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Much of the continental crust, the 40+ km thick plates of rock that make up the
outer shell of our planet, is inaccessible to us living on its surface. Thus its composition
is a mystery. We lack the technology to sample it directly at depths past 5 km, aside
from a few deep (expensive) drill holes, so we must come up with a clever alternative for
establishing its composition.

The deep crust, the lower two-thirds of the continent, serves as a supporting root.
When continents collide, they make mountain ranges, or when pulled apart they make rift
valleys and basins. The composition of the deep crust, and specifically its silica (SiO,),
molecular water, and heat producing element (HPE: K, Th, U) contents, directly influ-
ence the crust’s rheology during tectonic events and its potential for deadly earthquakes.
Its chemical makeup is the sum of 4.5 billion years of crustal evolutionary processes that
continuously shape and reshape the platform upon which society sits. An accurate de-
scription of the deep crust, however, requires careful integration of many different data

sources.



My research combines geochemistry with thermodynamics, geophysics, mineral-
physics, seismology, and even particle physics to produce self-consistent models for the
crust’s composition. Using thermodynamic calculations, I generate densities and seismic
sound wave speeds from a range of chemical compositions. Matching these forecasted
models to Earth’s seismic and gravity data allows me to translate the deep crust’s physical
properties into chemical compositions on both the regional and the global scale. Impor-
tantly, by quantifying not only the compositions, but also the uncertainties and the misfit
in these results, I can better define the differences between competing models for crust
deformation and evolution.

Charting the distribution of Earth’s geochemical resources has led to our collab-
orations with particle physicists, who need our expertise to determine the frequency of
radioactive decay and therefore the amount of HPE decay emissions (known as geoneu-
trinos) in the crust; this geoneutrino flux is the background signal in their nuclear physics
experiments. Their global flux measurements constrain our models for heat production
and the amount of radiogenic energy that heats the Earth — which provides power to man-
tle convection, plate tectonics, and the destruction and creation of more continental crust.
Our main sources of data are threefold. First, we have critically compiled geochemical
analyses of >10,000 rock samples from pre-existing literature (Earthchem.org and affil-
iates). Second, we use geophysical data provided by sources such as the United States
Geological Survey, the Earthscope USArray, and others to determine which of our geo-
chemical samples could produce Earth’s observed seismic and density signals. Third, we
partner with particle physicists in the United States, Canada, Italy, Japan, and China to

jointly interpret data from three international geoneutrino detectors.



By focusing on Earth as a whole system we seek a comprehensive understanding of
its natural hazards and resources. Using multidisciplinary constraints, my goal is to build
compositional models of the continental crust, with quantifiable uncertainties, that can be
applied regionally and at larger scales. These findings will provide predictive insights on
the strength and response of the continents when subjected to the dynamic processes of

plate tectonics.
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Chapter 1: Introduction

The processes that make Earth a unique and habitable planet are tied to its compo-
sition, past and present. The starting materials Earth inherited during its formation were
crucial to early planetary differentiation (McDonough et al., 2020), and the resources that
are left today still fuel its mantle convection, plate tectonics, and the geodynamo. This
fuel is primarily expressed as heat. Earth’s total heat budget of 46 + 3 terrawatts (TW,
10'2 watts) (J aupart et al., 2016), is a combination of primordial (kinetic) heat from plan-
etary accretion and of radiogenic heat. With two sources of fuel, Earth’s internal engine
is like that of a hybrid car. Unfortunately, we do not have a fuel gauge to tell us what
proportion of heat is primordial or radiogenic. While humans are unlikely to be around
when both of Earth’s fuel tanks reach “empty”, knowing Earth’s heat evolution and future
trajectory tells us about the abundance of valuable elements, and helps us understand the
cycles of heating and cooling in other rocky planets — and their potential for hosting life.

The radioactive decay of heat producing elements (HPEs: U, Th, K) contributes
anywhere between 10 and 30 TW of energy to Earth (Javoy, 1995; McDonough and Sun,
1995; Turcotte and Schubert, 2014), and is the only process that has added significant
heat to the Earth’s interior since roughly 4.4 billion years ago. Th and U in particular

occupy unique positions in the study of Earth’s heat production and composition. First,



their radioactive isotopes, 232Th, 238U, and trivial amounts of 233U, account for >80%
of Earth’s radiogenic heat generation (McDonough et al., 2020). Second, Th and U are
refractory elements which condensed out of the solar nebula in conserved ratios to 26
other refractory elements (Bellini et al., 2013). Accurately and precisely determining
the concentration of Th and/or U in the bulk Earth therefore allows us to calculate the
abundances of those other refractory elements as well, which include Ca, Al, Nb, and the
economically valuable rare earth elements.

Because of the chemical differentiation of Earth’s layers, the highest concentration
of HPE:s is locked in Earth’s continental crust. Unfortunately, we who live on the surface
can only directly access the uppermost parts of the crust (the deepest drill hole, Kola
Superdeep Borehole, was abandoned at 12 km depth). The deep continental crust and
the mantle are inaccessible to traditional geological sampling methods. This dissertation
advances the study of Earth’s composition by reconciling geoneutrino fluxes measured
by particle physicists with geochemical, geophysical, and seismological observations, to
produce an internally consistent compositional model of Earth. The overarching goal
of this research is to build an Earth compositional model with quantifiable uncertainties
using an interdisciplinary approach, and to highlight the need for further collaboration

among the geosciences.

1.1 Neutrino Geoscience and Crust Composition

Geoneutrinos are a direct probe into Earth’s interior. Geoneutrinos, abbreviated V,,

are electron antineutrinos emitted during the radioactive decay of Earth’s natural isotope



systems. These antineutrinos carry with them unique energy tags, allowing us to identify
each V,’s radioactive parent isotope. Measurements of geoneutrino fluxes can therefore
directly, quantitatively constrain the number of Th and U decays occurring inside Earth.

Geoneutrinos are nearly massless, chargeless particles. Once generated, these ghost-
like particles leave Earth to traverse the universe. Due to their elusive nature (interaction
cross-section of < 1074"m~2), we only detect about one V, per 10!° that pass through a
one kiloton detector, or roughly 10 V, per year. Modern geoneutrino detectors have the
capability to measure V, from Th and U isotopes, which carry enough energy to pass the
instruments’ 1.8 MeV reaction threshold. Because the decay rates of 232Th and >*8U are
well-known (McDonough et al., 2020), and the ratio of Th to U is (relatively) constant
(Wipperfurth et al., 2018), we can calculate the absolute abundances of these HPEs from
geoneutrino measurements.

Geoneutrino detectors, however, cannot measure directional information, meaning
that the v, from HPE decays in Earth’s deep mantle look the same as V,’s from the crust.
Earth’s total geoneutrino emission signal is a combination of geoneutrinos produced from
all of Earth’s silicate layers. Negligible geoneutrinos are emitted from Earth’s core (Wip-

perfurth et al., 2018). The number of V, observed by physicists is therefore:

Stotal = Scrust + Smantle (1-1)

The total signal, S, 1s reported in Terrestrial Neutrino Units (TNU) to normal-
ize measurements among different detectors. One TNU equals one antineutrino per one

kiloton of scintillation fluid (10'8 free protons) per year. S, is proportional to the con-



centrations of Th and U divided by the square of their distance (r~2) from the detector.
Although the mantle is Earth’s largest silicate reservoir, variations in the local crust’s con-
centrations of Th and U have the strongest effect on the V, signal simply because the local
crust is closer to the detector (smaller r).

To understand how many geoneutrinos are coming from the mantle, and therefore
how much radioactive heat is left to power mantle convection, we must first determine
Scrust> a crustal correction for the abundance of Th and U. Chapter 2 of this dissertation
shows that slight differences in the modeled upper crustal correction vastly impact the
final calculation of radiogenic heat in the mantle. Chapter 2’s discussion highlights the
importance of understanding the geology local to each geoneutrino detector and demon-
strates why geoscientists need to take an active role in the calculation of the geoneutrino
signal. Chapters 3 — 5 quantify the composition and uncertainties of the deeper portions
of the continental crust through a combination of geochemical data analyses and geo-
physical observations. Due to its inaccessibility and poorly constrained major and trace
element abundances, the composition of the deep continental crust has been a point of
debate among geoscientists for decades (see Dumond et al. (2018); Hacker et al. (2015)
for summaries of these debates). However, we combine independent information from
geochemical studies (Chapter 3) with petrological, geophysical, and seismological infor-
mation (Chapters 4, 5) to construct a more precise model for deep crustal composition.
Our joint geochemical-geophysical approach to determining the major element and HPE
content of the deep crust is effective on a local (Chapter 4) and a global (Chapter 5) scale,
both of which are necessary for calculating the local (Near-Field) and global (Far-Field)
contribution of Th and U to the total geoneutrino signal.

4



1.1.1 Geoneutrino Detection

Geoneutrinos are emitted during the decay of four primary nuclides, along with

energy, reported as heat (Q) in MeV:

Vg 340 Ca+ B~ +V,+0(1.31MeV)
22Th 28 Ph+ 60t +4B~ +4V, + Q(42.6MeV)
25U =27 Ph+-Tor+ 4B~ + 4V, + Q(46.4MeV)
28y 2% pp 1+ 8a 468~ + 6V, +Q(51.7MeV)
As stated earlier, though, only V, from the Th and U decay chains are energetic
enough to accomplish the inverse beta decay reaction (IBD, equation 1.2). In kiloton-
sized detectors of scintillating fluid, V, collides with a free proton (p*, hydrogen nucleus)

transforming it into a positron (e*) and a neutron (n). This reaction results in two flashes

of light that are correlated in time, space, and energy.

Vo+pt —=et+n (1.2)

The emitted positron promptly annihilates with an electron, producing two photons
summing to 1.022 MeV as the first detectable flash of light. About ~200 microseconds
later, the neutron thermalizes and is captured by a nearby proton to form a >H* deuterium
nucleus. This reaction produces another flash of light with a discrete energy of 2.2 MeV,
(the nuclear binding energy for deuterium). The two flashes of light and the separation

timer of 200 ps allow for the unique identification of v, with low background noise.



1.2 Deep Crust Composition Models

The deep continental crust’s chemical composition is central to the debate of crustal
formation, evolution, strength, temperature, and bulk composition. The inaccessible na-
ture of the deep crust forces reliance on analogue samples and modeling results to de-
termine its bulk composition. Medium- to high-grade continental metamorphic litholo-
gies serve as geochemical markers for the deep crust. These amphibolite, granulite, and
eclogite facies rocks are sampled through tectonically emplaced or eroded exposures of
metamorphic rock (terrains) or through deep crustal xenoliths that are rapidly carried to
the surface through volcanic eruptions. The difficulty remains in determining whether
these isolated occurrences of deep crustal material are representative of the deep crust as
a whole. On the other hand, geophysical surveying techniques, such as seismic veloc-
ity measurements, provide a means of measuring large portions of the deep crust in situ,
but only report on the physical properties of the deep crust rather than its chemical state.
However, a combination of both geochemical and geophysical analyses can place con-
straints on deep crustal composition. The physical properties of small-scale geochemical
samples, measured in laboratory experiments, can be compared to large scale observations
of the crust.

Christensen and Fountain (1975) were among the first to formally predict lower
crustal compositions from laboratory derived Vp velocities in granulite. By comparing
laboratory experiments to large seismic datasets, the authors identified average seismic
and compositional trends in the deep crust. Holbrook et al. (1992), Rudnick and Foun-

tain (1995), and successive publications offered interpretations of suites of seismic sur-



veys in the context of global crustal structure, incorporating even more petrological and
geochemical analyses of deep crustal samples. Following the work of Holbrook et al.,
Christensen and Mooney (1995) developed a model which addressed the global crustal
structure through synthesizing large seismic data sets. To combat sparse data coverage in
remote areas, such as Antarctica or central Africa, the models extrapolate seismic profiles
of various tectonic provinces to regions of similar crustal structure (e.g., island arcs, oro-
gens, Archean crust, etc.). The CRUST and LITHO family of models (Bassin et al., 2000;
Mooney et al., 1998; Pasyanos et al., 2014) has applied the same extrapolation method to
generate what are now the most prevalent of global seismic models for the lithosphere.
CRUST models define Vp, Vs, density, and thickness structures for different tectonic
settings by relating Vp field measurements to Vs and density through empirical seismic
observations. Recent iterations of similar techniques (e.g., Szwillus et al., 2019) more

explicitly outline their methods and quantify the statistical uncertainty in their models.

1.2.1 Relating Chemical Composition to Seismic Observations

Comparing geochemical measurements to geophysical observations requires trans-
lation between bulk rock composition and seismic velocities. A rock’s composition con-
trols its mineralogy, which in turn dictates its physical properties, such as its density,
compressibility, and shearibility. The bulk compressibility modulus (K), shear modulus
(u), and density of a rock define the velocities at which seismic waves travel through it:

K+35u

Vp= 1.3
P P (1.3)




Vs = (1.4)

<=

where Vp is compressional wave velocity and Vs is shear wave velocity.

Thermodynamic modeling softwares can use Voigt!-Reuss?-Hill® (VRH) averag-
ing to build bulk rock compositions from individual mineral constituents. One such soft-
ware, Perple_X (Connolly, 2005), predicts equilibrium mineral assemblages from bulk
rock compositions using Gibbs free energy minimizations. From these mineral assem-
blages, VRH averaging is used to generate bulk rock properties. Perple_X derives mineral
phase relationships from experimental and empirical input databases, e.g. from the exper-
iments conducted by Holland and Powell (2004). Connolly (2005) offers an overview of
the software’s free energy minimization technique for calculating mineral assemblages.
Chapter 3 of this dissertation explains in detail how Vp and Vs are predicted for differ-
ent deep crustal lithologies, the temperature and pressure variations considered, and the
uncertainties associated with converting major oxide compositions to seismic velocities.
Chapters 4 and 5 then compare Perple_X-derived seismic velocities to field observations
of Vp and Vs.

Trace elements, such as Th and U, cannot be directly derived from seismic proper-
ties. By definition, they are not major rock forming constituents and therefore cannot be
modelled as thermodynamic rock components. However, many trace elements have quan-

tifiable relationships to one or more major oxides. Chapter 3 analyzes the predictable

'W. Voigt, Lehrbuch der Krista Uphysik (B. B. Teubner, Leipzig, 1928), p. 739.
2A. Reuss, Z. Angew. Math. Mech. 9, 49 (1929)
3R. Hill, Proc. Phys. Soc. (London) 65,349 (1952)



behaviors between HPEs and SiO,. Chapter 5 then generates trace element maps as a

function of major oxide abundance using a simple bivariate probability analysis.

The goal of this project was to investigate Earth’s radiogenic heat production by placing
multiple, independent constraints on its composition. The research presented here focuses
specifically on creating joint geochemical-geophysical models for the deep continental
crust. The inaccessibility and heterogeneity of the deepest portions of the continental
crust compels us to reconcile datasets from different fields of geology and physics. By
incorporating geochemical, petrological, and geophysical datasets, and accounting for the
uncertainties within each, this dissertation lays one more brick in the foundation of a a
holistic Earth model.

In addition, our models of continental crust composition assess the concentration
of heat producing elements (K, Th, and U) in areas local to geoneutrino detectors and
throughout the Earth. The detection of geoneutrinos, V,, emitted from within Earth is a
tool for directly measuring Earth’s heat production capacity and ultimately the abundance
of > 25 elements. These geoneutrino measurements, however, require accurate crustal
composition corrections. This document outlines a multidisciplinary approach to solving
for crustal composition, of the deep crust in particularly, first on the local, then on the
global scale.

Each new chapter’s specific undertakings depend on observations and techniques
developed in previous parts of the project. Chapter 2 outlines the importance of accurate

crustal composition models for geoneutrino and radiogenic heat production calculations.



In-depth geochemical characterization of amphibolite and granulite samples (Chapter 3),
including major element and HPE correlations, builds an extensive library of possible
deep crustal compositions. Thermodynamic modeling translates these compositions to
seismic velocities, which are then compared to both regional (Chapter 4) and global
(Chapter 5) seismic data. The conclusion to this dissertation (Chapter 6) discusses the
future of neutrino geoscience and crustal compositional modelling, including which av-

enues should be pursued next.
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Chapter 2: Quantifying Earth’s the radiogenic heat budget

2.1 Overview

Earth’s internal heat drives mantle convection and plate tectonics. Measurements
of geoneutrino fluxes show what portion of that heat is radiogenic, as opposed to pri-
mordial. For a geoneutrino flux measurement to be interpreted into total radiogenic heat,
though, a lithospheric correction must be applied. An accurate geochemical understand-
ing of the rocks surrounding geoneutrino detectors is of the utmost importance. Here,
we show how two different local geological models around the Borexino detector in Italy
lead to two very different radiogenic heat results. We show that Borexino’s results agree
with other geoneutrino experiments when Italy’s regional geology is properly taken into
account.

[1] This chapter has been submitted to Earth and Planetary Science Letters as:
Sammon, L. G., & McDonough, W. F. (2022). Quantifying Earth’s radiogenic heat
budget.

[2] LGS and WEM contributed to the conceptualization of this project. LGS con-

structed the synthetic models. LGS and WFM wrote and edited this manuscript together.
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2.2 Abstract

Earth’s internal heat drives its dynamic engine, causing mantle convection, plate
tectonics, and the geodynamo. These renewing and protective processes, which make
Earth habitable, are fueled by a primordial and radiogenic heat. For the past two decades,
particle physicists have measured the flux of geoneutrinos, electron antineutrinos emitted
during B~ decay. These ghost-like particles provide a direct measure of the amount of
heat producing elements (HPE: Th & U) in the Earth and in turn define the planet’s ab-
solute concentration of the refractory elements. The geoneutrino flux has contributions
from the lithosphere and mantle. Detector sensitivity follows a 1/r> (source detector sep-
aration distance) dependence. Accordingly, an accurate geologic model of the Near-Field
Lithosphere (NFL, closest 500 km) surrounding each experiment is required to define the
mantle’s contribution. Because of its proximity to the detector and enrichment in HPE:s,
the local lithosphere contributes ~50% of the signal and has the greatest effect on inter-
preting the mantle’s signal.

We re-analyzed the upper crustal compositional model used by Agostini et al. (2020)
for the Borexino experiment. We documented the geology of the western Near-Field re-
gion as rich in potassic volcanism, including some centers within 50 km of the detector.
In contrast, the Agostini study did not include these lithologies and used only a HPE-
poor, carbonate-rich, model for upper crustal rocks in the surrounding ~150 km of the
Borexino experiment. Consequently, we report 3x higher U content for the local upper
crust, which produces a 50% decrease in Earth’s radiogenic heat budget, when compared

to their study. Results from the KamLAND and Borexino geoneutrino experiments are at
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odds with one another and predict mantle compositional heterogeneity that is untenable.
Combined analyses of the KamLAND and Borexino experiments using our revised local
models strongly favor an Earth with ~20 TW present-day total radiogenic power. The
next generation of geoneutrino detectors (SNO+, counting; and JUNO, under construc-

tion) will better constrain the HPE budget of the Earth.

2.3 Introduction

A combination of primordial and radiogenic energy drives Earth’s engine, with the
former coming from planetary accretion and the latter from decay of K, Th, and U. Our
planetary vehicle lacks a fuel gauge to define the amount of fuel left to power plate tec-
tonics, mantle convection, and the geodynamo. Defining the thermal evolution of the
planet gives insights into the cooling and crystallization history of the core, the temporal
variation in mantle viscosity, and the nature of the cosmic building blocks of the Earth.
With the dawn of geoneutrino detection (Araki et al., 2005), we now have the opportunity
to define the Earth’s radiogenic fuel budget, which in turn can specify the proportional
contribution of these heat producing elements (K, Th, U) in the crust and mantle.

Twenty years have passed since particle physicists began detecting the Earth’s emis-
sion of geoneutrinos (chargeless and near-massless particles emitted during B~ decay)
(Araki et al., 2005). The first generation of detectors (KamLAND in Japan and Borexino
in Italy) have reported their flux measurements and interpreted their data in the context
of an assumed geological model. The precision of the flux measurement (o) continues

to improve with exposure time, as it follow counting statistics (¢ ~ 1/4/N, N=number
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of observed events). The accuracy of the interpretation and its uncertainties depends on
the assumed geological model. To interpret the geoneutrino flux measurement, one uses
a detailed assessment of the Th and U abundances and distribution in the lithosphere sur-
rounding the detector (closest ~500 km, which typically contributes 40 to 50% of the
measured signal). A reference model is assumed for contributions from the remaining
global lithosphere and mantle, with the Earth’s core having negligible quantities of K,
Th, and U, and no significant contribution to the signal. Combined analyses of the results
from the KamLLAND and Borexino experiments favor an Earth with ~20 TW present-day
total radiogenic power (or a ~16 TW Earth for just Th and U power) (Bellini et al., 2021;
McDonough et al., 2020). This finding indicates that ~40% of the Earth’s estimated
power of 46 + 3 TW (Jaupart et al., 2015) comes from radiogenic sources.

Controversy remains, however, regarding the assumed geological model used to
describe the local lithospheric contribution to the geoneutrino flux. For the lithosphere
surrounding the KamLLAND detector the various geological models predicting the local
3D distribution of Th and U differ by a factor of 1.4, based on their reported geoneutrino
fluxes (Enomoto, 2006; Huang et al., 2013; Wipperfurth et al., 2020). In contrast, for the
Borexino detector the various predictions differ by a factor of 3 (Agostini et al., 2020;
Coltorti et al., 2011; Huang et al., 2013; Wipperfurth et al., 2020). The interpretation of
the regional geology is important for geoneutrino studies as it fundamentally influences
the final result, and the global abundances of Th and U.

The latest interpretation of geoneutrino data from the Borexino experiment (Agos-
tini et al., 2020) predicts a low contribution from their local crust to the overall geoneu-
trino signal. Consequently, their inferred mantle geoneutrino signal is high (~25 TW
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from Th+U), as well as their calculation for the bulk Earth’s radiogenic power (~38 TW
from K+Th+U), with model uncertainties at ~34% (Agostini et al., 2020). This predic-
tion contrasts with other geoneutrino experiments (Agostini et al., 2015; Gando et al.,
2013) and numerous geochemical (Huang et al., 2013; Javoy et al., 2010; McDonough
and Sun, 1995, e.g.) and geophysical (Jaupart et al., 2016; Turcotte and Schubert, 2014,
e.g.) models for Earth. Agostini et al. (2020) places their upper limit of uncertainty at 51
TW of radiogenic heat production, which is outside of all geological observations.

Here we review the data for constructing a local geological model for the litho-
sphere immediately surrounding the Borexino detector. We evaluate the local geological
model used in Agostini et al. (2020) and compare it with competing models. We then
test whether such models are consistent with the known regional geology and heat flux
constraints. Using these findings, we identify the best local lithospheric models for the
Borexnio experiment. Relying on the same principles, we discuss the competing local

lithospheric models for the next generation of geoneutrino experiments.

2.4 Background

Neutrinos are weakly-interacting fundamental particles that stream freely through
matter, carrying information about their decay source. Detection of electron antineutrinos
(V,) is accomplished via the Inverse Beta Decay (IBD) reaction with a free protons (p):
V. +p — eT +n [n, neutron; e, positron] with an energy threshold of Etvi_” = 1.8 MeV.
This restriction allows detection of only the highest energy antineutrinos produced during

some of the B~ decays in the 238U and 232Th decay chains (Araki et al., 2005).
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Figure 2.1: The strength of a geoneutrino signal depends on the abundance of the emitter
(Th or U), and the 1/distance? from the emitted to the detector, regardless of direction. A
detector in central Italy (Borexino) sees the strongest signal (yellow) from its immediate
surrounding geology and the weakest signal from the opposite side of Earth (pink). The
outer and inner core do not contribute to the geoneutrino signal and are grayed-out.
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Earth’s total geoneutrino emission comes from the lithosphere and mantle, with the

number of V, observed (i.e., S, signal) by physicists is therefore:

Stotal = Slithosphere + Simantle (2.1)

Storal 18 reported in Terrestrial Neutrino Units (TNU) to normalize between detectors of
different sizes; 1 TNU equals 1 antineutrino detection per 1 kiloton of scintillation fluid
(10%2 free protons) per year of exposure in a 100% efficient detector. S, is proportional
to the concentration of U times its sensitivity factor (@) and the same for Th, divided by

the square of their distance (r) from the detector:

a[U]+B[Th

> (2.2)

Stotal =

Sensitivity factors account for a neutrino’s interaction cross-section, which scales with its
discrete energy, and accounts for the higher energy neutrino from U being more detectable
than those from Th, despite 4 x lower concentration levels of the former.
Figure 2.1 shows the sensitivity of S, relative to distance from the detector in central
Italy. At a known decay rate, a relatively constant (>>>Th/>*8U),,,y14, value (Wipperfurth
etal., 2018), and an assumed K/U value, we calculate the abundance of the heat producing
elements (K, Th, and U; HPEs). Please refer to Supplementary equation S1-Eql for the
full calculation of the total V, signal.

Compositional variations in the local lithosphere have the strongest effect on the
geoneutrino signal because the lithosphere is closer to the detector (smaller r) and is 100-

fold enriched in HPE relative to the mantle. Although the Earth’s mantle is largest silicate
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reservoir, its low U concentration (<10 ng/g) and distance (greater r) causes its signal to
be muted.

To determine the contribution of geoneutrinos from the mantle, and therefore how
much radioactive heat is left to power mantle convection, plate tectonics, or the geody-
namo, we must first determine the U and Th concentrations in the lithosphere surrounding
the detector. Subtracting the lithospheric signal from the total signal is done to establish
the mantle value and its Th and U content. The Sjsnosphere has Near-Field Lithospheric
(NFL) and Far-Field Lithospheric (FFL) contributions. Thus, the mantle geoneutrino sig-

nal is:

Smantle = Stotal - (SNFL + SFFL) (23)

The relative contributions of these components are: Near-Field lithosphere (40 to 50%),
Far-Field lithosphere (30 to 40%, i.e., global lithospheric signal), and mantle (<25%)
(Wipperfurth et al., 2020). The lithosphere includes the mechanically coupled, underlying
lithospheric mantle, which has limited compositional variation (McDonough, 1990) and
contributes little (order ~1 TNU, <10% of the signal) to the lithospheric signals (Huang
etal., 2013). Araki et al. (2005) observed that the first 50 km and 500 km from KamLAND
contributes ~25% and ~50%, respectively, of the total signal.

Modeling uncertainties: The relative uncertainties on the flux measurement at Kam-
LAND and Borexino experiments improve over time; KamLAND went from ~54% to
~15% uncertainty for its measured flux, while Borexino went from ~42% to ~19%. The

modern mantle with depleted and enrich domains is predicted to show only ~10% total

18



variation in its geoneutrino signal (grémek et al., 2013). Likewise, only ~10% relative
variation is observed in estimates of the Far-Field lithospheric signal. Typically, the up-
per crust (i.e., the top 1/3 of the crust) contributes ~70% of the geoneutrino signal from
the lithosphere. Hence, the greatest impact on interpreting the mantle signal comes from

accurately predicting the upper crustal composition, that is, the Syry..

2.5 Lithospheric Modeling

Disentangling the mantle’s contribution to S;,,,; is a major goal of geoneutrino stud-
ies. Doing so requires accurate models for Sy iijosphere- Importantly, uncertainties (statisti-
cal and systematic) in the NFL model contribute most significantly to uncertainties in the
modern mantle and global results.

Given the limited (£10%) variation in the mantle’s signal, one expects its predicted
values from different geoneutrino experiments to agree at this level. However, the local
estimates of the modern mantle S, range from ~304-13 TNU (power from K, Th, and
U) by the Borexino team (Agostini et al., 2020) to ~741.6 TNU by the KamLLAND team
(Gando et al., 2013). Consequently, the disparate nature of these findings either means
(1) the mantle is grossly heterogeneous (i.e., beyond scales envisaged by geology), or (2)
there are substantial inaccuracies in lithospheric modeling.

The distribution, volume, composition (HPE content), and petrology of the forma-
tions surrounding a detector must be accurately determined for its contribution to Syrr.
Shales and granites are enriched in HPEs, whereas peridotites and carbonates normally

are not. However, the degree of HPE enrichment is variable even within a given rock type.
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HPE concentrations differ among igneous, metamorphic, and sedimentary rocks, and be-
tween silicate and carbonate lithologies (Figure 2.2). It is therefore crucial to model ac-
curately the proportional contribution of each geological formation and its HPE content
near a detector.

The Borexino geoneutrino experiment at Gran Sasso National Laboratory was lo-
cated outside of L’ Aquila, Italy, in the central Italian peninsula (Figure 2.3, 13.57°E,
42.45°N, with 1.4 km of rock overburden). The Apennines consist primarily of fore-
land basin sediments and siliciclastic foredeep basin sediments, covered by Middle Pleis-
tocene to Recent volcanics (on the western side) and continental shelf and marine deposits
(Cosentino et al., 2010; Vignaroli et al., 2019). The marine deposits are mainly dolomitic
(marble, where metamorphosed). Extensional forces from mantle spreading to the west
of the Apennines have led to a fault-block system of grabens filled with terreginous sedi-
ments in a region known as the Tyrrhenian Extensional Zone (Cosentino et al., 2010). As
a result, the uppermost crust near the detector could contain a mixture lithologies ranging

from < 1 ppm to > 4 ppm U (Figure 2.2).

2.5.1 Near-Field and Far-Field Lithosphere

The Near-Field Lithosphere (NFL) is oftentimes, for the sake of computational ease,
treated as the 4°latitude x 6°longitude area centered on the detector (Huang et al., 2013),
rather than a circle with a 500 km diameter. The Far-Field Lithosphere (FFL) consists
of the rest of the Earth’s lithosphere (oceanic and continental). The crucial step, which

requires geoscientific expertise, is determining the concentration and distribution of HPEs
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Figure 2.2: The average and range of U (and Th) depends on rock lithology. Granites
tend to have higher average HPE content while carbonates and mafic rocks have lower
averages. Sandstones, on the other hand, can have a wide range of U content depending
on their formation and surrounding rocks. The white bar for each rock type shows the
interquartile range of U concentrations from the Earthchem.org Database https://www.
earthchem.org. See text for the definition of TNU.
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Figure 2.3: A schematic drawing of the location of the Borexino experiment and its Near-
Field lithosphere (NFL; highlighted colored map in the center). Though the global abun-
dance of U and Th contribute to the measured geoneutrino signal, the (continental) crust
immediately surrounding the detector has the strongest effect on the signal.

in the lithologies of the Near-Field Lithosphere.

Srrr 1s a global average of the continental and oceanic lithospheric contribution to a
detector’s farfield geoneutrino flux. Model predictions for the Srry at existing and future
planned detector sites are consistent, with estimates agreeing at better than the +20%
level. The competing predictions for Bo7¥"°§ ., agree at 1641 TNU (Agostini et al.,
2020; Coltorti et al., 2011; Huang et al., 2013; Wipperfurth et al., 2020).

Whether a signal is from a moderate source of heat producing elements in the litho-
sphere near the detector or from a more concentrated mantle source is where discrepancies
are introduced. To illustrate this point, and to highlight the need for accurate lithospheric
models for the area surrounding geoneutrino detectors, we walk through the impacts of
two different scenarios of upper crustal concentrations for Th and U near the Borexino
geoneutrino detector.

Figure 2.4 illustrates the signal trade-off between HPE content of the Near-Field

Lithosphere and mantle. S;,,,; depends on the total mass of HPEs and their distance from
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Figure 2.4: The total geoneutrino signal, S;,4; (length of the boxes in the figure) measured
at a given detector remains relatively constant over time; the uncertainty decreases as the
number of geoneutrino events detected increases. The amount of signal attributed to the
Near-Field Lithosphere (NFL, yellow) determines how much signal must come from the
mantle (blue). The average signal of the Far-Field Lithosphere (FFL, brown) generally
stays the same (i.e., 161 TNU for Borexino).

the detector. The non-uniqueness of the modeling drives us to construct more accurate
3D descriptions of the HPE contents of the Near-Field Lithosphere, to evaluate better the

mantle HPE concentrations.

2.5.2 Numerical Model

Figure 2.5 presents two NFL models used to analyze the effects of vastly different
abundances of Th and U in the upper crust surrounding the Borexino detector: (1) a low
Th+U content (e.g., dominantly carbonate) and (2) medium Th+U content (e.g.,shale-like,
or averaged carbonate + siliciclastics + volcanic). These idealized models are comparable
to those reported in (1) Agostini et al. (2020) and Coltorti et al. (2011), and (2) Huang
et al. (2013), Wipperfurth et al. (2020), and McDonough et al. (2020).

Using Monte Carlo numerical modeling (Wipperfurth et al., 2020), we determined
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NFL Model 1 NFL Model 2

Figure 2.5: Two different Near-Field Lithosphere models illustrate low (Agostini’20) and
medium (Generic) U and Th scenarios in the uppermost crust near our geoneutrino de-
tector. The middle and lower crust are kept the same among the three models since we
are primarily interested in the effects of upper crustal compositional changes. See Huang
et al. (2013) for discussions on middle/lower/deep crustal geoneutrino contributions.
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the expected Borexinog, .. assuming two different scenarios: low and medium HPE con-
tents for the upper crust. The HPE content of the middle, and lower crust and lithospheric
mantle are taken from Sammon and McDonough (2021); Sammon et al. (2022). For the
physical description of the local lithosphere, we use the LITHO1.0 model (Pasyanos et al.,
2014) (i.e. density, distance from detector) with 1°latitude x 1°longitude horizontal reso-
lution for the upper, middle, and lower crust and lithospheric mantle. Table 2.1 lists the
compositional model parameters for the NFL, its signal, and that for the total lithosphere
and mantle. This table also reveals the predicted power of the mantle and bulk Earth for
these two different upper crustal models and thus NFL models.

A factor of three difference in the HPE budget of the upper crust for these two NFL
models produces a factor of ~2 difference in both the estimated mantle and bulk Earth
radiogenic power (Figure 2.6). These gross differences in the predicted radiogenic power

demonstrate the significance of producing an accurate NFL model.

2.6 Importance of the Near-Field Lithosphere Model

The Apennines of the central Italian peninsula exposes a geological paradox across
its eastern and western divide. Its Adriatic eastern side is composed of a compressional
fold and thrust belt, whereas its Tyrrhenian western side is composed of extensional fault-
block mountains. The paradox of this mountain belt is the juxtaposition of both compres-
sional and extensional tectonic forces over a relatively narrowed (~150 km) east-west
traverse.

Figure 2.7 shows that carbonate sediments surround the Borexino detector, whereas
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Figure 2.6: The lithospheric geoneutrino signal (predicted, Sitnosphere) VS. the measured
geoneutrino signal (S;.z,;) for the Agostini at al. model and Generic Model introduced in
Table 2.1. The Agostini at al. Model has a smaller predicted lithospheric signal, attribut-
ing 21 _34103 TNU to lithosheric U and Th. The Generic model has a higher concentration
of U and Th in the upper crust of the NFL, and therefore a greater lithospheric flux,
32.3fg:2 TNU. The dotted lines with slopes = 1 show the y-intercept for each model. The

y-intercept is the S,,4,.17.. The blue-shaded area shows the measured S;,;,; of 475%8 TNU
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Figure 2.7: A simplified geological map (A) of the central Italian peninsula showing
extensive volcanism on the western portion and carbonate platforms to the east. The red
dashed line circles the Borexino detector (blue star) at a radius of 50 km. Quaternary
volcanic deposits in the west coincide with high surface heat flux (B).

the western half of the Near-Field region exposes extensive deposits of Neogene to Qua-
ternary igneous rocks (Lima et al., 2005; Xhixha et al., 2014). The Tuscan and Roman
magmatic provinces are exposed all throughout the Tyrrhenian side of the Apennines and
coastal plains. This western portion of the Italian peninsula is enriched in K, Th, and
U, with some rocks containing as much as 25 ug/g U (Conticelli et al., 2007), which is
slightly less than 10 times enriched over average upper crustal rocks (Rudnick and Gao,
2014).

These western Tuscan and Roman magmatic rocks are HPE-enriched and make up
a significant portion of the upper crust of the NFL. Some of these rocks are within 50 km
of the Borexino detector and need to be incorporated into any NFL model, but unfortu-
nately these lithologies were not discussed by (Agostini et al., 2020; Coltorti et al., 2011).
Agostini et al. (2020) highlighted the central tile, which includes the area within ~100 km
of the Borexino detector and noted “Up to a distance of ~150 km from Borexino, 100%

of the geoneutrino signal is generated from the LOC [local lithosphere].” Nearly all of

27



the volcanoes identified in Figure 2.7, some of which are enormous volcanic centers, are
within 150 km of the Borexino detector. In addition, the CROP 11 seismic refraction line
that the Agostini et al. (2020) model cites as evidence for 13 km of carbonate sediments
shows thick layers of siliciclastic sediments as well (e.g., Di Luzio et al. (2009); Patacca
et al. (2008).

To develop our alternative model of the BorexinoNEL, we followed the practices of
Huang et al. (2013) and McDonough et al. (2020) and used a generic, average upper crust
composition (Rudnick and Gao, 2014). Using such a generic model for the upper crust of
the NFL results in a mantle and bulk Earth model that is consistent with studies that favor
a 20 TW radiogenic Earth (Bellini et al., 2021; McDonough et al., 2020).

Disparities between the predicted HPE concentrations in the upper crust for the
NFL cause the greatest systematic uncertainties in calculated radiogenic heat production.
Constructing a purely carbonate versus a generic upper crust around the detector changes
the expected mantle radiogenic heat budget from 30 TW to 13 TW, respectively. These
contrasting models illustrate the consequences of modeling different proportions of HPE
lithologies for the NFL. Consequently, inaccurate estimates of the subsurface composition

near a detector vastly change the implications of the observed geoneutrino signal S;;.;.

2.7 Heat Flux Constraints on Lithospheric Models

To further assess the upper crustal model of the 377*"°NFL we turned to the avail-
able heat flux data for the central Apennines (Pauselli et al., 2019; Verdoya et al., 2021).

Given the regional tectonic setting discussed above, it is not surprising to observe a clear
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distinction between the western, high heat flux (>150 mW/m?) and the eastern low heat
flux (<70 mW/m?2) provinces (Pauselli et al., 2019) (Figure 2.7). Moreover, using ob-
servable crustal radiogenic heat production data, Verdoya et al. (2021) concluded that low
surface heat flux estimates (e.g., values <45 mW/m?) are unreliable in the Apennines.
This study also concluded that the central Apennines region has an average heat flux of
~70 mW/m? (with eastern and western limbs being approximately 55 and 150 mW/m?2,
respectively). On average, the °7¢"NFL has a relatively normal continental surface heat
flux value (e.g., ~63 mW/m?, (Lucazeau, 2019)).

Surface heat flux is the sum of contributions from heat production in the crust and
the heat flux across the Moho. The total surface heat flux (Totalyr) can be expressed as

the sum of crustal and Moho heat fluxes:

Totalgr = Crustyr +Mohogr 2.4)

Normally, a regionally averaged surface heat flux (e.g., ~63 mW/m?) is dominated
by an upper crustal fraction (i.e., 50 to 60%) and, less so, by a ~1/3 contribution from
the Moho heat flux (i.e, 21 + 10 mW/m?) (Sammon et al., 2022). If we assume a generic
crustal compositional model (Table 2.1), the regional Totalyr for the Italian peninsula
appears normal in terms of its heat production and surface heat flux (i.e., ~70 mW/m?). In
contrast, assuming the compositional model for the NFL adopted by Agostini’20 (Coltorti
et al., 2011) puts the Crustyr contribution at 24 mW/m? and a Mohogp of 46 mW/m? —
more than double the global average. While this level of Moho heat flux is possible, it

is only observed in areas of recent volcanism, which contradicts the low HPE carbonate
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shelf model.

The Agostini et al. (2020) model for the mantle’s radiogenic heat (30 TW) is also
inconsistent with their choice of a 8.1 TW global lithosphere model. The Earth has 46 + 3
TW of heat (Jaupart et al., 2016), which is both radiogenic and primordial in origin, with
other contributions including 3 TW from oceanic hot spots (Jaupart et al., 2007; Labrosse
et al., 2001), 0.4 TW from tidal heating, crust-mantle differentiation, and thermal con-
traction (Jaupart et al., 2007), and a minimum of 6 TW to 12 TW from secular cooling of
the mantle (Labrosse, 2007). Consequently, for Agostini et al. (2020)’s accounting to be
correct, it leaves anywhere from -2 to -8 TW for the core-mantle boundary (CMB) heat
flux, meaning that the mantle is radiating 2 to 8 TW of heat into Earth’s core as it heats up
over time. Our alternative model has 7.6“_?:% TW for the global lithosphere (Wipperfurth
et al., 2020) and 12.9 TW in the mantle. This model yields a CMB heat flux of 10 to 16
TW, in agreement with estimates from previous studies (Korenaga, 2008; Labrosse, 2002;
Labrosse et al., 2001; Nakagawa and Tackley, 2010; Roberts et al., 2003).

The first experiment to detect geoneutrinos, KamLAND, in Kamioka, Japan, pre-
dicts a low radiogenic power Earth, 11.21?? TW for Th and U only, or 14 TW when
including the decay of other isotopes (Gando et al., 2013). This result is intermediate
between the low H (H = heat production) estimates for the Earth (Javoy et al., 2010) and
middle H estimates (McDonough and Sun, 1995; Palme and O’Neill, 2014). The NFL
model used by the KamLAND team (Enomoto et al., 2007) predicts an Earth with a low
radiogenic power, whereas that proposed by Wipperfurth et al. (2020) predicts an Earth
with 20 TW of total radiogenic power.

These KamLAND results challenge the Earth model of Agostini et al. (2020) that
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predicts 38 TW of radiogenic power. Either (1) the geological compositions of the Kam-
LAND and/or the Borexino models need to be thoroughly re-investigated, or (2) one
would have to predict a hemispherical dichotomy in the mantle’s composition. The latter
hypothesis is, of course, unsupported by empirical data on the composition of mid-ocean
ridge basalts and ocean island basalts. The second hypothesis seems completely unten-
able.

In summary, we document the significance of geology’s input into interpreting the
particle physics flux data. The combined results for KamLLAND and Borexino experi-
ments strongly favor a 20 TW radiogenic Earth model. Moreover, these results confirm
that the bulk Earth has a 1.9x enrichment in refractory elements over a CI chondritic

composition (Yoshizaki and McDonough, 2021).

2.8 The Future of Neutrino Geoscience

High resolution crustal models accounting for the specific types and proportions
of lithologies surrounding each geoneutrino detector must be constructed to interpret
geoneutrino flux measurement. The geology underlying active geoneutrino detectors
(Figure 2.8) in Gran Sasso, Italy, Kamioka, Japan, and Sudbury, Canada, reveal com-
plicated tectonic features (e.g., (paleo-)subduction and synorogenic extension, ocean-
continent subduction zone, large impact structure). Geoneutrino data already exists from
two of these locations, but these crustal models are either low resolution or in conflict with
one another. We must reconcile the geoneutrino signal at each location with improved lo-

cal and regional geology. We must use a wide range of independent geoscientific data to
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Figure 2.8: Borexino and KamLLAND will be joined by the next generation of geoneu-
trino detectors, including SNO+-, which is already counting, and JUNO, which is under
construction. The under-development CJPL detector next to the Himalayas marks the
fifth detector in the northern hemisphere, allowing for unprecedented mantle resolution.
The OBD (ocean bottom detector) experiment is a mobile device and its position can be
optimized as being 3000 km away from South America, Australia, and the core mantle
boundary.

constrain the composition of the NFL. Moreover, our compositional models needs to be
internally consistent with available heat flow, geochemistry/petrology, structural geology,
and seismology data to reduce the systematic uncertainties on Earth’s HPE content and
thermal budget.

There are three more geoneutrino projects under construction or development: Jiang-
men Underground Neutrino Observatory (JUNO, Figure 2.8 purple dot) in southeastern

China, which will be 20x larger than any existing detector (An et al., 2016); China Jin-
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ping Underground Laboratory (CJPL, Figure 2.8 green dot) sited on the eastern slope of
the Tibetan plateau and Himalayan ramp and at 2.4 km depth (Beacom et al., 2017); and
OBD, a movable, Ocean Bottom Detector (Figure 2.8 teal dot) proposed by a team of sci-
entists and engineers working with JAMSTEC (Sakai et al., 2022). These projects each
represent massive feats of engineering and decades-long data collection experiments and
require substantial geoscientific input.

The decay of HPEs contribute substantially to Earth’s internal heat. By quantify-
ing Earth’s geoneutrino flux, we can precisely establish how much fuel from HPE:s is left
to power mantle convection and the recycling processes of plate tectonics. Geoneutri-
nos studies use modern physics technology to measure directly and instantaneously the
current compositional properties of the inaccessible mantle. Th and U exist in Earth in
constant, chondritic ratios to 26 other elements (McDonough and Sun, 1995); if we con-
strain the abundance of HPEs, we can establish Earth’s concentrations of Ca, Al, Nb, and
the economically valuable rare earth elements. With the second generation of geoneutrino
detectors on the horizon, geoscientists and physicists are poised to unravel Earth’s heat

budget from the tallest mountains to the bottom of the oceans.

2.9 Conclusion

The power of geoneutrino studies lies in directly quantifying the amount of heat
producing elements in the bulk Earth. Deep reservoirs in Earth that before were un-
reachable are being sampled by particle physicists, but these studies have not reached a

consensus on what their results mean for mantle heat production. The geoneutrino sig-
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‘Agostini’20 Generic  Units

N K 9,600 23200 uglg
© Th 3.0 10.5 ugls
U 0.8 2.7 uglg
HP¥ 0.19 0.62  nW/kg
= SnFL 9.7 16.6 TNU
ED SLithosphere 25.7 32.3 TNU
2 SMantle 21.3 14.7 TNU
i
s Mantle 30 13 ™
~ Total 38 20 ™

UCT local model for the Upper Continental Crust. NFL = Near-Field Lithosphere (i.e., closest
~500 km to a detector). Units: pg/g (107 kg/kg); TNU (Terrestrial Neutrino Unit, see text for
details); TW (Terra Watts, 10'2 watts). R* radiogenic power. HP* Heat Production.

Table 2.1: Borexino Models for the upper crust in the NFL, bulk calculated Signal, and
Radiogenic Power

nal at a given detector is a combination of crust-sourced and mantle-sourced Th and U
decays. Since geoneutrinos do not carry directional information, the lithospheric signal
must be constrained to quantify the mantle’s abundances of Th and U.

Approximately 50% of the geoneutrino signal is produced from the Near-Field
Lithosphere (NFL), with 25% of the signal coming from the HPEs within 50 km of the
detector. Conflicting Near-Field Lithospheric compositional models lead to profoundly
different consequences for the predicted HPE content in the mantle and Earth’s thermal
evolution.

The Borexino particle physics team (Agostini et al., 2020) modeled the NFL sur-
rounding their detector as predominantly carbonate, with low concentrations of Th and
U. Their model therefore requires most of the geoneutrino signal to come from the distant

mantle, implying a 30 TW of mantle radiogenic heat production. Consequently, >80% of
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all of the Earth’s internal heat is radiogenic. This high heat production mantle is inconsis-
tent with measurements from the detector at KamLAND and with heat flux observations.

Alternatively, the inclusion of Neogene to Recent, HPE-rich volcanic deposits in the
Borexino NFL region results in a more normal average upper crustal composition for Th
and U. Using this upper crustal model (versus a low HPE model) can explain the Borexino
signal, resulting in 13 TW of radiogenic power in the mantle or a 20 TW radiogenic Earth.
It is therefore imperative to produce high-resolution NFL maps with accurate proportions
of each HPE lithology.

The direct measurement of geoneutrinos can provide crucial insights into the sources
and distribution of heat producing elements in the Earth. When paired with accurate ge-
ological knowledge, these high-energy antineutrinos emitted from HPE decays within
Earth helps establish the composition of the planet’s building blocks as well as the fuel

left to power Earth’s dynamic interior.
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Chapter 3: A Geochemical Review of Amphibolite, Granulite, and Eclog-
ite Facies Lithologies: Perspectives on the Deep Continental

Crust

3.1 Overview

The composition and origins of the bottom % of the continental crust has been a
topic of geologic debate for many years. Because of the inaccessible depths of these
middle and lower sections of the continents, we cannot sample them directly. We must
rely on rocks brought to the surface through mountain building and magma entrainment
processes. Deep crustal rocks delivered via these processes come from a wide variety of
depths and encompass many different chemical compositions. This chapter seeks to char-
acterize the average composition of the deep crust (typically from 15 to 40 km beneath
the surface) and identify the processes that produced the crust’s present-day, chemically
layered structure.

[1] This chapter has been published as:

Sammon, L. G., & McDonough, W. F. (2021). A Geochemical Review of Amphibo-
lite, Granulite, and Eclogite Facies Lithologies: Perspectives on the Deep Continen-

tal Crust.
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[2] LGS wrote this text and curated the deep crustal dataset with significant insights
and text additions from WFM. LGS would like to acknowledge Caerwyn Hartten for her

assistance in curating the metamorphic datasets.

3.2 Abstract

Debate abounds regarding the composition of the deep (middle + lower) continental
crust. Exhumed medium- and high-grade metamorphic rocks, which range in composition
from mafic to felsic, provide information about the bulk composition of the deep crust.
This study presents a global compilation of geochemical data on amphibolite (n = 6500),
granulite (n =4000), and eclogite (n = 200) facies lithologies and quantifies trends, uncer-
tainties, and sources of bias in the deep crust sampling. The continental crust’s Daly Gap
is well documented in amphibolite and most granulite facies lithologies. Igneous differ-
entiation processes likely control the compositional layering in the crust. Al;O3, Lu, and
Yb vary little from top to bottom of the crust. In contrast, SiO,, light rare earth elements,
Th, and U show a wider range of abundances throughout. Because of oversampling of
mafic lithologies, our predictions are a lower bound on middle crustal composition. Ad-
ditionally, the distinction between granulite facies terrains (intermediate SiO, high heat
production, high incompatibles) or granulite facies xenoliths (low SiO;, low heat produc-
tion, low incompatibles) as being the best analogs of the deep crust remains disputable.
We have incorporated both rock types, along with amphibolite facies lithologies, to de-
fine a deep crustal composition that approaches 57.6 wt.% SiO2. This number, however,

represents a compositional middle ground, as seismological studies indicate a general in-
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crease in density and Vp and Vs velocity with increasing depth. Future studies should
analyze more closely the depth dependent trends in deep crustal composition to develop

composition models that are not limited to a three-layer crust.

3.3 Introduction

The composition of the deep continental crust has been the subject of many stud-
ies for the past half century because of its importance in crustal evolution and the lack of
consensus on its composition. The combined middle and lower continental crust (referred
to here as the “deep crust”) are the integrated chemical products of billions of years of
crust formation and deformation, yet their inaccessibility (deeper than 10 km) has led to
a poorly constrained compositional model for the lower two-thirds of the continent. The
deep continental crust can be sampled through tectonically emplaced or eroded exposures
of high-grade metamorphic rock (referred to here as “terrains”) or deep crustal xeno-
liths that are rapidly carried to the surface through volcanic eruptions. The composition
of these deep crustal analogues ranges widely, encompassing lithologies from metamor-
phosed basalt to granite. Varied tectonic regimes and widespread crustal heterogeneity
have led to numerous geochemical and geophysical models that help to explain local phe-
nomena, but struggle to produce a coherent global picture. Attempts to resolve the debate
are limited by nonunique solutions and poorly quantified uncertainties. Defining the bulk
compositional properties of the deep continental crust and describing its depth dependent
changes endures as a long-standing challenge. Thus, the deep crustal composition puzzle

remains, troublingly, unsolved.
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Rudnick (1995) posited the paradox of the continental crust: the continental crust
has an andesitic composition, however melts from the mantle are basaltic. In doing so, she
identified that the formation of continental crust, as compared to making oceanic crust,
must be an open system process involving, to different extents, weathering, intra-crustal
melting (leaving behind a dense residue), and delamination as some of the operating pro-
cesses. Consequently, the geochemical uncertainty associated with deep crust compo-
sition has led to competing models for crust formation (Biirgmann and Dresen, 2008;
Hacker et al., 2015; Rudnick and Gao, 2014).

In developing their model, Hacker et al. (2015) outlines two processes that they
envisage as shaping crustal evolution: delamination and relamination. Delamination oc-
curs when gravitationally unstable material in the deep crust, such as eclogite and other
garnet-rich lithologies, separates and flows into the less dense underlying mantle. This
process leads to a dense, mafic deep crust as eclogitization occurs but before the lower
crust delaminates. In contrast, the process of relamination thrusts subducting sediment
under the continental crust, resulting in a more felsic, less dense lower crust. While indi-
vidual examples can be found to support each of these processes, the difficulty remains in
determining the dominant pattern of crust evolution.

The continental crust is conventionally split into upper, + middle, and lower layers,
though distinct seismic or petrological/geochemical boundaries are not always evident
(Holbrook et al., 1992). Petrological and geochemical studies of the deep continental
crust have therefore sought to define its composition through analysis of various high
grade metamorphic lithologies. It is difficult to gauge, however, if isolated metamorphic
samples are representative of the entire deep crust. Temperature and pressure, and there-
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fore metamorphic grade, increase with increasing depth in the crust, though the geother-
mal gradient varies by up to a factor of ~ 3 depending on continental crust type and
tectonic regime (Christensen and Mooney, 1995). If a pressure of 1 GPa is reached at
35 km (assuming an average crustal density of 2,900 kg/m> (Wipperfurth et al., 2020)),
the deep crust could plausibly be composed of greenschist, amphibolite, granulite, and/or
eclogite facies lithologies. However, amphibolite and granulite facies material dominate
what are interpreted as deep crustal cross-sections (such as metamorphosed terrains ex-
humed in the Ivrea-Verbano Zone, Italy), with minimal evidence for greenschist facies
lithologies (Rudnick and Gao, 2014). Eclogite facies lithologies likely contribute to oro-
genic regions with thickened deep crust (pressures up to 1.5-2 GPa following the same
density scheme as above)(Leech, 2001; Lombardo and Rolfo, 2000). For these reasons,
this study focuses on amphibolite, granulite, and eclogite facies lithologies as potential
major components of the deep crust. We report on an expanded database developed by
Rudnick and Presper (1990) and added to by Hacker et al. (2015), including data sourced
from Earthchem.org; we examine the chemical trends among various medium to high
grade metamorphic lithologies to understand and better characterize what is the average
composition of the deep continental crust and follow this with implications for crustal

differentiation and evolution processes.

3.4 The Art and Science of Deep Crustal Modeling

In many ways, predicting the composition of the deep continental crust is as much

an art as it is a science, because deep crustal models depend not only on the input data,
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but also the approach each modeler takes to interpreting said data. The definition of the
deep crust depends on the question each researcher is trying to address, and is therefore
neither a static nor universal term. These differing can sometimes lead to confusion and
produce seemingly contradictory models of the crust when in fact, each model is simply
looking at the crust through a different lens.

How many layers should we split the crust into? What is the scale of lateral varia-
tions in the crust? The answers differ based on the model. This fundamental question is
the crux of the disagreement between popular composition models (Hacker et al., 2015;
Rudnick and Gao, 2014). While some split the crust into two layers (Hacker et al., 2015),
upper and lower, shallow and deep, others split it into three (upper, middle, and lower) or
more sections (Christensen and Mooney, 1995; Mooney et al., 1998). Thus, debates about
compositional models need to be clear about their specific crustal mass fractions. Much
geophysical effort has gone into determining the layering and seismic structure of the
continental crust. Such topics are beyond the scope of this study, but we want to bring the
concept of model resolution to the readers’ attention so that they can appreciate the com-
plexity of the task of modeling deep crust composition and be mindful that we are taking
but one approach. Nevertheless, averaging geochemical data on large and diverse sample
sets has merits. An average deep crustal composition provides an integrated view of how
the crust has evolved through time, informing us of the dominant crust formation path-
ways, though unique tectonic regions may still require specialized compositional models.
Bulk crust and silicate Earth compositions are also useful when comparing Earth to other
planetary bodies, such as Mars or Super Earths. On a more concrete level, crustal correc-
tions are required for geophysical applications, such as tomographic models of the mantle
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or geoneutrino studies, and an average crustal composition is detailed enough to provide
further resolution than PREM (Dziewonski and Anderson, 1981) but simple enough to
implement without significant detriment to calculation time. As such, we have decided to
press forward with a global-scale deep crustal model.

Classically, two approaches have been taken to assess deep crustal composition:
sample driven modeling and process driven modeling. Sample-driven models base their
conclusions on the premise that deep crustal analogue samples, such as mafic high grade
metamorphic xenoliths, are by and large representative of the composition of the deep
crust. Empirical analyses are the main source of data for this type of model. This geo-
chemical inverse model takes measured element concentrations from exhumed rocks and
derives the conditions under which they formed. A second approach considers physical
processes and constraints that build the deep crust and the effects of crust formation and
evolution. A variety of mafic and felsic compositions can satisfy the geophysical observ-
ables, such as Vp or viscosity (Hacker et al., 2015; Shinevar et al., 2018). These forward
process models consider all possible geochemical solutions, avoiding the potential bias
of xenoliths, which may be sampling a restricted portion of the deep crust, or whose
chemistry has been influenced by their limited eruption environments. Both approaches
have their strengths, by being based on petrological and geochemical observation or by
reducing sampling bias, and in the end, both methods are valid.

This study more closely resembles the first approach, using samples to infer deep
crustal composition. We are mindful of the potential biases this leads to (refer to Section
3.5.2). For the sake of comparison to other models, we operate under the assumption of a
three-layer crust, though we advocate for embracing the potential for vertical and lateral
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compositional variation by analyzing the full spectrum of available data. Future studies
should move beyond bisecting or trisecting the crust, taking advantage of the quality and

resolution of both geochemical and geophysical data currently being produced.

3.5 Datasets

3.5.1 Amphibolite, Granulite, and Eclogite

bRl (13

For the rest of this study, “amphibolite”, “granulite”, and “eclogite” will refer to
rocks in those metamorphic facies, without imposing constraint on composition. Both

amphibolite and granulite facies lithologies range from mafic (< 52 wt.% SiO;) to fel-

Mg
Mg+Fe

sic (>68 wt.% Si0,) in composition, and can have Mg#’s (molar ) that resemble
the mantle (Mg# ~ 89), the upper continental crust (Mg# ~ 30), or any number in be-
tween. Eclogite facies lithologies are less heterogeneous than amphibolite or granulite
facies. Eclogite facies mineral assemblages are dominated by (clino)pyroxene and gar-
net, leaving less room for variations in silica content. Please note that “eclogite” as a
metamorphic facies is less restrictive in composition than the largely garnet-omphacite,
bi-mineralic rock, eclogite, and can include arclogite samples.

The medium pressure (e.g., 0.2-0.8 GPa) and temperature (e.g., 200-600°C) equi-
librium assemblages of amphibolite facies lithologies presumably reflects the conditions
of the middle continental crust. Granulite facies lithologies are widely held to comprise
the lower continental crust, with its base being defined seismically by the Moho. Am-

phibolite facies lithologies are generally sampled through exhumed terrains and are more

rarely sampled through xenoliths. Granulite facies lithologies can be sampled via terrains
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or xenoliths. Granulite facies xenoliths have predominantly mafic to intermediate-mafic
(45 - 55 wt.% Si0,) silica content, while granulite facies terrains span the range of mafic
to felsic. Granulite facies rocks are distinguished from amphibolite facies rocks by the
dehydration of hydrous mineral phases (Rudnick and Fountain, 1995). The water-rich
minerals that can occur in amphibolite, such as amphiboles and micas, break down into
pyroxenes in the granulite stability field due to higher temperatures. Granulite facies
metamorphism can initiate at 600°C, meaning that any granulite facies rocks present in
areas where the crust is thin and/or the lower crust is at temperatures < 600°C are likely
in thermal disequilibrium. Granulite facies lithologies, however, are only expected to
undergo retrograde metamorphism under limited circumstances due to the kinetic bar-
rier of rehydration (Semprich and Simon, 2014). Thus, many studies still use metastable
granulite as a lower crustal analogue.

The eclogite facies is traditionally bounded by the pressures and temperatures re-
quired to transform basaltic mineral assemblages into high pressure clinopyroxene and
garnet + rutile + accessory minerals. Though it can be difficult to achieve the pressures
required to form eclogite in average continental crustal settings (crustal thicknesses <
40 km), eclogite facies materials may be a significant component of modern and paleo-
orogenic belts (Leech, 2001; Lombardo and Rolfo, 2000). Eclogite facies lithologies,
however, may not be preserved through time even in this thicker crust because, unlike
granulite, they are more susceptible to retrograde metamorphism (Abbott and Greenwood,
2001; Carswell and Cuthbert, 1986; Dokukina and Mints, 2019; Krogh et al., 1994). De-
spite their occurrence being potentially localized to orogenic regions in the crust, eclogite
facies lithologies are considered germane to the discussion of deep continental crust be-
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cause eclogite is commonly found at subduction zones, one of the main tectonic settings

where continental crust is generated (Hawkesworth and Kemp, 2006; Rudnick, 1995).

3.5.2 Potential Biases

The first step in analyzing a dataset is to admit that it is potentially biased. Through-
out this paper, we scrutinize the statistical uncertainty of deep crust compositions. Sys-
tematic uncertainties, however, are not so easily quantified. This section offers what
limited insight we have on the potential for systematic bias in our deep crust sample set.
The analyses and conclusions in the rest of this paper are generally founded upon the
assumption that the following systematic biases have a limited effect on our dataset, and
if any datasets do fall prey to bias, they can be amended without significantly changing
the overall picture of deep crust composition.

Our compendium of deep crustal samples, available in the supplemental informa-
tion of this paper, consists of published data from various sources, most of which are
available on Earthchem.org (www.earthchem.org). We used a subset of the data avail-
able, limiting our calculations and analyses to samples whose major oxide content is
reported and totals to 100 + 10%. Because of the numerous opportunities for bias in our
dataset, we only limited samples by metamorphic grade and major oxide totals. Remov-
ing the oxide totals filter does not substantially change the distributions of most elements,
but tends to increase the data scatter. The filtered and unfiltered data sheets are available

as supplemental information.
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3.5.2.1 Location Bias

The global distribution of medium and high grade metamorphic samples shows little
correlation between composition and location (Figures S1 and S2). In fact, samples of
mafic and felsic compositions are often found within the same region. We are, of course,
limited to areas where terrains and/or xenoliths have been exposed at Earth’s surface,
but our data include samples from all seven continents. Amphibolite facies lithologies
have been extensively studied in crust of various ages. Granulite facies lithologies are
also widely sampled, though the xenoliths are relegated to areas that have experienced
uncommon eruptions of mafic, xenolith-bearing magmas. In addition, Archean granulite
facies terrains are generally restricted to cratonic regions, as active tectonic environments
tend not to preserve Archean-aged rocks. Eclogite facies xenoliths and terrains are our
most limited datasets, but >200 samples are still available for study. Many eclogite facies
samples are from the western United States, potentially biasing the dataset towards the
eclogites of the Franciscan Complex and eclogites formed from oceanic crust subduction
(Tsujimori et al., 2006). South America and Antarctica are not represented in the eclogite

facies dataset.

3.5.2.2 Buoyancy and Transport Mechanism Bias

The deep crust may not be fully represented by the analogue samples that have
reached Earth’s surface. Medium and high grade metamorphic lithologies that have sur-
vived surface transport do not necessarily reflect the full distribution, abundance, or com-

position of the deep crust. Felsic terrains could be over-represented at the surface due
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to their lower densities. Buoyancy is a significant dynamical force that may play a criti-
cal role in determining what types of metamorphic terrains outcrop at the surface (Gerya
et al., 2002; Kelemen and Behn, 2016).

On the other hand, eruption type and location may likewise bias xenolith compo-
sitions (Jaupart and Mareschal, 2003), including contaminating them with the basaltic
lavas. (Rogers and Hawkesworth, 1982; Rudnick and Presper, 1990; Rudnick and Taylor,
1987). Studies have also found that felsic xenoliths often cannot withstand the frequently
hot, violent eruptions that transport samples to the surface and tend to be re-assimilated
(Halliday et al., 1993; Rudnick and Fountain, 1995). Granulite facies xenoliths in partic-
ular could be biased by location and/or eruption method: they tend to be co-located with
cratonic crust and they are often carried by kimberlite eruptions and fast-erupting alkali
basaltic volcanism (Rudnick and Presper, 1990; Russell et al., 2012). Cratonic xenoliths,
which presumably have not experienced recent tectonic activity aside from their transport

to Earth’s surface, may be sampling the composition of an older deep crust.

3.5.2.3 Preservation and Exposure Bias

We recognize also the potential of sample preservation bias. Recent studies outline
different weathering rates for different metamorphic rock compositions (Ohta and Arai,
2007; Price and Velbel, 2003). Age and weathering rate, along with protolith composition,
may affect the current metamorphic sample population.

Metastable conditions in the deep crust are another concern. Granulitic lithologies

would not be in thermal equilibrium under most projected geotherms (Kusznir and Park,
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1987). On the other hand, it has been proposed that felsic granulite facies lithologies will
not transform into eclogite facies under high pressures but remain as metastable granulite
(Hacker et al., 2010). By contrast, the middle continental crust should be stable in the
greenschist facies and the lower crust in amphibolite facies. This lower grade combi-
nation is not often observed in exposed cross-sections, which, on average, display high
temperature/pressure metamorphism and have a mean pressure of 0.8 GPa (i.e., 25-30
km depth)(Brown and Johnson, 2019). The abundance of amphibolite and granulite fa-
cies material in (what we deem to be) deep crustal cross-sections suggests that the deep
crust reached peak metamorphic conditions some time in the past and has since cooled
off. Additionally, metamorphic terrains may undergo retrogression during the exhuma-
tion process. We classify these observations as a “preservation bias” because we are

preferentially preserving metastable mineral assemblages.

3.5.2.4 Sample Collection and Naming Bias

Lastly we face the bias that we as scientists impose ourselves: collection and clas-
sification bias. Unique localities can be over-sampled for their novelty, and thus, overly
abundant in the dataset. Common andesitic rocks, with their lack of attractive phenocrysts
and dull grayish-pink hue, may unfortunately be glossed over in favor of more attractive
samples (apologies to Dr. J. Blundy and colleagues). Oversampling the same locations
seems to plague the amphibolite facies dataset most, with many nearly identical samples
in Japan, Alaska, the western United States, and the Appalachian region of the eastern

United States. We look more closely at the consequences of this redundant sampling in
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Section 3.10. However, for the main analysis of amphibolite facies lithologies in this pa-
per, we keep all amphibolite facies samples in the datasets so that we can see the full span
of available data.

Metamorphic lithologies can be categorized by texture (e.g., schist, gneiss) or pressure-
temperature (P-T) grade (e.g., amphibolite, granulite), and incomplete changes in lithol-
ogy can lead to subjective naming. Unfortunately, >6000 gneisses, schists, and meta-
igneous samples were excluded from this study because they were not accompanied by
mineral assemblage information. Metamorphic texture on its own cannot be correlated to
precise P-T conditions.

To mitigate the oversampling of individual geologic formations, we averaged all
samples of the same facies collected within 0.2°x 0.2°latitude x longitude of each other.
This averaging did not change the median composition of granulite facies xenoliths. The
median composition of eclogite facies xenoliths and terrains, and granulite facies terrains
of all ages changed by < 4%. For amphibolite facies lithologies, however, the median
composition, especially SiO;, increased drastically by >10%.

While an unknown amount of bias plagues our dataset, over 10,000 samples con-
tribute to our understanding of deep crustal composition. Systematic differences among
the different metamorphic lithologies are discussed in the appropriate sections. These
differences, where quantifiable, serve as markers for different possible deep crustal com-
positions. This study focuses on a contextualized overview of compositional aspects; it
does not delve deeply into metamorphic processes. Should any systematic errors funda-
mentally shift our understanding of the deep crust, that in and of itself would be worthy
of future assays.
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3.6 Major Element Compositions

3.6.1 Si0,, MgO, FeO, and the Daly Gap

The abundance of major oxides in deep crustal analogue samples is difficult to sum-
marize with a single value and uncertainty. Elemental distributions are not always well
defined by the convenient-to-describe Gaussian, normal, log normal, or gamma distri-
bution functions. Table 3.1 reports summary statistics for amphibolite, granulite, and
eclogite facies lithologies major oxide content, but are by no means the most compre-
hensive descriptions of these complex distributions. Unless indicated otherwise, we will
reference the median + % the interquartile ranges because of their resistance to skewness
and outliers.

A discussion of the significance of median versus mean should also include the
practice of evaluating element ratios. Should one consider the representative element
ratio to be represented by a ratio of the means or a mean of the ratios? (Likewise, be rep-
resented by a ratio of the medians or a median of the ratios?) There is no simple answer
to this question; it has been debated extensively without reconciliation. The fundamen-
tal question asks — how representative is one’s data set of the geological domain being
evaluated? For the deep crust, there are many unknowns including unknown unknowns.
Hence our preference is to use median values and a median of the ratio, as these resist the
influence of skewness and outliers.

Because the distributions of major oxides tend to be skewed and/or multi-modal,

our oxide totals are between 90 and 95% when summing the means or medians. We
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delve further into assessing the modality of our distributions in Appendix B. Appendix
tables B1 - B6 list distribution parameters and summary statistics for all elements. We
acknowledge our hubris in attempting to parameterize non-parametric distributions, but
we are condemned to using bite-sized descriptions of data in the somewhat Sisyphean
task of quantifying the chemical composition of a crust we cannot easily access.

The most noticeable data trend is the bimodal distribution of primitive and evolved
samples, illustrated by Figure 3.1. The phenomenon published by Rudnick and Presper
(1990) persists in this dataset of over 4,000 granulite facies samples and is also present in
over 6,000 amphibolite facies samples. Granulite facies xenoliths are dominantly mafic,
having <55 wt.% Si0; and ranging from mantle-like Mg#’s ~ 89 to Mg#’s of 45-50.
Granulite facies terrains encompass both mafic and felsic compositions. The felsic sam-
ples follow a Fe-enrichment/Mg-depletion trend, leading to a double-peaked structure,
resembling a chair, when plotted in Mg# vs. SiO; space. There is also an age-dependent
trend in composition within the granulite facies terrains dataset: older, Archean samples
are more evolved than Post-Archean samples. Amphibolite facies lithologies show the
same chair-like structure, but with a greater concentration of mafic samples. No distinc-
tion is made between amphibolite facies terrains and xenoliths in the dataset because of
the scarcity of amphibolite facies xenolith data.

The corollary to this bimodality is the “missing” intermediate samples between 53
and 68 wt.% SiO;. The well-documented Daly Gap (Daly, 1914) describes an appar-
ent dearth of intermediate composition rocks, and is collectively observed in all 586,000
metamorphic and igneous samples in the Earthchem.org database. Thermodynamic insta-
bility of intermediate compositions (Daly, 1914; Dufek and Bachmann, 2010) and liquid
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Figure 3.1: Mg# vs. SiO, for A) amphibolite lithologies, and granulite facies B) xeno-
liths, C) Post-Archean terrains, and D) Archean terrains. Color indicates relative data
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immiscibility (Charlier et al., 2011; Reubi and Blundy, 2009), among other hypotheses
(Jackson et al., 2018; Yamasaki, 2018), have been proposed to explain the gap. While
it is possible that these rocks are not representative of the crust, we conclude that this is
dubious given its coherence across multiple lithologies.

The systematically mafic composition of granulite facies xenoliths was noted by
Rudnick and Presper (1990) along with many other studies thereafter. Among the pro-
posed explanations for the relative abundance mafic xenoliths are that felsic xenoliths are
less likely to survive the eruption process (Halliday et al., 1993; Rudnick and Fountain,
1995) and that xenoliths might sample deeper regions of the crust than terrains (Bohlen
and Mezger, 1989; Rudnick and Fountain, 1995). Terrains, on the other hand might be
biased towards sampling shallower or more felsic regions because mafic terrains are less
buoyant and less likely to reach the surface (Gerya et al., 2008). Granulite facies ter-
rains also show aged-based compositional biases, with Archean samples (61.5 + 8.5 wt.%
Si0,) being, in general, more evolved than Post-Archean samples (61.5 + 8.5 wt.% Si0O,)
despite having similar median values. Studies have suggested that the ages recorded in
these high grade metamorphic samples have been affected by open system behavior (Ash-
wal et al., 1999) or, as more traditionally argued, hotter temperatures in the Archean al-
lowed for greater amounts of delamination of mafic material, leaving the Archean crust
enriched in felsic components (Martin, 1986).

There is no discernible compositional difference between granulite facies terrains
and xenoliths of comparable SiO,. Most other compositional trends, such as elevated
median CaO in granulite facies xenoliths or rare earth element enrichment in terrains
(discussed later), correlate to the sample’s silica content. The composition of granulite
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facies lithologies seems to have little dependence on location (other than the fact that
xenoliths are generally most accessible in regions that have experienced volcanism); if
surface transport mechanisms are affecting the composition of these granulite samples,
then they are not doing so beyond preferentially selecting for certain SiO,.

The strong preference for mafic compositions in amphibolite facies lithologies is
likely biased by mineralogy and geologic naming conventions. Amphibolite facies litholo-
gies unsurprisingly contain amphibole minerals, which generally form in mafic rock com-
positions. Felsic rocks of similar metamorphic grade seem to be categorized as schists,
gneisses, or even metapelites. It is likely that many amphibolite facies samples were
excluded from our study because they were given a textural metamorphic grade designa-
tion. Thousands of intermediate and felsic gneisses could not be assigned to amphibolite
or granulite facies because of insufficient metadata.

The eclogite facies xenoliths and terrains are limited to 46.2+1.2 and 47.2+2.2
wt.% Si0,, respectively. This is likely due to the stricter definition of “eclogite”, which
can refer to a bi-mineralic rock or require basaltic mineral assemblages to reach high
pressure. Eclogite facies lithologies have Mg# of 30 to 90, with no correlation to location

or method of surface transport.
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Table 3.1: Major Element Compositions

Mean Median Geo- Y- STD IQR  Geo- 7v- N (fil- N (origi-

Mean Mean STD STD tered) nal)

Amphibolite Facies Lithologies
Si0, |59.1 57.1 584 59.1 (943 182 1.17 937 2240 5490
TiO, [0.830 0.730 0.684 0.830 |0.494 0.653 192 050 2240 5490
AlLO3[14.8 14.8 147 148 157 215 1.11 1.58 2240 5490
FeOr |531 526 433 531 |2.88 5.03 203 329 847 2510
MnO [0.130 0.138 0.111 0.130 |0.0650 0.120 1.85 0.07 2220 5430
MgO [4.13 3.70 293 413 |2.81 503 257 327 2240 5490
CaO0 [594 5.69 458 594 |3.61 695 223 413 2230 5480
Na,O [2.96 2.97 278 296 |0985 146 146 1.06 2230 5480
KO [1.72 1.32 1.18 1.72 133 205 260 142 2230 5470
P,Os [0.148 0.138 0.125 0.148 |0.0830 0.110 1.84 0.084 2157 5284

Mg# |464 46.8 450 464 |10.6 151 128 11.2 2220 5430

Granulite Facies Xenoliths
Si0, [51.6 50.2 513 516 |505 496 1.10 4.88 147 1490
TiO, 10.975 0923 0.879 0975 |0.415 0581 1.62 0436 144 1480
Al,O3(16.2 16.2 16.1 162 |1.74 231 1.11 1.75 147 1490
FeOr |6.76 6.71 642 676 |[2.15 275 139 216 81 723

MnO |0.150 0.147 0.143 0.150 [0.043 0.056 136 0.045 143 1440
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MgO
CaO
Na,O
K,O
P,0s

Mg#

Si0;
TiO,
Al,O3
FeOr
MnO
MgO
CaO
Na,O
K;0O
P,0s

Mg#

Si0;
TiO,

Al,O3

7.05 7.19

9.23 9.56

256 248

0.779 0.658

0.163 0.153

56.9 57.1

Post Archean Granulite Facies Terrains

59.3 615

0.871 0.763

15.8 155

5.75 5.59

0.129 0.130

5.06 4.10

6.11 541

251 2.50

1.87 1.73

0.150 0.122

48.0 45.8

6.60

8.83

244

0.604

0.130

56.2

58.6

0.752

15.6

5.33

0.120

3.79

4.83

2.33

1.30

0.119

46.5

7.05

9.23

2.56

0.779

0.163

56.9

59.3

0.871

15.8

5.75

0.129

5.06

6.11

2.51

1.87

0.150

48.0

229

2.48

0.744

0.543

0.10

9.05

8.73

1

0.438

2.05

2.10

0.0447

3.64

3.76

0.860

1.36

0.100

12.0

Archean Granulite Facies Terrains

60.1 61.5

0.655 0.609

153 149

59.5

0.575

15.2

60.1

0.655

15.3

8.44

0.338

2.10

56

3.14

3.27

1.14

0.716

0.132

12.9

16.10

0.650

2.88

3.33

0.0711

5.06

7.17

1.32

2.09

0.111

15.7

16.9

0.422

2.36

1.48

1.37

1.38

2.10

2.08

1.18

1.16

1.78

1.14

1.50

1.50

2.25

2.08

1.51

2.66

2.05

1.28

1.15

1.68

1.14

2.55

2.73

0.783

0.535

0.106

9.16

8.83

0.462

2.04

221

0.049

3.70

4.05

0.954

1.53

0.100

11.9

8.52

0.327

2.02

145

147

147

147

143

145

145

122

122

81

120

123

123

122

155

112

119

123

122

122

1480

1490

1490

1480

1434

1480

1660

1630

1630

758

1600

1630

1630

1620

1700

1454

1610

1530

1490

1510



FeOr
MnO
MgO
CaO

Na,O
K0

P,0s

Mg#

Si0;
TiO,
Al,O3
FeOr
MnO
MgO
CaO
Na,O
K,0
P,0s

Mg#

Si0,

5.12 4.13 4.06

0.117 0.101  0.101

436 3.72 3.40

533 449 4.25

305 324 2.83

1.50 1.20 1.14

0.163 0.156 0.144

483 47.0 47.3

5.12

0.117

4.36

5.33

3.05

1.50

0.163

48.3

Eclogite Facies Xenoliths

46.2 46.2 46.1

0.617 0.607  0.490

16.1 15.7 15.9

8.56 8.74 8.39

0.186 0.176  0.183

11.7 11.6 11.3

114 11.3 11.1

2.06 1.58 1.61

0.375 0.200 0.211

0.065 0.063  0.055

51.8 47.9 50.8

46.2

0.617

16.1

8.56

0.186

11.7

11.4

2.06

0.375

0.065

51.8

Eclogite Facies Terrains

475 472 474

47.5

3.28

0.06

2.88

3.24

1.06

1.06

1

0.082

9.81

1.91

0.344

279

1.64

0.037

3.02

2.49

1.49

0.404

0.030

9.90

2.64

57

5.08

0.094

4.53

5.65

1.63

1.67

0.087

12.2

2.46

0.621

2.76

2.63

0.035

4.34

4.99

1.31

0.380

0.035

15.2

5.33

2.05

1.79

2.10

2.08

1.51

2.18

1.67

1.22

1.04

2.15

1.17

1.23

1.20

1.31

1.26

2.06

3.09

1.97

1.21

1.06

3.37

0.063

2.96

3.48

1.17

1.07

0.080

9.56

1.93

0.406

2.61

1.72

0.034

3.07

2.55

1.39

0.374

0.037

9.71

2.65

78

112

123

122

120

125

105

122

15

15

15

15

15

15

15

14

12

13

14

902

1440

1520

1510

1500

1630

1426

1500

173

173

173

46

172

173

173

173

131

86

123
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TiO, |1.33 1.09 1.14 133 0715 123 1.79 0.732 14 60
Al,O3(14.9 15.0 148 149 (214 326 1.16 216 14 60
FeOr |9.06 8.59 848 9.06 |327 630 144 327 11 31
MnO |0.227 0.192 0.212 0.227 |0.089 0.115 1.41 0.080 14 60
MgO (8.11 7.98 7.80 811 (242 280 131 225 14 60
CaO |11.1 11.1 109 11.1 (213 385 122 218 14 60
Na,O |2.74 2.56 236 274 157 225 172 146 14 59
K,O 0454 0.428 0.314 0.454 (0334 0.691 2.54 0371 12 57
P,Os5 |0.134 0.108 0.097 0.134 {0.106 0.117 2.27 0.102 14 57
Mg# |41.7 40.8 40.8 41.7 |884 9.60 124 895 14 60

STD - standard deviation

IQR - interquartile range

Geo-Mean - geometric mean

Geo-STD - geometric standard deviation (reported in log units)

Y - gamma function mean, K * ¢ (scale parameter * shape parameter)

Y — STD - gamma function standard deviation, v k * 62

3.6.2 The Constancy of Al and Ga

Notably, Al,O3 content remains relatively constant (i.e., ~12% variation) through-
out all samples. Though eclogite facies lithologies have slightly elevated Al,O3 content

compared to the other samples (Table 3.1), estimates for Al,O3 only range from 14-17

58



wt.%. The Al,O3 values of granulite facies lithologies are roughly 5-15% lower than the
commonly accepted lower crustal Al,O3 values of Rudnick and Gao (2014) though still
within the study’s given error. Our estimated Al,O3 content in granulite facies lithologies
are more in line with Wedepohl (1995) and Gao et al. (1998) lower crustal values.
Elements of the same group in the periodic table tend to behave similarly. For
example, the abundance of Ga tracks with Al and Ge tracks with Si (De Argollo and
Schilling, 1978). Comparable to Al, Ga concentrations are nearly constant in amphibolite
and granulite facies lithologies: median abundance ranges from 17.3 to 19.5 ppm. Eclog-
ite facies samples again behave differently. Due to the significantly smaller sample sizes
of the eclogite lithologies. There is little or no data reported for Ge and so we predict its
concentration in the deep crust to be relatively invariable at about 1.3-1.4 ppm, based on

chemical trends for igneous rocks (De Argollo and Schilling, 1978).

3.6.2.1 Understanding Protolith Populations

A comparison of the molar abundances of Al to alkali metals and alkaline earths
provides a potential provenance indicator for the origin of deep crustal rocks. Sedimen-
tary rocks typically have Al,O3 contents of ~ 20 wt.% (Taylor and McLennan, 1985),
whereas most igneous rocks vary from 12 to 19 wt.% Al,O3 (De La Roche et al., 1980).
Anorthosites and other plagioclase-rich cumulate rocks, however, can have much higher
Al,O3 contents.

Al content and Aluminum Saturation Index have in the past been used to help infer

the protolith of deep crustal samples. When a rock’s Aluminum Saturation Index (ASI;
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molar Al,03/(CaO + Na,O + K;0)) > 1, it is classified as peraluminous (Zen, 1988), but
with no characterization of its source of origin, so caution is needed. Though sedimentary
rocks tend to have higher Al contents (ASI = 1.12, excluding carbonates), Keller et al.
(2015) found that common crustal cumulates are also often Al,O3-rich and. Zen (1988)
reported granites having ASI values between 1 and 1.4 and noted that these rocks can
be derived from a variety of source lithologies, with the proviso that for large bodies
of strongly peraluminous granitic rocks peraluminous sources seem necessary. Chappell
et al. (2012) observed that many I(igneous)-type granites are peraluminous and owe their
origins to partial melting of more mafic source rocks. They also noted that gradations
from peraluminous felsic granites to metaluminous igneous compositions are seen for
rock suites that have a shared, closed isotopic system.

Unknowns remain significant regarding the abundance of sedimentary lithologies
the deep crust. Our samples have median ASI values ranging from 0.65 to 1.06, yet the
distribution of aluminous indices is wide and sometimes asymmetrical (Figure 3.2). Am-
phibolite facies lithologies and granulite facies xenoliths have ASI values comparable to
igneous lithologies (Earthchem.org data, median ASI = 0.76), but eclogite facies litholo-
gies have a median ASI values lower than either. The eclogite facies distributions lack
the long tail of higher ASI values which will skew their medians somewhat despite its
robustness to outliers. If eclogite facies lithologies were not sufficiently sampled to en-
counter high ASI samples, then it is possible that their actual median ASI value is higher.
The change in eclogite ASI distribution shape would lend the appearance of a log-normal
trend among the datasets.

It is difficult to distinguish between metaigneous and metasedimentary protoliths
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Figure 3.2: Natural log of the aluminum saturation index index (ASI), molar Al,O3/(CaO
+ NaO + K;0). Red numbers indicate the median value for each sample type. The ASI
value is an ambiguous indicator of a rock’s protolith; rocks with ASI >1 can be from ig-
neous or metasedimentary protoliths can be an indicator of metasedimentary contributions
to sample populations since sediments are typically more Al rich than igneous sources.
The more mafic datasets have smaller ASI values while the granulite facies terrains can
more often have values around 1.
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for deep crustal lithologies with certainty (Wilkinson et al., 2009). Hacker et al. (2015)
identified 44% Archean and Post-Archean granulite-facies rocks as peraluminous and
noted that they may be metasedimentary; going further, they suggested that amphibolite-
facies terrains have similar statistics and that 16% granulite-facies xenoliths that are per-
aluminous may be metasedimentary. We do not find compelling evidence that the ASI
value provides unambiguous indication of what is a metasediment. In fact, as cautioned
by Chappell et al. (2012), many peraluminous rocks are igneous, including those de-
rived from the remelting of igneous rocks. Given that the term peraluminous does not
effectively identify what might be a metasediment, we turned to a machine learning algo-
rithm to predict a metamorphic protolith from major element chemistry (Hasterok et al.,
2019b). This method, however, also produced unclear results. The algorithm showed low
confidence in whether the protoliths were igneous or sedimentary, with ratings close to
0 instead of -1 (confidently igneous) or 1 (confidently sedimentary). A broader view of
factors must be considered to determine the formation and evolution processes of the deep

crust.

3.7 Minor and Trace Element Composition

Here we discuss key geochemical trends seen in incompatible elements; other ob-
servations are not covered here for the sake of brevity. The rest of the data is addressed
in more detail in Appendix B, which reviews our findings for fluid mobile elements, high
field strength elements (HFSE), transition metals, and other important groups of elements.

Regardless of surface transport mechanism (eruption as xenoliths or tectonic emplace-
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ment as terrains), there are no differences in trace element content between granulites
of similar SiO; content. Therefore, granulite facies xenoliths and terrains can be treated
as one lithology when discussing silica-correlated compositional trends. Eclogite facies
xenoliths and terrains have fewer data points, so it remains unclear whether or not they

should be given the same treatment.

3.7.1 Rare Earth Elements

Figures 3.3 and 3.4 illustrate that the rare earth element patterns of all of the sam-
ples are congruent, having greater variation in the light rare earths (LREE) and than in the
heavy rare earth elements (HREE). The amphibolite and granulite data show LREE en-
richments and their variability is comparable to that shown by Rudnick and Gao (2014),
with granulite facies terrains having the highest median concentrations of La through Nd.
Igneous processes — rather than metamorphic changes or chemical weathering — control
the relative enrichment in LREESs seen in granulite facies terrains compared to granulite
facies xenoliths or amphibolite lithologies. The greatest abundance of La and Ce is not
seen in the most hydrated samples (amphibolites) but in the most evolved samples (gran-
ulite facies terrains). Eclogite facies lithologies are relatively depleted in LREE compared
to amphibolites, yet they are more enriched than granulite facies xenoliths. The standard
deviation of the REE distributions narrows from La to Lu. Eclogite facies samples surpris-
ingly show no relative enrichments in HREEs, which would be typical of rocks with more
abundant garnet. The HREEs concentrations, especially Tm, Yb, and Lu are identical for

all of the metamorphic facies in question.
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Figure 3.4: While the most variation is seen in the light rare earth elements, the heavy
rare earth elements are tightly knit around 0.25 ppm (5x primitive mantle). Note the
linear scale. The black line and gray shaded region surrounding it is the Rudnick and Gao
(2014) lower crustal composition + 15%.

Amphibolite facies lithologies and granulite facies xenoliths span similar ranges of
La/Yb, 8.16 4 6.5 and 7.52 + 3.2, respectively. Archean granulite facies terrains have a
much higher median value (La/Yb = 16.0 £ 10.2) than Post-Archean terrains (La/Yb =
10.1 £ 4.50) despite having similar SiO; content, yet La/Yb and is correlated to SiO; and
forms the same chair-like structure when in natural log La/Yb space as SiO, vs. Mg#. The
bimodal structure suggests that the Daly Gap affects La/Yb, and that the ratio reflects the
original igneous processes that formed the rock rather than metamorphism or weathering.

Flatter rare earth patterns (lower La/Yb ratios), common among the eclogite facies
xenoliths and terrains, do not seem to be relegated to specific regions. It is possible that
eclogite facies terrains are biased by alteration and subduction processes despite how

closely they resemble xenoliths because of our limited dataset (Tsujimori et al., 2006).
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As mentioned earlier, many of our eclogite facies terrains samples originate from areas
that have evidence of significant subduction, such as the western United States. Eclogite
facies terrains from the Caledonides in Norway (Rockow et al., 1997; Svensen et al.,
2001) also show REE variation even within the same formation. Sampling exposures of
eclogite facies terrains in regions that have not been subjected to significant amounts of
subduction would provide more clarity — if such terrains exist. The apparent enrichment
in Gd, Dy, Ho, Er, and Tm in eclogite facies terrains is due to our limited dataset, with
those elements having only 1 to 5 datapoints each.

On average the crust shows a systematic vertical concentration gradient in REE
abundances (i.e., UC — MC — LC, showing La 36 — 18 — 12; Yb 3.1 — 2.2 —
1.7 ppm), with a mildly fractionated downward decrease in the LREE (factor of 3) and
HREE (factor of 2). Likewise, Eu/Eu* changes from a 30% negative anomaly in the upper
crust to essentially no anomaly in the lower crust. These compositional gradient are most
likely products of intracrustal differentiation, with granite magmas moving upward and

residuals being stored in the lower crust or lost to the mantle via gravitational processes.

3.7.2 Heat Producing Elements

Heat producing elements (HPEs: K, Th and U) are of particular interest because
they are crucial to understanding Earth’s radioactive heat budget (these three elements
produce 99.5% on the radiogenic heat) through time as well as the temperature and
strength of the crust. Rudnick and Gao (2014) estimate the continents host 35 to 40% of

the Earth’s budget of HPE. Constraining Earth’s HPE abundances (especially the abun-
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dance of the refractory lithophiles, e.g., U and Th) also constrains ~26 other elements

(McDonough and Sun, 1995) that are in conserved, chondritic ratios relative to U and Th.

3.7.2.1 Th, U, and K

The behavior HPE can often be understood through comparisons of elemental ra-
tios. About 80% of the Earth’s total heat production comes from Th and U and thus the
Th/U ratio is key. Wipperfurth et al. (2018) recently reviewed Th/U values for ~150,000
crustal rocks and sediments and found that the median values for igneous and metamor-
phic rocks were close to the bulk Earth’s value of 3.8. We find that amphibolites have
a median Th/U of 3.7, whereas granulite terrains appear to have lost U (see below) rel-
ative Th (median Th/U for Archean and Post-Archean granulite terrains are 7.3 and 6.6,
respectively). In contrast, the median Th/U of granulite xenoliths (3.4) appears to be nor-
mal (i.e., no U loss). There is little correlation between K content and K/U, with median
K/U values for all metamorphic lithologies ranging upwards of one to three times that
of upper continental crust. We observe K/U values from 10,000 to 100,000 with uncer-
tainties on the order of 60%. Whether K behaves as a trace element or thermodynamic
component (i.e., mineral) controls the K abundance in our samples. That is, K abundance
is high if K-feldspar is present in the system, whereas K is low if K-feldspar is not present.
The K/Th value is relatively constant in deep crustal lithologies and similar to that of the
upper crust (Alessio et al., 2018; Rudnick and Gao, 2014), implying K/U fractionation
is due to U loss, not K loss, and supporting the earlier finding of Rudnick and Presper

(1990).
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A question that remains is, how long ago did this uranium loss occur in the gran-
ulite terrains? To address this issue we combined the two separate measures of Th/U.
The isotopic ratio of 2>2Th/>38U value is referred to as k¥ (k ~ Th/U x 1.033), while
the time-integrated Pb isotopic ratio (2°® Pb*/29Pb*, the decay products of 232Th/?38U) is
Kpp, Which serves as a proxy for Th/U. [ kp; values are calculated from the measured lead
isotopic composition of the sample minus its primordial lead contribution; see details in
Wipperfurth et al. (2018).] The kp, provides a measure of the time-integrated Th/U value
and is resistant to recent resetting. The average (and median) xp; for the amphibolites,
granulite xenoliths, and Archean and Post-Archean granulite terrains is 4.140.1 (4.040.1;
n=165, 357, 33, and 4, respectively), while eclogite xenoliths are 5.5 (5.8; n=21) and no
data for eclogite terrains; see Table S3 for further details. The ~70% difference between
Th/U and xp, values for granulite facies terrains is consistent with a relatively recent
(< 450 Ma) uranium loss. On average it appears that exhumation or surficial weather-
ing processes result in the loss of U from the granulite and less so due to dehydration
metamorphism.

In general, U and Th show positive correlations with SiO,. Mean and median U
and Th values increase with increasing SiO, abundance for amphibolite and granulite
facies rocks. While the relationship between SiO, and U or Th is log-normal within
uncertainties, the concentration of U and Th could potentially also be derived from SiO;
through a probability analysis (Gard et al., 2019; Hasterok et al., 2019a).

Deep crustal heat production is but a fraction of upper crustal heat production. The
median heat production in the deep crustal lithologies ranges from 0.04 to 0.41 nW/kg
(roughly 0.1 to 1.2 uW/m?, assuming a density of 2900 kg/m?). Post Archean granulite
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facies terrains have the highest heat production to 0.4 4+ 0.5 nW/kg (~1.2 pW/m?). How
we calculate our heat production is significant: the mean of the averages does not equal
the average of the means. Using the median K;O, Th, and U abundances, we calculate
heat production for Post-Archean and Archean granulite facies terrains to be 0.14 and
0.15 nW/kg (0.41 and 0.42uW/m?), respectively. The answer lies in the shape of the dis-
tributions, which are neither normal nor log-normal. In this case, our simplified statistics
are sub par descriptors of the datasets. Yet, we see that median deep crustal heat produc-
tion should be minimal unless there is significant incorporation of granulite facies terrain

material.

3.8 Distributions that Trend, Periodically

The periodic table is a wonderful tool to use when analyzing elemental trends be-
cause of its structure and organization. It shows that elements of similar valence states
and radii behave predictably and highlights anomalies caused by specific minerals or sam-
pling methods. We expect to see more skewed distributions for elements that change
abundance with depth, since our dataset includes samples from a range of depths (Bohlen
and Mezger, 1989). The difference between mean and median is one metric for quickly
assessing the shape of non-normal distributions. McDonough (1990) found that major
and compatible trace elements have similar average and median values, whereas median
values are systematically lower than average values for the incompatible trace elements
(e.g., LREE, K, Rb), with differences between average and median values increasing with

increasing incompatibility. Figures 3.5 and 3.6 are color coded to show the % difference
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between mean and median for amphibolite and granulite facies lithologies. The same
methodology can be applied to eclogite facies lithologies, but the distributions are more
discontinuous, and trends are less clear due to having an order of magnitude fewer sam-
ples. Even in the amphibolite and granulite datasets, elements with relatively few data
points (such as the highly siderophile elements) appear highly skewed.

Al and Ga are unimodal, with little variation in their abundances compared to other
elements, and Na is relatively constant, with some possible bimodality. The mean and
median values for Si are similar because of its bimodal distribution, but we do not find
conclusive evidence for bimodality in other oxides. Fe, Mg, and Ca show some degree
of multi-modality. Most of other elements in the table are unimodal. The rare earth
elements exhibit consistent patterns between amphibolite and granulite facies lithologies,
though amphibolites have greater differences between mean and medium in the light rare
earth elements. The homogeneity of the rare earth element distributions underscores their
predictable behavior, with the greatest skewness occurring in the light rare earths which
tapers off to a steady ~10% difference between mean and median towards the heavy rare
earths.

Both Th and U have highly skewed distributions that verge on log-normal for both
amphibolite and granulite facies lithologies. The distributions of U and Th in granulite
facies terrains are indistinguishable from both a gamma and a log-normal distribution
(using a Wilcoxon rank sum test of median values). The distributions of U and Th in
granulite facies xenoliths and amphibolite facies lithologies, however are more accurately
described by log-normal distributions. That is to say, the misfit between either the Th or U
distribution and log-normal distributions with the same p and o is negligible according to
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the (admittedly simplistic) statistical test mentioned above. On the other hand, the misfit
between Th or U and the corresponding gamma distributions with the same shape and rate
parameters is significant according to the same statistical test. Th and U are expected to
be skewed because their abundance changes rapidly as a function of depth (Huang et al.,

2013; Rudnick and Fountain, 1995; Rudnick and Gao, 2014).

3.9 A Basalt, by Any Other Name

If the deep (particularly the lower) continental crust looks like granulite facies xeno-
liths, or to an extent amphibolite facies lithologies, then it looks like a basalt. Similarities
between these deep crustal samples and mid ocean ridge basalt (MORB) and ocean island
basalt (OIB) span SiO;, Al,O3, MgO, and MnO (Fig. 3.7, Table 3.2). CaO and Na,O
differ by about 10% among the three different basalts, with MORBs having the highest
concentration of both. An important note, though, is that all of our deep crustal analogues
are depleted in Ti compared to MORB or OIB. Since there is no complementary Ti enrich-
ment in the upper crust (Rudnick and Gao, 2014; Taylor and McLennan, 1985; Wedepohl,
1995), there may exist an unsampled Ti reservoir on Earth (McDonough, 1991; Rudnick
et al., 2000).

If the deep crust resembles granulite facies terrains, then it differs more substantially
from MORB and OIB (Fig. 3.8). Granulite facies terrains have 16-27% higher SiO;
content than MORB and 3 to 4 times higher concentrations of incompatible elements as a
result. However, while comparable in major element space, both granulite facies xenoliths

and terrains have on average % to % the concentration of LREEs of OIBs. The undepleted
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Amph. Gran. PA A Gran. Ecg. Ecg. | MORB OIB
Lith. Xen. Gran. Ter. Xen. Ter.
Ter.

Si0, | 622 533 63.18 65.4 48.0 50.1 50.7 50.1
TiO, | 079 098 0.78 0.65 0.63 1.16 1.69 2.53
Al,O3 | 16.1 17.2 159 15.8 16.3 159 14.8 14.1
FeOr | 573 7.12 5.74 4.39 9.09 9.11 10.47 11.37
MnO | 0.15 0.16 0.13 0.11 0.18 020 | 0.18 0.16
MgO [ 4.03 7.63 4.21 3.96 12.06 8.47 7.61 8.53
CaO | 6.20 10.15 5.56 4.77 11.75 11.78 | 11.44 10.44
Na,O | 3.23 2.63 257 3.45 1.64 2.72 2.80 2.16
K,O | 144 0.70 1.78 1.28 0.21 0.45 0.16 0.38
P05 | 0.15 0.16 0.12 0.17 0.07 0.11 0.18 0.25
Mg# | 46.8 57.1 45.8 47.0 479  40.8 - -
Mg# | 556 656 56.7 61.6 70.3 62.4 56.4 57.2
Calc.

Table 3.2: Median major oxide compositions for our sample sets, mid ocean ridge basalts
(MORB, (Gale et al., 2013)), and ocean island basalts (OIB, (MacDonald and Katsura,

1964))
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Figure 3.7: Ocean island basalt Hawaiian tholeiites (MacDonald and Katsura, 1964)

and granulite facies xenoliths have similar major element patterns except in TiO,. Both
resemble mid ocean ridge basalts (Gale et al., 2013) except in TiO; and K>O.
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Figure 3.8: Rare earth element concentrations for granulite and amphibolite facies
lithologies fall between MORB (Gale et al., 2013) and OIB (Arevalo and McDonough,
2010) abundances. The shape of their REE patterns, however, resemble OIB moreso than
MORB. Amphibolite, granulite, eclogite, and OIB rare earth element patterns converge
towards the heavy rare earths.

or otherwise uniquely enriched source of OIB material is not reflected in crustal basalts.
Eclogite facies lithologies are essentially basaltic in their bulk compositions and
comparable to that of MORBs & OIBs (Table 3.2) when normalized to 100 wt.%. With
16 wt.% Al;O3, 9 wt.% FeOr, and varying amounts of MgO, however, we expect eclog-
ite facies lithologies to maintain their traditionally-higher-than-basaltic densities. Differ-
ences in expected deep crustal densities, discussed below, suggest that eclogites will by

and large be gravitationally unstable in most lower crustal models.
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3.10 Constructing the Continental Crust

The composition of the deep continental crust is a direct result of the many pro-
cesses through which it was constructed and evolved. The abundance of incompatible
elements in our dataset provides a tool for analyzing the probability of different deep
crustal compositions.

Using a simplified, 3-layer modeling approach, we identify the elements that stand
out as markers of different crustal compositions and formation processes, and which con-
tribute significantly to estimates of bulk silicate Earth (BSE) composition. Our bulk con-
tinental crust composition is calculated by weighting the elemental abundances from the
upper, middle, and lower crust by each layer’s mass fraction (Table 3.3). The mass frac-
tions of these crustal layers are from Wipperfurth et al. (2020). The upper crust’s com-
position uses Gaschnig et al. (2016)’s concentrations for all elements for the top % except
Sr and Mo (Rudnick and Gao, 2014), and Rudnick and Gao (2014) for the bottom % of
the upper crust. We take the upper crust HSEs from (Chen et al., 2016), and Ag from
(Chen et al., 2020). We use amphibolite facies lithologies as representatives of a middle
crustal composition and split the lower crust 50/50 between granulite facies xenoliths and
terrains. Debate remains regarding models for the composition of the lower crust (Hacker
et al., 2015; Rudnick and Gao, 2014); there is no obvious solution to determining the
composition of the lower crust. Our solution for deciding on a model for the lower crust’s
composition recognizes that granulite facies terrains come from on average ~0.8 GPa
(Brown and Johnson, 2019), approximately the upper portion of the lower crust, whereas

granulite facies xenoliths appear to dominate the bottom of the lower crust (Rudnick and
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Gao, 2014).

Table 3.3: Recommended Continental Crust Composition

Deep Crust Bulk Crust

SiO,
TiO,
Al,O3
FeOr
MnO
MgO
CaO
Na,O
K,0O

P,0s

Li

Be

Cl#+

Sc

Upper Crust Middle Crust Lower Crust
68.0 62.2 533
0.663 0.795 0.980
15.1 16.1 17.2
5.21 5.73 7.12
0.100 0.150 0.156
2.29 4.03 7.63
2.75 6.20 10.15
2.63 3.23 2.63
3.11 1.44 0.698
0.169 0.150 0.162
26.8 15.0 6.89
2.18 1.44 0.478
10.6 9.00 -

51.1 - -

343 399 -

382 22.0 140
181 29.3 151
13.3 21.0 28.0
88.1 134 186

77

57.6

0.889

16.66

6.44

0.153

5.87

8.21

2.93

1.06

0.156

10.9

0.956

81

90.5

24.5

160

61.1

0.812

16.1

6.02

0.135

4.66

6.36

2.82

1.75

0.161

16.0

1.35

178

120

20.9

137



Cr

Co

Cu
Zn
Ga

Ge

Se
Br
Rb

Sr¥

Zr

Nb
Mo**
Ru

Rh
Pd* *
Agt
Cd

In

Sn

Sb

77.2

15.2

39.2

26.3

69.3

17.8

1.53

2.92

0.058

0.98

92.8

320

25.7

203

12.1

1.12

0.240

0.000800

0.0329

0.097

0.058

2.23

0.39

81.0

29.9

39.7

30.0

78.0

18.0

1.30

0.0530

43.8

201

22.5

123

7.20

0.520

0.000850

0.0480

0.0600

0.0710

1.60

0.200

78

168

46.8

100

37.8

81.1

17.3

10.6

465

19.0

83.3

7.00

1.90

0.00554

1.58

125

38.4

70.1

33.9

79.6

17.6

27.1

334

20.7

103

7.10

1.21

0.00321

1.59

109

30.9

60.1

31.5

76.2

17.7

48.3

329

223

135

8.73

1.18

0.00214



Te - 0.0500 - - -

I 0.862 - - - -

Cs 4.18 1.19 0.390 0.787 1.88
Ba 665 330 393 362 460
La 333 18.1 11.6 14.8 20.8
Ce 67.0 36.5 27.0 31.7 43.1
Pr 7.65 4.68 3.48 4.08 5.23
Nd 294 18.3 14.7 16.5 20.7
Sm 5.38 4.10 3.57 3.83 4.33
Eu 1.15 1.09 1.29 1.19 1.18
Gd 4.79 391 3.77 3.84 4.15
Tb 0.780 0.664 0.570 0.618 0.670
Dy 4.55 391 3.60 3.75 4.01
Ho 0.95 0.822 0.640 0.730 0.800
Er 2.67 2.29 1.89 2.09 2.28
Tm 0.380 0.350 0.254 0.302 0.327
Yb 2.44 2.19 1.70 1.94 2.10
Lu 0.370 0.330 0.245 0.287 0.315
Hf 5.73 342 2.05 2.73 3.70
Ta 0.900 0.540 0.597 0.569 0.677
WO 1.59 0.440 0.310 0.374 0.773
Ref 0.000220 - - - -
Os#* 0.0000418 - 0.0000210 |- -
Iry* 0.0000274 0.0000154  0.0000290 |0.0000222 0.0000160
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Pt 0.000618  0.000650 0.000249 0.000158  0.000127
Au 0.000938  0.000800 - - -
Hg** 0.0337 0.0300 - - -

Tl 0.805 0.500 - - -

Pb 16.5 11.7 4.50 8.08 10.8
Bi 0.190 0.0700 - - -

Th 10.6 3.68 0.767 221 4.90
U 2.64 1.00 0.248 0.621 1.27
Eu/Eu* 0.693 0.830 1.07 0.946 0.848
Heat prod. |0.623 0.235 0.0640 0.149 0.303
(nW/kg)

Heat prod. | 1.81 0.682 0.186 0.432 0.878
(LW/m?)

Nb/Ta 13.4 13.3 11.7 12.5 12.9
Zr/Hf 355 36.0 40.6 37.7 36.6
Th/U 4.00 3.68 3.09 3.56 3.85
K/U 10500 12800 25100 15200 12300
La/Yb 13.7 8.27 6.82 7.63 9.89
Rb/Cs 22.2 36.8 27.2 344 25.7
K/Rb 278 272 547 325 301
La/Ta 36.9 33.5 19.4 26.1 0.71

Oxides reported in wt.%. All other abundances reported in ppm.
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** denotes elements for which N <6 for middle and/or lower crust
1 denotes Upper crustal values from sources other than Gaschnig et al. (2016). Please see text for
sources of 1 abundances.® W values from Archean granulite facies terrains (n = 3) excluded as

outliers

Though amphibolite facies lithologies are held to represent the middle crust, the
median SiO; for amphibolite lithologies is ~10% lower than existing estimates. This
makes our bulk continental crustal model more mafic in the middle crust, leaving a poten-
tial mid-crustal deficit in many incompatible elements. A mafic bias in our amphibolite
facies lithologies may exist and seems to stem from:

1) biasedly assigning medium grade mafic metamorphic samples to the “amphibolite”

facies (due to the hallmark abundance of amphiboles) but not assigning medium grade
felsic metamorphics to the amphibolite facies; and

2) the oversampling of mafic amphibolite facies locations.

Figure 3.9 orders elements left to right from the most to least abundant in the conti-
nental crust, relative to a BSE model. In doing so, we highlight the enrichments of Cs, Rb,
Ba, Pb, U, Th, K, W, and La in the continental crust and identify the crust as an important
host for these elements in the bulk silicate Earth (BSE), despite its insignificant mass con-
tribution (0.55% of the BSE mass). Assuming a BSE composition (McDonough and Sun,
1995; Palme and O’Neill, 2014), the estimated crustal contribution represents 15 to 50%
of Earth’s total budget of these elements sequestered in the continental crust. Importantly,
~35% of the heat producing elements are stored in the crust and not available for driving

mantle convention.
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The continental crust is often viewed as the complementary reservoir of the De-
pleted Mantle, particularly for the incompatible elements. In Figure 3.9 we compare the
composition of the continental crust with that of the average MORB, a representation for
the upper portion of the oceanic crust. A crude comparison of the composition of the De-
pleted Mantle (DM) can be taken as ~ 11—0 the value of MORB. If the upper mantle (mantle
above the 670 km seismic discontinuity; 26% of the mass of the BSE), often considered
the Depleted Mantle, was uniformly depleted to create the continents, then it cannot be
the complement to the continental crust. Elements whose crustal mass contribution ex-
ceeds 26% (i.e., Cs, Rb, Ba, Pb, U, Th, K, and W) require that the lower mantle has been
accessed during the production of continental crust. Therefore, the part of the BSE re-
ferred to as the Depleted Mantle extends considerably into the lower mantle (nearly half
a mantle mass is necessary to account for all of the Rb & Cs in the continental crust). The
implications of this finding demand that all or most of the mantle has been involved, to
some extent, in the production of the continents.

Apparent non-complementary relationships are found for K, Sr, and Li. The average
MORB (Gale et al., 2013) pattern (Figure 3.9) shows marked depletion in the primitive
mantle normalized abundance for K, Sr, and Li relative to adjacent elements. The rela-
tive incompatibility of these elements during mantle melting are K~U, Sr~Pr-Nd, and
Li~Dy (Sun and McDonough, 1989). The K/U values of continental crust and MORB
are complementary relative to that of the BSE (Arevalo et al., 2009; Farcy et al., 2020),
consistent with these patterns (Figure 3.9). The marked depletion in Sr seen in the MORB
pattern is due to these basalts having experienced considerable plagioclase fractionation.
However, as Tang et al. (2017) noted, MORBs with >10wt.% MgO, primitive MORBs
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Figure 3.9: Weighted proportions of amphibolite and granulite facies lithologies were
combined with upper crustal values (see text) to generate bulk silicate Earth incompat-
ible element abundance estimates. Elements are ordered from left to right by relative
enrichment in the continental crust. Alternatively, this ordering reflects element compati-
bility during mantle melting. Colored circles show our bulk continental crust model while
empty circles plot MORB abundances. Black bars follow the right-hand y-axis and show
the % of each element sequestered in the continental crust relative to BSE. Normalized to
(McDonough and Sun, 1995) with W from (Arevalo and McDonough, 2008).
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that have yet to experience plagioclase fractionation, do not show any depletion in Sr.
Finally, the depletion in Li is somewhat more challenging to explain. Lithium’s position
(established by crustal abundances) suggests its relative incompatibility is enhanced due,
most likely, to a combination of melting and weathering processes. That said, however,
the continental crust, which hosts only ~6% of the BSE’s Li budget, cannot account for
the marked depletion seen in the MORB pattern. (Moving the MORB Li data point over
to the heavy REE still does not account for its depletion.) We offer no explanation for this
enigmatic observation.

Another method to determine deep crustal lithology is to test its composition with
seismic (Christensen and Mooney, 1995; Rudnick and Fountain, 1995) and gravity data.
Seismic velocities and densities are controlled by mineral forming, major elements (e.g.,
Si0, and Ca0), not the highly incompatibles. However, highly incompatibles correlate to
a sample’s degree of differentiation (i.e., SiO; content); therefore, incompatible element
abundances can still be derived from major element concentrations. Table 3.4 compares
the continent’s expected velocities and densities, computed by Perple_X via Gibbs free
energy minimization, for the middle (MC) and lower (LC) crust based on different geo-
physical and geochemical models. Our MC model has a middle crust of Vp = 6.8 km/s,
Vs = 4.0 km/s, and density of 2980 kg/m?, values higher than other models. A middle
crust calculated from Rudnick and Gao (2014)’s average composition also has a high den-
sity (Brocher, 2005) when compared to the Vp and surface wave predictions of CRUST
1.0 (Laske et al., 2013) and LITHO 1.0 (Pasyanos et al., 2014). These inconsistencies
between geochemical and geophysical predictions extend into the deep crust, again with
all but the lowest density and Vp geochemical estimates (Hacker et al., 2015) exceeding
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Model Vp (km/s) Vs(km/s) Vp/Vs Poiss. Density (kg/m3 )
# of Samples

Our MC* 6.84 4.04 1.69  0.233 2980
RG MC* 6.74 3.97 1.70  0.235 2940
Low Vp MC¥ 6.57 3.80 1.73  0.235 2720
CRUST 1.0 MC 6.47 3.70 1.75  0.257 2830
LITHO 1.0 MC 6.51 3.75 1.74  0.252 2840
Our LC** 7.05 4.13 1.71  0.239 3090
RG LC** 7.00 4.01 1.74  0.255 3050
Low Vp LC7 6.80 3.92 1.74  0.235 2920
CRUST 1.0 LC 7.04 4.01 1.76  0.261 3010
LITHO 1.0 LC 7.05 4.00 1.76  0.263 2990
MORB (LC)** 7.40 4.23 1.75  0.258 3260
OIB (LC)** 7.46 4.28 1.74  0.255 3330

T Hacker et al. (2015) Table 4 Middle Crust Vp 6.5-6.6; Lower Crust 6.7-6.9
*MC Conditions - 300 C, 0.4 GPa
**[C Conditions - 500 C, 0.85 GPa
“RG” = Rudnick and Gao (2014)

Table 3.4: Comparison of Deep Crustal Physical Properties

seismic expectations. Though these global averaged seismic models are not infallible,
a reconciliation is still required between the geochemical based and geophysical based

models for Earth’s deep crust.

3.11 Conclusion

The deep continental crust will remain a topic of intense debate for years to come
due to its inaccessibility. Amphibolite, granulite, and eclogite facies metamorphic terrains
and xenoliths serve as our windows to middle and lower continental crust. Compositional
variability even within these facies underscores the potential for deep crustal heterogene-
ity, though certain elements and patterns anchor our understanding of the chemistry of
the crust. The Daly Gap, evident in amphibolite facies lithologies and granulite facies ter-

85



rains, dominates the relative abundance of SiO; in the deep crust, especially its lowermost
portions. The more homogeneous mineralogy of eclogite facies lithologies distinguishes
them from amphibolite or granulite facies lithologies, though all three could plausibly
contribute to previous deep crustal compositional estimates. Constraining the proportion
of mafic to felsic material in the deep crust will in turn constrain its trace element content
and distribution, because its enrichment or depletion in these elements is most heavily
influenced by differentiation processes.

Thankfully, all is not lost when using these samples to parse out the composition of
the deep crust. The amount of Al,O3 is similar among all of the samples, as are the heavy
rare earth elements. We find that the concentrations of Er, Tm, Yb, and Lu in particular
show little variation among samples of different metamorphic grades. The controlling
factor in incompatible element abundance among our deep crustal lithologies is how dif-
ferentiated the material is, not metamorphic grade. This means that igneous processes and
protolith composition rather than metamorphic processes dictate the chemical signatures
of the deep crust.

Although the deep continental crust has been studied at length, many elements still
lack sufficient concentration data (such as the highly siderophile elements). Future stud-
ies will be challenged to reduce the size of the uncertainty on element concentrations,
and since instrumental precision is not the main source of uncertainty, inquiry into the
processes that alter elemental abundances in different samples will have to be identified
and explained. As it stands, there is also a density discrepancy between highly cited
geochemical models (e.g. Rudnick and Gao (2014) versus Hacker et al. (2015)) and com-
mon geophysical crust models, with geochemical samples suggesting a deep crust that
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has higher overall density than what is seismically observed. Ultimately, the future of
deep crustal modeling will depend on the integration of multiple types of datasets, such

as geochemical and seismological measurements and gravity analyses.
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Chapter 4: Localized Lower Crustal Composition from Joint-Inversion

of Geochemical and Geophysical Datasets

4.1 Overview

In this chapter, we develop a method for quantitatively determining the composition
of the deep continental crust. We chose to test our method on an area that has been ex-
tensively studied, the southwestern United States, so that we could incorporate abundant
geochemical, seismological, and geophysical data. We found that we could determine the
major element composition of the crust in this area with ~10% uncertainty, and we used
our compositional model to identify the most likely crustal deformation processes that
were taking place.

[1] This chapter has been published as:

Sammon, L. G., Gao, C., & McDonough, W. F. (2020). Lower crustal composition
in the southwestern United States. Journal of Geophysical Research: Solid Earth,
125(3), €2019JB019011.

[2] LGS wrote this text and modeled the lower crustal compositions with help from

CG. CG provided ambient noise inversions. WFM contributed significantly to data anal-

ysis and text.
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4.2 Abstract

The composition of the lower continental crust is well-studied, but poorly under-
stood because of the difficulty of sampling large portions of it. Petrological and geochem-
ical analyses of this deepest portion of the continental crust are limited to the study of high
grade metamorphic lithologies, such as granulite. In situ lower crustal studies require geo-
physical experiments to determine regional-scale phenomena. Since geophysical proper-
ties, such as shear wave velocity (Vs), are nonunique among different compositions and
temperatures, the most informative lower crustal models combine both geochemical and
geophysical knowledge. We explored a combined modeling technique by analyzing the
Basin and Range and Colorado Plateau of the United States, a region for which plentiful
geochemical and geophysical data are available. By comparing seismic velocity predic-
tions based on composition and thermodynamic principles to ambient noise inversions,
we identified three compositional trends in the southwestern United States that reflect
three different geologic settings. The Colorado Plateau (thick crust), Northern Basin and
Range (medium crust), and Southern Basin and Range (thin crust) have intermediate,
intermediate-mafic, and mafic deep crustal compositions. Identifying the composition of
the lower crust depends heavily on its temperature because of the effect it has on rock
mineralogy and physical properties. In this region, we see evidence for a lower crust
that overall is intermediate-mafic in composition (53.7 4+ 7.2 wt.% SiO,), and notably

displays a gradient of decreasing SiO;, with depth.
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4.3 Introduction

The composition of the lower continental crust, despite its influence over crust for-
mation and geologic hazards, remains a mystery. Though as thin as 10 km in some re-
gions (Rudnick and Gao, 2014), the lower crust contributes critically to the temperature,
structure, and stress state of the continent (e.g. Hacker et al. (2015a); Jackson (2002);
Shinevar et al. (2018)). Lower crustal deformation models are heavily informed by deep
crust silica content, water, and mineralogy (Jackson, 2002). However, because of the
relative scarcity (<1% of all samples listed on http://www.EarthChem.org/) and the
compositional heterogeneity of deep crustal samples, it is difficult to constrain the bulk
composition of the lower crust purely through geochemical or petrological measures.

Because the lower crust resides at depths >20 km, its composition can only be
sampled indirectly. Granulite facies lithologies serve as metamorphic analogues for the
lower crust due to their appearance in exposed crustal cross-sections (Rudnick and Gao,
2014). High grade metamorphic terrains, which have been tectonically emplaced in areas
such as the Ivrea-Verbano Zone in Italy or the Fraser Range in western Australia (Fountain
and Salisbury, 1981), and granulite facies xenoliths serve as two geochemical windows
to the lower crust. As a metamorphic facies, characterized by the dehydration of hydrous
minerals (Semprich and Simon, 2014), granulites span a confounding range of mafic (<
52 wt. % Si0O») to felsic (> 68 wt. % SiO;) compositions. Such wide variation leads
to competing models for the lower crust’s composition and density structure, as outlined
recently by Dumond et al. (2018).

Combined modeling of high resolution geophysical and geochemical data can place
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Figure 4.1: The southwestern United States has been sampled at high resolution through
geochemical analyses and ambient noise seismology. The black triangles represent the
placement of 100 Earthscope Transportable Array stations whose data were used in this
study. Colored squares indicate the location of 128 granulite xenolith and terrain samples
used as possible chemical compositions for the lower crust. The color of the squares
indicates how many samples were collected from the area covered by the square. The
overlaid blue lines demark three geologically distinct sub-regions within the study area.
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tighter constraints on lower crustal composition. Seismic velocity measurements help dif-
ferentiate among possible lower crustal compositions when compared to laboratory exper-
iments (Holbrook et al., 1992). We use seismic inversions in conjunction with petrological
data in an effort to form a less biased lower crustal composition model. In this study, we
target the southwestern United States (Fig. 4.1) as a demonstration of such joint model-
ing efforts because of the variety of data available for the Basin and Range and Colorado
Plateau physiographic provinces.

Global scale models (Bassin et al., 2000; Laske et al., 2013) predict seismic veloci-
ties in the Basin and Range that are 10% slower and densities 5% lower than those of ad-
jacent tectonic regions. Slower seismic velocities could suggest that the Basin and Range
has a more felsic lower crust than surrounding areas and stands in contrast to local velocity
studies (Gao and Leki¢, 2018; Olugboji et al., 2017; Plank and Forsyth, 2016; Shen et al.,
2013). Schulte-Pelkum et al. (2017) provides an in depth reconciliation of various seis-
mic data and lower crustal xenoliths, and proposes a mafic lower crust in the southwestern
United States and throughout the country. Both mafic and felsic granulite facies terrains
and xenoliths have been extensively characterized in the southwestern US, providing us
with a geochemical dataset of 128 samples (http://www.EarthChem.org/). We incor-
porate high resolution, ambient noise, dispersion measurements (Ekstrom, 2014; Olugboji
et al., 2017) from the Earthscope USArray (http://www.usarray.org/) project; Moho
temperature models from Pn velocities (Schutt et al., 2018); and thermal gradient calcula-
tions to derive a distribution of compositions and compositional trends for the lower crust,

addressing current model discrepancies.
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4.4 Background

4.4.1 Compositional Modeling of the Lower Crust

The depth and thickness of the lower continental crust varies regionally and in the
context of different studies. The Conrad discontinuity defines the lower crust seismically,
but it is not ubiquitous. When the continental crust is split into thirds, the average lower
crustal composition is typically ~ 53 wt.% SiO, (Rudnick and Gao, 2014). In some areas,
however, the “lower crust” may refer to the bottom half of the continental crust, in which
case the average SiO, becomes more felsic (Hacker et al., 2015b). The abundance of
Si0; in the lower crust is not only a function of lower crustal composition, but also of
one’s definition of the lower crust. For the purposes of this study, we define the lower
crust as simply the bottom half of the crust between 11 km and the Moho after (Schmandt
et al., 2015). For example, if the Moho depth were 31 km, the lower crust would have
a thickness of @ = 10 km, and range from 21 km - 31 km depth. We designate 11
km as the thickness of the upper crust because of changes seen in regional Rayleigh wave
models from Lin et al. (2014). Though 11 km of upper crust and sediment throughout the
entire southwestern United States is a sweeping generalization, it is similar to Roy et al.
(1968) 7-11 km thick heat producing layer and Rudnick and Gao (2014)’s 12 km thick
upper crust. Keep in mind that our compositional trends are more consequential than our
somewhat arbitrary layer thicknesses.

Petrological and geochemical studies of the deep continental crust have sought to

define composition through analysis of granulite facies xenoliths and terrains where avail-
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able, usually analyzing in detail a small (5 - 20) set of samples. Similar practices have
been used by many (Al-Safarjalani et al., 2009; Halliday et al., 1993; Parsons et al., 1995;
Rudnick and Taylor, 1987; Schaaf et al., 1994) to determine the deep crustal structure in
regions where samples are available, but it is hard to gauge if these isolated samples are
representative of the whole lower crust. While studies of xenoliths provide insight into
specific areas of the lower crust, limited sample sets and even smaller sample sizes prove
to be recurring obstacles for geoscientists who seek to uncover the composition of the
deep crust as it relates to global processes. Seismological crust models, on the other hand,
are typically used to describe wide scale crustal phenomena. The use of seismic models
for determining lower crust composition requires a conversion between seismic wave ve-
locities and bulk rock compositions, typically achieved through laboratory experiments
(Christensen and Fountain, 1975; Christensen and Mooney, 1995; Holbrook et al., 1992).
Recent studies (Hacker et al., 2015b) give comprehensive assessments of shear and com-
pressional waves velocities of granulite facies lithologies through thermodynamic model-
ing (calculations are based on empirical, composition-pressure-temperature relationships

derived from rock mechanics and mineral physics experiments, and thermodynamic the-

ory).

4.4.2 Geologic Setting

The southwestern United States has undergone multiple episodes of compression
and extension since the Mesozoic (Coney and Harms, 1984). The elevated Colorado

Plateau remains relatively undeformed (Levander et al., 2011) despite being sandwiched
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Figure 4.2: An example Perple_X velocity and density calculation shows a correlation
with SiO,. The 128 samples from the southwestern United States span the range of mafic
to felsic, showing especially strong correlations between Vp and SiO; and Vp/Vs and
SiO,. These calculations were done at one temperature (650°C) and one pressure (0.85
GPa). Increasing temperature systematically shifts the distributions to lower Vs, Vp, and
density, and, in general, higher Vp/Vs ratio.
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between North American Cordillera and the Basin and Range. The Basin and Range
province, on the other hand, is characterized by abruptly alternating basins and narrow
mountain chains that arose from tensional stress and normal faulting in the Early Miocene
(17 Ma) (Coney, 1980). The Basin and Range extended crust, in conjunction with the
Colorado Plateau, houses Cenozoic volcanics that are thought to be linked to changes
in plate interactions after the conclusion of the Laramide Orogeny (McKee, 1971). The
deep crustal xenoliths delivered through Cenozoic volcanic eruptions provide one of our
sources of geochemical data. A second data source are the Basin and Range’s metamor-
phic core complexes - a belt of medium- to high-grade metamorphic terrains exhumed
through crustal extension (Crittenden et al., 1980). A suite of crust deformation models
have been proposed to produce these core complexes (Cooper et al., 2010), each model a

different combination of brittle faulting and ductile extension.

4.5 Methods

We used a three-step joint geochemical-geophysical modeling process to constrain
composition. Figure 4.3 provides a schematic walk-through of the inputs and outputs of
each step.

First, we calculated physical properties over a range of pressures and tempera-
tures for local granulite facies samples through the thermodynamic Gibbs free energy
minimization software Perple_X (Connolly, 2005). Second, we determined pressure-
temperature conditions at 1 km intervals within the lower crust of the southwestern United

states, making the assumption that pressure uniformly increases 1 GPa per 35 km depth,
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Figure 4.3: Crust modeling flowchart showing our procedure for finding consistent mod-
els based on Vs, temperature, depth, and composition. Seismic velocity map from Olug-
boji et al. (2017); Moho temperatures based on Schutt et al. (2018); Moho depths from
Shen and Ritzwoller (2016). Colors in both panels match. The tan probability distribution
reflects the spread of Vs solutions from seismic inversions at a given location and depth.
The teal Vs is generated from the Perple_X calculations. The overlap between the two Vs
distributions is shown in dark green, reflecting the mutually consistent Vs values.

or roughly 28.6 MPa (286 bars) per kilometer. Temperature inputs at the top and base
of the crust allowed us to calculate a geothermal gradient and therefore a temperature for
each kilometer within the crust. We assumed that the top of the crust resides at 5+5°C
and temperature at the Moho follows Schutt et al. (2018).

Third, we compared the Perple_X-calculated shear wave velocities (Vs) of each
sample to seismic inversions for Vs. The seismic data were provided by Olugboji et al.
(2017), and one-dimensional Vs profiles were calculated through Bayesian inversion of
Rayleigh and Love wave data following Gao and Leki¢ (2018). We calculated the prob-
ability of each sample producing the observed seismic signal by convolving the two

datasets. The overlap between the seismic Vs distribution and the geochemical Vs distri-
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bution at a given pressure and temperature was totaled for each geochemical sample (Fig.
4.2).

In general, we favored what we considered to be the simplest parameter space that
could explain the geochemical observations in our dataset, such as equilibrium conditions
and common mineral assemblages. We used the hphall.ver thermodynamic database,
which contains the self-consistent (Holland and Powell, 2004) database but is augmented
by Hacker et al. (2015a) to account for the a &t~ B-quartz transition. A full explanation of
the Perple X parameters we used and our rationale is given in Appendix C. Olugboji et al.
(2017) and Ekstrom (2014) explain the inversion techniques that produced our seismic
profiles.

We evaluated the uncertainties associated with each step of our combined model,
allowing for variations in lower crustal thickness, temperature, and seismic velocity (Ta-
ble 4.1). Moho depths were assigned a 2 km uncertainty (Shen and Ritzwoller, 2016),
and Moho temperature uncertainties range from 50 to 80C depending on location (Schutt
et al., 2018). Combined variations in Moho temperature and depth, and a linear extrapo-
lation of temperature through the crust gave us variable temperature gradients throughout
the area of study, which we calculated via Monte Carlo simulation. The result was a dis-
tribution of possible lower crustal pressure-temperature conditions, which translated to a
probability distribution of compositions. Convolving the distribution of Perple_X gener-
ated velocities with the seismic shear wave velocities produced our final distribution.

Systematic uncertainties may exist if our fundamental assumption of a dry, granulite
facies lower crust is inaccurate. The accuracy of Perple_X’s velocity calculations depends
largely on this assumption, as a lack of water restricts our compositions to anhydrous
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Parameter Uncertainty

Seismic velocity inversions full distribution compared to geochem-
ical results, uncertainties on seismic
inversion methods given from Gao and
Lekic¢ (2018)

Perple X calculations subject to unknown systematic uncer-
tainty, but < 1% uncertainty on Gibbs
free energy calculations

Moho temperature 5%-10% (Schutt et al., 2018)

Lower crustal thickness 13% - 25%, assuming absolute uncer-
tainty of 2 km (Shen and Ritzwoller,
2016)

Table 4.1: Uncertainties Associated with Methods

minerals. Connolly (2005) offers an overview of the software’s free energy minimization

technique for calculating mineral assemblages.

4.6 Results

Overall, the hot lower crust of the southwestern United States trends towards inter-
mediate and mafic compositions. When investigating sub-regional scale variations, how-
ever, three separate trends of composition emerge. Joint modeling of surface wave veloci-
ties and geochemical and petrological data yields a variety of compositions that depend on
temperature. An iterative approach allows us to construct a distribution of probable com-
positions at each of 100 seismic stations, to account for uncertainties in temperature and
composition. Any granulite compositions that were duplicates (i.e. samples whose Vs’s

or compositions were indistinguishable from another sample’s) were removed to avoid
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artificially weighting our results towards redundantly-sampled lithologies. Excluding all
samples with similar silica content, though, would render the geochemical inputs to this
model useless, since we would be ignoring geochemical trends in our samples.

Similar velocities and compositions are evident among three sub-provinces of the
study area: the Colorado Plateau to the east, the beginnings of the Northern Basin and
Range in the northwest, and the Southern Basin and Range in the southwest. As a whole,
the shear wave velocities of all three regions range from 3.8 km/s to 4.2 km/s, with about
half of the lower crust being faster than 4.0 km/s (Fig. 4.4). Vp, calculated from Perple_X,
often exceeds 7.0 km/s in the Southern Basin and Range and in deeper portions of the
Northern Basin and Range and Colorado Plateau. The Southern Basin and Range, which
has experienced the most recent tectonic activity, is marked by the thinnest, hottest crust,
while the Colorado Plateau has the thickest, coolest crust. Despite comparatively slow Vs
in the Southern Basin and Range (3.9 + 0.1 km/s), its high temperatures (often > 800°C)
require a Vp of 7.1 = 0.1 km/s and a density of 3000 & 190 kg/m? at the base of the crust
to satisfy the geophysical model (Fig. 4.4). The Vp/Vs ratio remains poorly constrained,
with uncertainties upwards of 10% encompassing most lithologies (Brocher, 2005). Fig-
ure 4.4 illustrates a change in the median Vp/Vs from ~ 1.79 to ~ 1.72 separating the
Colorado Plateau from the Basin and Range, a shift that reflects compositional variation.

Not surprisingly, compositional trends follow velocity trends, forming three distinct
compositional provinces. Figure 4.5 shows representative distributions of SiO, content
that result from our model. The Colorado Plateau, which has the coolest crust and the
lowest Vp/Vs ratio, also has the widest distribution of possible compositions (Fig. 4.5A),
which range from 45 to roughly 75 wt.% Si0;. The Basin and Range favors narrower,
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more mafic distributions (Fig. 4.5B and C). Regardless of location, though, mafic litholo-
gies can explain the lower crust’s seismic profile more frequently with increasing depth,
as shown by the increasing blueness with depth of Figure 4.5. Figure 4.6 (and Figure S7)
maps reveal clear compositional distinctions among the three sub-provinces. The differ-
ences in Si0, between the intermediate Colorado Plateau, intermediate-mafic Northern
Basin and Range, and mafic Southern Basin and Range are most apparent in the shallow
lower crust. Both the Colorado Plateau and the Northern Basin and Range increase in
MgO and FeO content and decrease in SiO, content at greater depths, but the Colorado
Plateau does not reach truly mafic compositions until 35 - 40 km depth. Caution is rec-
ommended when interpreting fine-scale variations in Vs, and therefore in composition.
Since the seismic dispersion curves are sensitive to a range of depths (Ekstrém, 2014),
values for the deepest regions of the crust might be elevated by averaging high mantle Vs
into the crustal Vs estimates. However, the difference between the seismic velocity model
and the combined velocity model (Fig. S11 and Fig. S12) suggests that the weight the
geochemical inputs have on the combined model may override any averaging in of mantle
velocities. The abundance of distinguishably different mafic granulite lithologies causes
the combined model to favor higher velocities.

Six mineral groups dominate the modeled lower crustal mineralogy. Clinopyrox-
ene and garnet grow at the expense of quartz and plagioclase and K-feldspars in deeper
portions of the crust. Orthopyroxene abundances also decrease by a few weight % with
depth. The high mode proportion (~3.5 wt.% to 16 wt.%) of K-feldspars (which pri-
marily manifests sanidine under simulated pressure and temperature conditions) reflects
the alkali-rich, latite-like compositions of crystalline rocks from the southwestern United
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Figure 4.4: The Vs in (A) is a convolution of seismic and geochemical data. Panels (B)
- (D) predict Vp, Vp/Vs, and density from the geochemical samples that were consistent
with seismic Vs data. The Colorado Plateau is differentiated from the Basin and Range
in Vp and Vp/Vs. Hotter temperatures in the south lead to slower Vs but faster Vp and
higher densities in the Southern Basin and Range. Blue regions in B, C, and D correspond
to more mafic compositions.
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Figure 4.5: Representative histograms (A-C) of the three “sub-provinces” within the
study area show increasing probability of a mafic crust with increasing depth. Color
indicates the relative probability of a given SiO, abundance explaining the seismic signal
at a given depth. The thicker, cooler Colorado Plateau (A) can, on average, accommodate
a higher percentage of SiO, than the Northern (B) or Southern (C) Basin and Range.
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Figure 4.6:  Variability in median SiO; abundance in the southwestern United States
tracks the Colorado Plateau (high SiO;), Northern Basin and Range (medium SiO,), and
Southern Basin and Range (low SiO;). SiO, abundance overall decreases with increasing
depth (A - D). Color scale indicates wt.% SiO,. Mantle compositions are not shown in
this figure, and therefore deeper profiles (e.g. C - D) show only regions with greater
crustal thickness.
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States (Tyner and Smith, 1986). At shallower pressures and colder temperatures, miner-
als such as kyanite, sillimanite, or ilmenite can comprise anywhere from 5 - 15 wt.% of
the “lower crust”. Mineral assemblages simplify at greater depths, with clinopyroxene,
garnet, plagioclase, and quartz often controlling >80% of the mineralogy.

Though it is convenient to report one number and an uncertainty as representative
for composition, we are mindful that the shapes of these major oxide and mineral dis-
tributions are non-normal and cannot be fully described by simple summary statistics.
That being said, whether reporting mean or median value as representative of the lower
crust, the depth trend of change in composition holds true for the Colorado Plateau and
Northern Basin and Range (see Tables 4.2 - 4.3). The Southern Basin and Range mean
composition shows this gradient to a lesser extent, while the median is homogeneously
mafic. For the sake of convenience, our interpretations will reference the median + % the
inter-quartile range (IQR) compositions unless stated otherwise. We favor the median and

IQR because they are more resistant to outliers than the mean.

4.7 Discussion

4.7.1 Lower Crust Composition

One value, one composition, is insufficient for describing the entirety of the conti-
nental lower crust. We can describe the lower crust more accurately by reporting changes
in velocity, density, and composition as a function of depth and location. The lower con-
tinental crust, though less than 8 km thick in some sections of the southwestern United

States (Buehler and Shearer, 2017), undoubtedly displays lateral and vertical heterogene-
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Figure 4.7:  An example of granulite lithologies fitting the seismic signal at the top
of the lower crust projected to higher temperature and pressure conditions (red field).
This isochemical predicted Vs projection deviates substantially from the mean seismic
Vs to the extent that by 38 km depth the distributions are distinguishable at 10. (For
comparison, seismic Vs is typically reported as mean + 1 standard error of the mean.
Using this metric, the distributions become distinguishable at ~30 km.)
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Table 4.2: Colorado Plateau SiO, Content

Depth Mean Median Standard 1st Quartile 3rd Quar-
Devia- tile
tion

26 60.0 58.8 11.6 50.0 69.7

27 59.8 586 118 49.5 69.9

28 59.6 583 11.7 49.5 69.5

29 593 578 11.7 49.3 69.2

30 59.0 574 11.7 49.1 68.7

31 58.8 56.8 11.8 48.8 68.6

32 58.6 562 118 48.6 68.1

33 583 558 11.8 48.5 67.3

34 58.1 552 117 48.4 66.8

35 579  54.7 11.7 48.3 66.4

36 57.7 543 11.7 48.3 65.9

37 57.5 53.7 11.6 48.2 65.3

38 573 534 116 48.1 64.8

39 57.1  53.1 11.5 48.1 64.4

40 569 528 11.5 48.0 64.0

Oxide abundances reported in wt.%.
Table 4.3: Northern Basin and Range SiO; Content

Depth Mean Median Standard 1st Quartile 3rd Quar-
Devia- tile
tion

22 583 55.1 10.8 49.9 65.7

23 583 551 10.9 50.0 65.4

24 58.1  54.7 10.9 49.7 65.0

25 580 544 11.0 49.7 64.9

26 577 540 109 49.5 64.3

27 577 539 11.1 49.2 64.2

28 574 536 110 49.1 63.8

29 574 536 11.1 48.9 64.0

30 572 534 11.2 48.8 63.6

31 570 529 112 48.6 63.4

32 570 528 114 48.3 63.7

Oxide abundances reported in wt.%.
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Table 4.4: Southern Basin and Range SiO;, Content

Depth Mean Median Standard 1st Quartile 3rd Quar-
Devia- tile
tion

19 546 512 10.0 48.0 58.1

20 543 51.1 99 48.0 57.6

21 541 51.1 98 47.9 57.0

22 540 512 9.7 47.9 56.8

23 540 512 9.7 48.0 56.6

24 539 51.1 96 47.9 56.3

25 539 512 96 47.8 56.4

26 53.8 513 96 47.9 56.2

27 540 514 9.7 47.9 56.7

Oxide abundances reported in wt.%.

Table 4.5: Southwestern United States Lower Crust Major Oxide Content

Mean Median Standard 1st Quartile 3rd Quar-

Devia- tile

tion
Si0, 569  53.7 10.6 49.1 63.5
Al,O3 16.7 16.1 4.3 14.1 19.5
MgO 54 3.8 4.2 2.5 7.3
FeO 8.6 7.7 4.1 5.5 11.4
CaO 7.0 5.6 4.9 2.2 10.6
K,O 1.6 1.3 1.5 0.4 2.2
Na,O 2.7 2.7 1.4 1.6 3.8
TiO, 1.1 0.9 0.8 0.5 1.4

Oxide abundances reported in wt.%.
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Table 4.6: Summary of Lower Crust Seismic Properties and Mineralogy

Mean Median Standard 1st Quartile 3rd Quar-

Devia- tile

tion
Vs* 3.62 3.61 0.36 3.30 3.64
Vs** 402 399 0.23 3.86 4.15
Vp 6.94 691 0.44 6.59 7.27
Vp/Vs 1.73 1.75  0.07 1.68 1.78
Density 3010 3000 220 2820 3190
Clinopyroxene 17.5 133  16.6 34 31.5
Garnet 13.0 11.8 8.7 6.5 18.1
K-feldspars 109 8.2 6.7 34 16.0
Kyanite 3.5 2.5 4.1 0.5 5.3
Olivine 1.3 0.03 5.8 0 0.3
Orthopyroxene 3.0 1.5 4.3 0.2 5.0
Plagioclase 303 276 140 15.5 43.5
Quartz 12.7 109  16.1 0.7 27.0

**Vs from combined surface wave and geochemical

model

*Vs from surface wave inversions only
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ity (Fig. 4.6 and S7). Temperature plays a crucial role in determining lower crustal
composition. Both cold intermediate and hot mafic granulites can produce the shear wave
velocities of >3.9 km/s observed across the southwestern United States (Christensen and
Mooney, 1995). The thicker, cooler crust of the Colorado Plateau (average Moho tem-
perature 700°C, constant gradient of 17.5°C/km) and Northern Basin and Range (average
Moho temperature 740°C, constant gradient of 22.4°C/km) can therefore accommodate
55.8 £9.4 and 53.9 £7.5% Si0O,, respectively. The Southern Basin and Range, in con-
trast, must have a predominantly mafic composition of 51.2 + 4.3% SiO; to reach similar
Vs because of its thin crust and 800°C temperatures.

Our model does not account for contributions to the geotherm from heat produc-
tion. The first order approximation of a linear, conductive geotherm could cause us to be
underestimating temperatures in regions of high heat production, particularly at shallower
depths in the crust. Correcting for heat production, however, is nontrivial. If we are under-
estimating temperature by excluding heat production, then it’s possible that the deep crust
is more mafic than predicted here. A more mafic crust, however, should have low heat
production, causing a negative feedback loop: that is, by accounting for heat production,
we are lowering the contribution from heat production. Calculating Moho temperature
from surface heat flow measurements (Davies, 2013), literature heat production (Rudnick
and Gao, 2014), and thermal conductivity (Jaupart et al., 2016) values yields results that
vary by hundreds of degrees and are inconsistent at best. Future calculations regarding
heat production and the geotherm will depend also on crustal heat producing element
abundances, which are currently debated (Hacker et al., 2015b).

The temperature gradient in the lower crust necessitates a vertical gradient in miner-
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alogy and composition. The crust becomes increasingly mafic with increasing depth. This
trend is observed most prominently in areas of thicker crust. The increase in Vs cannot be
explained by isochemical chemical changes in the lower crust - that is, we cannot explain
the observed Vs by simply projecting mid-crustal compositions to higher pressures and
temperatures (Figure 4.7). As noted by Christensen and Mooney (1995), we must invoke
a compositional gradient within the lower crust to explain the increase in seismic velocity.

In the topmost portions of the Colorado Plateau’s lower crust, our model can ac-
commodate over 59 wt.% SiO, (Table 4.2). However, such intermediate-felsic material
cannot reach high enough velocities to match the seismic signal deeper in the crust, where
temperatures increase above 700°C (Schutt et al., 2018). Furthermore, our set of gran-
ulites can explain the seismic signal at the base of the crust more often than at the top,
whereas we might expect equal probabilities at all depths if the lower crust were com-
positionally uniform (shown by the colors of Fig. 4.5). The Northern Basin and Range
and Colorado Plateau (Fig. 4.6) show 3 wt.% to 6 wt.% decrease in SiO; and an increase
in MgO, FeO, and CaO with increasing depth. The Southern Basin and Range, though,
seems to lack this trend, the lower crust remaining consistently at 51 wt.% SiO;. This is
possibly due to removal of more felsic material from the top of the crustal column, which
we discuss in section 4.7.1.1.

The specific mineralogy of the lower crust is trickier to constrain than the bulk com-
position because of its strong dependence on our initial assumptions. Provided that our
lower crust is dry and equilibrated in the granulite metamorphic facies, we expect to see
mineral assemblages that are rich in clinopyroxenes, garnets, and plagioclase (Rudnick
and Fountain, 1995). Few studies that characterize the whole rock compositions of gran-
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ulite quantitatively report mineralogy. This makes comparison between our results and
petrological studies of our samples difficult. Though Perple_X builds bulk rock veloci-
ties from mineral constituents, many mafic rock-forming minerals have similar Vs under
lower crustal pressure and temperature conditions (e.g. at 650°C and 0.85 GPa diopside:
4.60 km/s; almandine: 4.57 km/s; spessartine: 4.65 km/s; anorthite: 3.65 km/s; sanidine:
3.49 km/s). A sample may therefore change mineralogy without drastically changing its
bulk rock properties or composition. In addition, our model’s mineralogy predictions are
more sensitive to temperature than its seismic velocity predictions are, due to the abrupt
and complete phase changes implemented by Perple _X. We do not have the seismic reso-
lution to see such sharp changes in reality (Olugboji et al., 2017), if they exist at all.
Though we assume that the lower crust is predominantly granulite facies, projec-
tions of the geotherm through the Colorado Plateau leave the deep crust at temperatures
cooler than what is required for granulite facies metamorphism. Disequilibrium likely
exists here, but the assumption that the lower crust has, at some point, reached gran-
ulite facies metamorphism is based on observations of granulite grade metamorphic core
complexes and xenoliths (Coney and Harms, 1984). Amphibolite facies lithologies could
comprise shallower portions of the crust, or even portions of the lower crust where the
crust is thin or cool. Ample amphibolite facies xenolith samples exist for the western
United States. In the future, similar combined modeling assessments should consider the
role amphibolite and other medium- to high-grade metamorphic lithologies play in the
lower crust. However, if the lower crust reached granulite facies at some point in its his-
tory, retrograde metamorphism is unlikely to occur due to the thermodynamic barrier of
rehydration (Semprich and Simon, 2014), and the base of the lower crust must be mafic
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in our model no matter which mafic minerals specifically are present. Broadly speaking,
the abundance of garnet and clinopyroxene increases with depth, driving the increase in
Vs. Mineral assemblages simplify with increasing depth and temperature, leaving little
room for accessory phases, such as ilmenite and kyanite, at the base of the crust.

Further seismic constraints could reduce the uncertainty on our compositions. The
Vp/Vs ratio can often distinguish mafic from felsic compositions (Holbrook et al., 1992).
A Vp/Vs of >1.65 would reduce the probability of lower crustal compositions >65 wt.%
SiO, (Holbrook et al., 1992) (or, conversely, Vp/Vs of <1.65 would indicate that geo-
chemical studies over-sample mafic compositions). Given that most crystalline rocks
exhibit Vp/Vs between 1.6 - 1.9 at standard experimental conditions (Brocher, 2005),
the ratio would have to be tightly constrained at < + 7% variation. Future quantitatively
robust modeling efforts of the southwestern United States should also investigate the pres-
ence of hydrous minerals (Dixon et al., 2004; Valentine and Perry, 2007) and melt (Rey
et al., 2009) in the lower crust. The presence of fluids could lower the deep crust’s Vs,
requiring compositions that are even more mafic than those reported here. Alternatively,
melt could cause the temperatures implemented in this study to be over-predicted (Schutt

et al., 2018).

4.7.1.1 Implications for Crust Formation

Ductile spreading and uplift of the lower crust could explain the correlation be-
tween crustal thickness and composition. Brittle thinning of the upper and/or middle

crust through normal faulting allows for isostatic uplift of ductile, deeper crust with little
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Detachment fault

Lower Crust

Ductile deformation

Figure 4.8: The west-east schematic cross-section of the southwestern United States de-
formation that our model supports. Crustal extension is accommodated primarily through
brittle faulting in the upper crust, which is separated from the lower crust by a rolling
hinge detachment Cooper et al. (2010).The ductilely deformed lower crust is uplifted but
not substantially thinned.

change in lower crustal thickness (Cooper et al., 2010), illustrated by Figure 4.8. Because
the thinnest regions of the southwestern United States are also the most mafic, what was
once “lower crust” now likely comprises a greater volume of the 25-28 km thick crustal
column. Crustal thickness was lost as intermediate and felsic material was removed from
the top, rather than through lower crustal delamination (Rudnick and Gao, 2014). The
composition of the deepest layers of Northern Basin and Range are similar to the deep
Colorado Plateau 53 wt.% SiO,, further suggesting that the extended crust has not lost a
mafic root relative to the thicker crust. Had crustal thinning been caused by delamintaion,
the thinnest Southern Basin and Range crust would be the most felsic rather than the most
mafic. Based on the lower crust’s mafic composition, the eclogitization process required
for delamination would likely only be triggered at high pressures (Semprich and Simon,
2014). While the Basin and Range is certainly hot enough to undergo delamination (Jull
and Kelemen, 2001), it would have had to occur during a time of crustal thickening (for
instance, during the Laramide Orogeny (Bird, 1984; Livaccari, 1991), not during exten-

sion.
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4.8 Conclusion

Joint modeling of geophysical and geochemical properties of the lower crust can
help constrain lower crustal composition. As an example, in the southwestern United
States, seismic velocities, when paired with Moho temperatures and thermodynamic cal-
culations, indicates that the lower crust transitions from intermediate to mafic composi-
tion, SiO; content decreasing by up to 6% with increasing depth. Temperature gradients
cause compositional distinctions to arise among the relatively cool Colorado Plateau, the
warm Northern Basin and Range, and the hot Southern Basin and Range. The predomi-
nantly mafic composition of the lower crust reflects the tectonic history of this region and
can help distinguish between different crustal deformation mechanisms.

Though global-scale models give a generalized view of the lower crust, nonunique
solutions to composition can be better constrained in regional-scale studies by combin-
ing high resolution local datasets and compositional proxies. Combining seismological,
petrological, and thermodynamic data opens avenues for future detailed investigation into

deep crust composition and structure.
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Chapter 5: The composition of the deep continental crust inferred from

geochemical and geophysical data

5.1 Overview

Combining many different geophysical and geochemical techniques together helps
us understand the composition of the bottom two-thirds of the continental crust. Build-
ing on the model developed in the previous chapter, we expand our joint geophysical-
geochemical modeling techniques to a global scale. We account for various factors, such
as crust temperature and tectonic setting, to create a large-scale model for the compo-
sition of the deep crust. Then, using joint probability analyses between major and trace
elements, we predict heat production in the continental crust and heat flux across the
Moho.

[1] This chapter has been accepted in the Journal of Geophysical Research: Solid
Earth as: Sammon, L. G., McDonough, W. F., & Mooney, W. D. (2022). The composition

of the deep continental crust inferred from geochemical and geophysical data.

[2] LGS, WFM and WDM contributed to the conceptualization and methodological

development of this project. LGS did software development, modeling, visualization, and
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writing. WFEM and WDM contributed input and discussion throughout, as well as with

the revising and editing. WDM provided the seismic surveys used to build this model.

5.2 Abstract

The combination of geochemical and seismological results places tighter constraints
on the composition of the middle and lower continental crust than either field can achieve
alone. The inaccessible depth of the deep crust (typically >15 km) forces reliance on
analogue samples and modeling results to interpret its bulk composition, evolution, and
physical properties. A common practice relates major oxide compositions of small- to
medium-scale samples (e.g. medium to high metamorphic grade terrains and xenoliths)
to large scale measurements of seismic velocities (Vp, Vs, Vp/Vs) to determine the com-
position of the deep crust. We provide a framework for building crustal models with
multidisciplinary constraints on composition. We present a global deep crustal model
that documents compositional changes with depth and accounts for uncertainties in Moho
depth, temperature, and physical and chemical properties. Our 3-D deep crust global
compositional model uses the USGS global seismic database (Mooney, 2015) and a com-
pilation of geochemical analyses on amphibolite and granulite facies lithologies (Sammon
and McDonough, 2021). We find that SiO, abundance decreases from 61.2 + 7.3 to 53.8
+ 3.0 wt.% SiO; from the middle to the base of the crust. In addition, we calculate
trace element abundances as a function of depth from their relationships to major oxides.
From here, other lithospheric properties, such as Moho heat flux, are derived (18.8 + 8.8

mW/m?). This study provides a global assessment of major element composition in the
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deep continental crust.

5.3 Introduction

The deepest parts of Earth’s crust are widely inaccessible to traditional geochemical
sampling and so their composition is poorly understood. Only in areas where eruptions
have brought xenoliths to the surface or where tectonic activity has exhumed medium and
high grade metamorphic terrains are we able to partially determine the composition of
the deep (middle and lower) continental crust. Even so, these ex situ, aged, weathered,
and transported rocks may not adequately represent the overall, current composition of
the deep crust. Such inaccessibility has challenged geochemists for decades, leading to
competing models for continental crust and bulk silicate Earth (BSE) compositions, for-
mation, and evolution. Dissonance in the geochemical community stems from known and
unknown unknowns; that is, we are mostly certain of the uncertainties in our geochemical
and petrological measurements, but we are uncertain if our samples are truly representa-
tive of large swathes of the deep crust or if they are merely point samples. Xenoliths and
terrains are the sum of the processes that form them, which may cause them to differ from
what is presently at 15-45 km and deeper. The deep crust is an enigma, and compositions
of xenoliths and high grade metamorphic terrains provide only an incomplete cipher.

Seismological techniques, however, provide another piece of the cipher by directly
measuring the physical state of large sections of the deep crust. Physical properties (e.g.
density, Poisson’s ratio, Vp, and Vs) determined from these in situ geophysical experi-

ments can be compared to laboratory experiments on rocks of known compositions, par-
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ticularly medium to high grade metamorphic lithologies (amphibolite and granulite facies
rocks) to place constraints on estimates of deep crustal composition. Integrating geo-
chemical and geophysical observations, related to each other by empirically (laboratory)
derived thermodynamic properties, provides a reinforced, clearer, consistent picture of
middle and lower crustal composition.

This study uses geophysical and geochemical datasets to build a global composi-
tional model of the lower two-thirds of the continental crust. We generate a composition
versus depth model for the middle and lower continental crust by applying thermody-
namic modeling software to medium and high grade lithologies. We then compare the
thermodynamically-generated seismic velocities to velocities obtained from seismologi-
cal measurements to produce a jointly constrained geochemical-seismological composi-

tional model.

5.4 Methods

Our model calculations are conducted in two steps: 1) assembling the data and per-
forming thermodynamic calculations, and 2) adjusting model parameters to generate deep
crustal compositional models with uncertainties. These calculations require seismic ve-
locity depth profiles, Moho depths, and crustal temperature gradients for areas of interest.
Using the thermodynamic modeling software Perple_X (Connolly, 2005), we calculate
the probability that different deep crustal compositions could produce the observed seis-
mic signal. These calculations are conducted using our modeling software, CrustMaker,

which is provided as an electronic supplement. The calculation adopts a subdivision of the
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Tectonic Regimes

Oceanic

Proterozoic

Figure 5.1: The weighted area proportion of crustal types, or “tectonic regimes”, used for
our model as A) a fraction of total crust and B) a fraction of continental crust. Proterozoic
crust is most abundant (32% of the continental crust), followed by continental margins
(16%) and Archean crust (12%). Modern and paleo-orogens, including arcs, make up a
combined 19% of the continental crust in our model.
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global continental crust into 13 tectonic provinces (Figures 5.1 and 5.2) to speed calcula-
tions and extrapolate results to areas with lower data coverage. Individual tile resolution
of this global model is set to 1°latitude x 1°longitude x 3 km depth as a default, but can
be changed in the model to suit user needs. We chose this default resolution for our
global model based on the resolution of our crustal categories (each 1°x 1°of crust was
assigned a tectonic province based on models such as CRUST1.0, Litho1.0, and modifi-
cations discussed further in Section 5.4.1), and the resolution of our crustal thickness and
temperature data, the ramifications of which are discussed further in the Results section.
For considering higher resolution, regional scale data, the same methods can be used. In-
stead of simplifying the crust into tectonic provinces, calculations are run for individual
seismic velocity profiles, so that if there are, for example, 34 seismic velocity profiles as
inputs, there will be 34 locations for which compositional profiles are generated.

We calculated the overlapping probability between measured seismic velocities and
the Perple_X-derived velocities for amphibolites and granulites equilibrated at middle
and lower crustal pressures and temperatures. A reference average crustal density of
2900 4 200 kg/m? is used to calculate lithostatic pressure (Wipperfurth et al. (2020), cf.,
Christensen and Mooney (1995)). Integrating the area under both curves, the area shown
as magenta in Figure 5.3, for a sample of composition X yields the total probability of
sample X producing the observed seismic signal. Repeating this technique for a multitude
of sample compositions at various depths and temperatures yields a final Monte Carlo
model for a deep crustal composition. Probability distributions are generated for Vp, Vs,

and Vp/Vs and then multiplied together to further constrain the final probability.
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Figure 5.2: A) The mapped distribution of our 13 crust types and B) the seismic velocity
profile data distribution from the USGS database. Data coverage is greatest in the northern
hemisphere while places with less coverage, like Africa and Antarctica, rely more heavily
on extrapolation of crust type.
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Figure 5.3: A conceptual illustration of overlapping velocity distributions used to identify
probable crust compositions. The central pink region of the diagram, where the measured
seismic velocity distribution (purple) overlaps the Perple_X-generated velocity distribu-
tion (tan), are the velocities that are considered the best-fit by the model. The model
records the compositions of the samples that can produce the best-fit velocities.
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5.4.1 Model Inputs

A global model of Vp, Vs, and Vp/Vs was generated from a compilation of over
5000 (Vp) and 1000 (Vs) 1-D seismic velocity profiles obtained from the Global Seismic
Catalog (GSC) database (Mooney, 2015). Both controlled and passive source seismic
velocity profiles were included to increase data coverage. We included profiles with Vp
and Vs data that had been sampled at a minimum of 5 depth intervals within the crust.
Figure 5.2 shows our tectonic province designations and the location of each seismic
velocity profile used. We used global Moho depths from Lithol.0, except on the conti-
nental margins, where we reference Szwillus et al. (2019) Moho values. In comparison
to Lithol1.0, Szwillus et al. (2019) incorporated a larger dataset on the continental mar-
gins (~1600 profiles) and did not average depths across the continent-ocean transition.
Global Moho temperatures were generated from the TC15 global temperature model of
Artemieva (2006). We assumed a linear temperature gradient within the continental crust,
though we address the contributions from crustal heat production in a later section of this
paper. The Szwillus et al. (2019) and Artemieva (2006) models are based on the same
USGS-maintained database as Mooney (2015). In most areas, the middle and lower crust
are not in thermal equilibrium with the conditions of amphibolite and granulite facies,
respectively. Temperature profiles suggest that the deep crust has cooled off since reach-
ing peak metamorphic grade. To account for this in our composition calculations, we
adopt the assumptions of Hacker et al. (2015), which uses an equilibration temperature of
500°C for amphibolite facies in the middle crust and 750°C for the granulite facies in the

lower crust. We performed a temperature correction of 4x10™* km s~'C~! (Christensen
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and Mooney, 1995; Rudnick and Fountain, 1995) to account for the crust’s cooling. We
also perform a pressure correction of -2x10~*km s~!MPa~! on both facies (Christensen
and Mooney, 1995; Rudnick and Fountain, 1995).

The foundation of the tectonic provinces chosen for this global model are the classi-
fications of crust provided by the Crust family of models (Mooney et al., 1998). To further
identify tectonic provinces and group together geophysically similar crust, we incorpo-
rated crustal thickness, seismic velocity (Vp, Vs), gravity anomaly, sediment thickness,
crust elevation, and surface heat flux observations in a tSNE test (t-distributed stochastic
neighbor embedding). Results generally favored grouping the continental crust into 8 -
12 regimes, mostly matching the designations already given in Crustl.0. We augmented
these regimes with additional groupings, such as “Thinner Himalyan™ crust, when it be-
came clear that the seismic velocity structure of the perimeter of the Himalayas differed
from the thickest Himalayan crust. Areas with sparse seismic coverage such as central
South America and northern Africa, rely heavily on extrapolation of measurements from
similar tectonic provinces. Average Vp and Vs profiles for most tectonic provinces were
created from a distribution of tens to hundreds of individual measurements. A notable
exception is the “Continental Margins” province, which was represented by > 1,600 pro-
files. Highly localized regimes, such as Andean or Himalayan crust, tended to have <
100 profiles due to the uniqueness of their crustal profiles.

Figure 5.1 and Table 5.1 show the proportion of different crustal provinces by sur-
face area coverage. These tectonic provinces consider only crust exposed at the surface,
so that provinces such as “Platform” have underlying crystalline crust that may be Pro-
terozoic or Archean in age. The Proterozoic crust covers the largest fraction (32%) of
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Crustal Regime ‘ 9% All Crust % Continental Crust Number of Profiles

Oceanic 63 - -
Continental Margin 6 16 1693
Archean 5 12 416
Proterozoic 12 32 919
Phanerozoic 3 9 353
Platform 2 5 318
Extended 2 6 403
Rifted <1 1 148
Arc 2 5 262
Paleo-orogenic 3 9 565
Tethyan <1 2 59
Andean <1 1 31
Thick Crust <1 1 106
Thin Himalayan <1 1 28

Table 5.1: Tectonic Regimes by Surface Area

the continental crust, followed by continental margins (17%). The thicknesses of the
crust and lithospheric mantle in Table 5.1 were calculated from the Lithol.0 Moho and
lithosphere-asthenosphere boundary depths. The masses and volumes of the lithospheric
mantle are from Wipperfurth et al. (2020)’s physical properties associated with Lithol.0.

Sammon and McDonough (2021) serves as our geochemical constraint on the deep
(middle and lower) continental crust. That study represents a compilation of major and
trace element abundances for amphibolite and granulite facies rocks. We modeled amphi-
bolite facies lithologies for the middle third of the crust and granulite facies lithologies for
the bottom third, in agreement with the depth assignment of Rudnick and Gao (2014). We
cannot confidently determine a priori which portions of the deep crust are more appropri-
ately represented by amphibolite versus granulite facies data with our current model. In
theory, one facies-classified lithology would have greater overall overlap with the seismic

velocity profile(s), thus determining which is the more accurate rock type to use. In prac-

125



tice, however, amphibolite and granulite facies lithologies of the same SiO, abundance
tend to have similar seismic velocities (see Section 5.5.1). As such, we have assumed
a metamorphic facies switch from amphibolite to granulite at 2/3 the crustal depth. Fu-
ture investigations should use seismic anisotropy of the deep crust to further constrain its
mineralogy.

Though trace elements do not participate in thermodynamic calculations, we were
able to estimate trace element abundances based on a joint probability analysis with the
mineral-forming major oxides. Samples were placed into bins based on the abundance of
the oxide and trace element of interest (e.g. SiO, and U). Bin width was selected using
Sturge’s rule (Np;,s = loga(N) + 1). For each major oxide composition bin, there was then

a correlated trace element abundance distribution.

5.4.2 Model Uncertainties

Errors in seismic and/or geochemical inputs will skew results. It is imperative to
understand the uncertainties in the input datasets, if we want an accurate picture of the
uncertainty of our crust compositional models.

The program also will not assess modeling errors stemming from foundational as-
sumptions about what types of lithologies should be used as geochemical inputs and the
tectonic provinces assigned to the global crust. These two assumptions are expected to
control the systematic error of the model, which is why we made the program flexible
and modular. Our approach facilitates testing different crustal models and highlights the

projected differences in crust composition.
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The primary sources of model error stem from uncertainty in the assumed crustal
temperature gradient and Moho depth. Again, these are parameters that can be set by
the user. For our preferred model, the uncertainty on Moho depth is on the order of
10% or less in most areas of the global model (Szwillus et al., 2019). The temperature
uncertainty is much greater. Global Moho temperatures are taken from Artemieva (20006),
which reports no uncertainties. Therefore, uncertainty is taken as the standard deviation
of all temperatures found within a given crustal tectonic province (discussed below), and
the model runs a Monte Carlo of at least 10,000 iterations to produce a distribution of
Moho depths and temperatures. Future results could be improved with Moho temperature
models that quantify uncertainty more directly.

We have also attempted to mitigate the bias introduced by oversampling of partic-
ular geochemical compositions. An over-sampled composition, such as 100 input com-
positions with nearly identical major oxide content artificially inflates the probability of
that composition in our final combined model. However, we do consider the reporting of
compositions to be at least somewhat reflective of the proportion of rock types present in
the deep crust, i.e. if the distribution of reported compositions is bimodal, the rocks in
the deep crust are likely bimodal in composition. Therefore, we only considered a sample

redundant if its oxide content differed from another’s by < 3 wt.% (9 major oxides, using

the distance between vectors formula d = \/ X124 x22 + ... +x,2, where x,, is the differ-
ence in wt.% of an oxide between two samples), and its Perple_X generated values for
Vp, Vs, and Vp/Vs were within uncertainty of each other.

The internal error contributed by calculational uncertainty is minimal. The over-
lap between of seismic velocity measurements and Perple_X-derived seismic velocities
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is calculated via trapezoidal numerical integration at intervals determined by the uncer-
tainty in the seismological data. When this interval is too large to use for the integration,
the program reduces the interval by half. The precision errors of Perple_X are generally
negligible compared to the uncertainty on our other inputs (Connolly, 2005). The sys-
tematic uncertainty of Perple_X, however, remains difficult to assess. As the software
is built upon empirical measurements and thermodynamic equations, the experimental
database for crustal minerals is incomplete and relies on ideal thermodynamic relation-

ships to compute expected physical properties.

5.4.3 Quality, Expense, and Time: Global vs. Local Models

In numerical modeling, there is often a tradeoff between computation time and
model resolution. For a global view of the continental crust, breadth and total model
coverage may be more valuable than high data resolution, especially if results can be av-
eraged over large areas. A large-scale, globe-encompassing model, however, comes with
the choice of either short computation time and low resolution or longer computation
time and higher resolution. Alternatively, those interested in a more in-depth analysis of
a localized region may be able to accommodate higher resolution models. We suggest
considering the following when determining whether to use a global or local scale model:
data resolution (especially in seismic velocity profiles), data coverage, and model appli-
cation. Those with data resolution on the scale of > 0.5°x 0.5°should consider using the
global version of the script. Data sources with higher resolution, such as that provided by

the Earthscope USArray, the AUSArray, or the J-ARRAY, should use the regional scale
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model. For the remainder of this study, we will analyze global model results. Sammon
et al. (2020) presents an example of a local-scale composition analysis using a nascent

version of this method.

5.5 Results

5.5.1 Empirical Composition-Velocity Trends

For granulite and amphibolite facies lithologies seismic velocities correlate with
SiO, content because of its high abundance, as compared to all other oxides. Perple_X-
calculated Vp and Vs values at given pressure-temperature conditions show a quadratic
relationship between SiO; and velocity (Figures 5.4 and 5.5). The coefficients of the
quadratic vary for different pressures and temperatures, and are ultimately correlated to
the empirical mineral physics datasets used in the Perple_X Gibbs free energy minimiza-
tion. Amphibolite and granulite facies lithologies span similar Vp and Vs values, though
the shapes of their distributions are marginally different. This is because the velocities of
many amphibolite and granulite facies minerals (e.g., garnet, pyroxene, plagioclase) have
similar Vp (~ 7 km/s) and Vs (~ 3.6 km/s) values. Despite considerable scatter in the
Vs data, when paired with Vp, a clear trend emerges: increasing SiO, abundance leads to
decreasing velocities.

Higher Vp/Vs ratios have lower silica content (Figure 5.6), though for a given Si0O5,
there is roughly a 10% spread in Vp/Vs. For both amphibolite and granulite lithologies,
increasing Vs can lead to either an increase or a decrease in Vp/Vs ratio. The maximum

Vp/Vs for amphibolite facies lithologies at typical middle crustal P-T conditions, is ex-
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Figure 5.4: Vp as a function of SiO; wt.% for amphibolite (A) and granulite (B) facies
litholoiges at expected deep crustal pressures and temperatures. The color of the data
points indicates percent data point density, with the brighter colors indicating more data
points. The red line shows the best fit quadratic regression between Vp and SiO; and
changes for different temperatures and pressures.
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Figure 5.5: Vs as a function of SiO, wt.% for amphibolite (A) and granulite (B) facies
litholoiges at expected deep crustal pressures and temperatures, generated through Per-
ple_X. The color of the data points indicates percent data point density, with the brighter
colors indicating more data points. The red line shows the best fit quadratic regression
between Vs and SiO; and changes for different temperatures and pressures. There is
more scatter between SiO, and Vs than SiO; and Vp, but can be combined for a tighter
constraint on composition than either compressional or shear velocity alone.
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pected at a Vs of about 3.5-3.8 km/s, a Vp of 6.5-7 km/s, and SiO, of 55 wt.%. For
granulite, this maximum is expected at compositions closer to 60-63 wt.% Si0O;. Inter-
estingly, the maximum Vp/Vs in granulite lithologies corresponds to the lowest Vs rather

than the highest Vp, suggesting that Vs variations exert a stronger control on Vp/Vs ratios.

5.5.2 Deep Crustal Density

We calculated deep crustal density by tracking the Vp and Vs values from Perple X
that overlapped with our seismological database back to their input samples. Then, we
report the Perple X-derived density of those input samples. We found that the depth-
dependent variation deep crustal densities among the different tectonic provinces appear
more similar when normalized to crustal thickness (Figure 5.7). Uncertainties in density
are + 3% for each tectonic province, a result which is likely controlled by the ~ 3%
uncertainty on velocities. Deep crustal density ranges from 2700-2780 kg/m> at 13 km
depth to 3290-3340 kg/m? at the Moho.

We note that, in order to calculate deep crustal pressure, and thus mineralogy and
composition, we already assumed a bulk crustal density of 2900 kg/m? to calculate litho-
static pressure. This initial assumption, though, does not significantly affect our compo-
sition results because there is, at most, a calculated pressure difference of <15% caused
by using the 2900 kg/m> a-priori density vs. our model-generated density. This <15%
pressure difference does not greatly change the stable mineral assemblages or velocities
calculated by Perple_X for the deep crust.

The average densities and total masses of each tectonic province listed in Table 5.1
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Figure 5.7: Calculated density normalized to depth for (A) average continental crust and
(B) our different tectonic regimes with an imposed lithology transition (amphibolite to
granulite facies) at 2/3 total crust depth. By this method, the bottom ~ 20 — 30% of the
crust approaches or exceeds mantle density.

are calculated by this study. The average thicknesses, total surface area, and total volume
of each tectonic province are calculated from Lithol.0’s Moho and LAB depths, whose
uncertainties are ~12% (c.f. Dziewonski and Anderson (1981); Huang et al. (2013);
Pasyanos et al. (2014)). Continental Margin Moho depths are an exception and are from
Szwillus et al. (2019) (Section 5.4.1). The densities of the oceanic crust and lithospheric
mantle, not calculated by this study, were assumed to be 2900 4 116 kg/m> and 3400
+ 136 kg/m3, respectively (Carlson and Herrick, 1990; Huang et al., 2013). The total
volume of continental crust is 9.2 x 10° km>. The continental crust, including submerged
continental margins, comprises 44% of Earth’s surface area. Multiplying the density of
each tectonic province by its volume yields the mass of crust predicted in each tectonic
province. We assumed one-third of the crustal column was upper crust with a density of
2650 kg/m3 (Christensen and Mooney, 1995). The total mass of the continental crust,
2.32 x 10?? kg, is 4% higher than Albaréde (1998); Cogley (1984); Rudnick (1995);

Wipperfurth et al. (2020).
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5.5.3 Composition

Our main analysis focuses on SiO; abundance and its uncertainties because of its
strong correlation to seismic velocities, particularly Vp. The SiO, content at typical mid-
dle and lower crustal depth intervals (Figure 5.8) is given in Table 5.2. All 9 major oxide
inputs (S10;, TiO,, Al,03, CaO, MgO, FeOr, MnO, K;,0, Na;0) can be found in Table
5.3 and corresponding maps in Supplement Section 3. We use the notation “M,q,”, where
x% 1is the percent distance to the Moho (M) from the surface. This notation normalizes
comparisons among tectonic provinces of various thicknesses. We found that when we
normalize depth in this manner, the composition vs. depth profiles for each province
become more similar. The top of the deep crust starts at an intermediate composition,
globally ranging from 58 - 68 wt.% SiO;, and the composition gradually decreases to
50-55 wt.% Si0O; as it approaches the Moho. Global scale Si0, composition of the con-
tinental crust mostly decreases (or remains steadily mafic) with increasing depth for all
tectonic provinces (Figure 5.9). Uncertainty in global SiO; also decreases with increas-
ing depth due to fewer samples fitting the seismic signal at depth. However, the Andean
and Himalayan tectonic provinces have larger uncertainties at depth because of the varia-
tion in geochemical data fitting the seismic signal and the sparsity of deep seismological
profiles.

CaO content of the deep crust is also of interest due to its absolute abundance and
significance as a contributor to sedimentary deposits, though only siliciclastic rocks and
not carbonates were considered viable deep crustal components (Hartmann et al., 2012;

Wilkinson et al., 2009). In our model, Ca is mostly contained in plagioclase, pyroxene,
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Figure 5.8: Global SiO, composition at a depth of 30 km shows regional distinctions
whereas measuring composition at a crustal depth relative to the Moho (Mgsg, notation
= 85% of the total crustal depth) produces a view of a deep crust that is contiguous and
decreases in SiO; gradually with depth. Areas of high projected SiO; include the Hi-
malayas, Andes, East African rift, and some continental margins. While the Himalayas
and Andes may show compositional features, the high SiO» in some rifts and continental
margins are likely from model input inaccuracies
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Si0, at M5gq, Uncertainty  SiO; at Mgsq,  Uncertainty

(~ middle crust) + (~ lower crust) +
Continental Margin 58.8 10.2 50.8 2.7
Archean 59.1 7.8 50.3 2.9
Proterozoic 58.0 7.3 50.9 3.7
Phanerozoic 59.2 9.2 49.9 2.5
Platform 56.9 7.6 50.0 2.7
Extended 66.1 7.6 50.6 2.4
Rifted 63.9 7.3 55.3 6.5
Arc 65.9 9.8 55.2 6.9
Paleo-orogenic 61.6 9.2 50.8 34
Tethyan 61.7 9.4 50.5 3.1
Andean 57.7 9.1 54.0 6.9
Thick Crust 65.4 8.8 56.0 8.6
Thin Himalayan 68.9 5.9 50.0 2.2

Table 5.2: SiO; in wt.% for different tectonic regimes

and garnet. The CaO abundance tends to increase with depth because of the increasingly
mafic nature of the deep crust, and therefore regions of low SiO; correlate with regions of
high CaO. Globally, the median CaO at crustal depths of Mgsq, is 9.1 + 3.1 wt.% (Figure
5.10).

We can also derive the global distribution of a trace element if that trace element
has a quantifiable relationship to one of the thermodynamic components (major oxides)
used in our model. We used a geochemical database of samples with both major and
trace element concentrations (Sammon and McDonough, 2021) to generate trace element
maps as a function of major oxide abundances. We used a bivariate probability analysis
to generate trace element distributions from a major oxide abundance, such as SiO;, at a
specific depth or location. Although we suggest using regional analyses for high resolu-
tion interpretations of trace element abundances, we present here global predictions and

uncertainties for Sr (Figure 5.11) and U (Figure 5.12) content based on their relationships
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Figure 5.9: Global SiO; decreases with increasing depth from the middle to the bottom
of the continental crust. The middle crust Msgg, ranges from 60 to 65 wt.% SiO; in most
areas and increases at a rate of about wt.% per km until reaching the base of the crust.
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Composition at Msgg,  Uncertainty Composition at Mgsq,  Uncertainty

(~ middle crust) + (~ lower crust) +
Si0O, 59.1 7.31 50.9 2.98
TiO, 0.74 0.38 0.82 0.40
Al,O3 15.8 1.68 16.4 3.46
FeO 7.26 2.93 9.23 2.25
MnO 0.12 0.06 0.16 0.06
MgO 2.93 1.73 5.60 2.81
CaO 5.52 2.05 8.58 3.08
Na,O 3.64 0.81 2.16 1.02
K,O 1.41 0.97 0.77 0.96

Table 5.3: Middle and Lower Crust Bulk Composition in wt.%

with CaO and SiO,, respectively, as examples. Global average Sr increases with increas-
ing CaO until plagioclase is no longer the dominant Ca-bearing mineral. Uncertainties
on global U concentration span an order of magnitude because the abundance of U in a
given metamorphic sample set ranges from a few hundreds of ppb to a few ppm. U and
Si0, abundances, however, are positively correlated, with median U increasing as median

Si0; increases.

5.6 Discussion

5.6.1 SiO; and Overall Deep Crustal Composition

Figure 5.9 shows steady or decreasing SiO, with increasing depth in the deep crust.
Figure 5.8 also makes it apparent, though, that the absolute SiO, at a given depth is not
equal across different crustal types. For example, “Extended” crust appears mafic at 30
km depth while the “Thick Himalayan™ crust is felsic at that depth, and “Proterozoic”

crust falls in between. However, a more laterally consistent trend appears when compar-

139



14

12
O ’ 110
45
S .
0’ 2
16
450 S o - o 4
2
5
48
B
P
3 £
©
b=
(0]
2
4 2 :)
11
— 0

Figure 5.10: Global CaO abundance and uncertainty at 85% of the total crustal depth.
Areas of low CaO correlate to areas of high SiO,. There does not appear to be any
correlation between CaO content and uncertainty, with most regions having 3 to 4 wt.%
uncertainty regardless of CaO abundance.
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Figure 5.11: Global Sr abundance and uncertainty was derived from a joint probability
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ing percent of the crustal column traversed rather than absolute depth (Figure 5.8). Most
regions show a 5-10 wt.% decrease in median SiO; through the deep crust regardless of
crustal thickness, so that SiO, decreases more rapidly in areas of thin crust than in areas of
thick crust. We predict the global median SiO; at 50% above the Moho (or, alternatively,
50% crustal column thickness) to be 61.2 + 7.3 wt.% SiO, with CIPW normative min-
eralogy of <10 wt.% alkali feldspar and <15 wt.% quartz. The average composition of
middle continental crust is therefore expected to resemble that of a quartz monzonite; the
lower crust average composition, with 50.5 + 3.4 wt.% SiO; and 9.1 £ 3.1 wt.% CaO, is
expected to resemble a gabbronorite. It must be noted, however, that these compositions
can be the result of seismic velocity profiles averaging felsic and mafic endmembers of
the deep crust, and need not be produced by a monzonite or norite.

Density sorting provides a simple mechanism for producing the compositional struc-
ture of the continental crust. The process of crustal genesis leaves mafic, restitic material
at the base of the crust regardless of crustal thickness except in the few cases discussed in
the next paragraph. More buoyant, felsic material ascends to the top of the crust, produc-
ing a gradient of SiO, that scales with crustal thickness. In addition to density sorting,
the deep crust could be more mafic because it is simply closer to the mantle and therefore
has a greater number of mafic intrusions. Our results do not indicate any need for sharp
compositional boundaries in the deep crust. The Mg, notation reinforces the importance
of scaled, relative depth in the crust rather than absolute depth for making compositional
comparisons.

Two regions that appear conspicuously more felsic than the global deep crustal
median are the Andes and the Thin Himalayan crust (Figure 5.9). A low temperature
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gradient could be the cause of the compositional difference between these two tectonic
provinces an the global average, but we also must consider two other possibilities, par-
ticularly around the northern and northeastern Tibetan Plateau and Himalayan ramp. The
first is that thick, convergent margins, especially in the Himalayas, might have layers of
upper crustal material thrust deeper within the crust, incorporating more felsic material
into the deep crust. In contrast, underthrust upper crustal material is less likely to appear
in the Andes, which is a continent-ocean subduction zone. Alternatively, pockets of melt
and partially melted material in the Andean and Himalayan middle and lower crust could
reduce the shear wave velocity (Caldwell et al., 2009; Hacker et al., 2014; Nelson et al.,
1996; Regis et al., 2016; Schilling and Partzsch, 2001; Schmitz et al., 1997; Searle et al.,
2009). Because our current model does not factor in melt, slower Vs speeds would be
attributed to a more felsic composition instead.

Other anomalous regions in Figure 5.8, particularly the continental margins of
Antarctica, the East African rift zone, and the Sea of Japan, are likely caused by inac-
curate temperature and Moho inputs. The East African Rift could appear felsic because
the model’s temperature gradient for that actively rifting region is too low; a cooler fel-
sic composition can produce the same velocities as a warmer mafic composition. On
the other hand, the highly localized, extremely felsic borders around Antarctica and be-
tween Japan and China likely indicate a misclassification of crust type and/or Moho depth.
Oceanic-type crust has been documented in both regions (Cho et al., 2004; Gohl, 2008;
Hirata et al., 1992; McCarthy et al., 2020). Better Moho and temperature resolution of the
ocean-continent transition should increase the accuracy of compositional models in these
regions.
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Mafic granulite lithologies reach gravitational instability in the lower 10-20% of
the average crustal column (Jagoutz et al., 2011), surpassing the upper mantle’s density
of 3300 kg/m>. Therefore, according to Figure 5.7, most of the granulite facies lower
crust for continental margins, Andean crust, Tethyan crust, and Phanerozoic crust should
be gravitationally unstable. On the other hand, most other tectonic provinces would just
reach mantle-like densities around the Moho depths. Thinner Himalayan type crust has a
middle crustal density ~9% lower than other provinces, correlating with negative seismic
velocity anomalies. Arcs have the next lowest densities on average, suggesting that a
potentially denser lower crust beneath some arcs has already foundered (Jagoutz et al.,
2011). Figure 5.7B shows that accreted arcs of Andean type crust in particular display a
stark decrease in density interpreted as being due to delamination of the lowermost crust
(Ducea, 2011; Gao et al., 2021; Kay and Kay, 1993).

Forming continental crust via island arc processes, however, would then require
the deep crust to become denser over time, since most of our tectonic provinces have
a lower crust that is denser than arclower crust. This can be achieved by cooling the
crust, thickening it further, intra-crustal differentiation, or by mafic igneous injections
into the lower crust. Moreover, if our Moho temperature model is too hot, though, it
requires denser, more mafic lower crust than is actually present to explain the observed
Vp and Vs values. As such, our compositional models are intrinsically tied to Moho
temperature, and may be skewed towards mafic granulites. Reducing the assumed crustal
Moho temperatures would bring the estimated average crustal density closer to arc crust
density and increase the average weight percentage of SiO».

There is a tradeoff between temperature and composition. Vp and Vs both carry
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a temperature dependency through their bulk and shear moduli, so accurate temperature
estimates are imperative for modeling the crust; decreased seismic velocities can be the
result of either higher temperatures or greater SiO; content. As a reminder, this study
implements a linear temperature gradient through the crust from the TC15 global temper-
ature model (Artemieva, 2006).

Table 5.4 reports compositional models for the middle and lower continental crust,
a practice that is required to make meaningful comparisons to previous crustal models.
While we recognize the assumption of a three-layer crust as an oversimplification of the
diversity of crustal compositions, it is useful for some calculations to have average com-
position numbers for the crust. A few examples include mantle tomography studies which
require crustal correction, crustal corrections for geoneutrino studies; models of Earth’s
thermal history; and planetary scale compositional model for comparison with other rocky
bodies. Compositional models in Table 5.4 have been normalized to 100 wt.%. Our mid-
dle crustal composition falls between two possible compositions given by Hacker et al.
(2015): the fastest Vp endmember composition for the middle crust (62.7 wt.% Si0,),
and the middle crustal composition expected when the crust takes on a two compositional
layer (upper and lower) structure, instead of three, (57.3 wt.% Si0O;). These SiO; esti-
mates also overlap with the 62 wt.% SiO, reported by Christensen and Mooney (1995)
and are more mafic than than the 63.5 wt.% SiO, middle crust reported by Rudnick and
Gao (2014). Our proposed lower crust composition is agrees with Rudnick and Gao
(2014) and other mafic models (e.g. Hacker et al. (2015)’s fast Vp lower crust; Jagoutz
and Schmidt (2012)). Models which predict a more intermediate-felsic lower crust, such
as the North China craton lower crustal model of Liu et al. (2001) or the higher SiO;,
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lower Vp options listed by Hacker et al. (2015), are not consistent with our global aver-

age, though isolated regions of more felsic lower crust may exist.

5.6.2 CaO and Sr

Bulk CaO concentration increases with depth (Figure 5.10), but as a component
of mafic, siliciclastic rocks, not carbonate. The lack of carbonate is due in part to our
imposed amphibolite/granulite grade lithology restrictions on possible deep crust com-
position, but is reinforced by high density and Vp values observed in the deep crust.
Carbonates, with densities of approximately 2750 kg/m> and Vp’s of 6.6 — 6.8 km/s at
deep crustal conditions (Christensen and Mooney, 1995), cannot substantially contribute
to the observed deep crustal velocities. Also, there are few carbonate-dominated gran-
ulite facies xenoliths and terrains as compared to silicate granulites. A comparison of
Figures 5.8B and 5.10 shows good correlation globally between regions of high SiO; and
low CaO. Uncertainties in CaO estimates follow the same trends as SiO, uncertainties,
though the former’s uncertainty is roughly 10% higher. The relationship between Vp or
Vs and CaO content has more scatter than with Si0;, which increases the % uncertainty
on CaO estimates.

The CaO content does, however, predictably track with Sr concentration (Figures
5.10 and 5.11). Sr abundances cannot be directly derived from velocity calculations, but
they can be predicted from its geochemical relationship with CaO. Patterns emerge when
comparing the global distribution of Sr and CaO from two distinct sources: equilibrium

mineralogy and data binning. First, Sr abundance increases for CaO contents between 2
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Christen  Liu Jagoutz & Rudnick Hacker = Hacker | This Study

& et al., Schmidt, & Gao, et al., et al.,
Mooney, 2001 2012 2014 2015F 2015%
1995

Middle Crust

Si0, | 62 - - 63.5 62.7 57.3 61.2
TiO, | - - - 0.69 0.8 0.99 0.77
Al,O3 | - - - 15 15.7 16.8 16.4
FeOr | - - - 6.02 6.76 8.15 7.52
MnO | - - - 0.10 0.13 0.16 0.12
MgO | - - - 3.59 3.51 4.46 3.04
CaO | - - - 5.25 5.27 6.63 5.72
NayO | - - - 3.39 3.42 3.89 3.77
KO |- - - 2.3 1.6 1.42 1.46
Mg# | - - - 51.5 48.1 43.4 41.9

SiO, | 47 583 52.16 534 50.7 57.3 53.8
TiO, | - 0.59 0.78 0.82 1.24 0.99 0.87
ALO3 | - 13.6 18.68 16.9 16.5 16.8 16.3
FeOr | - 5.32 8.41 8.57 10.39 8.15 9.75
MnO | - 0.08 0.17 0.10 0.19 0.16 0.17
MgO | - 9.58 5.86 7.24 7.03 4.46 5.92
CaO | - 4.54 10.79 9.59 10.1 6.63 9.07
NayO | - 2.54 2.56 2.65 2.8 3.89 2.28
KO |- 3.23 0.41 0.61 0.79 1.42 0.81
Mg# | - 76.2 554 60.1 54.7 49.4 52.0

T Hacker et al. (2015) fast Vp crustal model
+ Hacker et al. (2015) middle crust composition = lower crust composition model

Table 5.4: Continental crust composition estimates
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to 6 wt.%, reaching a maximum at about 500 ppm Sr. However, Sr gradually decreases to
350 ppm as CaO increases to >6 wt.%. This shift in Sr abundance corresponds with the
transition from plagioclase as the only Ca-bearing mineral phase to the addition of garnet
and clinopyroxene as stable Ca-bearing phases.

Second, we see sharp jumps in Sr abundance in neighboring tectonic regions as
a consequence of our data binning. The uncertainty on CaO content dictates that the
compositional bin-widths are as wide as 2-3 wt.% for a total of six bins. Each bin has
a central Sr value and distribution, leading to six possible median Sr abundances. The
uncertainties on Sr are a combination of the systematic uncertainty (which CaO bin) and

the statistical uncertainty (Sr variation within each bin).

5.6.3 Heat Production and Moho Heat Flux

Radioactive elements produce heat inside Earth, with K, Th, and U, the heat pro-
ducing elements (HPEs), accounting for 99.5% of the total radiogenic energy output (Mc-
Donough et al., 2020). The few remaining radioactive elements in the planet contribute
<0.5% to Earth’s total heat production. We can model the abundance and distribution of
HPEs in the crust, and Moho heat flux, with our model and supplementary geochemical
relationships.

HPE abundance data are provided in the (Sammon and McDonough, 2021) geo-
chemical dataset. Using a joint probability analysis, we derived U abundances with un-
certainties from SiO;. The middle continental crust has a median U concentration of 1.3

£ 0.2 ppm and the lower crust has 0.22 + 0.03 ppm. The uncertainty on these median
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Figure 5.12: Global U abundance derived from a joint probability analysis with SiO;
at 85% of the total crustal depth. Uncertainties span orders of magnitude because of the
range of possible U values, but the global median at this depth is ~0.2 ppm U. Regions of
high Si0,, especially the potentially inaccurate continental margin of Antarctica correlate

with high U and the highest uncertainties.
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values is reported as the standard error of the median. We do this to highlight that this
is the confidence in the central value, the median. The full range of possible abundances
spans five orders of magnitude (Fig. 5.12B) Th abundances could also be generated with
a joint Th-SiO, probability analysis, but we use a constant Th/U,,, ratio of 3.77 4 0.1
(Sammon and McDonough, 2021; Wipperfurth et al., 2018) which provides a narrower
constraint on Th concentration. K,O abundance is calculated directly as a thermody-
namic component in our compositional model. We calculate heat production on the same
1°latitude by 1°longitude cell scale that we use for calculating major element abundances.
The concentrations of K, Th, and U in each cell are multiplied by each cell’s density (cal-
culated in previous section) and volume. The resulting masses of K, Th, and U are then
multiplied by the heat produced during their respective decays (McDonough et al., 2020),
resulting in a heat production value for each cell in units of W/kg. Heat production values
can be converted to W/m> via multiplying by cell density once more. Uncertainties are
calculated through standard propagation of errors on concentration and density. Figure
5.13 maps the total (depth-integrated) median contribution to surface heat flux from the
upper, middle, and lower continental crust in mW/m?.

We calculated a median heat production of 0.3 nW/kg (0.8 uW/m?>) for the middle
third of the crust and 0.05 nW/kg (0.1 uW/m?) for the lower third of the crust. Previous
studies have also found low heat production in the deep continental crust (Fountain et al.,
1987; Jaupart et al., 2016; Kukkonen et al., 1997). Our model is also consistent with local
studies of HPE analyses of deep crustal xenoliths, such as Gruber et al. (2021); Pinet and
Jaupart (1987); and Ashwal et al. (1987).

The uncertainties on this global model are dominated by uncertainties on U abun-
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Figure 5.13: Panels A - C show the contribution from each crustal layer (upper, middle,
lower) to the total continental surface heat flux (D). Continental crustal heat production
is dominated by upper crustal heat production but with significant contributions from the
middle crust.
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dances, which span an order of magnitude. Even so, our uncertainty on the median or cen-
tral value (standard error of the median) of HPEs or heat production is well constrained
at pm 0.1%. While the range of possible heat production values span an order of mag-
nitude, the median/average heat production value is tightly constrained. Provinces with
high predicted SiO, content, such as the Andes, have estimated U content up to four times
higher than the global lower crustal median because of the correlation between high SiO;
samples and high U. We recommend using regional HPE data for understanding smaller
scale variations and reserve this study’s results for continent- or global-scale models.

We took our calculations a step further by estimating Moho heat flux. Once we
determined deep crustal heat production, we calculated a subcontinental Moho heat flux
by subtracting continental heat production from the global surface heat flux of Lucazeau
(2019), supplemented with Shen et al. (2020)’s Antarctica surface heat flux. We assumed
a Gaschnig et al. (2016) upper crustal heat production of 1.75 pW/m?> to complete the
initial calculation. Pairing an upper crustal composition of Gaschnig et al. (2016) with
our deep crustal composition yielded Moho heat fluxes for tectonically stable regions that
agree with Jaupart et al. (2007) and marginally agree with (Hacker et al., 2015)’s models
of crust with slow Vp. However, Moho heat flux calculations depend substantially on the
assumed HPE abundance model for the upper crust, which contributes ~70% of the total
crustal heat production in most regions. Using Gaschnig et al. (2016)’s upper crustal U
and Th abundances in low heat flux, cratonic regions, results in roughly 6% (by area) of
the continents having a negative heat flux across the Moho (an unreasonable condition)
— or more likely, other factors, such as heat dissipation through fluid circulation in the
near surface, would be needed to explain these low surface heat flux (e.g., 20-40 mW/mz)
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Parameter ‘ Value

Global Surface Heat Flux inputs from Lucazeau (2019)
Antarctica Surface Heat Flux inputs from Shen et al. (2020)

Upper Crust Heat Production 1.75 uW/m? (Gaschnig et al., 2016)
Upper Crust Heat Production (cratonic) | 0.8 ,uW/m3 (see discussion for sources)
Deep Crustal Densities inputs from this study

Table 5.5: Heat production calculation parameters

regions. Alternatively, the assumed upper crustal heat production values may need to be
lowered. Most low heat flux areas coincide with stable cratonic lithosphere, where low
heat flux and low heat production is not a new observation (e.g., Cammarano and Guerri
(2017); Jaupart et al. (2007); Kukkonen et al. (1997); Nyblade and Pollack (1993)). Es-
timates of upper crustal heat production in cratonic regions range from 0.6 to 1 yW/m?>
(Gruber et al., 2021; Jaupart et al., 2014, 2016; Mareschal and Jaupart, 2013; Phaneuf
and Mareschal, 2014), so we approximated Archean upper crustal heat production at 0.8
uW/m?>, which is the maximum permissible heat production value found by Rudnick and
Nyblade (1999) for the Kalahari craton and also the maximum average crustal heat pro-
duction expected for crust > 2.5 Ga (Jaupart et al., 2016). Our final model for Moho
heat flux uses the data and resources listed in Table 5.5. The median global continental
Moho heat flux, shown in Figure 5.15, is 21.5 + 11.6 mW/m?. Figure 5.14 summarizes
the distribution of Moho heat flux values for each tectonic province.

Table 5.6 compares our average crustal heat production and Moho heat flux val-
ues to the average values calculated from other studies. We calculated the Moho heat
fluxes from the previous studies by taking the average surface heat flux and subtracting
the crust’s average radiogenic contribution. For consistency, we recalculated our study’s

Moho heat flux in this simplified manner as well. Total crustal HPE concentrations av-
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Figure 5.14: The median global Moho heat flux is 21.6 + 11.6 mW/m?, shown by the
blue shaded area at the bottom of the graph. Global surface heat flux is 63.8 £+ 12.3
mW/m?, indicated by the red shaded band towards the top. Although variations exist
among the tectonic provinces, they show remarkably consistent central heat flux values.
These statistics were produced by calculating the median heat flux for each latitude x
longitude cell. Outliers are not shown on the graphs. The white line in the middle of each
box and whisker plot is the median value. This value is written above the box and whisker
plot in blue for the Moho heat flux and in red for the surface heat flux for each province.

erage upper, middle, and lower crustal abundances. Figure 5.16 compares the different
models of U abundance in the bulk continental crust from Table 5.6 to their corresponding
Moho heat flux values.

Notably, all models reported in Table 5.6 assume a similar compositional model for
the upper crust (Gaschnig et al., 2016; Rudnick and Gao, 2014). A 1% change in upper
crustal U has eight times the effect on the Moho heat flux as a 1% change in lower crustal
U content. Thus, having an accurate model for the upper crust is of paramount importance
to determining Moho heat flux. Only after upper crustal heat production is constrained

will the uncertainties on deep crustal heat production impact Moho heat flux calculations.
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Figure 5.15: Global heat flux across the Moho calculated by subtracting crustal heat
production from measurements of surface heat flux. The median subcontinental Moho
heat flux is 21.5 + 11.6 mW/m? globally. This result is heavily sensitive to the assumption
of a uniform upper crustal heat production of 0.8 £W/m? for cratonic and 1.65 uW/m?>
for non-cratonic regions.
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5.7 Conclusions

We have constructed a global compositional model of the deep continental crust
by synthesizing seismic, temperature, heat flux, and geochemical data. We predict deep
crustal compositions on the global scale using major and trace element compositions from
amphibolite and granulite facies lithologies, and seismic velocity profiles. Our proposed
global compositional model reconciles the USGS Global Seismic Catalog of crustal ve-
locities, compositions for thousands of medium and high grade metamorphic rocks, and
constraints on Moho depth (Pasyanos et al., 2014; Szwillus et al., 2019), crust temperature
(Artemieva, 2006), and surface heat flux (Lucazeau, 2019; Shen et al., 2020).

Vp values, and to a lesser extent Vs and Vp/Vs values, correlate with bulk rock
SiO, content, and SiO; can be used as a predictor of seismic velocities if temperature can
be estimated accurately. Globally, Si0; concentrations tend to decrease with increasing
depth, leading to a predominantly mafic to intermediate-mafic base of the crust. The de-
creased density and less mafic nature of the lower crust in younger and tectonically active
crust, such as arcs and active mountain ranges, suggests that those tectonic provinces are
hotter than our temperature model predicts, that they have undergone lower crustal delam-
ination, or both. Global median SiO, concentrations for the middle and lower crust are
61.2 + 7.31 and 50.5 £ 3.4 wt.%, respectively, though steady composition and velocity
gradients in the deep crust urge us to embrace a less distinctly layered view of the crust.
This mid-to-deep crustal gradient in wt.% Si0; is the equivalent of a lithological gradient
ranging from quartz monzonite to gabbronorite. We predict the abundances of multiple

major oxides, many of which are correlated to trace element abundances. This correlation
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allows us to derive expected heat production in the deep crust. We also predict a Moho

heat flux of 21.5 &+ 11.6 mW/m?.
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Chapter 6: Conclusions and Future Work

6.1 Key conclusions

The chemical composition of Earth’s continental crust is the sum of its evolutionary
processes throughout time. Radiogenic heat production in Earth’s interior is a particularly
important feature to understand if we want to decipher Earth’s starting materials and for
how long our mantle will maintain convection. Once the planet runs out of heat energy in
its interior, its core will fully solidify, its protective magnetic field will dissipate followed
by a significant loss of atmosphere, and the surface-renewing forces of plate tectonics will
cease.

The concentrations of heat producing elements (HPEs: K, U, and Th) and their dis-
tribution throughout the crust can be inferred from many different geological, geochem-
ical, and physical methods. Ultimately, using all of these techniques in tandem provides
the most clarity, constraint, and quantifiability on the chemical attributes of the crust and
mantle.

Geoneutrino detection remains the only method to directly sample the HPE con-
tent of Earth’s inaccessible mantle, but without accurate knowledge of the geology sur-
rounding geoneutrino detectors, geoneutrino signal measurements alone constrain noth-
ing. Chapter 2 shows the importance of applying an accurate, precise lithospheric HPE
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correction to the geoneutrino signal. Changes in U and Th content surrounding a detector
balloon into vastly different results for Earth’s total radiogenic heat production.

While up to 70% of the geoneutrino signal originates from the uppermost portions
of the continental crust, the 30% from the deep crust proves more challenging to constrain.
Moreover, the composition of the deeper portion of the continental crust holds crucial in-
formation about how Earth’s outermost layer forms, deforms, and evolves through time.
The chemical makeup of the deep crust controls not only its contribution to the geoneu-
trino signal (through its HPE content), but its stability and strength overall.

The deep continental crust is unreachable by traditional geological sampling meth-
ods. However, we can studying medium- and high- grade metamorphic lithologies, which
serve as analogues or windows into the higher pressure and temperature regions of the
crust (Chapter 3). Analyzing the composition of thousands of amphibolite, granulite, and
eclogite facies xenoliths and terrains gives insight into the chemical and petrological be-
haviors of major element oxides and trace elements. In Chapter 3, we learned that the
“Daly Gap” phenomenon is strongly reflected in the compositions of deep crustal ana-
logue samples, leading to an abundance of mafic (<52 wt.% Si0O;) and felsic (>68 wt.%
SiO,) rocks, and few rocks of intermediate composition. Though metamorphic grade
does play a role in the composition of these medium- and high-grade metamorphic rocks,
the degree of melt evolution/differentiation has an even stronger correlation with trace el-
ement abundances. In short, it is just as important to constrain major element composition
as it is metamorphic grade.

Because deep crustal lithologies range from mafic to felsic in composition, study-
ing the geochemistry of these rocks alone leaves multiple possibilities for deep crustal
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major and trace element content. Similarly, geophysical applications, such as seismol-
ogy, provides multiple nonunique solutions to crustal composition, since different rock
types can have the same seismic velocities. The key to determining composition, both
on the regional and global scale, lies in reconciling geochemical trends with geophysical
observations. Creating joint geochemical-geophysical models sheds more light on deep
crustal composition.

We built a probabilistic model of deep crustal composition by calculating the ex-
pected physical properties of thousands of amphibolite and granulite samples at specific
pressures and temperatures. We then used a Monte Carlo numerical simulation to find
which compositions best reproduced the seismic properties (i.e., Vp, Vs, and Vp/Vs ra-
tios) observed by regional velocity surveys. In Chapter 4, we applied a geochemical-
geophysical data and models to a specific region, where pairing our model with obser-
vations of surface geology allowed us to infer crustal deformation schemes. We adapted
and expanded our joint model by incorporating global seismic datasets and splitting the
crust into tectonic provinces in Chapter 5. The resulting code gave us a lower resolution
but larger scale map of the middle and lower continental crust (Chapter 5).

In both the local and global models, we observed that the deep crust displays a
gradient of decreasing SiO, with increasing depth, though the severity of this gradient
depends on specific location. In most regions, the deep crust reaches an intermediate
composition of 61.2 + 7.3 wt.% Si10; at about half its total thickness. At the base of the
continental crust, bulk composition is as mafic as 53.8 + 3 wt.% SiO;.

An increasingly mafic composition in the crust with depth has three significant im-
plications. First, there are no universal, sharp compositional changes within the crust, and
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we should therefore move away from thinking of the continental crust as a three-layer
ensemble. We have enough technology and data to in most cases to take a more gradual
composition change within the crust into consideration. Second, The lowermost parts of
the continental crust are, by and large, mafic in nature. This means that relamination of
sediments onto the base of the crust is likely not a dominant crustal evolutionary pro-
cess, though it is currently impossible to differentiate between mafic sediments and mafic
restites. Third, the mafic composition of the deep continental crust correlates to lower
abundances of HPEs in that portion of the crust. This means that for geoneutrino stud-
ies, the uppermost continental crust remains the major focus of chemical modeling, as
changes in the HPE-depleted deep crust do not affect the lithospheric correction to the

geoneutrino signal as much as the abundance of HPEs in the uppermost crust.

6.2 Future geoneutrino project locations

The under-development Jiangmen Underground Neutrino Observatory (JUNO, 20
kton) experiment in Jiangmen, Guangdong province, China (An et al., 2016) is currently
being built. This detector will be 20 times bigger than the any existing detector. It will
begin detecting geoneutrinos in 2023 or 2024. Because of its large size, one year of JUNO
data will present us with more detected geoneutrino events than what has been collected
by all the previous experiments. The current Syjsnosphere predictions for the for the JUNO
detector differ significantly (Gao et al., 2020; Strati et al., 2015). A more accurate and
precise estimate of the distribution of K, Th, and U in the continental lithosphere sur-

rounding the JUNO detector is needed. Implications for these findings go far beyond
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this immediate applications of neutrino geosciences for southeastern China in particular.
An understanding of the continental lithosphere in this region will constrain the crustal
growth history and architecture of southeastern China, and the nature of its granitic mag-
matism, geothermal energy, and ore potential.

An under development detector adjacent to the Himalayas, at the China Jinping
Underground Laboratory (CJPL), poses unique challenges for crustal modeling. The
principle goals of this instrument will be detecting geoneutrinos and solar neutrinos,
simultaneously revealing the secrets of the fuel powering both the Earth and the Sun.
At 2.4 kilometers beneath Mount Jinping and 1000 km away from the closest commer-
cial nuclear reactor, CJPL is the deepest of the world’s underground laboratories, shield-
ing it against unwelcome background signals from reactor antineutrinos and atmospheric
muons. Sited on the eastern slope of the Tibetan plateau, Jinping will sense geoneutrinos
from the planet’s thickest crust. The Sichuan region of southern China is geologically
one of the most active regions of the world with deadly earthquakes, some of the fastest
moving crust (5 - 20 mm/yr), and nearly unrivaled topographic gradients (10%) between
the Sichuan basin and the Tibetan plateau. The composition of the Himalayan crust and
Tibetan Plateau remains highly debated, and global velocity models conflict with local
assessments, leaving geoscientists with competing hypotheses for the strength and defor-
mation mechanisms of the region’s crust (Jackson, 2002).

Last but not least, teams have proposed to remove the issue of the continental crust
altogether by building an ocean bottom detector (OBD) (Sakai et al., 2021). Because the
oceanic crust is thin and depleted in HPEs, 70% of the OBD signal would come directly
from mantle geoneutrinos, with minimal crustal corrections needed. A team of scientists
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and engineers have proposed working with JAMSTEC to build a portable prototype detec-
tor that would be moved to different ocean bottom locales every few years. This project

is in its infancy but represents a massive feat in engineering.
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Appendix A:  Supporting Information for Chapter 2

A.1 Full electron antineutrino flux equation

Table S1 explains the meaning of each symbol and its units.

dN(Ey,,7 NsA dn(E; o L a(Pp(#
(Ea.7) _ Nk o (g, ) 4nEn) [ Pec (o, 7 = 7y PP
d(Es,) H d(Es,) Jo 4r|? — 7|
Symbol Description Units
%};’SP V, detection spectrum v,
£ 1032 protons x 3.154 x 107s x 100%*  proton x s
Ny Avogadro’s number :r;‘;'l"
ecay
A Decay constant Sgion
u Atomic mass m—le *detector
op (Ey,) V, cross-section (function of Ey,) 5 g
dn(E3,) _ . v
(s e) V, €mission spectrum Je Ceay
P.e (Ep,,|F — 71])  Oscillation probability (function of Ep,)  unitless
a(7) Concentration of radionuclide in cell %
p(7) Density of rock in cell ;I;T%
7 — 72 Distance from cell to detector m

size and efficiency normalization factor

Table A.1: Heat production and geoneutrino flux results
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A.2 Heat production from K, Th, and U decay

Radionuclide ~ Mole Fraction (%) A (a™!) QMeV) Q(p))

2321h 100 4916 x 10~ 1! 42.646  6.8326
235y 0.72049 9.8531 x 10710 46.397  7.4336
238y 99.2740 1.5513x 10710 51.694  8.2823
0K 0.01167 5.491 x 10~ 10= 1.331%  2.132%

from all “°K decay modes

Table A.2: Radionuclide heat production
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Appendix B:  Supporting Information for Chapter 3

B.1 Eu Anomalies

All amphibolite, granulite, and eclogite facies lithologies have similar median Eu
anomalies (\/#Td,v)‘ While granulite facies lithologies tend to show more variation in
Eu anomalies (Figure B.1), the median Eu/Eu* values for all of our groups fall between
0.89 and 1.2. The distributions of Eu/Eu*, shown in Figure B.1, are skewed towards the
right, moreso for granulite facies than for other facies, favoring Eu/Eu* values around 1
but reaching as high as 2-3. These values of Eu/Eu* < 1 (which translate to negative
median Eu anomalies) are in line with previous estimates for the middle and lower crust
and could indicate voluminous crustal recycling (Tang et al., 2017). The lack of strong,
positive Eu anomalies in the deep crust counters the argument that the deep (or lower)
crust is complementary to the upper crust, which also has a negative Eu anomaly (Taylor

and McLennan, 1985).
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Figure B.1: The right-skewed Eu/Eu* distributions of our datasets all find a median value
close to 1, which is 15 - 30% less than previous estimates. Because of the asymmetry in
the distributions, both granulite facies xenoliths and terrains have similar values, though
the more felsic Archean granulite facies lithologies have a higher percentage of Eu/Eu*
values >1 than their more mafic Post Archean counterparts.
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B.2 Fluid Mobile Elements

B.2.1 K, Rb, and Cs

The transition from amphibolite to granulite facies can be considered, for the major
elements, an isochemical dehydration reaction, but this is not the case for the most fluid
mobile elements: K, Rb, and Cs. Consistent with the observations of (Rudnick and Pres-
per, 1990), K>O/RD ratios in amphibolite and granulite facies lithologies are negatively
correlated with K;O content, especially at KoO <1.2 wt.%, indicating Rb depletion rel-
ative to K,O. We restrict our analysis of K,O/Rb to compositions to rock with > 55
wt.% Si0; because the K,O/Rb ratios of unmetamorphosed basalts are highly variable,
making it difficult to evaluate Rb depletion in mafic lithologies (Rudnick and Presper,
1990). K>O/RbD ratios reach a maximum at about 1 in most of the metamorphic datasets.
Although we omit them, mafic lithologies follow the same trend, though lower KO val-
ues are reached. As suggested by various studies, this trend likely reflects a mineralogical
control on the partitioning of Rb and K between minerals and a fluid phase (Fowler, 1986;
Rudnick et al., 1985). Low concentrations of K,O and Rb, and high K,O/Rb ratios, may
reflect igneous processes rather than metamorphic processes (Van Calsteren et al., 1986).
However, several mafic granulite facies and amphibolite facies lithologies have high K/Rb
ratios compared to basalts, which suggests that they have experienced some Rb depletion
during metamorphism (Stosch et al., 1986). The similarities between the amphibolite and
granulite facies K/Rb are striking, because high K,O/Rb was thought to be the provi-

dence of dehydration metamorphism. Partial dehydration of amphibolite facies litholo-
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Figure B.2: Fluid mobile element concentrations from amphibolite and granulite facies
lithologies are comparable with previous estimates for the lower crust. Eclogite facies
lithologies are up a half an order of magnitude more depleted. Variable labile element
depletions cause the amphibolite facies lithologies to overlap with the granulite facies
terrains, suggesting that either the amphibolite facies samples have experienced some
fluid depletion or that the behavior of the labile elements is caused by an igneous process
and not metamorphic dehydration. The black line and gray shaded region surrounding it
is the Rudnick and Gao (2014) lower crustal composition £+ 15%.

gies might lead to high K,O/Rb ratios while still leaving behind enough hydrous mineral
assemblages to classify the rock as amphibolite. Future studies should explore the quan-
tification of dehydration as it relates to KoO/Rb ratios. Alternatively, metamorphosing
gabbro to the amphibolite facies can produce uneven increases in K and Rb (Field and
Elliott, 1974), leading to lower K,O/Rb ratios. Low K>O/Rb ratios in amphibolites could
also be inherited from the retrograde metamorphism of granulite with low K, O/Rb (Field

and Clough, 1976).
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Figure B.3: La/Th vs. Th/U in natural log space. Color indicates the data point density.
High La/Th values correlate with low Th/U concentrations, indicating that low La/Th is
due to depletions in Th instead of enrichments in La.
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B.2.2 La/Th and Th/U

Granulite facies lithologies and eclogite facies terrains show greater Th and U de-
pletion than amphibolite facies lithologies or eclogite facies xenoliths. While the granulite
and amphibolite facies lithologies show comparable amounts of U loss, indicated by el-
evated Th/U and low La/Th values, the granulite facies lithologies can reach almost an
order of magnitude greater La/Th values with low Th/U, indicating a loss of both U and
Th. U can be depleted through loss of water due to its redox sensitivity (U is fluid
mobile; U** is not), though both U and Th depletions typically indicate a lack of U and
Th-bearing accessory phases (Fowler, 1986; Rudnick et al., 1985). Archean granulite
facies terrains reach higher levels of U depletion than Post-Archean terrains, a curious
observation since many Archean terrains contain monazite, a Th and U-bearing accessory
phase (Rudnick and Presper, 1990). Eclogite facies lithologies on the whole have Th/U

ratios around 2 and a wider range (0.1 to 20) in La/Th.

B.2.3 Alkalis and Alkaline Earth Metals, in General

The alkali and alkaline earth metals are, generally, large ion lithophiles due to their
low charges and high ionic radii. The abundance of these fluid mobile elements becomes
more variable as ionic radius increases, with Rb and Cs having the greatest variability
and greatest fluid mobility. Samples that lack K-feldspar typically display depletions in
K, Rb, and Cs while Na and Ca remain rather remarkably invariable outside of their felsic
and mafic modes. Ba is also quite variable with relative uncertainties ranging from 100

to 200% (similar to Rb, Cs, and La, though Ba is more normally distributed than those
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three). Many of the amphibolite and granulite facies lithologies are also metaluminous,
though our samples span the range of peraluminous to peralkaline.

As alluded to in Section B.2.3, the alkali metals show considerable variability. K,
Rb, and Cs increase in skewness as their ionic radius increases, with Cs being the largest
and most labile. Rb is also incompatible and fluid mobile. We suspect much of the
variation in K stems from the presence or absence of K-feldspar. Lithium also shows a
moderate to high level of variability in amphibolite and granulite facies, which could be
the result of Li’s fluid mobility. Ba and Sr, also incompatible and fluid mobile elements,
vary more than their smaller radii counterparts, Mg and Ca, but not nearly as much as the

alkalis.

B.3 High Field-Strength Elements

Eclogite facies lithologies display the most fractionation of the generally insoluble
high field strength elements (HFSEs). Of the HFSEs, Ta and Mo display the largest spread
and highest uncertainties for most of our lithologies. There is not enough data to plot Mo
or Ta for eclogite facies lithologies. Once more Mo data are reported, paired spikes in
both Mo and Nb content in eclogites could indicate that Mo and Nb, which have similar
ionic radii, are both being retained in rutile (Rudnick et al., 2000). With 64 data points,
granulite facies xenoliths’ elevated Mo is more of a conundrum. High abundances of
rutile are not expected for granulite facies xenoliths (Rudnick and Presper, 1990), and the
xenoliths do not have a complementary Nb spike. Since titanite (sphene), ilmenite, and

magnetite typically host the greatest abundance of Mo in crustal rocks (Greaney et al.,
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Figure B.4: As with the fluid mobile elements, the high field strength element concen-
trations are broadly in agreement with previous estimates. Granulite facies xenoliths and
eclogite facies lithologies show elevated concentrations of Mo, partly due to lack of data
but also potentially because of the abundance of rutile, titanite, ilmenite, and magnetite in
these predominantly mafic samples. Eclogite facies lithologies have negative Ta spikes,
which are also potentially caused by the presence of rutile. The black line and gray shaded
region surrounding it is the Rudnick and Gao (2014) lower crustal composition £ 15%.

2018), along with rutile, it is possible that these minerals exist in higher abundances in
granulite facies xenoliths and/or the deep crust than previously thought.

The data also show variable depletions in Ta compared to (Rudnick and Gao, 2014)’s
value. Nb/Ta values also exceed previous lower crustal estimates (Rudnick and Gao,
2014), mimicking more the middle crust’s ratio, suggesting that the deep crust might have
a super-chondritic Nb/Ta ratio. Plotting Nb vs. Ta (Figure B.7) yields a linear log-log plot
for amphibolite, granulite, and eclogite facies lithologies. In many cases, we do not have
high resolution measurements for Ta concentrations at the sub-ppm level, evidenced by
the diagonal lines of data on the Nb vs. Nb/Ta plots (ratios dominated solely by changing

Nb) and horizontal array of dots on the Ta vs. Nb/Ta plots. Concentrations which have
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been rounded to the nearest 100 ppb or ppm when reported. Eclogite facies xenoliths and
terrains have notably different Nb/Ta ratios: 15.6 &+ 1.9 and 22.4 £+ 10.2, respectively.
Studies have hypothesized that Nb can be sequestered by rutile in eclogite formation, but
Ta is not expected to increase (Rudnick et al., 2000). Eclogitic material in down-going
crustal slabs could be a complementary reservoir to the apparent Nb depletion in the rest

of the observable bulk silicate Earth.

B.4 Transition Metals

Transition metal data exists in more abundance for amphibolite facies lithologies
than for granulite or eclogite. Trends in the first row transition elements are discussed
in depth in Section 6 of the main text, but we wanted to briefly mention them in context
with the other elements here. The dearth of data on moderately and highly siderophile
elements is because they exist in such low abundances in the silicate portion of Earth that
only recently have we been able to obtain high precision measurements.

Ti, Zr, and Hf have similar variability, with more mafic lithologies having lower
absolute concentrations of Zr. Eclogite facies lithologies have the lowest concentrations
of all three elements, a curious finding considering that eclogite facies lithologies tend
to have an abundance of rutile (FeTiO;). Though they track similarly, what controls the
abundance of Ti family elements is unclear.

The Cr family, on the other hand, shows much greater variability, perhaps due to
Cr concentrating in garnets, spinels, chromite, or even olivine. Olivine fractionation in

the source melt could also explain the variations also seen in Ni (Arndt, 1994) among
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amphibolite and granulite facies lithologies. However, Mo’s slightly chalcophile behavior
(Barnes, 2016) could be lending the Cr-family a more discontinuous and variable look
than, for example, the Sc, Ti, or Mn families. The Ni and Cu display more variable
abundances as well, especially in amphibolite facies lithologies. Their behavior could be
attributed to S-affinity and/or the presence of Ni- or Cu-bearing accessory mineral phases
(e.g., olivine, dioptase). Weathering has been shown to (Arndt, 1994; Polat et al., 2002),
making it more likely that the spread of Cr and Ni abundances is controlled by igneous
factors.

A stepped increase in variability is visible from the top to the bottom of the V
family for both amphibolite and granulite facies lithologies. This trend, notable in other
parts of the periodic table is discussed in Section 6 of the main text. Of course, limited
sample numbers may be causing the fluctuation in third-row transition metal abundances.
More data is always welcomed to better constrain the abundances and behaviors of the
transition metals.

Not much can be said about the elements towards the bottom and right of the peri-
odic table for granulite facies lithologies due to a lack of data, though we can devise a few
hypotheses to explain the increased spread in abundances of heavier elements compared
to their lighter counterparts. Especially in heavy elements that do not lack for data, such
as Ta, Pb, Th, and U, the continuous but wide distribution of data could be caused by the
vertical fractionation of these elements within the continental crust. Vertical fractionation
of elements within the crust has been discussed in depth for decades (Rudnick and Gao,
2014; Sighinolfi, 1971; Taylor and McLennan, 1985). One means for testing this hypoth-
esis is comparing trace element abundance to inferred maximum pressure conditions -
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the higher the pressure, the deeper from within the crust the sample originated. Sadly,
most of our data does not have precise pressures and/or temperatures associated with it,
though some studies have explored these composition-pressure relationships with quan-
titative methods (Barnhart et al., 2012; Bohlen and Mezger, 1989; Rudnick and Jackson,
1995).

Cr, Ni, and Cu break the homogeneity of the first row transition elements. Cr and
the two other elements it shares a family with, Mo and W, are more variable than any
other transition metals, though we must consider that Mo and W have fewer analyses
than many of the others (89 and 42 data points, respectively, compared to the 1000’s of
analyses done on first row transition elements and Y, Zr, Nb, Hf, and Ta). The Cr family
takes on an abnormal valence electron structure (4s!3d”). This causes Cr to have a range
of valence states, though it commonly exists in a 3+ valence state as a substitution in
garnet (uvarovite, CazCro(SiO4)3). Mo and W are high field strength elements with high
valences and large radii, which make it harder for them to substitute into common min-
erals and may contribute to their variability. Mo is typically hosted in Ti-oxides though
displays much more variation than Ti.

The Ni and Cu families might also be special cases, not because of their valence
structure, but because of their metal and sulfide affinity. The variability in S content
may cause fluctuations chalcophile-siderophile elements (CSEs), including Ni and Cu.
Of the other CSE’s, Zn, a moderately chalcophile element (Jenner, 2017), is much more
normally distributed than either Ni or Cu. There are too few measurements on Au and Ag
to determine whether their apparent variation is caused by CSE (Jenner, 2017) behavior
or if they are under-sampled. The Cu and Ni distributions have far more outliers than any
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other first row transition metals. Cross-referencing the original data sources show that >
1100 amphibolite and > 900 granulite measurements come from samples with 0.01 - 0.1
wt.% Cu or Ni. The spread in Cu and Ni compositions could be due to cumulate formation
and recycling processes, whereby CSE’s can be partitioned by magnetite-induced sulfide
fractionation in lower crustal settings. While we expect enrichment in CSE’s in these
lower crustal cumulates, delamination of such material could also cause depletion and

contribute to the bulk crust’s low Cu concentrations.

B.5 Halogens

Limited data is available for the halogens in these medium and high grade meta-
morphic lithology datasets. F and Cl are the only elements measured for amphibolite
and granulite facies lithologies. No halide data is available for eclogite facies lithologies
in our dataset. Halides can be transported in fluids or incorporated into select mineral
phases, such as Cl-rich biotite and amphibole, apatite, and fluorite (Kusebauch et al.,
2015). High solubility in water means these elements are often mobilized by fluid fluxing
and can often be found as chemical weathering and alteration byproducts in granulites,
despite granulites being nominally anhydrous (Banks et al., 2000; Kusebauch et al., 2015;
Markl et al., 1997). Stable Cl isotopes have been studied in granulites to track mantle par-
ticipation in silicate Earth’s Cl cycle and fluid infiltration processes (Markl et al., 1997).
However, the volatility of halogens and their incompatibility in many melt systems has

resulted in relatively low halide abundances in the deep crust outside of fluid processes.
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B.6  Supplementary Tables

Table B.1: Amphibolite Facies Lithologies

Mean Median Geometric Y Mean | STD IQR Geo ¥ STD | N (filtered) N (original)
Mean STD

Li |179 15.0 14.8 17.9 10.7 14.5 1.89 10.6 |455 727
Be |1.57 144 1.21 1.57 1.02 1.10 222 1.08 |212 374
B |[14.0 9.00 8.44 14.0 14.5 15.6 2.81 13.1 | 184 362
N |- - - - - - - - 0 0

F |435 399 60 435 351 512 48.2 746 | 180 269
S 412 220 25.2 41.2 46.1 44.0 2.6 38.2 |93 292
Cl |51.0 293 1.2 51.0 62.2 86.7 83.3 114 |81 196
Sc |23.1 210 18.3 23.1 13.6 24.4 2.11 152 |1360 3160
vV 152 134 104 152 108 192 271 125 1840 3690
Cr |119  81.0 63.5 119 121 151 3.57 124 1820 4200
Co |30.1 299 222 30.1 19.1 33.1 242 224 11420 3480
Ni |51.8 39.7 31.2 51.8 47.1 62.0 3.08 49.0 |1810 4290
Cu [41.3  30.0 25.8 413 36.4 49.5 2.89 37.6 |1290 2970
Zn |80.7 78.0 73.0 80.7 34.6 49.5 1.60 35.7 |1550 3310
Ga [18.1 18.0 17.7 18.1 3.66 4.32 1.23 3.69 |1120 2320
Ge |- - - - - - - - 0 0.0
As |29 1.3 1.4 2.9 4.2 24 3.1 32 200 368
Se |77.5 53.0 57.1 77.5 63.9 69.0 2.2 57.8 136 158
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Table B.2: Granulite Facies Xenoliths

Mean Median Geometric Y Mean | STD IQR Geo Y STD | N (filtered) N (original)
Mean STD

Li |11.8 6.9 9.2 11.8 10.5 6.5 1.9 8.0 12 154
Be [0.5 05 0.5 0.5 0.0 0.0 1.1 0.0 2 20
B |- - - - - - - - 0 0
N |- - - - - - - - 0 0
F |- - - - - - - - 0 35
S 143 140 89.8 143.0 |110.8 220.6 2.85 129.8 |4 67
Cl |151.0 151.0 151.0 - 0.0 0.0 1.0 - 1 28
Sc [28.0 28.0 26.5 28.0 9.0 11.9 1.4 9.1 97 863
V [186.0 186.0 166.0 186.0 |79.4 100.0 1.7 88.1 |92 1030
Cr |210.0 168.0 165.0 2100 |145.0 1620 2.1 140.0 | 120 1140
Co |48.9 46.8 46.5 48.9 15.1 23.5 1.4 155 |87 759
Ni [103.0 100.0 91.6 103.0 |46.7 65.0 1.7 48.3 100 1080
Cu [434 378 36.0 43.4 274 33.1 1.9 259 |72 774
Zn |77.6 8l1.1 73.0 77.6 25.2 433 1.4 269 |72 751
Ga |17.1 173 16.8 17.1 3.1 4.6 1.2 32 48 391
Ge |- - - - - - - - 0 0
As |- = - - - - - - 0 0
Se |- S - - - - - - 0 0
Br |- - - - - - - - 0 0
Rb |15.5 10.6 10.0 15.5 13.0 20.2 2.8 13.6 |112 1180
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Sr

Zr

Nb

Ru
Rh
Pd
Ag
Cd
In

Sn
Sb

Te

Cs
Ba
La
Ce
Pr
Nd
Sm
Eu

Gd

482.0

19.9

91.3

8.8

2.3

0.0

5.54

0.752

470

14.1

30.0

3.6

15.8

3.8

1.2

3.8

465.0

19.0

83.3

7.0

1.9

0.0

5.54

0.390

393

11.6

27.0

3.5

14.7

3.6

1.3

3.8

437.0

17.3

70.5

7.0

2.1

0.0

5.54

0.316

358

11.5

25.0

3.0

13.7

34

1.2

34

482.0

19.9

91.3

8.8

2.3

0.0

0.752

470

14.1

30.0

3.6

15.8

3.8

1.2

3.8

207.0

9.9

58.9

5.8

1.2

0.0

0.00

0.960

330

8.6

17.2

2.1

8.0

1.7

0.4

1.7

184

315.0

16.6

88.7

7.7

0.8

0.0

0.00

0.871

428

12.9

274

33

12.3

23

0.6

24

1.8

2.2

2.0

1.6

0.0

1.00

4.280

20

1.9

2.0

1.8

1.6

1.4

1.7

210.0

10.5

63.1

5.8

1.1

0.0

0.901

334

8.7

17.6

22

8.4

1.7

0.4

1.8

121

102

105

99

44

107

118

119

63

115

114

108

79

1280

1030

1060

888

62

77

39

340

1120

1080

1090

535

1080

1070

983

705
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Table B.3: Post-Archean Granulite Terrains

Mean Median Geometric Y Mean | STD IQR Geo Y STD | N (filtered) N (original)
Mean STD

Li |79 72 7.3 7.9 32 4.7 1.5 3.1 6 74
Be |20 1.6 1.9 2.0 0.7 1.1 1.4 0.6 3 36
B |- - - - - - - - 0 0
N |- - - - - - - - 0 0
F |- - - - - - - - 3 9
S 1300.0 300.0 300.0 - - - - - 1 10
Cl |100.0 100.0 100.0 - 0.0 0.0 1.0 - 2 6
Sc [254 25.6 22.7 254 10.5 14.3 1.7 11.9 |50 635
V [163.0 157.0 145.0 163.0 |68.9 90.9 1.7 789 |54 1030
Cr |198.0 132.0 126.0 198.0 |209.0 183.0 2.6 176.0 |81 1130
Co |32.3 31.8 27.8 323 16.5 21.6 1.8 17.2 |41 677
Ni |80.4 59.0 55.7 80.4 78.4 64.8 2.3 65.5 |82 1110
Cu (342 29.0 28.2 34.2 20.4 27.7 1.9 20.6 |45 748
Zn |81.1 77.7 76.4 81.1 294 37.6 1.4 27.7 |67 949
Ga [18.6 18.0 18.4 18.6 2.8 39 1.2 2.8 38 774
Ge |- - - - - - - - 0 0
As |- = - - - - - - 0 0
Se |- S - - - - - - 0 0
Br |- - - - - - - - 0 0
Rb |65.2 59.0 42.6 65.2 48.1 79.0 3.0 56.9 |127 1340
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Sr

Zr

Nb

Ru
Rh
Pd
Ag
Cd
In

Sn
Sb

Te

Cs
Ba
La
Ce
Pr
Nd
Sm
Eu

Gd

280.0 267.0
2877 242
166.0 136.0
99 95
24 32
0.0 0.0
36 29
0.1 0.1
1.7 0.7
470.0 461.0
26.8 245
55.6 505
6.0 6.1
259 248
52 49
1.3 14
49 44

240.0

249

127.0

7.7

1.8

0.0

3.0

0.0

0.6

360.0

20.9

45.0

4.3

21.6

4.5

1.2

4.3

280.0

28.7

166.0

9.9

24

0.0

3.6

0.1

1.7

470.0

26.8

55.6

6.0

25.9

5.2

1.3

4.9

144.0

15.8

114.0

6.2

1.3

0.0

2.6

0.1

2.0

280.0

16.7

33.3

3.9

15.3

2.8

0.4

2.6

187

190.0

17.3

147.0

7.9

2.1

0.0

2.7

0.1

2.5

447.0

244

42.5

54

17.1

3.0

0.7

23

1.8

1.7

2.2

2.3

2.3

0.0

1.8

2.9

6.0

24

2.2

20

2.7

1.9

1.8

1.4

1.7

152.0

14.9

118.0

6.9

1.7

0.0

23

0.1

2.3

330.0

18.3

35.0

4.7

15.1

2.8

0.4

24

134

67

90

63

24

83

63

62

27

57

55

53

42

1420

1170

1330

948

37

223

60

530

1260

1050

1060

588

878

842

836

683



Tb

Dy

Er
Tm
Yb
Lu
Hf

Ta

Re

Ir

Pt

Hg
Tl
Pb
Bi

Th

0.9

4.3

0.9

2.5

0.5

2.5

04

4.1

0.7

13.2

9.9

1.0

0.7

3.7

0.8

2.1

0.4

2.0

0.4

4.1

0.5

11.7

54

0.8

0.8

39

0.8

2.3

0.4

2.2

0.3

33

0.5

10.4

4.2

0.7

0.9

4.3

0.9

2.5

0.5

2.5

0.4

4.1

0.7

13.2

9.9

1.0

0.5

2.0

0.4

1.2

0.2

1.3

0.2

23

0.5

8.2

10.2

0.9

0.5

24

0.6

1.3

04

1.5

0.2

3.0

0.7

12.1

16.2

1.0

1.8

1.6

1.6

1.6

1.6

1.7

1.7

2.0

24

4.9

2.8

0.5

1.9

0.4

1.2

0.2

1.3

0.2

2.5

0.5

8.7

11.7

0.9

44

32

31

33

13

61

48

41

29

35

90

83

759

634

607

642

67

862

802

666

578

29

18

728

14

816

732

Units: Pd,W, Re, Os, Ir, Pt, and Au are in ppb. All other elements are in ppm.
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Table B.4: Archean Granulite Terrains

Mean Median Geometric Y Mean | STD IQR Geo Y STD | N (filtered) N (original)
Mean STD

Li [153 163 14.4 15.3 4.6 7.6 1.4 5.0 4 84
Be |- = - - - - - . 0 0
B |- - - - - - - - 0 0
N |- - - - - - - - 0 0
F |- - - - - - - - 0 1
S 1772 1772.0 698 1772 2303 3260 4.9 2190 |2 5
Cl [90.0 90.0 90.0 - 0.0 0.0 1.0 - 1 6
Sc |16.6 16.1 13.1 16.6 9.8 13.9 22 11.0 (33 468
vV |119.0 115.0 102.0 119.0 162.0 81.0 1.8 64.0 |48 1000
Cr |146.0 117.0 104.0 146.0 |108.0 1700 2.4 114.0 |67 1060
Co |41.3 35.7 33.6 41.3 25.4 38.1 1.9 25.7 |35 604
Ni |72.4 55.0 54.9 72.4 52.1 76.7 2.2 51.7 169 1090
Cu [28.5 247 224 28.5 17.5 30.3 2.1 18.9 |32 736
Zn |66.0 659 61.9 66.0 22.0 32.6 1.5 23.6 |40 875
Ga [20.2 195 19.9 20.2 3.7 4.9 1.2 3.6 27 703
Ge |- - - - - - - - 0 0
As |30.0 30.0 30.0 - 0.0 0.0 1.0 - 1 11
Se |- - - - - - - - 0 6
Br |- - - - - - - - 0 0
Rb (442 37.0 23.9 44.2 39.9 63.2 3.7 455 |89 1340
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Sr

Zr

Nb

Ru
Rh
Pd
Ag
Cd
In

Sn
Sb

Te

Cs
Ba
La
Ce
Pr
Nd
Sm
Eu

Gd

307.0

18.4

155.0

9.2

1.8

561.0

273

49.8

5.0

18.1

3.6

1.1

35

295.0

17.8

137.0

7.3

0.9

559.0

20.0

40.0

4.4

16.4

3.3

1.1

33

237.0

15.8

135.0

7.5

0.8

459.0

21.8

41.6

4.4

15.8

33

1.1

32

307.0

18.4

155.0

9.2

1.8

561.0

27.3

49.8

5.0

18.1

3.6

1.1

35

185.0

9.4

86.4

6.6

2.2

316.0

20.6

33.8

2.6

9.2

1.5

0.3

1.5

190

333.0

13.0

75.7

5.7

24

425.0

24.5

34.5

2.7

8.6

23

0.5

22

2.2

1.8

1.7

1.9

4.2

2.0

1.9

1.8

1.7

1.7

1.5

1.4

1.6

212.0

9.9

79.8

5.7

2.1

346.0

17.6

28.9

24

9.3

1.5

0.33

1.56

87

70

84

66

38

69

66

65

39

64

55

53

45

1360

1130

1270

973

229

1220

993

987

376

594

661

641

455



Tb

Dy

Er
Tm
Yb
Lu
Hf

Ta

Re

Ir

Pt

Hg
Tl
Pb
Bi

Th

0.5

33

0.6

1.8

0.3

1.6

0.3

32

0.7

6.7

10.0

7.4

1.2

0.5

3.0

0.6

1.7

0.3

1.6

0.3

3.1

0.4

6.7

2.7

0.5

0.5

3.0

0.6

1.5

0.3

1.4

0.2

3.0

0.4

6.7

29

0.6

0.5

33

0.6

1.8

0.3

1.6

0.3

3.2

0.7

10.0

7.4

1.2

0.2

1.2

0.3

0.8

0.1

0.8

0.1

0.9

0.9

0.0

54

14.6

1.7

0.3

1.9

0.4

0.9

0.1

1.3

0.1

1.4

0.3

0.0

54

52

1.4

1.6

1.5

1.7

1.8

1.2

1.9

1.8

1.4

2.5

1.0

1.6

3.7

33

0.22

1.28

0.30

0.93

0.05

0.91

0.13

0.95

0.61

4.77

9.21

1.28

50

39

40

42

53

35

44

26

61

73

66

571

481

417

484

86

630

524

377

258

758

772

562

Units: Pd,W, Re, Os, Ir, Pt, and Au are in ppb. All other elements are in ppm.
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Table B.5: Eclogite Facies Xenoliths

Mean Median Geometric Y Mean | STD IQR Geo Y STD | N (filtered) N (original)
Mean STD
Li |28.7 28.7 28.7 - 0.0 0.0 1.0 - 8
Be |- = - - - - - - 0
B |- - - - - - - - 0
N |- - - - - - - - 0
F |- - - - - - - - 4
S |- - - - - - - - 0
Cl |- - - - - - - - 4
Sc [56.2 57.0 55.6 56.2 7.5 13.8 1.15 7.6 33
vV (320 274 314 320 62.4 120 1.21 61.0 60
Cr |626 764 552 626 278 554 1.70 308 60
Co [62.7 65.2 61.6 62.7 11.4 20.5 1.21 11.9 35
Ni [182 157 174 182 53.5 110 1.34 53.2 60
Cu [55.2 552 55.1 55.2 4.13 8.26 1.08 4.1 31
Zn |72.3 689 70.9 72.3 14.3 25.5 1.21 14.0 58
Ga|ll4 114 114 - 0.0 0.0 1.00 - 46
Ge |- - - - - - - - 0
As |- - - - = - - - 0
Se |- = - - - - - - 0
Br |- - - - - - - - 0
Rb (7.4 7.1 5.4 7.4 4.9 11.0 24 5.6 41
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Sr

Zr

Nb

Ru
Rh
Pd
Ag
Cd
In

Sn
Sb

Te

Cs
Ba
La
Ce
Pr
Nd
Sm
Eu

Gd

165.0

19.6

40.1

104

370.0

5.6

16.5

22

9.7

2.6

1.0

2.8

178.0

20.7

41.1

6.3

239.0

6.0

13.9

1.9

7.9

23

0.8

24

157.0

19.1

344

5.1

242.0

4.3

12.3

1.9

7.9

25

1.0

2.7

165.0

19.6

40.1

10.4

370.0

5.6

16.5

2.2

9.7

2.6

1.0

2.8

53.5

4.1

20.6

9.9

350.0

3.5

10.9

1.3

6.2

1.1

0.2

0.8

193

72.0

7.2

29.3

19.2

382.0

6.0

20.7

1.9

9.5

1.0

0.4

1.1

1.4

1.2

1.8

39

2.6

2.2

2.3

1.9

1.9

1.4

1.3

1.3

52.0

4.2

21.7

11.3

323.0

39

12.3

1.3

6.0

1.0

0.2

0.8

67

66

65

58

67

62

62

30

37

34

34

30



Tb

Dy

Er
Tm
Yb
Lu
Hf

Ta

Re

Ir

Pt

Hg
Tl
Pb
Bi

Th

04 04
30 3.0
0.6 0.6
1.6 1.7
03 03
21 19
03 03
1.5 14
0.6 0.7
29 29
04 03
02 02

0.4

29

0.6

1.6

0.3

2.0

0.3

1.3

0.6

23

0.4

0.2

0.4

3.0

0.6

1.6

0.3

2.1

0.3

1.5

0.6

29

0.4

0.2

0.1

0.5

0.1

0.2

0.0

0.8

0.1

0.7

0.1

1.7

0.2

0.2

0.1

0.9

0.2

0.3

0.0

1.3

0.1

1.2

0.1

33

0.3

0.3

1.2

1.2

1.2

1.2

1.1

L5

1.3

1.6

1.1

20

1.7

1.9

0.1

0.5

0.1

0.2

0.0

0.8

0.1

0.7

0.1

0.2

0.1

34

30

30

30

27

34

32

31

29

18

18

18

38

55

54

Units: Pd,W, Re, Os, Ir, Pt, and Au are in ppb. All other elements are in ppm.
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Table B.6: Eclogite Facies Terrains

Mean Median Geometric Y Mean | STD IQR Geo Y STD | N (filtered) N (original)
Mean STD
Li |- - - - - - - - 0 2
Be |- = - - - - - - 0 0
B |- - - - - - - - 0 0
N |- - - - - - - - 0 0
F |- - - - - - - - 0 2
S |- - - - - - - - 0 0
Cl |- - - - - - - - 0 1
Sc [37.9 303 31.0 37.9 232 414 1.9 234 |3 33
V [239.0 244.0 224.0 239.0 |754 86.5 1.5 843 |5 14
Cr |167.0 187.0 140.0 167.0 |76.6 127.0 2.0 98.2 |8 39
Co |38.0 38.1 36.2 38.0 11.5 13.2 1.4 11.7 |7 38
Ni (83.7 86.0 71.9 83.7 27.0 35.8 L5 31.1 |8 37
Cu [26.8 17.8 21.7 26.8 18.6 26.5 1.9 17.0 |6 13
Zn | 108.0 105.0 106.0 108.0 |19.8 36.5 1.2 19.7 |4 30
Ga [20.3 19.0 19.7 20.3 5.0 9.0 1.3 4.9 3 9
Ge |- - - - - - - - 0 0
As |- - - - - - - - 0 23
Se |- - - - - - - - 0 0
Br |- - - - - - - - 0 0
Rb [7.6 44 55 7.6 6.0 10.2 22 5.8 3 35
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Sr

Zr

Nb

Ru
Rh
Pd
Ag
Cd
In

Sn
Sb

Te

Cs
Ba
La
Ce
Pr
Nd
Sm
Eu

Gd

207.0

27.6

89.2

6.5

0.1

212.0

7.9

15.6

0.8

6.7

25

1.0

5.0

183.0

26.2

107.0

5.4

0.1

135.0

6.4

14.8

0.8

5.8

2.0

1.0

5.0

165.0

24.8

81.4

6.1

0.1

136.0

6.3

12.9

0.8

6.3

24

1.0

5.0

207.0

27.6

89.2

6.5

212.0

7.9

15.6

6.7

25

1.0

5.0

118.0

12.0

33.1

2.5

0.0

188.0

53

8.8

0.0

2.5

1.0

0.1

0.2

196

208.0

22.0

60.3

4.3

0.0

319.0

94

16.9

0.0

3.5

1.4

0.1

0.5

2.1

1.6

1.6

1.4

1.0

2.7

20

1.9

1.0

1.4

1.4

1.1

1.1

134.0

12.3

37.6

24

189.0

52

9.3

23

0.9

0.1

0.2

45

13

36

26

39

35

35

36

36

34



Tb

Dy

Er
Tm
Yb
Lu
Hf

Ta

Re

Ir

Pt

Hg
Tl
Pb
Bi

Th

0.7 038
63 63
1.3 13
38 38
05 05
34 38
02 02
1.8 1.8
0.1 0.1
23 23
02 02
0.1 0.1

0.7

6.3

1.3

3.8

0.5

3.0

0.2

1.8

0.1

2.2

0.2

0.1

0.7

1.3

3.8

34

0.2

0.0

0.1

0.2

0.0

1.5

0.0

0.0

0.0

0.7

0.1

0.0

0.4

0.0

0.1

0.3

0.0

2.5

0.0

0.0

0.0

1.4

0.3

0.0

1.4

1.0

1.0

1.0

1.0

1.7

1.0

1.0

1.0

1.4

2.1

1.0

0.2

0.1

0.2

1.6

0.7

0.1

34

40

31

32

29

32

32

Units: Pd,W, Re, Os, Ir, Pt, and Au are in ppb. All other elements are in ppm.
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Figure B.5: Maps of the metamorphic sample datasets that we have extensive sample
coverage for amphibolite and granulite facies lithologies with more limited exposures of
eclogite facies lithologies. Each circle is a single sample whose color is determined by
weight percent SiO;. Many circles overlap. There is little correlation between SiO, and
location.
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Figure B.6: Maps of the metamorphic sample datasets that we have extensive sample
coverage for amphibolite and granulite facies lithologies with more limited exposures of
eclogite facies lithologies. Each circle is a single sample whose color is determined by
weight percent Si0,. Many circles overlap. There is no correlation between Mg# and
location.
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Figure B.7: Nb vs. Ta forms a log-linear relationship with consistent Nb/Ta values for

amphibolite and granulite facies lithologies. Color is relative data point density.
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Figure B.8: Ln[Th] vs. Ln[U] for amphibolite and granulite facies lithologies forms a
linear trend. Color indicates relative data point density. The Th/U ratio for all lithologies
forms a linear trend in log-log space. Scatter in U concentration could be caused by U’s
mobility in certain oxidation states since amphibolites can contain hydrous minerals.
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Appendix C:  Supporting Information for Chapter 4
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Figure C.1: Vs varies primarily as a function of temperature and composition. The
figure shows the calculated Vs for each sample from the southwestern US at different
temperature intervals. For this example, pressure is kept constant at 0.858 GPa (~30 km
depth). Lowering temperature or SiO; content generally decreases Vs.

C.1 Compositional Maps and Uncertainties
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Figure C.2: Uncertainty in wt.% associated with our SiO, calculations. Uncertainty is
calculated as % the inter-quartile range at various depths. Uncertainty is lowest in the
Southern Basin and Range and remains relatively consistent with depth.
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Figure C.3: Variations in median MgO + FeO abundance across the Basin and Range
and Colorado Plateau. Where SiO, abundance decreases, amount of mafics increases

with depth. The Southern Basin and Range has a consistently high mafic content while
the Colorado Plateau is more intermediate.
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Figure C.4: Uncertainty in wt.% associated with our MgO + FeO calculations. Uncer-
tainty is calculated as % the inter-quartile range at various depths, and increases by a few
wt.% with increasing depth.
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Figure C.5: The Colorado Plateau shows the greatest % change in composition when
compared to the uncertainty in our measurements. There is almost no composition change
from the top to the bottom of the lower crust in the Southern Basin and Range. The color
scale indicates the difference in (A) SiO; or (B) mafics between 20 km and at Moho
depth, divided by the uncertainty in the composition at Moho depth.
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Figure C.6: Median Vp calculated from the joint geochemical-geophysical model. Orig-
inal Vp’s were calculated in Perple_X. The Colorado Plateau is clearly visible as a slower

Vp region to the east.
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Figure C.7: Joint model selections of median Vs. The geochemical data favor faster Vs
solutions and therefore weight the model.
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Figure C.8: Median Vs from inversion of Earthscope USArray seismic data at various
depths. Vs increases noticeably with increasing depth.
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