neutron capture location. At the top a detector
loaded with 5% !°B; at the bottom a detector without B. The results represent 50,000 anti-
neutrino-capture simulations of reactor antineutrinos coming in along the negative x-axis and
captured at (x,y) = (0,0) in a large volume detector.
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Figure 2. Schematic view of two detector units in an antineutrino module.

clearly related to the fact that the neutron, on average, has half the number of
collisions before it is captured.

These results have been used to simulate, in a single detector unit, the
sensitivity of the detection probability for neutron detection to the angle of
incidence of the antineutrino. For simplicity the unit is assumed to be very
long relative to its cross section (two units are schematically presented in
Figure 2). Figure 3 shows our simulated neutron detection probability as
function of incident antineutrino angle relative to the detector axis for var-
ious detector cross sections. It clearly shows that direction sensitivity can
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Figure 3. Neutron-detection probability as function of incident angle and detector cross
section.

only be obtained for small physical cross section, modular detector systems.
It also shows that the efficiency of a single-unit detector is directly propor-
tional to its physical cross section, indicating that without appropriate
measures events will be discarded. With the low reaction cross section for
antineutrino capture this will be unacceptable. To solve this problem detec-
tors are stacked in modules as e.g. in Figures 2 and 4. Neutrons arising from
radially entering antineutrinos would be lost from a single detector module,
but can be recorded in an adjacent detector.

The simulations confirm the fact that the neutron travels only a few
centimetres, which dictates that for direction sensitivity the physical cross
section of the detectors should be restricted to a few centimetres or less.
Consequently, to obtain a large volume implies that a very large number of
units is imperative.

2.3. EXPERIMENTAL TESTS

To test the feasibility of our approach we have started to carry out some
experiments at iThemba LABS, South Africa. In these experiments the
detection mechanism is mimicked by using neutrons from a *>*Cf sponta-
neous fission source, and 3.8 cm diameter, 2.5 cm long, sealed glass cells filled
with NE311A liquid scintillator containing 1 or 5% '°B by mass. The neu-
trons elastically scatter off protons and produce a recoil-proton scintillation
that simulates the positron emitted in antineutrino capture. A double-pulse
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event results if the neutron is moderated after multiple scatterings and
eventually captured by a '°B nucleus in the BLS. The test experiments were
carried out using a 8-bit, digital sampling oscilloscope to digitise the pho-
tomultiplier-output pulse shapes and a desktop PC to read out, record and
analyse the digital output information.

Figure 5 shows examples of two types of a double pulse event recorded in
the experiments. Figure 5a shows a typical true double-pulse event. The
initial pulse can be recognised as due to a recoil proton from the fact that it
displays a distinct low-amplitude tail (slow scintillation component) that
continues for 200-300 ns after the start of the pulse. The second pulse, due to
neutron capture, stands out clearly above the background noise. Figure 5b
shows an example of a spurious double-pulse event that can occur very easily
in this type of detector and therefore needs to be well understood and
carefully avoided. The event shown in this figure was obtained using a *°°Co
gamma source. Similar results can be obtained using any type of source,
including both neutron and gamma. The initial pulse in Figure 5b is attrib-
uted to a recoil electron associated with Compton scattering in the BLS. The
“tail” of this pulse is small in comparison with that of the initial pulse in
Figure 5a and the two pulses can easily be distinguished as due to “‘electron”
and “proton” respectively by means of a pulse-shape discrimination algo-
rithm operating on the digital output data. The second pulse in Figure 5b is
attributed to ‘‘after-pulsing” associated with ion and/or optical feedback
effects inside the photomultiplier tube of the detector. The after-pulse occurs
at a characteristic time after the initial pulse (about 480 ns in the test
experiments), depending on the operating conditions. It can be suppressed or
controlled by careful selection of the high voltage applied to the photomul-
tiplier and selection of the photomultiplier itself.

Figure 6 shows results from test measurements made under conditions in
which after-pulsing was suppressed. The frequency of double-pulse events
produced by neutrons from the >>Cf source was measured as a function of the
time delay T between the two pulses. The plot shows the number N(T) of events
for which this delay exceeds T as a function of T. From simple considerations
this distribution is expected to drop off exponentially with a decay time T that
depends on the concentration of 'B in the liquid scintillator, the detector
geometry and perhaps other factors as well. Monte-Carlo simulations are in
progress to determine T, for comparison with the experimental measurements.

2.4. BACKGROUND REDUCTION
One of the challenges for monolithic detectors is to reduce background; for

modular detectors a similar challenge will be faced. In comparison to the
monolithic detectors the modular detector is expected to have advantages in
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Figure 4. Schematic representation of a multi-unit antineutrino module.
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Figure 5. An example of two types of a double pulse event. Top: a recoil proton and a boron-
capture pulse and bottom: a y-ray pulse and an after pulse.
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Figure 6. Plot of the number N(T) of double pulse events for which the time 7 between the two
pulses is larger than 7. The fitted line represents the function 116 exp (7/7,) with
To = 400 ns.

background reduction. In a monolithic detector every light producing event
is detected by every PMT, if the signal is above its threshold. For a modular
detector system the following factors contribute to background reduction:

1. The light pulse is only detected in a single cell, which comprises only a
very small fraction of the total volume. For the coincidence requirement
the second pulse can only originate from a volume of one cell. (Esti-
mated reduction factor: 107°-107".)

2. A real event is restricted to one or a few adjacent cells.

3. The neutron capture by '°B produces an almost constant light pulse due
to the large Q-value.

4. The close proximity of the PMTs (<1 m) to the interaction leads to a
higher light collection, which has two significant advantages

e Capture on '°B produces a weaker neutron signature than capture
on H or Gd. The close proximity may still allow the detection of the
weaker signals. Moreover '°B loading leads to a faster capture of the
neutron thereby better conserving the direction information carried
by the neutron and reducing the interaction in space (10~'=10%) and
time (107°).

e Using the pulse characteristics becomes possible unlike in mono-
lithic detectors. Quantification of these background-reduction fac-
tors will be part of the Proof of Principle test.
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2.5. PROOF OoF PRINCIPLE

The results obtained thus far give us confidence to proceed to the next stage
on the route to the Proof of Principle test. In the next step we will first
investigate the properties of boron-loaded plastic detectors as well as the use
of natural boron-loaded liquid scintillators. These detectors will then be
exposed to the high antineutrino flux at one of the Koeberg reactors
(0.92 GW,), located ~25 km north of Cape Town. Based on the estimates of
Bernstein et al. (2002) we expect about 2 to 3 events per day per kilogram
detector material. Initially we will mainly be interested in detection of double
pulses and analysing the scintillator properties. After optimising the detectors
and their electronics, we will construct a number of test detectors and
investigate their individual direction sensitive detection efficiency.

3. Conclusions

A 3D image of the radiogenic heat sources in the Earth’s interior with a
spatial resolution of about 150 km at the Core-Mantle-Boundary (CMB) will
certainly revolutionise the understanding of how the Earth works and may
lead to better knowledge on a number of phenomena observed at the Earth
surface. In addition to seismic tomography, antineutrino tomography seems
to be the only additional method to reach this goal. To obtain antineutrino
tomography with a spatial resolution comparable or better than seismic
tomography requires direction sensitive antineutrino detection. The existing
large monolithic antineutrino detector set-ups will not be able to provide
sufficient resolution.

The proposed detector system in this paper is a consequence of the goal to
eventually map the radiogenic heat sources with high resolution by anti-
neutrino tomography (e.g. located at the CMB with a size of about 200 km).
It starts by exploiting the direction information contained in the kinematics
of the antineutrino capture by a proton. Based on simulations of the neutron
tracking we conclude that the detectors should have a physical cross section
of the order a few centimetre squared. In this paper we have demonstrated
that from the physics point of view such detectors provide sufficient direction
sensitivity and sufficient background reduction. In this paper we have not yet
addressed the technical question of how a very large number of detectors may
be equipped and read out. The presentation of Daniel Ferenc (submitted) at
this conference is an indication that with time these technical challenges can
be resolved. We are fully aware that this is an indication of a solution to only
one of the many technical developments that need to take place. On the one
hand there is no guarantee of success but on the other hand we see no other
obvious solution.
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Abstract. This paper describes the Borexino detector and the high-radiopurity studies and tests that are
integral part of the Borexino technology and development. The application of Borexino to the detection
and studies of geoneutrinos is discussed.

Keywords: geoneutrinos, low background, scintillation detector

1. The Gran Sasso National Laboratory

The Gran Sasso National Laboratory (Laboratori Nazionali del Gran
Sasso - LNGS), home of the Borexino experiment, is the world’s largest
underground laboratory. It is located in the center of Italy in the highway
tunnel between Teramo and L’Aquila under the “Monte Aquila” (Gran
Sasso mountain). The laboratory, located at 42°27" N, 13°34” E, is financed
and operated by the Italian National Institute for Nuclear Physics (INFN).
Its total underground volume is about 180,000 m* with an area greater than
13500 m?. It is composed of three main experimental halls (20 m high, 18 m
wide and 100 m long). The overburden rock is on the average about 1400 m,
equivalent to 3700 m of water. The muon flux is reduced by about 6 orders of
magnitude to a value of approximately 1.1 muons per square meter per hour,
whereas the neutron flux is of the order of 3 x 107® neutrons per square
centimeter per second with energies greater than 2.5 MeV.

The rock of the Gran Sasso mountain has a density of 2.71 + 0.05 g cm™>,
and consists mainly of CaCO; and MgCOj; (Catalanou et al., 1986). The
primordial radionuclide content of the rock of Hall C is 0.66 + 0.14 ppm for
280U, 0.066 + 0.025 ppm for the ***Th and 160 ppm for K (Wulandari et al.,
2004). The radioactive content of the concrete employed as experimental hall
liner is 1.05 + 0.12 ppm for ***U and 0.656 + 0.028 ppm for the ***Th
(Bellini et al., 1991).

The LNGS hosts about 15 experiments of astroparticle physics such as
neutrino research, double beta decay physics, dark matter studies and nuclear
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astrophysics. Interdisciplinary studies (biology, geology) are also conducted
in the LNGS underground location.

The Borexino detector is located in one of the big underground experi-
mental halls, hall C.

2. The Borexino Detector

Borexino is a real time experiment whose main goal is to study the low energy
(sub-MeV) solar neutrinos, and in particular the 862 keV "Be solar neutrino
line, through the neutrino-electron elastic scattering reaction. The maximum
energy of the recoiling electron is 664 keV and the experimental design
threshold is set at 250 keV (Alimonti, 2002).

Borexino is an unsegmented scintillation detector featuring 300 tonnes of
well shielded liquid ultra-pure scintillator viewed by 2200 photomultipliers
(PMT). The detector core is a transparent spherical vessel (Nylon Sphere,
100 um thick), 8.5 m of diameter, filled with 300 tonnes of liquid scintillator
and surrounded by 1,000 tonnes of high-purity buffer liquid. The scintillator
mixture is PC (Pseudocumene) and PPO (1.5 g I"") as a fluor, while the buffer
liquid will be PC alone (with the addition of DMP as light quencher). The
photomultipliers are supported by a Stainless Steel Sphere, which also sep-
arates the inner part of the detector from the external shielding, provided by
2400 tonnes of pure water (water buffer), see Figure 1.

An additional containment vessel (Nylon film radon barrier) is interposed
between the Nylon Sphere and the photomultipliers, with the goal of
reducing radon diffusion towards the internal part of the detector.

The outer water shield is instrumented with 200 outward-pointing PMT’s
serving as a veto for penetrating muons, the only significant remaining cos-
mic ray background at the Gran Sasso depth.

The innermost 2200 photomultipliers are divided into a set of 1800 PMT’s
equipped with light cones (so that they see light only from the Nylon Sphere
region) and a set of 400 PMT’s without light cones, sensitive to light origi-
nated in the whole Stainless Steel Sphere volume. This design greatly in-
creases the capability of the system to identify muons crossing the PC buffer
(and not the scintillator).

The Borexino design is based on the concept of a graded shield of pro-
gressively lower intrinsic radioactivity as one approaches the sensitive volume
of the detector; this culminates in the use of 200 tonnes of the low back-
ground scintillator to shield the 100 tonnes innermost Fiducial Volume. In
these conditions, the ultimate background will be dominated by the intrinsic
contamination of the scintillator, while all backgrounds from the construc-
tion materials and external shieldings will be negligible. For instance, the
external 2.614 MeV y line gives about 1010 external gammas per day
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Borexino DeSIQn 2200 8" Thorn EMI PMTs

(1800 with light collectors
400 without light cones)

Stainless Steel
Sphere 13.7m &

Nylon Sphere
8.5m J

Muon veto:
200 outward-
pointing PMTs

100 ton
fiducial volume

Nylon film
Rn barrier

Scintillator

Buffer

‘L Holding Strings :
Stainless Steel Water Tank Steel Shielding Plates
18m & 8m x 8m x 10cm and 4m x 4m x 4cm

Figure 1. Schematic of the Borexino detector (see text).

impinging on the shielding, to be reduced to less than 1 count per day in the
fiducial volume due to the ~5 m of liquid.

Borexino also features several external plants and purification systems
conceived to purify the experimental fluids (water, nitrogen and scintillator)
used by the experiment.

The main problem of a real time experiment with such a low energy
threshold is the natural radioactivity which is present in any environment and
in any material. For these reasons an intense R&D program has been carried
out in the last ten years to develop methods for selecting low radioactivity
materials and/or purify them. An effort in this field has to be complemented
by a comparably thorough research concerning detection and measurement
of very low radioactivity levels. In this context four purification methods
have been developed: distillation, water extraction, stripping with ultrapure
N,, solid gel column (Si gel, Al gel) adsorption.
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Significant results have been achieved by the Collaboration as for exam-
ple: 107'°=107"7 (g of contaminants/g of material) for >**Th and ***U family
and a few uBq m™ of Rn-222 in gases and liquids. In addition the organic
solvent selected by the collaboration showed a '*C concentration clearly
below 107" in its ratio to '*C; this impurity is particularly important because
it cannot be removed by chemical purification processes.

For the measurements of these ultralow radioactivity levels, dedicated
methods were developed. In addition to small-scale techniques (Ge under-
ground detectors in Rn-free environments, Inductively Coupled Plasma Mass
Spectometer, high sensitivity Neutron Activation, Atomic Absorption
Spectroscopy etc...(Arpesella, 2002)) a prototype of the Borexino detector,
the Counting Test Facility (CTF), has been constructed and operated in the
Hall C of LNGS.

The radiopurities and sensitivities reached are summarized below and
correspond to the lowest radioactivity levels obtained by the Borexino Col-
laboration, in preparation of the experiment:

e Bulk material radiopurities of 107'* g g™! for >*®U and ***Th, ~10~° for
natg  few tenths of mBq kg™! for ®°Co, have been measured with Ge
detectors in construction materials such as stainless steel, photomulti-
pliers, metal and plastic gaskets, products for PMT sealing, etc...

e Radon emanations of 10 uBq m™ from plastic materials, 0. mBq m~
for Rn-222 and 1 mBq m™> for Ra-226 in water, below 1 mBq m™ for
the N, used for scintillator stripping.

e Radiopurity levels of a few times 107'° g g7! #**U, ***Th and *°K have
been reached with ICMPS in measuring the Borexino and CTF shielding
water.

e Sensitivities of few ppt for ***U and ***Th concentrations have been
obtained in the Nylon Sphere material measurements.

e The radiopurity of the scintillator itself was measured to be at the level
of few 107" g g™! for #%U, ***Th and ~107'* for '"#C/"?C in the
Counting Test Facility.

e Bulk radiopurity levels of 1072 -10"1 g g’1 for Au, Ba, Ce, Co, Cr, Cs,
Ga, Hg, In, Mo, Rb; less than few 107> g g”! for Cd, Sb, Ta, W;
1071~ 107" g ¢! for La, Lu, Re, Sc, Th; less than 1 x 1077 g g~! for
U, have been reached by means of Neutron Activation followed by ff —y
delayed coincidence analysis applied to the scintillator.

e Kr and Ar contamination in nitrogen at 0.005 ppm (for Ar) and
0.06 ppt (for Kr) were obtained and measured with noble gas mass
spectrometry.

3

These results represent a milestone in the development of the Borexino
detector and technique. Several of these concepts were incorporated in the
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construction of the high purity systems for the treatment of the most critical
liquid, the scintillator of the experiment.

3. The Counting Test Facility

The CTF description and its performance have been published elsewhere
(Bellini, 1996; Alimonti et al.,1998a, b). In this section we simply review the
main features of this detector.

The CTF consists of an external cylindrical water tank (@11 x 10 m;
=1,000 t of water) serving as passive shielding for 4.8 m? of liquid scintillator
contained in an inner spherical vessel (Inner Vessel) of 2.1 m in diameter and
observed by 100 PMT’s. An additional nylon barrier against radon convec-
tion and a muon veto system were installed in 1999. Figure 2 shows a picture
of the CTF detector.

The radio-purity level of the water is =107'* g ¢7' (U, Th), =107'° g ¢!
("K) and <5 uBq ™' for ?**Rn (Bellini, 1996, Alimonti et al., 1998b,
Balata, 1996].

The organic liquid scintillator has the same composition as in Borexino.
The yield of emitted photons is =10* per MeV of energy deposited and the
fluorescence peak emission is located at 365 nm. The principal scintillator
decay time is =3.5 ns in a small volume, while for large volume (because of
absorbtion and re-emission) this value is 4.5-5.0 ns. The attenuation length is
larger than 5 m above 380 nm [Alimonti et al., 2000].

W

Figure 2. Internal view of the Counting Test Facility (see text).
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The purification of the scintillator is performed by recirculation from the
Inner Vessel through a radon stripping tower, a water extraction unit, a
Si-Gel column extraction unit, and a vacuum distillation unit. The >**Th and
238U contaminations in the CTF liquid scintillator were found to be less than
(2-5)x 107" g g7,

The Inner Vessel for the liquid scintillator containment is made of nylon
with a thickness of 500 um, with excellent optical clarity at 350-500 nm. The
collection of scintillation light is ensured by 100 PMT’s mounted to a 7 m
diameter support structure inside the CTF tank.

The photomultiplier tubes are 8 inches (Thorn EMI 9351, the same as for
Borexino) made of low radioactivity Schott 8246 glass and characterized by
high quantum efficiency (26% at 420 nm), limited transit time spread
(¢ = 1 ns), good pulse height resolution for single photoelectron pulses
(Peak/Valley = 2.5), low dark noise rate (0.5 kHz), low after pulse proba-
bility (2.5%), and a gain of 10".

The PMT’s are equipped with light concentrators 57 cm long and with
50 cm diameter aperture. The PMT system provides an overall 20% optical
coverage for events taking place inside the Inner Vessel. The number of
photoelectrons per MeV measured experimentally is (300 + 30) MeV™' on
average.

The total background rate in the 250-800 keV energy range is about 0.3
counts year™' keV™!' kg™ and appears to be dominated by external back-
ground from radon in the shielding water (=30 mBq m™ in the region sur-
rounding the Inner Vessel). The internal background was measured to be less
than 0.01 counts year™' keV™' kg™'. The total count rate in the higher 1.0/
2.6 MeV energy range was found to be of 10 counts day™' ton™"'.

4. The Counting Test Facility Related Publications

Data collected with the Counting Test Facility have contributed significantly
to the best limits on quantities such as neutrino magnetic moment, electron
lifetime, nucleon decays in invisible channels, violation of the Pauli exclusion
principle, production of heavy-neutrinos in the Sun.

Concerning the study of the stability of the electron, the CTF data have
been analyzed to search for the 256 keV line of the gamma emitted in the
decay channele — 7 v. Since we have found no signal, we established a limit
on the electron lifetime of T > 4 x 102° (90% C.L.); this is still the best world
limit for the electron decay in this channel (Back et al., 2002).

CTF data analysis has allowed the study of the neutrino magnetic mo-
ment, obtaining the limit of u, < 0.5 x 107" pp, still a very competitive
result (Back et al., 2003a).
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We have also investigated the possibility of heavy neutrinos (M =>m)
emitted in the ®B reaction in the sun. Heavy neutrinos would decay to light
neutrinos via the reaction v;; — v, + e’ + e . The analysis of the CTF
energy spectrum has allowed to significantly enlarge the excluded region of
the parameter space with respect to previous experiments (Back et al., 2003b).

The stability of nucleons bounded in nuclei has been studied in the
Counting Test Facility searching for decays of single nucleon or pair of
nucleons into invisible channels. The limits are comparable to or improve the
previously set world limits (Back et al., 2003c). Furthermore a search was
made for non-Paulian transitions of nucleons from nuclear 1P shell to a filled
1S/ shell obtaining the best limit on the Pauli exclusion principle (Back
et al., 2004).

Other studies have concerned the search for anti-neutrinos coming from
the sun (Balata et al., 2006a) and the cosmogenic ''C underground pro-
duction (Balata et al., 2006b).

5. Geoneutrinos Detection

One possible application of a high mass, well-shielded scintillator detector
such as Borexino is the search for geoneutrinos, a new and very interesting
subject which we will discuss in the remainder of this paper.

The conceptual foundations of Earth science rest on a variety of observ-
ables as well as interior characteristics. One important parameter is the
internally produced heat which is currently measured to be in the
~60 mW m™ range (or 30 TW when integrated on the planet surface).

Part of this energy flow is due to the presence of radioactive elements in
the Earth interior, mainly naturally occurring uranium and thorium chain
elements and potassium. Models of the Earth disperse about 50% of the total
U, Th in the crust while leaving the remaining half to the mantle. Roughly
speaking, the 35 km thick continental crust contains a few ppm of U, Th
while the much thinner (~6 km) oceanic crust has a typical concentration of
~0.1 ppm.

Our goal is to measure this radiogenic heat by detecting neutrinos emitted
during the decays of the radioactive chains. For a given structure of naturally
occurring radioactive families, a measurement of antineutrino flux can be
related to the U, Th family content of the Earth.

In the case of the ***U family (the **°U leftover can be neglected) one can
globally represent the full decay chain as:

2BU 52 Pb+8u+ 66 + 67, + 51.7MeV (1)
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and therefore the detected number of antineutrinos is related to the number
of times this reaction has taken place.
The ***Th family presents a similar case:

22Th - Pb+ 6a+4e” + 47, + 42.8 MeV )

where again a definite number of antineutrinos is emitted and a well defined
energy is released.
Finally, antineutrinos are also emitted in the K terminations:

VK -4 Ca+e 47+ 1.32MeV (3)

The v energy spectra produced by these three sources are plotted in
Figure 3.

Our goal will be to detect antineutrinos emitted by these sources in order
to measure the rates of occurrence of the above reactions.

5.1. PRINCIPLE OF GEONEUTRINO DETECTION

While low energy neutrino detection offers formidable experimental chal-
lenges due to backgrounds as explained above, antineutrinos were discovered
in a reaction that naturally affords a nice way to cope with the unwanted
background events. The proposed detection reaction:
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