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The amount and distribution of radiogenic power generation from the heat

producing elements (HPE) U, Th, and K in the Earth is not well constrained. Com-

positional estimates of these elements vary by a factor of three in the bulk-Earth and

30 in the mantle after removal of the continental crust contribution. Understanding

the total power derived from these elements is critical to understanding the power

driving the Earth as they supply fuel to the geodynamo and mantle convection.

The decay of HPE’s produce particles called geoneutrinos and the measurement of

the geoneutrino flux reveals the frequency of decay and the abundances of these

elements in the Earth. The total geoneutrino flux can be categorized into three ma-

jor contributors: the dominant component from the nearest 500 km of continental

crust surrounding the detector and slightly smaller sub-equal contributions from the

remaining global continental crust and the mantle.



The negligible amount of HPE’s within the core was tested by a mass-balance

of the Th/U derived from Pb isotopes (�Pb). Each Earth layer was attributed a �Pb

from representative samples with associated weighting factor from the estimated

mass of U in each reservoir. The radiogenic power in the core from U and Th

was constrained to �0.03 terra-watts (median), emphasizing the core’s negligible

geoneutrino luminosity.

To unravel the contribution from the inaccessible mantle to the signal at a

detector one must build a physical and chemical description of the local and global

crust. The 50�50 km regional geoneutrino flux surrounding the SNO+ detector

(Sudbury, Canada) was modeled. 112 geologic samples were analyzed for their

U, Th, K abundances and combined with a 3D physical model of the region. To

supplement this, the methodology of Huang et al. (2013) was applied to an updated

geophysical model for the bulk-crust to predict the global crustal signal at SNO+

and other detectors. Variable correlation is addressed and uncertainties from density,

seismic velocity, crustal thickness, and abundances propagated.

This dissertation explores the amount and distribution of HPE’s within the

Earth and their geoneutrino flux through geochemical and geophysical modeling on

regional, crustal, and global scales. Together, the results update our understanding

of the Earth’s geoneutrino flux and the uncertainties still in the system.
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Chapter 1: Introduction

Estimated at 47� 2 terra-watts (TW) ( Davies and Davies, 2010), the Earth's

radiant heat is primarily comprised of two sources: primordial heat remaining from

planetary assembly and core formation, and radiogenic heat produced during nu-

clear decay of the heat-producing elements (HPE: uranium (U), thorium (Th), and

potassium (K)). The isotopes of these elements | 238U (99.3% g/g of U), 235U

(0.7%), 232Th (100% g/g of Th), 40K (0.012% g/g of K) | presently account for

99% of Earth's radiogenic heat due to their long half-lives and high abundances

relative to other radiogenic elements.

There are three categories of models which predict the abundance of the HPE's

in the bulk-silicate Earth (BSE; crust + mantle (� 0.5% and� 67% of Earth by mass,

respectively)) and therefore the radiogenic heat production within the BSE. Models

which predict low heat 
ux (Q) from radiogenic decay (� 10 TW) are derived from

observations of isotopic similarities between Earth and enstatite chondrite (a type of

meteorite)(Javoy, 1999;Javoy et al., 2010) or from models of early Earth collisional

erosion of an HPE-enriched crust (O'Neill and Palme, 2008). Medium-Q models (�

20 TW) are derived from combining observations from chondrites and mantle melt-

ing trends of terrestrial samples (McDonough and Sun, 1995;Palme and O'Neill,
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2014). Finally, High-Q models (� 30 TW) are derived from simple parameterized

mantle convection models (Turcotte and Schubert, 2014). There is inconclusive data

to critically evaluate the veracity of each of these three BSE models, therefore there

is currently not a precise understanding of the composition and thermal evolution

of our planet. The Earth's stable isotopic composition is most similar to enstatite

chondrites (low-Q model), and yet it falls outside of the chondritic de�ned end-

members in a Fe-Mg-Si plot, indicating Earth is not comprised of a single type

of chondrite nor a two component mixture (McDonough, 2017). Furthermore, the

use of terrestrial samples and observed conservation of chondritic ratios in terres-

trial samples yields a BSE composition (medium-Q model) with refractory element

abundances (including U and Th, but not K) double that estimated from enstatite

chondrites alone. Finally, neither the low- or medium-Q BSE models satisfy some

simple parameterized convection models of the Earth which require larger amounts

of radiogenic power to avoid a totally molten mantle for a signi�cant amount of

Earth history (high-Q model)(Schubert et al., 1980; Davies, 1980). Overall, the

range of heat production in BSE models di�er by a factor of three (10 to 30 TW).

With the consideration of uncertainties and the removal of the HPE contribution

from the accessible and HPE enriched continental crust (� 7 � 1 TW)( Huang et al.,

2013), these models di�er by a factor of thirty in estimates of the radiogenic power

in the modern mantle.

Radiogenic heating in the Earth's core is more constrained than that in the

BSE. There is a long-standing observation that the ratios of elements with high neb-

ular condensation temperatures and which readily combine with oxygen | called
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refractory lithophile elements and include U and Th | in the BSE are consistent

with ratios observed in chondrites (McDonough and Sun, 1995). A core contain-

ing signi�cant amounts of U or Th must also contain signi�cant quantities of other

refractory lithophile elements or disturb the conserved chondritic ratio of these ele-

ments in the mantle (McDonough, 2017). Similarly, if K is sequestered into the core,

other large-ion elements, such as rubidium, would also be sequestered, and this is

not observed in estimates of the BSE. Furthermore, a mass balance of the Earth's

time-integrated Th/U value, where U but not Th has been suggested to partition

into the core, documents that negligible amounts of U or Th is present in the core

(Wipperfurth et al., 2018). It is reasonable to conclude from these studies that the

BSE contains the budget of the Earth's HPE's.

For more than a decade, particle physicists have detected and reported on the

Earth's geoneutrino 
ux | electron anti-neutrinos ( � � e) of terrestrial origin produced

during � - decay (nÑ p� + e � + �� e)(Araki et al., 2005). The intensity of this 
ux is

proportional to the concentration and distribution of HPE's inside the Earth relative

to the detector's location. These elusive particles are exceedingly di�cult to detect

as they are charge-less leptons with negligible interaction cross sections (� 10� 44

cm2)(Dye, 2012). Measurement of the geoneutrino 
ux requires large, underground,

scintillation detectors which use the inverse beta decay (IBD) detection process ( �� e

+ p � Ñ n + e� ). The IBD reaction creates two 
ashes of light, separated in time

(� 200 � s) and space (� 30 cm), which uniquely classi�es the event and provides

an energy tag identifying the speci�c geoneutrino source isotope. The IBD reaction

requires an �� e kinematic threshold energy of 1.806 MeV due to the larger mass of the
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products relative to the reactants in the production of �� e's. Consequently, only �� e's

emitted by the decay of U and Th are detectable (Bellini et al., 2013). Detectors

are located at� 1-2 km deep in the upper crust to shield from cosmogenic muons

| the primary background source. Geoneutrino signals are measured in terrestrial

neutrino units (TNU), with one TNU equal to one detection per 1032 protons (9 one

kton of liquid scintillator) in one year with 100% detection e�ciency of a geoneutrino

detector. This unit accounts for di�erences in detector size and e�ciency.

Geoneutrino detectors are presently counting at KamLAND (Kamioka, Japan;

1 kton) and Borexino (Gran Sasso, Italy; 0.3 kton); future detectors include SNO+

(1 kton; online 2019) in Sudbury, Canada, JUNO (20 kton; online 2022) in Guang-

dong, China, and Jinping (4 kton; unknown start date) in Sichuan, China. Although

the Earth is emitting � 106 �� e/cm 2/s, few events are detected annually at KamLAND

(14/yr) and Borexino (4/yr) because of the combined e�ects of the inverse square

law (intensity 9 1/distance2) and the neutrino's small interaction cross section. Of

these detected events,Araki et al. (2005) estimated that 50% are derived from U

and Th in the HPE-enriched upper continental crust within� 500 km of the detector

(known as near-�eld crust). The remaining signal comes sub-equally from the rest

of the continental crust (i.e. the far-�eld crust; ¡ 500 km) and the mantle. Conse-

quently, the signal from the crust (� 35 km thick) overpowers that from the more

massive mantle (� 2900 km thick). In order to determine the mantle contribution

to the geoneutrino 
ux | and therefore the amount of U and Th within the mantle

| it is necessary to have precise and accurate estimates of the crustal contribution,

particularly the near-�eld signal.
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Endeavors to understand the near- and far-�eld crustal signal constitute the

dominant e�ort in geoneutrino research. On a regional scale, studies adopt high-

resolution seismic, gravity, and surface exposure data to create a 3D physical model

of the local upper crust, including thickness and density of locally relevant geologic

units. Combined with this model are geochemical data for each unit. Composite

regional models (physical + chemical) provide an estimate of the� 50% of the total

geoneutrino signal expected from the near-�eld crust and as such the precision on

the estimate of the total geoneutrino signal mimics that from the regional model.

Detailed regional models with local data have been constructed for KamLAND

(Enomoto et al., 2007), Borexino (Coltorti et al., 2011), and SNO+ (Huang et al.,

2014), with similar models needed for JUNO and Jinping. The regional geochemical

surveys of the near-�eld crust used in these models often highlight heterogeneity of

HPE abundances. While geophysical data are available to determine the general

physical conditions of a region, rarely is it with enough resolution to constrain the

boundaries of HPE heterogeneity with depth.

Models of the global crust, with resolutions of 2� 2 or 1� 1 degrees, employ a

combination of global and regional seismic and gravity data with extrapolation to

areas with minimal available data. Similarly, geochemical data from global compi-

lations representative of sediment, upper, middle, and lower crustal layers are com-

bined with these physical models. These joint models make simplifying assumptions

regarding the bulk composition of each layer of the continental crust. Only recently

did these geochemical model estimates include lateral and vertical spatial variabil-

ity, although not in all layers of the crust (e.g. Huang et al. (2013)). A further
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confounding issue is that there exist di�erent geophysical models of the bulk-crust

and each yields slightly di�erent geoneutrino estimates. From the variance between

these models and lack of direct measurement, it is unclear which model provides a

more accurate representation of the crust. Compositional models with lateral vari-

ability in HPE abundances rely speci�cally on estimates of the compressional seismic

velocity (Vp) in the crust, which di�ers between these geophysical models. Present

global crustal models do not have chemical spatial variability in the HPE-enriched

upper crust, thereby they neglect any local heterogeneity in the crust and perhaps

poorly represent the variability in the layer with the most dominant geonuetrino

signal.

Interpretation of simulation results involving HPE abundances, distribution,

and geoneutrino 
ux depend on uncertainties propagated in these models. Attri-

bution and propagation of uncertainty is the greatest modeling di�culty. Many

geophysical studies of the crust do not include uncertainty, which requires conserva-

tive assumptions of uncertainty when applying them to geoneutrino modeling. HPE

abundance variability, which generally contributes the most uncertainty to the pre-

dicted signal, is di�cult to minimize due to the inherent compositional heterogeneity

within the continental crust, particularly at small scales. Generally, authors have

propagated uncertainty through Monte Carlo methods to accommodate normal,

log-normal, and non-gaussian input distributions. Unlike the regional and crustal

models, the uncertainty on the measured geoneutrino 
ux is dependent on counting

statistics. As these detectors continue counting the photons from the IBD reac-

tion, the measurement uncertainty decreases due to counting statistics. Recently,
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�Sr�amek et al. (2016) estimated that current and future detectors will have the re-

quired statistics to exclude end-member BSE compositional models and provide a

low-uncertainty mantle measurement by 2025. However, to provide the uncertainty

necessary for this prediction to come to fruition and to take full advantage of the

measured signal, high-resolution near-�eld models around each detector and updated

bulk-crustal models need to be re�ned, and in some cases, constructed.

1.1 Overview of Dissertation

This dissertation addresses topics in the �eld of neutrino geoscience. Included

in this work is a regional and global modeling of geoneutrino 
uxes and HPE abun-

dances. Subsidiary work involves modeling of backgrounds expected at a small an-

tineutrino detector, calculation of the Th/U ratio in Earth's layers, and the calcula-

tion of heat production from the decay of HPE's. Uncertainty and error propagation

are discussed and interpreted where applicable.

Chapter 2 addresses the modeling of particle backgrounds expected at a small

antineutrino detector ('miniTimeCube') deployed next to a nuclear reactor, and the

e�orts to mitigate these backgrounds in situ. This study provided me with knowl-

edge on the propagation of particles through matter as well as the techniques used in

the detection of these particles (including geonuetrinos). The project has resulted

in two publications related to the miniTimeCube detector and include estimates

of backgrounds (Li et al., 2016, 2018). The text of this chapter focuses in-depth

on the backgrounds | measured and simulated | next to the nuclear reactor at
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the National Institute of Standards and Technology (NIST). This chapter is under

preparation for submission to peer review.

Chapter 3 pertains to the regional geoneutrino signal at the SNO+ detector

in Sudbury, Canada. A previous study (Huang et al., 2014) created a 3D model of

the � 500 km radius around SNO+ and identi�ed geologic formations that required

further investigation. The present study collected 112 samples from the 50� 50 km

area surrounding SNO+, which include the problematic units identi�ed byHuang

et al. (2014). These samples and a gravity based structural interpretation were

combined to create a high-resolution geoneutrino model for the area surrounding

SNO+ to supplement Huang et al.(2014). The contents of this chapter have been

previously published asStrati et al. (2017).

Chapter 4 includes the �tting of upper crustal HPE abundance to observed

surface heat 
ux to improve current geochemical models. Bulk-crustal geoneutrino

models adopt homogeneous heat production for the upper crust as a simplifying

assumption. Abundances in the upper crust were calculated by subtracting the

mantle and reduced (i.e. lower + middle crust) heat 
ux from the observed surface

heat 
ux. Relatedly, the bulk-crustal heat production was calculated from mod-

els of mantle geotherms derived from seismic and thermodynamic modeling from

Cammarano and Guerri (2017).

Chapter 5 provides an updated geoneutrino reference model for the bulk-crust.

The methods ofHuang et al. (2013) were applied to three geophysical models of

the crust. To ascertain the degree of di�erence between the signals from these

three models, the geoneutrino 
ux was calculated at current and expected detector
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locations. Uncertainty from HPE abundances, Vp, density, and thickness were

propagated through Monte Carlo methods and correlated when applicable. Flux

and abundance results were compared when using each of these geophysical models.

This chapter is under preparation for submission to peer review.

Chapter 6 evaluates the hypothesis that the core contains no U and Th, often

assumed from geochemical arguments (McDonough, 2014). A mass-balance of the

Pb-derived molar Th/U ( � P b) of the bulk Earth, crust, mantle, and the core was

performed. The� P b of the bulk-Earth was calculated by weighting each layer by the

mass of U expected within, and an assumed a mass of U in the core from 0 to 10

ng/g. The intersection of these results with a meteorite-derived� P b for the Earth

constrains the amount of U and Th in the core. The contents of this chapter have

been previously published asWipperfurth et al. (2018).

Chapter 7 re-evaluates the calculation of heat production from the decay of

short- and long-lived radioactive isotopes (beyond simply U, Th, and K). The ef-

fect of di�erent decay parameters from the physics and geologic communities on the

calculated decay energy are evaluated. Geologic parameters are adopted and com-

bined with models of isotopic abundances in the present and past Earth to calculate

the heat production and geoneutrino luminosity during planetary accretion and the

following 4.56 Gyr. This chapter is under preparation for submission to peer review.

The characterization of the magnitude and distribution of radiogenic power in

the planet through measurement of the Earth's geoneutrino 
ux is the central topic

of geoneutrino science. Due to the conserved ratio of refractory lithophile elements,

the assessment of Earth's U and Th abundance also constrains the abundance of
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� 30 other elements. These results will ultimately validate or reject compositional

models of the BSE, place constraints on Earth's thermal evolution, and constrain the

power available for mantle convection, plate tectonics, and the geodynamo (Bellini

et al., 2013).
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Chapter 2: A Shielding Enclosure for Neutrino Detector Develop-

ment at NIST

[1] K.L. Engel and J.G. Learned designed the shielding Cave. S.A. Wipperfurth

created the modeling environment using the graphical user interface 'SWORD' and

along with A.L. Hutcheson modeled the gamma and neutron background 
ux seen

outside/inside the Cave. H.P. Mumm performed neutron measurements at NIST and

handled construction of the Cave. B.C. Rasco performed gamma measurements at

NIST. K.L. Engel, S.A. Wipperfurth, H.P. Mumm, A.L. Hutcheson, B.C. Rasco,

and A.T. Dreutzler were involved with data analysis and writing the manuscript.

[2] This chapter is to be submitted as:

Kristi L. Engel, Scott A. Wipperfurth, Andrew T. Druetzler, Craig R. Heimbach,

Anthony L. Hutcheson, Emily G. Jackson, Glenn R. Jocher, Thomas J. Langford,

John G. Learned, Viacheslav A. Li, William F. McDonough, Kurtis A. Nishimura,

Bernard F. Phlips, B. Charlie Rasco, Richard S. Woolf, and H. Pieter Mumm, A

Shielding Enclosure for Neutrino Detector Development at NIST, 2019.
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2.1 Overview

Previous work at UMD in collaboration with the University of Hawaii, the

National Institute of Standards and Technology (NIST), and the Naval Research

Laboratory (NRL) designed a shielding Cave to attenuate particle backgrounds seen

by a small antineutrino detector (miniTimeCube; seeLi et al. (2016) andLi et al.

(2018)). The study described in this chapter is work that was performed as an

introduction to particle physics and the methodology involved in the detection of

anti-neutrinos.

To test the e�ciency of the shielding cave, I simulated backgrounds using

"Software for Optimization of Radiation Detectors" (SWORD)(Novikova et al.,

2006), a graphical user interface developed for GEANT4 (Agostinelli and with the

GEANT Collaboration, 2003) by the Naval Research Laboratory. GEANT4 is soft-

ware developed by CERN for the simulation of particle-matter interaction. We

simulated backgrounds from cosmic-ray produced muons, gammas, and neutrons,

as well as gammas and thermal neutrons from the nuclear reactor located at NIST.

Cosmic muon and gamma energy spectrums were derived from the Cosmic-RaY

(CRY) shower library (Hagmann et al., 2007). Cosmic neutron spectra were derived

from measurements performed byGordon et al. (2004a). Ambient reactor gamma

and thermal neutron spectra and rates were measured within the NIST reactor

Guide Hall, where the mTC and shield were located until September 2016. Reactor

sources were introduced from every direction within the simulation, while cosmic

sources were introduced above the shielding with a cos2(� ) distribution. Figure 2.1
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Figure 2.1: Simulation environment in the SWORD software. The top image
shows a sideview, while the bottom image shows a rotated viewpoint. Tick
marks refer to blue and green ticked x-y lines in the top �gure (for quick-
reference, the Shielding Cave is 2.2 m high).

and 2.1 show the simulation environment in SWORD.

2.2 Abstract

A 22 ton movable shielding enclosure for neutrino detector prototyping, re-

ferred to henceforth as "the Cave", was constructed at the National Institute of

Standards and Technology. The Cave is intended to operate as a general-purpose
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Figure 2.2: Shielding Cave next to the concrete reactor bio-shield. Right
image shows the wire-frame view with layers of the Cave exposed.

user facility and can be deployed at modestly di�erent baselines ranging from� 4

m to 5.5 m from the reactor core. The Cave is comprised of multiple overlapping

layers of borated polyethylene that cover both the interior and exterior walls of a

box composed of 1 cm thick steel plates separated by 15 cm of steel shot and paraf-

�n wax. Both natural and reactor-related background attenuations are reported in

this paper for gammas, neutrons, and muons, and with comparison of these mea-

surements against Monte Carlo simulation. Noteworthy background characteristics

such as temporal variation are also discussed herein.

2.3 Introduction

Low-rate experiments in close proximity to a reactor core (e.g., measure-

ments of reactor antineutrinos) generally require a detailed understanding of lo-

cal radioactive backgrounds as well as substantial shielding. A general purpose,
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well-characterized test facility can potentially provide a number of scienti�c oppor-

tunities, such as improved studies of neutrino oscillations at very short baselines,

studies of reactor neutrino spectral shape, and prototyping of emerging technolo-

gies (Vogel et al., 2015a). Deployment of short-baseline experiments near a nu-

clear reactor, where backgrounds can be particularly high due to reactor operation

and adjacent neutron{scattering instruments, requires shielding from various back-

grounds that could overwhelm or yield signal mimics within the detector volume

(e.g., high-energy gammas, thermal neutrons, fast neutrons, cosmic-ray muons and

their secondaries). In particular, the reactor-correlated gamma spectrum extends to

relatively high energies due to prompt gammas from neutron capture, thus posing

additional challenges for shielding.

Originally designed to house the University of Hawai'i miniTimeCube (mTC)

�� e detector (Li et al., 2016), the Cave can also accommodate other modest-scale

detectors requiring signi�cant shielding at relatively short baselines.

2.4 NIST Center for Neutron Research

The National Institute of Standards and Technology (NIST) Center for Neu-

tron Research (NCNR) operates the National Bureau of Standards Reactor (NBSR).

NBSR is a heavy water (D2O) cooled, moderated, and re
ected tank-type reactor

that operates at a thermal power of 20 MW. While lower power than a typical

commercial power reactor, the short core-detector baselines roughly compensates in

available neutrino 
ux. The NCNR typically operates the NBSR 250 days per year
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with high reliability. During refueling, two spent fuel elements are replaced and the

others are reshu�ed to maintain an even power distribution. Of the 30 elements, 16

stay in the core for eight cycles and 14 stay in the core for seven cycles. Variations

in reactor power (about� 2%) are minimized by the automatic movement of a reg-

ulating rod. Reactor power is calculated from the rate and temperature di�erence

of the coolant 
ow, and is known to � 5%. The primary source of uncertainty is

the temperature measurement.

The Cave is deployed within the NBSR con�nement building, immediately

adjacent to the biological shield surrounding the core (see Figure 2.3). The bio-

logical shield consists of 2.4 m of concrete, lead, and steel shielding. Thus, direct

neutron and gamma backgrounds are expected to be small. The location where the

Cave is deployed was designed to provide high-
ux thermal neutron beams (ther-

mal column), but is currently decommissioned. The moderator and shielding (2 m

combination of concrete, lead, and neutron moderation and shielding material) for

these beam-lines is still in place however, and result in very low neutron penetration

from the core. It must be emphasized that due to the NCNR's primary purpose as

a neutron facility, the thermal column area has neutron scattering instruments to

either side of the Cave. These are sources of thermal neutrons as well as prompt


 -ray �elds arising from neutron capture; both being complex and potentially time-

varying in nature. In addition, directly above the thermal column area is a cooling

water manifold that is part of the thermal shield cooling system. This is a source

of 
 -rays from 16O(n,p)16N that illuminates roughly half of the Cave.
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Figure 2.3: Location of the Cave relative to reactor core. The Cave sits
on existing tracks (blue), with a movable door on separately installed tracks
(purple). The baseline (distance between detector center and reactor core
center) displayed was used during mTC analysis (adapted from ( Li et al. ,
2016)).

2.5 Shielding Strategy & Design of The Cave

The Cave is comprised of six nested rectangular boxes, with the outermost

dimensions being 2.0 m wide (78")� 2.2 m high (88:5") � 1.8 m deep (70") and an

average wall thickness of roughly 0.4 m. The composition of the walls is described in

Table 2.1. This leaves an interior cavity, with dimensions 1.2 m wide (47:2") � 1.5

m high (59") � 1 m deep (39"), for housing experiments and associated electronics.

The essential features are shown in Figure 2.4.

The materials chosen serve speci�c particle attenuation roles. Hydrogenous

materials, in the form of 5% borated high-density polyethylene (HDPE) and paraf-

�n wax, attenuate   10 MeV neutrons. Additionally, the borated materials capture

thermal neutrons without producing secondary high-energy gammas (neutron cap-
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Figure 2.4: AutoCAD rendering of the Cave. Teal sheets (material 1 & 5) are
5% borated polyethylene that cover both the exterior of the Cave as well as
the interior cavity, while gray (materials 2 { 4) is the steel-shot/para�n wax
mixture enclosed between steel plates that comprises the structural heart of
the Cave. See Table 2.1 for more information.

ture on boron yields a 478 keV gamma). This e�ect is duplicated with the innermost

layer of borated HDPE to attenuate and capture spallation-/evaporation- derived

neutrons. Lithiated polyethylene was considered, but rejected due to the high cost.

High Z materials, in the form of A36 steel walls (98% Fe, 1% Mn) and steel shot,
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Material Dimension
(cm)

1 Borated polyethylene 10
2 A36 steel 1
3 Steel shot & para�n wax 15
4 A36 steel 1
5 Borated polyethylene 10

Table 2.1: From exterior to interior, composition and dimension of Cave layers.
Polyethylene layer used is doped with 5% boron. Steel layer and steel shot
are A36 steel. Steel shot & para�n wax mixture comprised of 75% steel, 25%
wax.

attenuate ¡ 10 MeV neutrons and gammas in addition to providing structural sup-

port for the Cave. All layers serve to attenuate the muon 
ux, albeit less e�ciently

than the neutrons. For the framework of the Cave, 9.5 mm sheets of A36 steel were

welded together to form tanks, which were then �lled with steel shot and molten

para�n wax (75% steel shot, 25% wax). Four layers of 25 mm borated HDPE sheets

were bolted in sets of two layers such that no bolts penetrated the full shielding. All

edges were overlapped to prevent line-of-sight to the interior.

The Cave structure (minus the Cave door) is supported by existing rails em-

bedded in the reactor facility 
oor for the purpose of retracting the thermal column

door from the primary shielding structure (Figure 2.3). This allows the Cave to be

moved across modestly di�erent baselines (� 4 m { 5.5 m from the reactor core)

depending on experimental needs. A removable stepped-pro�le door, of like layering

and dimensions, allows access to the interior of the Cave. When closed, there are no

direct line-of-sight paths for particles to enter the central cavity. This limits gas-like

thermal neutrons from penetrating. There is an opening built into the base of the

structure to provide access for cooling and power to the enclosed instrumentation
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("Cabling Access", Figure 2.4). During the operation of an experiment, the area

around piping and cabling through this opening can be packed with borated HDPE

pellets contained in bags to limit thermal neutron penetration.

2.6 Shield Simulations

Monte Carlo-type simulations were employed to model the interaction of inci-

dent particles with, and the attenuation e�ciency of, the Cave. Benchmarking sim-

ulations with in-situ measurements allowed for better understanding of temporally{

changing backgrounds from other experiments in the con�nement building as well

as the ability to study time-correlated backgrounds of relevance to neutrino experi-

ments.

Backgrounds were simulated within the Cave using SWORD (SoftWare for

the Optimization of Radiation Detectors (Novikova et al., 2006)), a Naval Research

Laboratory initiative that provides a graphical user interface (GUI) to GEANT4

(GEometry ANd Tracking, v.4 (Agostinelli and with the GEANT Collaboration,

2003)). GEANT4 is a Monte Carlo particle-matter interaction modeling software

for the simulation of the passage of particles through matter (Agostinelli and with the

GEANT Collaboration, 2003). The implementation of SWORD allowed for ease of

modeling and visualization of the modeling environment. Backgrounds simulated in-

cluded both cosmogenic sources (muons, gammas, and neutrons) and reactor sources

(thermal and fast neutrons, gammas). Source energy spectra were obtained from

in-situ measurements or literature. Gamma spectra were as measured outside the
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Cave (see Section 2.7). Thermal neutron spectra were assumed to follow a Maxwell-

Boltzmann 
ux distribution at 20 � C. The cosmic neutron spectrum was adopted

as the 
ux incident on the roof of the IBM T.J. Watson Research Center in York-

town Heights, NY (Gordon et al., 2004b). Cosmic muon and gamma spectra were

calculated using the Cosmic-RaY (CRY) shower library (Hagmann et al., 2012a).

The simulated geometry includes a rough approximation of the NBSR bio-

logical shield, the con�nement building ceiling and 
oor, a water-based spent fuel

storage pool beneath the reactor, and the Cave. The biological shield comprises

a 3.5 m radius concrete cylinder. The con�nement building ceiling and 
oor is

simulated as 0.5 m thick concrete. The spent fuel storage pool is simulated as a

5 m deep pool of water beneath the model. Actual reactor components were not

simulated, although �ne mechanical structure could potentially alter the particles

passing through the center of the reactor.

2.7 Background Measurements

Detailed background surveys have previously been carried out in the Cave

location (Ashenfelter and with the PROSPECT Collaboration, 2016). This informa-

tion was combined with more recent measurements to understand the background

�elds both outside and inside the Cave. The detector suite used for characterization

of backgrounds in the Cave as presented in this paper are listed in Table 2.2.
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Detector Type
FaNS-1 Capture gated spectrometer

(3He and plastic)
Radpack-GC 3He proportional counter

GammaTracer Ion chamber
Canberra gamma Detector HPGe

miniTimeCube 10B-loaded plastic scintillator

Table 2.2: Detectors and primary function as used within this study.

2.7.1 Gammas (
 )

Gamma measurements were carried out using a Canberra High-Purity Ger-

manium (HPGe) detector (Model CPHA7.5-37200S). The crystal is a closed-end

coaxial geometry 55 mm in length and 62:5 mm in diameter. The detector is regu-

larly calibrated at NIST and these data are combined with Monte Carlo calculations

to determine absolute e�ciency as a function of energy. The photo-peak e�ciency

at 6 MeV is roughly 0.025%.

Signi�cant increases in the gamma background over the reactor-o� rates are

observed shortly after the reactor starts up. These increase further as adjacent

beam-lines are opened. Raw data taken during reactor-on cycles | with adjacent

beam lines open | and reactor-o� cycles are shown in Figure 2.5. Several location-

dependent features are observed depending on line-of-sight to the various sources

we have identi�ed above. Strong Fe lines (57Fe and 55Fe) from neutron capture on

surrounding shielding and structural materials are seen. Lines due to16O(n,p)16N

reactions in the biological shield cooling system are observed when su�ciently far

from the thermal column that the system is not shadowed. Due to the fact that the
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data presented in Figure 2.5 was taken in a shadowed location, the line from this

reaction is not signi�cant herein. The bulk of the spectrum is, however, a contin-

uum, suggesting that down-scattered Fe captures within rebar{reinforced concrete

dominate. Unfolded spectra useful for future modeling work are discussed in Sec-

tion 2.7.2.

Figure 2.5: Raw gamma spectra acquired using the HPGe detector described
in the Section 2.7.1. With the reactor on, the spectrum is dominated by
prompt gammas from neutron capture on structural materials (Fe, Cu, and
Al) that are subsequently down-scattered. Some of these features are still
present within the Cave, with a notable addition being 41 Ar produced through
neutron capture in the air that di�uses into the Cave during its 1.8 hour half-
life. Reactor-o� backgrounds (measured outside the Cave) are primarily the
result of uranium and thorium decay chains in concrete with the exception of
the 1115-keV gamma from 65 Zn which has a 244 day half-life and thus persists
through reactor refueling cycles.

In order to asses the temporal variation of gamma �elds, a GammaTracer

(GF1414) was placed between the location of the Cave and the The Multi Axis

Crystal Spectrometer (MACS) (Rodriguez et al., 2008) instrument (adjacent to and
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west of the Cave) at the approximate neutron beam height to measure the temporal

variation of gamma backgrounds. The GammaTracer consists of two detectors and

was con�gured to record the average dose rate over a 10 minute period for each of

the detectors and to then compute an average of the two readings. Data due to typ-

ical MACS operating conditions is shown in Figure 2.6. Dose rates are observed to

vary by about an order of magnitude over hour timescales. The e�ect is particularly

pronounced at the rear (reactor side) of the Cave because of the geometry of the

MACS sample-position and detector. In addition to being important in understand-

ing the ultimate e�ect on potential experiments, this variation makes comparison of

background data taken at di�erent times problematic as noted in section 2.7.2.

Figure 2.6: A subset of the GammaTracer data showing signi�cant temporal
variations in dose rate. The time structure is due to sample position changes
in the adjacent MACS spectrometer.
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2.7.2 
 -Spectrum Unfolding

The primary purpose of the background characterization is to provide input

for Monte Carlo simulation of experiments within the Cave. The problem can be

stated mathematically as

di �
Ņ

j � 0

Rij f j ; (2.1)

where di is the number of counts in thei th data bin, f j is number of 
 -rays

with energy Ej , and Rij is the response of the detector in thei th data bin to a given


 -ray with energy Ej . There are several ways to perform such a deconvolution of

the measured
 -spectra. The technique we used in this work was originally imple-

mented for astronomical measurements (Lucy, 1974), but NaI(Tl) total absorption

spectrometers extensively use this technique (Cano-Ott et al., 1999a,b;Tain and

Cano-Ott, 2007;Rasco et al., 2016). We use the expectation-maximization method

described in detail inTain and Cano-Ott (2007), as it is stable, returns only pos-

itive feeding fractions, is relatively easy to implement, and does not use other �t

parameters that may in
uence the results.

The results of the HPGe deconvolution of the measured spectrum inside and

outside the Cave are shown in Figure 2.7. We show the reduction as a function of

energy in Figure 2.8. The ratio of inside to outside the Cave is similar to the ratio

obtained by merely scaling up the raw spectrum by the HPGe e�ciency. However,

the HPGe-e�ciency-scaled estimate of the total 
ux of 
 rays not in a HPGe peak

is o� by an order of magnitude.
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Figure 2.7: Deconvolved HPGe spectra inside (red; lower spectrum) and out-
side (grey; upper spectrum) of the Cave; measured at NIST.

We have performed two checks on our deconvolved spectra. The �rst is to input

the deconvolved energy spectrum into our simulation and compare the results with

the original measured data. We found the results from the simulation to match very

well with the measured data. The other check is to compare the estimated HPGe

peak e�ciencies of particular gammas with the peak e�ciencies measured directly

by counts in the energy peak. Again, the deconvolved results agree well with the

predicted gamma e�ciency as a function of energy.

The gamma 
ux inside the Cave is dominated by gammas incident upon the

exterior of the Cave, rather than secondaries produced through neutron or muon

interaction within the Cave. Regardless, all gamma sources (primary or secondary)
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Figure 2.8: Ratio of counts per energy inside the Cave to outside the Cave
from HPGe results.

were simulated. A comparison of the measured and simulated spectra show rea-

sonable agreement in terms of spectral shape but an order of magnitude lower 
ux

in the simulated spectra (Figure 2.9). This discrepancy is assumed to be due to

the complex gamma �elds in the vicinity of the Cave and the fact that it was not

possible to measure the incident 
ux at the location of the Cave interior under the

same operating conditions of the adjacent instruments. Thus the measured spectra

inside and outside the Cave were not measured concurrently (physically or tempo-

rally) and represent di�erent background conditions. However, as the mechanisms

for prompt-gamma production remain the same, this di�erence primarily e�ects the

overall rate. A small dosimeter was used to measure rates in the gap between the

Cave and the MACS instrument, which suggested at least a factor of �ve upward re-
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normalization of the background data. Qualitatively this would put the simulation

and data in reasonable agreement.

Figure 2.9: Spectral shape comparison of unfolded measured (red; upper spec-
trum) and simulated (grey; lower spectrum) gamma spectra within the Cave.
General agreement over the continuum is seen. A few additional features,
most notably a line at 1,293 keV from 41 Ar, are due to sources not included
in the Monte Carlo.

2.7.3 Fast Neutrons: FaNS-1

Neutrons with energies above 0.5 MeV were measured using the FaNS-1 detec-

tor. The FaNS-1 fast neutron spectrometer consists of segments of BC-400 plastic

scintillator with 3He proportional counters in between (Langford et al., 2015;Lang-

ford, 2013). The six 9 cm� 18.5 cm � 15 cm optically-decoupled segments have

a total active volume of 15 liters. Pairs of Photo-Multiplier Tubes (PMTs) collect
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light from each segment through cylindrical light-guides. Signals from each PMT

are split; one half is attenuated by a factor of nine, while the full amplitude pulse

is delayed. These pulse pairs are digitized, allowing for the construction of a linear

response over a large dynamic range. The six 1" diameter3He proportional counters

are �lled with 4.0 bar of 3He and 1.1 bar of natural krypton and have high thermal

neutron capture e�ciency. All six helium-counter signals were combined in one fan

in/out module and digitized.

FaNS-1 operates via the concept of capture-gated spectroscopy. A fast neutron

enters the detector, where it may thermalize through multiple (n,p) scatters. After

a random walk it can be captured by a3He counter or it may leave the detector.

The signature of a fast neutron is a recoil in the scintillator signal followed� 10 � s

later by a delayed neutron capture. The neutron energy is determined by the light

yield of the scintillator, where non-linearities are reduced through segmentation. By

examining the time separation between a scatter-like event and a capture-like event,

it is possible to di�erentiate accidental coincidences, which are uniform in time,

and correlated coincidences, which have a distinct exponential distribution. The

energy calibration of FaNS-1 was determined with well-calibrated252Cf, 2:5 MeV,

and 14 MeV generator sources, and detailed MCNP models of detector response.

Fast neutron measurements were carried out in a background laboratory space

at the NCNR with similar overburden to the con�nement building, within the con-

�nement building but outside of the Cave, and inside the Cave as shown in Fig-

ure 2.10. A full unfolding of the spectra is complicated by response uncertainties

at higher energies (100 MeV) due to cosmic muons. Because of this, to compare
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measurements with the expected Cave performance, cosmic fast neutrons with the

appropriate spectrum (Gordon et al., 2004b) were propagated in MCNP through

the building roof and Cave. Resulting spectra were then used as a source term for

the FaNS-1 simulation and integrated counts between 1 MeV and 100 MeV were

compared. Integrating the simulated spectrum over this region shows an attenua-

tion factor of 3.6 for the combination of the con�nement building structure and the

Cave.

Figure 2.10: Measured fast neutron spectrum inside the Cave measured by
FaNS-1 detector.

2.7.4 Thermal Neutrons: Radpack-GC

Additional neutron measurements were performed both inside and outside

the shielding Cave with a Radpack-GC thermal neutron radiation detector (Sensor
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Technology Engineering, Inc., Santa Barbara, CA). The Radpack-GC comprises

seven3He proportional counters with active dimensions per counter ofm5.08 cm

� 132 cm and �ll pressures of 271 kPa. Measurements were carried out with the

reactor both o� and on. As in the FaNS measurements, an additional background

measurement was performed at another location in the NCNR building with minimal

overburden to gauge the e�ect of walls/ceiling of the NBSR con�nement building

on the cosmogenic neutron background rate. The measured count rate for each of

these measurements are given in Table 2.3. Note that the thermal neutron count rate

during reactor operations is reduced by a factor of approximately 4� 104 inside the

shielding Cave compared to outside. However, it is also noteworthy that the count

rate inside the Cave is approximately 4{5 times larger when the reactor is operating

compared to when the reactor is o�. This result may indicate that although the Cave

greatly attenuates the thermal neutron 
ux as expected, there may be persistent

neutron leakage though residual cracks. As mentioned previously, thermal neutrons

are notorious for gas-like behavior.

Reactor Measurement Acquisition Measured

State Location Length (s) Rate (s� 1) Flux (n/cm 2/s)

O� Outside Cave 1800 1:03� 0:02 3:64� 0:08� 10� 3

O� Inside Cave 3600 0:031� 0:003 3:8 � 0:4 � 10� 5

O� NCNR break area 1800 3:26� 0:04 1:15� 0:02� 10� 2

On Outside Cave 600 5870� 3 7:082� 0:004

On Inside Cave 1845 0:13� 0:01 1:6 � 0:1 � 10� 4

On Inside Cave 3600 0:16� 0:01 1:9 � 0:1 � 10� 4

Table 2.3: The measured count rates using the Radpack-GC thermal neutron
detector and the calculated energy-integrated total 
uxes.

To determine the total neutron 
ux for each measurement, detector response
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coe�cients for the Radpack-GC were simulated using MCNP 6.1.1 (Goorley, 2014).

The response coe�cientsRpEq are de�ned such that, given a 
ux distribution d�
dE ,

the di�erential count rate dC
dE is given by the equation 2.2.

dC
dE

� RpEq �
d�
dE

(2.2)

We divided the neutron energy spectrum into three bins: thermal (EN ¤ 0:5

eV), epithermal (EN � 0.5 eV { 100 keV), and fast (EN ¥ 100 keV). For each energy

bin, we assumed the following 
ux distributions:

Thermal:
d�
dE

9 E � e� E {0:0253 (eV� 1) (2.3)

Epithermal:
d�
dE

9
1
E

(eV� 1) (2.4)

Fast:
d�
dE

9
?

E � sinh
?

2E � e� E (MeV � 1) (2.5)

We could then determine average response coe�cients,xRy, for each bin:

xRy �

³E2

E1
RpEq � d�

dE dE
³E2

E1

d�
dE dE

(2.6)

For the thermal, epithermal, and fast neutron energy bins, the average response

coe�cients were xRy = 910.2, 332.4, and 33.47 cm2, respectively.
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Finally, we estimated the total neutron 
ux as

� �
C

AT h � xRT hy � AEp � xREpy � AF � xRF y
(2.7)

where C is the total number of counts, xRT h;Ep;F y are the average response co-

e�cients for the thermal, epithermal, and fast energy bins, andAT h;Ep;F are the

fractions of the total 
ux in each energy bins. For measurements outside the Cave

when the reactor was o�, we assumed 
ux fractions of 18%, 30%, and 52% for the

thermal, epithermal, and fast bins, respectively. These percentages are based on the

cosmogenic neutron spectrum given inGordon et al. (2004a) up to neutron ener-

gies of 100 MeV, above which energy the detector response is virtually zero. When

the reactor was operating, 
ux fractions of 90%/2%/8%, respectively, were assumed

for measurements outside the Cave; these fractions were based on measurements

performed at similar reactors (e.g.,Abrefah et al. (2010)).

2.8 Conclusion

A shielding facility has been constructed at the NCNR to provide an environ-

ment with reduced reactor-related backgrounds for short-baseline reactor-neutrino

detector development. We have reported the results of a detailed background mea-

surement campaign and, where practical, reported unfolded spectra as well.

Gamma and fast neutron backgrounds are higher than expected and show

unanticipated time-structure. This has been de�nitively traced to an adjacent neu-

tron scattering instrument called MACS. To mitigate this, there are currently plans
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to install additional shielding in the form of movable a steel curtain between MACS

and the Cave. Nonetheless, though the spectrum is harder inside the Cave, inte-

grated gamma 
uxes within the inner cavity are less than a typical laboratory, and

thermal neutron 
uxes are e�ectively eliminated by the shielding it provides.

As of this writing, the Cave is available as a user facility. All experiment

proposals should be submitted through the NCNR IMS system for consideration.
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Chapter 3: Perceiving the Crust in 3-D: A Model Integrating Geo-

logical, Geochemical, and Geophysical Data
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S. Wipperfurth carried out the ICPMS measurements. The 3-D geophysical model
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F. Mantovani conducted the geoneutrino signal calculation. V. Strati, F. Mantovani
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the authors.
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Strati, V., S. A. Wipperfurth, M. Baldoncini, W. F. McDonough, and

F. Mantovani (2017), Perceiving the Crust in 3-D: A Model Integrat-

ing Geological, Geochemical, and Geophysical Data, Geochemistry, Geo-

physics, Geosystems , 18 (12), 4326{4341, doi:10.1002/2017GC007067
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3.1 Abstract

Regional characterization of the continental crust has classically been per-

formed through either geologic mapping, geochemical sampling, or geophysical sur-

veys. Rarely are these techniques fully integrated, due to limits of data coverage,

quality, and/or incompatible data sets. We combine geologic observations, geochem-

ical sampling, and geophysical surveys to create a coherent 3-D geologic model of

a 50 � 50 km upper crustal region surrounding the SNOLAB underground physics

laboratory in Canada, which includes the Southern Province, the Superior Province,

the Sudbury Structure, and the Grenville Front Tectonic Zone. Nine representative

aggregate units of exposed lithologies are geologically characterized, geophysically

constrained, and probed with 109 rock samples supported by compiled geochemical

databases. A detailed study of the lognormal distributions of U and Th abundances

and of their correlation permits a bivariate analysis for a robust treatment of the un-

certainties. A downloadable 3-D numerical model of U and Th distribution de�nes

an average heat production of 1.5� 1:4
� 0:7 mW/m3, and predicts a contribution of 7.7� 7:7

� 3:0

TNU (a Terrestrial Neutrino Unit is one geoneutrino event per 1032 target protons

per year) out of a crustal geoneutrino signal of 31.1� 8:0
� 4:5 TNU. The relatively high

local crust geoneutrino signal together with its large variability strongly restrict the

SNO+ capability of experimentally discriminating among BSE compositional mod-

els of the mantle. Future work to constrain the crustal heat production and the

geoneutrino signal at SNO+ will be ine�cient without more detailed geophysical

characterization of the 3-D structure of the heterogeneous Huronian Supergroup,
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which contributes the largest uncertainty to the calculation.

3.2 Introduction

Geoscientists map out and de�ne the surface geology and from that predict

3D cross sections of regional terrains. Geological mapping in 3-D is a fundamen-

tal task for understanding the potential for economic resources and the geological

evolution of a region. Infrequently are datasets from these surface campaigns fully

integrated into a coherent depth projection using data from shallow geophysical

surveys. Although geological data of various sorts have been collected almost ev-

erywhere on Earth, crustal data in most regions have vastly di�erent resolution and

data types that present challenges to integrate into a coherent 3-D picture that

projects 10+ km into the crust. With the advent of advanced techniques of sta-

tistical analysis and extensive data collection with comparable uncertainties, it is

now possible to integrate many di�erent types of information into a single coherent

model. The resultant models are useful in geophysical modeling (e.g., structural

analysis, geodynamic simulations, seismic wave corrections, and heat 
ux), geologic

interpretation (e.g., orogenic history, past environments, and crustal processes), and

particle physics (e.g., geoneutrinos 
ux and muon tomography).

We report here a method of integrating available geological, geochemical, and

geophysical data into a coherent 3-D model of the upper crust of the Sudbury re-

gion of Canada (see supporting information Dataset S1). Our e�orts build on a

previous study (Huang et al., 2014), hereafter H14, that developed a 3-D model of
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