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Interrogation of the chemical composition of rocky planets provides a deeper under-
standing of the history and evolution of the solar system. While laboratory studies of
returned samples and remote sensing surveys of planetary surfaces can give insight into
planetary history, one technique that has delivered major insights to planetary geology is in
situ measurements of a planetary surface via mass spectrometry. Here, a new approach to
spaceflight mass spectrometry is discussed, including an overview of the pursued scientific
questions, the analytes targeted, and the prototype hardware in development. This effort
constitutes the scientific and technological foundation of a landed planetary mission.

This dissertation focuses on the history and evolution of the Earth-Moon system as
recorded by trace elements. Specifically, the abundance and distribution of the heat produc-
ing elements (HPEs: K, Th, U) and their implications for mantle dynamics is considered.
The radiogenic heat produced from K, Th, and U drives mantle convection, volcanism, and
planetary dynamos. To understand better the chemical dynamics of radiogenic heat dis-
tribution in the Earth, the HPE abundance of a series of oceanic basalts was statistically

analyzed. This analysis revealed the K/U ratio of the mantle and how it changes due to



the enrichment or depletion of incompatible elements. The HPE abundance of the lunar
interior was also discussed as a target of a future investigation, along with a series of trace
element proxies meant to probe the lunar farside mantle. Further, an analysis of lunar far-
side craters provides a series of landing sites for an in situ mission, specifically for their
surficial exposure of upper mantle material and later emplacement of lunar basalts.

To access the trace element systems discussed in this dissertation, a prototype miniature
inductively coupled plasma mass spectrometer (ICPMS) was developed to analyze trace
elements in situ for landed planetary missions. First, the capability of the plasma to atomize
and ionize input material was investigated. A plasma operating at reduced pressure can
achieve 99% ionization efficiency of most elements on the periodic table, with as much
as a 50 to 100 times reduction in gas load and forward power compared to commercial
systems for both He and Ar based plasma ion sources. The plasma system was integrated
with a quadrupole mass spectrometer via a series of DC ion optics and vacuum housing,
with its ion current and peak resolution optimized. Quantative data for an analyte spectrum
of Kr demonstrates the ability for this instrument to resolve individual mass peaks, which
lead to an accuracy and precision measurement of isotope ratios. This effort represents an

end-to-end prototype miniature ICPMS, successfully demonstrating a viable instrument for

landed planetary missions.
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Preface

A majority of this document contains work that has been previously published in peer-
reviewed journals. Chapters 2, 3, and 4 are all publications that are freely available via open
access, and chapter 5 represents work that will be submitted for publication at a later date.
While the author of this dissertation is the lead author of each publication, each chapter

represents original work by me in collaboration with my colleagues.
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Chapter 1: Introduction

1.1 Overview and Scope of this Dissertation

The main goal of geochemistry is to understand better the geologic system at hand,
whether it is on a local, regional, or planetary scale. Accomplishing this goal requires both
the understanding of the processes that shape planetary surfaces and interiors, and the tools
that can quantify the chemistry of a sample and deliver the necessary data. This dissertation
is a combination of two separate efforts. The first is based in fundamental planetary sci-
ence, seeking to understand the history and dynamics of Earth and the Moon through trace
element systematics. The second effort is that of the toolmaker, involving the development
of a new analytical technique through the miniaturization of an inductively coupled plasma
mass spectrometer (ICPMS). These two fields of research form the framework of a landed
planetary mission to the Moon, in which I have developed the hardware and the scientific

justification for in situ chemical analysis of the lunar surface.

1.2 Defining Planetary Formation and Evolution with Trace Elements

The chemical composition of a rock records the terrestrial processes that produced it.
Planetary scale processes, such as initial accretion from the solar nebula or differentiation
into distinct reservoirs, or local and regional scale processes, such as magmatism or weath-

ering, can drive sample composition to change over time. But because the high abundances



of major elements (i.e. > 1 wt.%) control sample mineralogy, geological processes typi-
cally alter major element composition by a few percent. However, trace elements (< 1,000
ugl/g (parts per million, ppm)) can vary by much wider margins, up to 3 orders of magni-
tude in some terrestrial magmatic systems, acting as sensitive tracers to major processes.
Here, a series of case studies demonstrates the use of trace elements for understanding
planetary history. We discuss a series of geochemical systems and their applications to the

Earth-Moon system.

1.2.1 Heat Producing Elements in the Bulk Silicate Earth

The heat that drives the Earth’s mantle convection comes from two main sources: (1.)
primordial heat from the initial accretion of the Earth, and (2.) radiogenic heat from the
radioactive decay of the heat-producing elements (HPEs), namely K, Th, and U. The abun-
dances of K, Th, and U in terrestrial reservoirs is influenced by their incompatibility, or
their respective affinities for solid and liquid phases during melting or core formation. The
HPEs are incompatible elements, so their abundances are higher in reservoirs that repre-
sent accumulation of low degrees of partial melting, such as the continental crust [90, [170].
HPE and other incompatible element abundances are depleted in the residual mantle reser-
voirs that have sourced these melts, leading to areas of enriched or depleted HPE reservoirs
[12 85]. Because mid-ocean ridge basalts (MORBs) are sourced from the upper mantle,
the abundance of K, Th, and U in oceanic basalts can directly inform to their abundances
throughout the Earth’s interior.

One statistical method of estimating the abundance of an element in a reservoir is by
using elemental ratios [84]. This method is robust because the ratios change little during
geologic processing, contrary to larger variations in element absolute abundance. Consid-

ering Earth’s HPE ratios, initial estimates of the ratio of potassium to uranium were ~10%



[203], which is distinct from the K/U of CI chondrites of ~8x10* [115]. Later studies
suggest distinctions between the K/U ratios of major silicate reservoirs, such as the mantle,
continental crust, and source region of ocean island basalts (OIBs) [[10} [11}165]. However,
the overall K/U ratio of oceanic basalts and their mantle source regions requires further
constraints.

In chapter [2] of this dissertation, I have produced an updated model for the abundance
and distribution of HPEs in the bulk silicate Earth. The statistical modeling and analysis
was performed on previously published K, Th, and U abundance values of MORB and OIB

samples, leading to the estimated K/U ratio of the mantle sources of oceanic basalts.

1.2.2  Formation History of the Lunar Farside

The geologic history of the Moon has been inferred through geophysical and geochemi-
cal observations enabled by remote sensing, in situ seismic observations, and investigations
of samples derived from its surface and interior. The observational techniques include
orbital-based measurements of surficial composition using spectroscopy [158, [159, 215],
and physical structures using gravitational surveys [207]. The composition of the Moon is
also documented by meteorites derived from it [100], and samples returned from landed
missions. These multi-faceted surveys of the lunar surface and interior have revealed lunar
processes through time, shaping the local, regional, and global structure as it is observed
today.

One main defining feature of the Moon that is evident from physical and chemical
observations is a lunar global asymmetry. The lunar nearside and farsides are marked by
a major structural and compositional dichotomies [[79} 96, 98, [150, [174]. Observations of
lunar crustal thickness indicate a farside lunar crust that is thicker than the nearside crust

[207]. The farside crust is more Mg-rich (mafic) than the nearside crust, with a higher



Mg# (atomic Mg/(Mg+Fe)), and more mafic mineralogy. In contrast, the nearside crust is
dominated by more felsic (feldspar and silica-rich), Fe-rich mineralogy [150]. The thinner,
more felsic nearside crust has a significantly higher amount of mare basalt than the farside,
implying more mantle melting than the nearside [[79].

That the farside crust is thicker, compositionally more mafic, and has less surficial
basaltic magmatism than the nearside, implies different formation or evolution histories
between the two hemispheres. This hemispherical asymmetry implies different crystalliza-
tion histories for their mantle regions, possibly due to an asymmetric distribution of HPEs
[67, 103, [104]. As described in the previous section, the abundance and distribution of
HPEs can have a major influence on planetary formation and subsequent processes, and
possibly affected the crystallization sequence of each hemisphere of the lunar mantle.

In chapter [3] I outline the scientific case for sending an instrument capable of making
in situ measurements of trace element abundances in lunar surface materials to understand
the dichotomy between the two lunar hemispheres. I have identified which specific science
questions would be addressed, which trace element systems could provide answers to these
questions, and the performance needed from the instrument to access these geochemical
proxies. Trace element systems as proxies for determining the pressure and temperature
of basalt formation, the source mantle composition, and the chronology can be targeted.
I outline a novel technology that is currently being developed to measure trace element
abundances in situ. Finally, I carried out a landing site analysis of multiple lunar farside

targets, identifying the lithologies that would be best suited for an in situ mission.



1.3 Inductively Coupled Plasma Mass Spectrometry for Trace Element

Measurement

The analytical technique that has shown the most use and ubiquity in the field of trace
element geochemistry has been inductively coupled plasma mass spectrometery (ICPMS),
which relies on a high temperature plasma to break down material into its atomic con-
stituents and ionize the atoms. ICPMS has seen a series of improvements over the previous
decades, and the work outlined in chapters [] and [5] will serve as a further change in the
design and use of this well-established instrument.

The ICPMS consists of three main subsystems: (1.) The plasma ion source, (2.) the
mass analyzer, and (3.) the detector. These three components work in tandem and together
process input sample for analysis, allowing quantification of elemental abundances to low
levels of detection. The plasma is energetic enough to process input samples for trace ele-
ment quantification. After sample ionization, the ions are focused, separated by their mass
to charge ratios (m/z) using electric or magnetic fields and detected as discrete electrical
pulses. The ion detector at the end of the instrument uses either and integrated ion current

converter or pulse counter to determine the final signal intensity at a given m/z value.

1.3.1 Spaceflight Mass Spectrometry

Analytical methods like mass spectrometry have been used for a wide range of applica-
tions in terrestrial laboratories for almost a century. While the laboratory can provide a con-
trollable environment to produce high quality data, mass spectrometers have been ruggedi-
zed, miniaturized, and used for planetary science since the 1960s. Today, mass spectrome-
ters have become indispensable payload instruments for planetary missions. Since the first

mass spectrometer was sent into space, various mass spectrometers have been sent to over



a dozen locations throughout the solar system. The use of mass spectrometry in planetary
science has led to new insights into the evolution of the solar system and planetary history
[L3].

While smaller in size, weight, and power, spaceflight mass spectrometers typically use
the same fundamental design as laboratory-based instruments, containing an ion source,
a mass analyzer, and a detector system. The combination of these three components will
depend mainly on the analyte targeted and the abundance of that analyte. The architecture
of instrument design during the recent era of planetary exploration has followed this logic,
and the work described here is no different. In situ chemical analysis of planetary surfaces
have been a mainstay of solar system exploration for decades, and novel analytical methods
are needed to answer new questions in planetary science.

I have constructed a miniature ICPMS as a prototype of a spaceflight mass spectrom-
eter. Chapter [f] focuses on the ionization capabilities of the low power plasma, in which I
analyzed the fundamental characteristics of the plasma. These data were then used to cal-
culate the ionization efficiency of the plasma, documenting its capability as an ion source
for mass spectrometry.

Chapter [5] outlines the construction of an ICPMS instrument, carried out as a proof-
of-concept with the goal of integrating a low power plasma ion source with a quadrupole
mass analyzer, and demonstrating the ability to analyze input sample. This chapter includes
designs for the vacuum housing, ion optics, and sample inlet system. It also includes cal-
culations for chamber conductance to define the design of the differential pumping stages.
Chamber construction was followed by a series of ion current optimization experiments
to maximize the signal and tune the peak shapes, resulting in a mass spectrum of the ion
beam. Finally, a sample was input into the newly constructed system in order to constrain

empirically the accuracy, precision, and overall performance.



Chapter 2: K/U ratio of the MORB source and silicate Earth

Note: This chapter has been previously published at the following citation, and is currently
available via open access:

Farcy, B., Arevalo Jr, R., & McDonough, W. F. (2020). K/U of the MORB Source and
Silicate Earth. Journal of Geophysical Research: Solid Earth, 125(12), €2020JB020245.

2.1 Abstract

Potassium (K) informs on the radiogenic heat production, atmospheric composition,
and volatile element depletion of the Earth and other planetary systems. Constraints on the
abundance of K in the Earth, Moon, and other rocky bodies have historically hinged on K/U
values measured in planetary materials, particularly comparisons of the continental crust
and mid-ocean ridge basalts (MORBs), for developing compositional models of the bulk
silicate Earth (BSE). However, a consensus on the most representative K/U value for global
MORB remains elusive despite numerous studies. Here, we statistically analyze a critical
compilation of MORB data to determine the K/U value of the MORB source. Covariations
in the log-normal abundances of K and U establish that K is 3—7 times less incompatible
than U during melting and/or crystallization processes, enabling inverse modeling to infer
the K/U of the MORB source region. These comprehensive data have a mean K/U for
global MORB = 13,900 + 200 (20;,; n = 4,646), and define a MORB source region with a

K/U between 14,000 and 15,500, depending on the modeled melting regime. However, this



range represents strictly a lower limit due to the undefined role of fractional crystallization
in these samples and challenges preserving the signatures of depleted components in the
MORB mantle source. This MORB source model, when combined with recent metadata
analyses of ocean island basalt (OIB) and continental crust, suggests that the BSE has a
K/U value >12,100 and contains >260x 10~ kg/kg K, resulting in a global production of

~3.5TW of radiogenic heat today and 1.5x10'7 kg of “°Ar over the lifetime of the planet.

2.2 Introduction

Potassium (K) is a critical variable in compositional models for the Earth, Moon, and
other planetary systems. The rarest isotope of K, “°K (atomic abundance of 0.01167%),
which follows a branched decay scheme to 40Ca (89.44%) and *°Ar (10.56%), provides
radiogenic heat and produces atmospheric Ar, and ultimately prospects for habitability.
As a lithophile element with minimal affinity for metallic iron [41] and an intermediate
condensation temperature [114], the abundance of K in the silicate Earth largely defines
the bulk planet’s depletion in volatile elements relative to chondrites (e.g., [4]; [129]).

Despite the attention K attracts as a multifaceted geochemical proxy, the abundance
of K in the silicate Earth, and by extension the bulk planet, remains poorly constrained.
Abundances of refractory lithophile elements, such as La, Th, and U, in the bulk silicate
Earth (BSE) may be inferred directly from chondritic relative abundances [31,1205], thereby
enabling the abundance of K to be extrapolated through empirically observed ratios. Tra-
ditionally, the Earth’s K content has been estimated from K/La, K/Th, and/or K/U values
in terrestrial rocks. Because K, Th, and U are radioactive and concentrated in the crust due
to their highly incompatible geochemical behaviors, we can measure K/Th and K/U on the
surfaces of other rocky planetary bodies via gamma ray spectroscopy from orbit, enabling

comparisons in volatile element depletions across the inner solar system ([157]] and refer-



ences therein). The amount of “°Ar in the BSE provides an independent validation on the
inferred budget of K; for example, a minimum of 120x 10~® kg/kg K is needed to account
for the 66 10" kg of “°Ar currently residing in the atmosphere [196]]. In contrast, higher
levels of K inferred in the BSE (e.g., >200x10~° kg/kg, as predicted by several models
described below) require a deep undegassed reservoir [3]].

The earliest attempts to determine the amount of K in the BSE reported only limited
variances in K/U measured between felsic and mafic rocks, with most K/U estimates for the
BSE falling between 10,000 and 13,000 [95, 198} 2035]]; although some BSE models sug-
gested K/U values up to 17,000 [31]. However, these findings were based on small sample
collections. Later studies have added considerably larger amounts of data and uncovered
measurable distinctions between K/U values, as recorded in rocks from the continental
crust and oceanic basalts (e.g., [10,107]). Perhaps more surprisingly, independent surveys
that focused exclusively on mid-ocean ridge basalts (MORB) also show statistically signif-
icant K/U variations [10,165}94]. As a result, a wide range of K/U values for the BSE have
been reported, resulting in anywhere from 120 x 107® kg/kg to more than 300 x 1076
kg/kg K in the silicate Earth (assuming ~2.8 CI1 chondrite abundances for the refractory
elements; e.g., [129}1155]]). The K/La ratio has also been employed to constrain the Earth’s
K content, given a relatively constant MORB K/La value of ~330 [122}[155]. The problem
with this approach is that the relative difference in the incompatibilities (as measured by
partition coefficients) of K and La are greater than for K and U; consequently, relying on

K/La correlations leads to skewed estimates of the K content of the BSE.

2.3 Attempts to constrain the K/U value of global MORB

Access to fresh samples from reliable curation facilities (e.g., Smithsonian Institute),

streamlined acquisition of chemical analyses via in situ methods (e.g., laser ablation in-



ductively coupled plasma mass spectrometry, LA-ICPMS), and the emergence of publicly
available online databases (e.g., PetDB) provide robust avenues to determine the K/U value
for MORB. However, even with a growing number of analyses to interrogate, independent
statistical evaluations of the same sample collection and/or data, compilations may derive
different “representative” K/U values. For example, the application of means and standard
deviations to describe a sample set assumes a normal distribution, which may not reflect
the population. Although the distribution of K/U in MORB approximates a Gaussian curve
(e.g., [94]]), K and U abundances are skewed in mantle-derived materials (e.g., [9]), requir-
ing that log-normal abundances be considered for traditional statistical treatments. Conse-
quently, the composition of the MORB source may be (and has been) inferred from: i) the
distribution of K/U values measured in each individual specimen; and/or, ii) log-normal
distributions of K and U abundances. The former approach requires that both K and U
be measured in each sample under investigation, potentially limiting the size of available
data sets, but ensuring a uniform number of samples and an equal global distribution. The
latter approach allows for decoupling between sample sets that characterize K and U dis-
tributions, supporting larger databases, but are at risk of unequal sample sizes, discrepant
geographical coverage, and analytical biases, particularly the under-representation of sam-
ples depleted in U due to challenging detection limits and/or counting statistics.

Within the course of only a few years, several studies that attempted to determine a rep-
resentative K/U value for the source of MORB arrived at statistically distinct answers, albeit
through different approaches. [10] analyzed both K and U in a limited but global suite of
MORB glasses (n = 75) by high-precision LA-ICPMS within a single laboratory (thereby
eliminating the risk of inter-laboratory bias), indicating a mean K/U value >18,000 (Ta-
ble |2;1'[) Depleted, or “normal-type” MORB (N-MORB; [La/Sm],, < 0.63), were linked
to higher K/U values than “enriched-type” MORB (E-MORB; [La/Sm],, > 0.63), reflect-

ing multiple source components with distinct compositions, and/or disparate partitioning

10



Table 2.1: Summary of K, U, and K/U statistics from previous studies

K/U Statistics Arevalo et al. (2009)| Jenner & O'Neill (2012’ Gale et al. (2013)]
Minimum 10,700 5,800 1,600
Quartile 1 15,400 11,300 13,700

Median 18,500 13,800 16,200
Quartile 3 20,600 16,700 19,800
Maximum 43,400 34,400 43,500
Count 75 458 608
K/U Average 18,300 14,000 17,000
c 4,800 4,000 5,600
20, 1,100 400 500
Log-Normal Statistics Arevalo et al. (2009) Jenner & O’Neill (2012)  Gale et al. (2013)
K Average ( x 10 kg/kg) 1,100 990 1,300
c 200 110 100
Count 75 464 746
26, 40 10 10
U Average ( x 107 kg/kg) 0.061 0.078 0.087
c 0.026 0.027 0.027
Count 75 491 693
20, 0.006 0.002 0.002
K/U Average 17,700 12,800 15,300
c 7,900 4,700 4,900
20, 1,800 400 400

“Data reported for both “normal-type” and “enriched-type” MORB, as defined in the text.

bData reported for all MORB samples derived from recognized spreading centers.

“Data reported for new (i.e. previously unpublished) MORB measurements provided in Gale et al. (2013)
behavior between K and U during mantle melting and fractional crystallization of basalts.

[94] measured the compositions (including both K and U) of more than 600 basaltic

glasses collected from the ocean floor, including 497 MORB samples from recognized
spreading centers, by similar high-precision LA-ICPMS techniques; these data support a
MORB K/U value closer to 14,000 (Table 2.1)). Although the variances in K/U determined
by these two independent studies are nearly identical, an unpaired Welch’s t-test, which

conservatively assumes heteroscedasticity, indicates that these distributions are statistically

distinct at the >99.9% confidence level.
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[65] also characterized a limited collection of MORB, but they further combined these
data with thousands of published measurements of K and U (including [94], but not limited
to high-precision methods) from a global array of MORB glasses and whole rock samples
compiled from the PetDB online database and unpublished data from multiple sources.
Rather than treating the composite data set as a sub-sampling of a single population, [65]]
instead employed the data to estimate average compositions of 771 segments of the mid-
ocean ridge network, relying on log-normal means to define representative abundances of
highly incompatible trace elements, such as K and U. The spreading rate and length of each
segment were used to define and apply a weight factor to each segment, leading [65] to
argue for a global MORB K/U value closer to 12,000. Interestingly, the new data published
in this study (n = 273, primarily from the Mid-Atlantic and Gakkel Ridges), which were
collected by LA-ICPMS techniques, indicate: 1) a substantively higher mean K/U value of
17,000 (table |2;1'[); and, ii) a distribution that is statistically indistinguishable from [10], as
determined by an unpaired Welch’s t-test at the >99.9% confidence level.

Although these studies attempted to solve the same problem objectively, variations be-
tween their respective compositional models highlight the importance of statistical data

treatments as well as potential sources of error, including:

e analytical artifacts (e.g., systematic errors, different approaches in calibration strat-
egy, and/or disproportionate characterization of more enriched samples due to instru-

ment detection limits); and/or

e inequivalent geographical sampling (e.g., asymmetrical spatial coverage between

samples with available K and U measurements).

Through a metadata analysis, in this study we attempt to circumvent controversial nor-
malization schemes and weighting functions and simply rely on statistical variances to

describe the uncertainties of global MORB chemistry. We explore potential links between
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K/U statistics and specific measurement techniques to evaluate critically analytical biases.
To limit geographical inequalities, we focus only on samples that have been analyzed for
both K and U. We also examine correlations between K/U and other geochemical indices
that provide insights into distinct source contributions and partitioning behaviors. Frac-
tionation between K and U is characterized quantitatively as a function of partial melting
and/or crystallization processes to build a compositional model of the MORB source re-

gion, thereby enabling a reconstruction of the K/U value and K abundance of the BSE.

2.4 Data compilation and analytical methods

We compiled compositional data for > 29,000 MORB samples from the PetDB database.
The raw data were filtered to comprise samples with S10; =41 — 57% to reflect the IUGS
classification of basaltic lithologies. Samples indicative of excessive olivine accumulation
(i.e., MORB with MgO > 16 wt.%) were extracted, and only samples with Al,O3 < 18
wt.% were included, encompassing the highest estimates of near-primary melt MgO and
Al,O3 contents for MORB (e.g., [54]). Only samples with major element oxides sum-
ming to 100 £ 2% were admitted. Of this pared data set, only samples with both K and U
measurements were considered in order to enforce an equal spatial distribution across the
global ridge system. After applying these chemical filters, 4740 MORB sample analyses
remained from the initial compilation. Aqueous alteration is not expected to affect the K/U
results reported here because only analyses of fresh MORB glasses were considered, as
demonstrated by a cohesive linear correlation between Th and fluid-mobile Ba (1? = 0.85)

in the data set (see Appendix [A]).
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2.5 A representative K/U value for global MORB

The MORB samples critically evaluated here are globally distributed (Fig. [2.1) and in-
clude 2877 glasses, 1545 whole rock samples, and 318 unlabeled rock types. Nearly all
samples (n = 4713) have K abundances reported as K,O, collected primarily via electron
probe microanalysis (EPMA), and to a lesser extent x-ray fluorescence (XRF) and/or in-
strumental neutron activation analysis (INAA). However, 734 samples report K as a trace
element (Table 2.2)), measured almost exclusively by LA-ICPMS, supporting an investi-
gation into putative biases in reported K abundances determined by different analytical

techniques.
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Fig. 2.2: Histograms of log-normal K and U abundances recorded in the MORB data set investigated
here. (a) Comparison of log-normal distributions and statistics of K reported as K,O and as a trace
element, reflecting different analytical techniques. (b) Log-normal distribution of U.

Two independent log-normal distributions of K may be defined: 1) K determined as
K,O via EPMA, XRF, and/or INAA techniques; and, 2) K treated as a trace element and
measured by LA-ICPMS. Because both distributions are Gaussian in shape (Fig.[2.2)), pa-
rameterized statistical treatments may be applied. An unpaired t-test with unequal variance
indicates that the means of the two distributions are statistically distinct (>99.9% confi-

dence level), with the distribution of K measured as a trace element (via ICPMS) defined
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by a lower geometric mean.

Unfortunately, we cannot investigate analytical biases in the reported values of U be-
cause the specific techniques used to measure U in each sample are not provided. However,
an unpaired t-test with unequal variance reveals that the distribution of K/U recorded by
global MORB is insensitive to the method used to measure K. Thus, these findings fail
to substantiate analytical biases as a root cause of conflicting K/U reported by previous
surveys of MORB [10, 165, 94].

As inferred from K/U measured in each in-
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natively, using the log normal K and U distri-
butions from the same dataset, global MORB Fig. 2.3: Gaussian distribution of K/U values

for the inclusive MORB data set (for samples
could arguably be represented by a K/U value of  with K reported as both K,O and a trace ele-

ment, the trace element abundance served as

12,800 £ 500 (20,,), approximating the model the default)

MORB composition based on the integration of

ridge segment averages [65]. However, the drawbacks to the latter treatment, mainly un-
equal K and U sample sizes, discrepant geographical coverage, and analytical biases, are
discussed above. Although geographical inequalities inevitably persist in MORB data sets
due to incomplete and uneven sampling across the entire mid-ocean ridge network, sam-
pling biases may be attenuated by focusing on samples with both K and U measurements
(as demonstrated here). Nonetheless, these two distinct K/U values for MORB, derived
from the same data set, highlight the sensitivity of statistical treatments to the construction

of global compositional models.
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2.6 Fractionation of K and U during magmatic processing

The metadata evaluated here comprise 2961 enriched-type MORB (E-MORB; [La/Sm],,
> 1.0), 1535 normal-type MORB (N-MORB; [La/Sm],, < 1.0), and 244 samples with un-
known chemical enrichment/depletion due to insufficient rare Earth element (REE) analy-
ses. A negative correlation between K/U and [La/Sm], (see Appendix [A) indicates that
U is more incompatible than K during partial melting and/or fractional crystallization,

corroborating observations reported previously (e.g., [180]; [[/7];[10]; [155]). Quantita-

tive constraints on the partitioning behavior of these two elements (i.e., Dg’lid/ liquid | e rsus
D?lid/ liquid) may be informed by a log—log co-variation diagram (e.g., [85]; [176]; [10];

[84]]) if we assume that silicate differentiation is the primary control on K/U fractionation.
Using this diagnostic approach, equal partitioning behavior between two elements would
manifest as a slope of unity (m = 1.00). However, the role of different mass contribu-
tions from mantle sources with distinct compositions cannot be dismissed (e.g., more melt
contribution for an enriched mantle source).

Bivariate linear regression analyses of the log-normal U (ordinate) versus K (abscissa)
data presented here confirm that U is more incompatible than K; however, the exact slope
(and by extension inferred magnitude of fractionation) is sensitive to the analytical tech-
nique used to measure K (Fig. [2.4). The regression best fit to the ICPMS data, which has a
lower mean square weighted deviation (MSWD) than the regression for the complete data
set, indicates a slope of 1.18 + 0.04 (95% confidence) in agreement with previous evalu-
ations [9]. Although the dynamics of MORB genesis are complicated by magma replen-

ishment, mixing, extraction, and crystallization (amongst other processes; e.g., [153, [154]

solid /liquid

[152]), this quantitative log-log relationship can be used to infer Dy based on a
given D;JOM/ liguid "\ hich is more tightly constrained due to studies of Pb isotope system-

atics and U-series disequilibria. For more details on our calculation of Dk from log-log
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regression, see Appendix [A]

Here, we assume D;}’lid/ liquid _ 0,001 , in line with partitioning experiments (e.g., [172]),

natural observations of ultramafic systems [/7/], and previous literature compilations [213]].
Given this assumption, if we treat the composition of the most depleted sample in the
ICPMS data (i.e., lowest U abundance) as a proxy for the primary melt, and the most

enriched sample (i.e., highest U abundance) as the last solid to crystallize, D}Olid/ liquid

~ 0.007, or 7 x D‘;]”l’d/ hqmd, according to the bivariate linear regression. Similarly, if
the most depleted sample approximates the composition of the mantle, consistent with a

host of previous MORB source models (e.g., [[11] and references therein), and the most

solid [liquid

enriched sample represents the smallest fractional melt of the source, Dy ~ 0.003,
or 3 x folid/ liqmd, according to the regression (see Appendix @) Although both of these

scenarios are inherently oversimplified, such inverse models place quantitative bounds on
the inferred D;fhd/ liquid 12sed on a statistical analysis of the empirical data set compiled

here.

2.7 The K/U of the MORB source and bulk silicate Earth

The quantitative constraints on DZ)M/ Hiquid provided here enable new insights into the

K/U value of the MORB source region, and by extension the BSE. The comprehensive
database compiled here (not limited to the ICPMS sample set) defines the mean K/U value
of global MORB as 13,900 & 200 (26,,;; Table[2.2). As with the derivation of D}/ /!
we need to consider the type(s) of differentiation process(es) involved in the genesis of
MORB in order to model the fractionation of K/U between source and melt. For example,
if the bulk of the population of MORB samples evaluated here represent 8—20% equilibrium

melting of the source, and assuming DZOW/ fiquid 0001 and D;glid/ fauid: _ 0.003-0.007,

the mean K/U value of the MORB source region falls between 14,000 and 15,500. Alter-
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Fig. 2.4: (a) Schematic showing the effect of unequal element incompatibility on the slope of log-
log regression analyses. (b) Log-log bivariate linear regressions for K and U abundances, with K
measured as an oxide (multiple techniques) compared with K measured as a trace element (primarily
via LA-ICPMS) in the data set compiled here. Regression slopes for both sets of data are distinct
from 1, indicating an unequal incompatibility between K and U.
natively, models of mantle melts derived from an equivalent range of 8-20% of fractional
melting, as opposed to equilibrium melting, would attenuate K/U fractionation, implying a
mean MORB source with a K/U value between 14,000 and 14,200. Considering most sam-
ples in the compilation have less than 10 wt.% MgO, they have also experienced significant
fractional crystallization, which would require an even higher K/U of the MORB source
than what is estimated from inverse modeling of low degree melting alone. Equilibrium
and fractional melting models and data on K/U fractionation due to fractional crystalliza-
tion are found in Appendix [A]

Although the K/U value of the MORB source is thus shown to be model dependent, the
empirical data compiled here highlight that the MORB source region must be characterized

by a K/U value higher than that preserved in the global MORB population. Further, because

melts derived from the most depleted source components contributing to MORB genesis
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are unequivocally overprinted by more enriched domains (e.g., [179]), the K/U value of
the composite MORB source likely falls even higher than these simple model calcula-
tions suggest. If the enriched domains in the MORB source contain a higher proportion
of pyroxenite [214]], which has a lower solidus than peridotite (e.g., [131]), they may be
preferentially melted at mid-ocean ridges and thus introduce a sampling bias [83]], further
implicating a higher source K/U value than that defined by global MORB. Nonetheless,
the range of MORB source compositions defined here may be used to corroborate previous
studies (e.g., [94]) and contradict the higher [10] and lower values proposed by others (e.g.,
[951]; [65D).

To evaluate how the MORB source model constrained here impacts the inferred heat
production and noble gas budget of the BSE, we need to consider other appreciable sources
of K and U; in the simplest scenario, the silicate Earth may be reconstructed by the MORB
source, the source(s) of ocean island basalts (OIB), and the continental crust. A global
compilation of OIB [11], including samples representing “endmembers” defined by ex-
treme radiogenic isotope signatures (e.g., [216]), shows that OIB samples exhibit a signif-
icant variance in K/U. In particular, samples from Gough (mean K/U = 18,900 £ 1800,
20,,; n = 23) and Society (mean K/U = 7200 + 400, 20,,; n = 12) represent the highest and
lowest K/U values of this data set, respectively. Taken together, this inclusive OIB data set
implies a mean OIB K/U value = 11,000 £ 500 (20,,; n = 322). Although OIB derive from
intraplate volcanic centers and thus reflect melting conditions distinct from MORB, trace
element systematics suggest that K is similarly less incompatible than U during the genesis
of OIB (e.g., [180]; [9]); therefore, the mean OIB source region should be modeled with a
K/U value > 11,000.

Historically, compositional estimates of the bulk continental crust have suggested a
K/U value between 7700 [[189] and 15,900 [66l]; however, a more recent synthesis of these

models coupled with a progressive evaluation of new empirical constraints have resulted
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in a preferred K/U value of 11,600 for the continental crust ([169]] and references therein).
Thus, the MORB source is defined by a markedly higher K/U value than both global OIB
and the bulk continental crust.

If we combine the K/U values for the MORB and OIB sources and the continental
crust, weighted according to the mass fraction of U proposed for each domain (e.g., [11];
[169]; and references therein), the preferred mean K/U value for the BSE falls around
12,100 (assuming a chondritic bulk Earth). Of course, this again represents a lower limit
for the silicate Earth, given the potential for chemical overprinting [[179], distinct source
mineralogies [214]], and melt sampling biases [83]], resulting in difficulties in characterizing
the most depleted components of MORB and OIB sources [[179]. Nonetheless, assuming
20 x 10~ kg/kg U in the bulk silicate Earth [129], this K/U value suggests >260 x 10~°
kg/kg K in the BSE, indicating ~3.5 TW of radiogenic heat production from K today
(10% lower than previous estimates; [[10]), contributing to 20 TW of total radiogenic power
produced globally. This K content would produce 1.5 x 10!7 kg of “°Ar over the lifetime

of the planet.

22



Chapter 3: Understanding the Lunar Nearside—Farside Dichotomy via In
Situ Trace Element Measurements: The Scientific Framework

of a Prospective Landed Mission

Note: This chapter has been previously published at the following citation, and is currently
available via open access:

Farcy, B., Arevalo, R., McDonough, W. F. (2021). Understanding the Lunar Nearside—Farside
Dichotomy via In Situ Trace Element Measurements: The Scientific Framework of a Prospec-

tive Landed Mission. The Planetary Science Journal, 2(2), 80.

3.1 Abstract

Trace elements, distinguished by their low abundances (parts per million by weight
(ppmw) track local, regional, and planetary scale processes in samples sourced from through-
out the Solar System. Such analyses of lunar samples have provided insights on its surface
rocks and interpretations of its deep interior. However, returned samples, sourced from
the lunar nearside, cannot be used to address processes responsible for the morphological
dichotomy between the lunar nearside and farside. This hemispherical dichotomy points to
distinct evolutionary histories of these two domains, rendering our understanding of lunar
history as incomplete. We outline the scientific justification for a landed, in situ investi-
gation of lunar farside lithologies, focusing on chemical analyses that will constrain the

Moon’s bi-hemispherical chemical evolution. Newly developed and heritage spaceflight
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instruments, capable of measuring low element abundances (limits of detection <10 ppmw
+20%) can be deployed on the lunar farside and provide constraints on: (1) the temperature
and pressure of mare basalt crystallization, (2) depth dependent mineralogical and compo-
sitional changes in the lunar mantle, (3) the chronology of major geologic events, and (4)
abundances and distributions of refractory and heat producing element abundance of the
lunar farside mantle. The science return and logistical challenges of targeting four spe-
cific landing sites on the lunar farside are identified: Moscoviense, Apollo, Von Karman,
and Leibnitz craters. These sites maximize impact melt basin lithologies and later mare

magmatism, and minimize terrain hazards.

3.2 Introduction

The chemistry of the Moon holds the key to understanding the early history of the Earth-
Moon system, as well as the sequence of formative events in the timelines of other plane-
tary objects. In particular, the composition of the lunar interior provides a window into the
chemical and isotopic fractionation provoked by the Moon-forming event. The Moon’s sur-
face additionally informs on the dynamics of lunar differentiation, calibrates crater count-
ing chronologies, and provides access to mission-enabling resources. Thus, exploration of
the lunar crust and mantle-derived materials is important to constraining the evolution of
the Earth-Moon system and supporting human exploration objectives. The Planetary Sci-
ence Decadal Survey 2013 — 2022 (NRC, 2011) and Lunar Exploration Roadmap (LEAG,
2016) highlight the need to characterize the stratigraphy and structure of the Moon as a
means to resolve the initial conditions of solar system formation and inform on the accre-
tion, differentiation, and impact history of the inner planets.

The bulk compositions of the inner solar system can be described to >90% with only

four elements, namely Fe, O, Mg, and Si, which govern the primary mineralogies of these
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bodies. In contrast, trace element abundances (<1000 ppmw, parts per million by weight)
are not “buffered” by sample mineralogy; rather, distributions of trace elements are con-
trolled by mineral-melt partitioning behaviors that reflect the temperature, pressure, and re-
dox conditions of the system. Consequently, trace element abundances can vary by orders
of magnitude in cogenetic geological samples, and serve as sensitive tracers of planetary
processes.

Here we provide details of a potential lunar landed missions that can deliver key chem-
ical and isotopic information, giving insights into lunar stratigraphy, chronology, and dif-
ferentiation. We outline the scientific justification for such a mission in which heritage or
developing spaceflight analytical techniques can be used to determine the absolute and rel-
ative abundances of a wide range of trace elements and isotopic systems. Our landing site
recommendations focus on lunar farside targets, as these would be best suited to deliver the

greatest scientific returns.

3.3 Science Objectives

The morphological and lithological dichotomy between the lunar nearside and farside
is well documented [79, 96| 98, 150, [174], implying distinct formation histories of the
crust and mantle of each hemisphere. Further constraints are needed to understand bet-
ter the composition and formational history of the lunar farside, and thus the Moon as a
whole. Models explaining the crystallization sequence of the Lunar Magma Ocean (LMO)
depend on accurate predictions of the temperature and composition of the crystallizing
liquid, which has robust constraints from nearside sampling, but little information for the
farside. Here, we identify measurements that will constrain (1) the temperature and pres-
sure of formation of farside mare basalts, (2) the mineralogical composition of the lunar

farside mantle, (3) the chronology of major geologic events in the Moon’s past, and (4)
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the refractory element enrichment and volatile element depletion of the bulk Moon rela-
tive to the Earth. A landed in situ investigation is propsed to make these measurements,
as orbital-based instrumentation can only measure the distribution of major and trace ele-
ments on a regional scale, hemispherical source locations of lunar meteorites are not well
established, and return samples from Apollo and Luna missions sample only the nearside,
biasing our view of lunar evolution. Taken together, the four science objectives described
here will help define the temperature-dependent crystallization sequence of the LMO for
farside mantle material, and provide further compositional and temporal constraints for its

subsequent melt products.

3.3.1 Temperature and Pressure of Mare Basalt Formation

Crystallization of the LMO leads to a characteristic stratigraphy of cumulate mineral-
ogy, defining a bottom-up petrologic evolution to the lunar mantle [53]]. However, the Moon
likely formed with an asymmetric distribution of heat producing elements [67, 103, [104],
possibly leading to a different crystallization sequence on the lunar farside [52]. Because
of this thermal asymmetry, the temperatures and pressures at which mare basalts melt and
crystallize are likely different for farside basalts than for nearside basalts, leading to petro-
logic differences between melt products from the two hemispheres. Here, we outline anal-
yses that will help constrain the temperature and depth of farside mare basalt formation in
order to better understand farside lunar mantle petrology and global heat distribution.

Estimates of the depth and temperature of source region melting are based on analyses
of returned mare basalts and picritic glasses, both of which are derived from isotopically
distinct source regions [[184,[185]]. Whereas mare sources are modeled with minimum melt-
ing depths of 100-250 km [[120], picritic glasses indicate melting depths from 360-520 km

in a garnet-bearing lithology, possibly forming below the depth of LMO cumulate forma-
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Fig. 3.1: (A) Example of calibrated geothermometer, using the temperature-sensitive partitioning of
a given element between two phases during controlled melting experiments. In situ measurements
of specific elements occurring in a given mineral and matrix can be used to estimate the temperature
of melting. Inset shows an example calibration between controlled experimental temperature and
temperature derived from a partitioning-based geothermometer. Figure modified from [45], with
inset figure modified from [200]. (B) Geobarometer calibrated using pressure-sensitive partitioning
of Al and Ti in clinopyroxene, calibrated via controlled high pressure experiments from [144]].
Measurements of Al and Ti in pyroxene grains from mare basalts can be used to constrain the depth
of the mantle source of melts. Al and Ti abundance calculated as atoms per formula unit (apfu).

tion and instead sampling primitive unmelted lunar mantle material [49, (117, 120, 140,
175]]. Picritic glasses also likely form at greater temperature, with melting temperatures
estimated at 1,410 - 1,500 °C as compared to 1,200 - 1,380 °C for mare basalts [118}120].
Despite constraints on the temperature and pressure of melt generation from the lunar near-
side, similar estimates are lacking for the farside. Temperature and pressure estimates from
farside mare basalts can help constrain the farside mantle solidus, and by extension far-
side mineralogy and petrology, enabling comparisons to compositional models of the lunar
nearside. Key measurements of trace element abundances can provide an indirect gauge of

the temperature profile of the lunar farside mantle.

Crystallization temperatures and pressures can be inferred through the observed distri-

) . hasel / phase2
bution of specific trace elements between two (or more) phases, calculated as D§ asel/phase
= % , where Dﬁhdm/ phase2 is the partition coefficient of element X, which is sensitive to

temperature and/or pressure, and C; and C, are the element concentration in each phase.
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Geothermometers are commonly calibrated via controlled high temperature and pressure
melting experiments, in which synthetic oxide mixtures or natural basalts are melted at
varying temperatures and the partitioning of temperature-sensitive elements is measured
between phases as a function of experimental temperature. For example, the temperature-
sensitive partitioning of Al and Cr between olivine, Cr-spinel, and melt [40, 48], Mg# in
olivine [82], Ni between olivine and melt, [168, 201], and Nay;O between clinopyroxene
and melt [161, [162]], can all be used as indirect gauges of crystallization or equilibration
temperature (Fig. [3.T]A). These thermometers can be applied to a variety of mantle-derived
lithologies (e.g. kimberlites, mantle xenoliths, and basaltic mantle melts) from across a
range of compositions and temperatures (e.g. olivine Fo# 89-93, T = 750 — 1450 °C).

Measurements of crystallization pressure can produce a depth profile of lunar mantle
melting, revealing changes in composition and temperature as a function of depth. Pyrox-
ene can serve as an example of a geobarometer, and can be used to infer local pressure of
melt systems. As elements with 3+ cation charges substitute for 2+ cations in the M1 site of
the mineral, lattice strain theory predicts that this site becomes smaller at high pressure. Al
is more likely to be accepted into the mineral than Ti due to its smaller ionic radius (AI>*
= 67.5 pm, Ti** = 81 pm) thus allowing less Ti into the site and lowering the Ti/Al ratio
at higher pressure. Thus, the Ti/Al ratio in pyroxenes can be used to measure the pressure
of sample crystallization. This barometer has been calibrated by [142] and [61] from at-
mospheric pressure to > 1.5 GPa (Fig. 3.IB), and has been applied to Martian shergottites
[37,1144].

The trace elements targeted for this investigation occur over a range of abundances in
lunar and terrestrial rocks, so instrumentation with a large dynamic range is needed to carry
out these analyses. For the Earth, the range of olivine-mineral equilibration temperatures
produces olivine Al and Cr abundances of tens of ppmw. This is in contrast to the more ef-

ficient partitioning of Ni in olivine, which can yield concentrations as high as 3,500 ppmw
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Fig. 3.2: Olivine phenocryst in fine-grained matrix in basalt from St. Helena island. White and or-

ange dots show example measurement spots needed to calculate partitioning (D;l/ melt) value. Photo

taken using JEOL 8900R electron probe microanalyzer at the University of Maryland, College Park
[177]], although lunar bulk rock and olivine Ni abundances are typically < 200 ppmw and
< 600 ppmw, respectively [173]]. An in situ analysis would require measurements
of specific trace elements (e.g. Ni, Cr, or Al) in multiple phases in the sample (e.g. Fig.
B.2). Therefore, spaceflight instrumentation designed for trace element measurement with
a range of limits of detection and high-resolution optical cameras for mineral-specific anal-

yses could provide access to these proxies.

3.3.2 Lunar Mantle Mineralogy

Trace element systematics of returned lunar basalts and glasses help constrain the min-
eralogy and composition of the lunar nearside mantle. The LMO crystallization sequence
and subsequent mantle overturn event produced a mixed stratigraphy of cumulate ultra-
mafic minerals and oxides in the lunar mantle, which is sampled by magmatism. Samples

of nearside mare basalts and glasses show a mantle source that is likely pyroxenitic to
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lhzerolitic in composition, with composition becoming more mafic with increasing depth.
Heavy REE abundances in picritic glasses also indicate the possibility of sampling undif-
ferentiated, garnet-bearing “primitive” lunar material [[140] at greater depth. The change
in mantle composition as a function of depth is further supported by geophysical evidence
from the Apollo seismic network, which indicates a pyroxenitic upper mantle from 238 -
488 km and and ultramafic lower mantle < 488 km, with increasing Mg# with depth [64]].

The trace element content of the mantle source regions reveals the extent of geochemi-
cal processing as well. Low-Ti basalts are depleted in incompatible elements, and contain
chondritic ratios of refractory elements (e.g. Zr/Hf, Nb/Ta), while high-Ti basalts con-
tain non-chondritic ratios and incompatible element enrichments [[140]. This indicates that
source differentiation likely lead to separate chondritic and non-chondritic upper mantle
sources [206]]. But while the composition of mare and picritic glasses provide constraints on
their respective source regions, similar constraints for the lunar farside mantle are needed.
If the lunar mantle cumulate overturn event was caused by the buildup of high density
oxide phases, and an asymmetric distribution of heat caused a heterogeneous mantle crys-
tallization, then the cumulate overturn event may have proceeded differently on the farside
compared to the nearside.

During mantle melting, certain trace element ratios fractionate little relative to each
other due to their similar partition coefficients, and instead retain the trace element ratios
of the mantle sources. For example, concentrations and ratios of first row transition ele-
ments (FRTEs) in mantle-derived materials (e.g., basalts) can be used to infer the ratio of
olivine to pyroxene in their respective mantle sources [[109]]. For the Earth, whole rock
Ni/Co ratios < 6 indicate a pyroxenitic mantle source, while Zn/Fe (x10,000) ratios <
12 and Mn/Fe (x100) ratios > 1.4 indicate melting of peridotite sources (Fig. [3.3). In
addition to whole rock abundances, source lithology can further be inferred using FRTE

ratios in specific minerals (e.g. olivine, pyroxenes). Ni, Mn, and Ca partitioning between
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Fig. 3.3: Example of first row transition element (FRTE) ratios being used to estimate mantle source
composition. Yellow area represents range of values for ocean island basalts (OIB). Figure modified
from [[109]

olivine is controlled by the extent of peridotite or pyroxenite melting, and correlates with
long lived radiogenic isotopes (e.g. Sr, Nd, Pb, [[73,1127]). Ratios of Ge to FRTEs or other
elements can be an important indicator of source composition, due to the different parti-
tioning behavior of Ge between peridotite and pyroxenite during partial melting (DOGle/ melt
=0.42, Dg’j‘/ melt .87, 45, [78]). Analysis of MORB and OIB samples suggests Ge/Si
ratios > 7.5x 1076 are common for peridotite mantle sources with minimal pyroxenitic in-
fluence, while ratios < 6x107° are indicative of the addition of pyroxenite to the mantle
source [214]. Ge can also be leveraged as Ge can also be leveraged as an indicator of source
lithology using the Ga/Ge ratio, as differences in this ratio are observed between MORB
and Hawaiian OIB, reflecting differences in mantle source composition [8]. Ge is also an
indicator of mantle metasomatism in the Moon, as higher abundances of Ge are typically

found in conjunction with fluid-mobile volatile elements [S0].

Measurements of FRTE ratios, such as Zn/Fe, Mn/Zn, Co/Fe, or Ni/Co, as well as
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Ge/Si1 or Ga/Ge, can deliver insight into the relative proportion of peridotite and pyroxenite
in the farside mantle. The FRTEs discussed here occur in lunar basalts in abundances of
1 ppmw to hundreds of ppmw, although Ge ranges from 1 ppbw to 1 ppmw, which could
prove challenging for future analyses [204]. While the framework to determine source
composition through FRTE ratios has been established for the terrestrial mantle, further
modeling and empirical observations are required to apply these ratios to lunar samples. For
example, the Zn/Fe (x10,000) ratio typically ranges from 4-20 in MORB samples, while
this ratio is typically <1 in lunar mare basalts, likely due to the volatile depletion of Zn in
the BSM. Regardless, these proxies can be leveraged to estimate lunar mantle mineralogy
from common surficial mare basalt flows. The analyses proposed here, in conjunction with
estimates of pressure and temperature, will act as a petrologic cross section of the lunar

mantle, revealing changes in lunar farside mantle composition with depth.

3.3.3 Geochronology

Chronology of major geologic events throughout the solar system is a critical aspect
of our understanding of planetary formation, history, and evolution. Significant effort has
been employed to constrain the timing of major events in lunar history, such as the initial
formation of the Moon, LMO crystallization and differentiation, and the history of impact
cratering. Chronological constraints have traditionally been placed on these events by ra-
diometric age determination via long-lived radioisotopes (e.g. Rb-Sr, U-Pb, Sm-Nd, K-Ar)
in returned samples and meteorites, or by crater counting statistics. However, sampling
bias from the nearside and large uncertainties associated with crater counting chronology
make accurate timing of global lunar events difficult.

Constraints on early lunar history are derived from geochronology of returned lunar

material. U-Pb and Hf-W isotope systematics of lunar and terrestrial samples indicate a
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Moon-forming impact age of 4.50 —4.51 Ga, implying early lunar formation [15}125,192],
while other estimates also using U-Pb ages in zircons derived from lunar breccias place the
age of the impactor later at ~4.42 Ga [38, 1128, 145]. Rb-Sr and Sm-Nd isotope systematics
of samples representing the latest stages of LMO crystallization indicate that Mg-suite, fer-
roan anorthosite, urKREEP, and a mare basalt source formed concordantly with each other
at ~4.35 Ga within a 40 Myr span, indicating a common reservoir source for those samples
[18, [19]. These ages of late LMO crystallization are concordant with the ~4.34 Ga age
determined from meteorite MIL 13317, which is possibly derived from the lunar farside
[43]]. These U-Pb age constraints have been used in conjunction with thermals models of
LMO crystallization, and indicate that the final 10% of highly-enriched KREEP material
possibly existed in its molten state for 100-200 Myr due to an insulating anorthositic crust
and high concentration of heat producing elements [128] [145]. Thus, geochronology of
returned samples outlines the sequence of events from lunar impact origin to LMO crystal-
lization.

Despite the constraints discussed here, lunar crustal formation possibly proceeded asym-
metrically between the farside and nearside due to the thermal difference between hemi-
spheres during LMO crystallization, leading to differences in the timing of farside crust and
mantle formation. The farside crust likely crystallized first due to the lower temperature
of the farside magma ocean, forming greater amounts of anorthositic material from a more
mafic melt [7]. This is supported by orbital-based measurements of farside anorthosite,
which is thicker [[151, 207/, and more Mg-rich [42, [149] than nearside anorthositic crustal
material. Because of the nearside sampling bias and uncertainties associated with crater
counting statistics, our understanding of the chronology of farside crust and mantle crys-
tallization, and thus of the LMO as a whole, is limited. Here, we discuss chronological
constraints on samples representing lunar farside LMO crystallization, anorthositic crust

formation, and early magmatism. In situ geochronology measurements can provide a more
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complete picture of the formation of the two lunar hemispheres.

In situ geochronology can be carried out using radioactive isotope parent/daughter ra-
tios, mainly Rb-Sr and K-Ar. K-Ar systematics are a useful tool for lunar chronometry and
history, due to its sensitivity to impact events, surficial exposure, and solar wind implan-
tation. However, a main issue in measuring these isotopes through mass spectrometry is
borne from the overlapping mass peak from 8’Rb on ®’Sr. To circumvent this challenge,
steps are typically taken to separate the signals from the two isotopes either by signal cor-
rection or through physical separation of Rb from Sr. This isotope system has been used
extensively to identify distinctions in terrestrial sources of MORB and OIBs, as well as
planetary material from the Moon, Mars, and chondritic meteorites.

In situ measurements of K, Ar, Rb, and Sr in samples representing late-stage LMO cu-
mulates could be targeted to make chronological constraints analogous to those previously
discussed. Data from the Clementine and Kaguya-GRS missions show K dabundances on
the lunar surface as high as 1-2 wt.% in the nearside mare deposits, with 600-1,100 ppmw
K in the SPA basin and 100-250 ppmw in the anorthositic highlands [68, [215]. Measure-
ments of the 8’ Rb/3Sr and 37Sr/30Sr ratios are more accessible to terrestrial and spaceflight
analytical techniques than other geochronometers (e.g. U-Pb), Sr exist in typical lunar and
terrestrial rocks in abundances from tens to hundreds of ppmw as opposed to ppbw-level
concentrations. However, Rb abundances in lunar rocks are typically between 1-40 ppmw
due to the depleted nature of moderately volatile elements in the BSM [204].

In addition to the previous discussion, in situ geochronlolgy on the lunar farside can
constrain the timing and flux rate of the period referred to as the late heavy bombardment
(LHB), with implications for the cratering history of the early solar system and the emer-
gence of life on Earth. A discussion of this history is beyond the scope of this paper, for

more information on in situ geochronology for the LHB, see [34], this issue.
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3.3.4 Refractory and Volatile Element Content of the Moon

The compositions of terrestrial planets depend on their source materials, as well as the
processes associated with accretion, including (but not limited to) incomplete condensa-
tion and evaporative loss of volatile elements. Planetary formation processes could have
resulted in the enrichment of refractory elements and depletion in moderately volatile ele-
ments (elements with half mass condensation temperature of <1,250 K at 10% Pa). Mass
balance estimates of the composition of the silicate portion of the Moon reveal a possible
enrichment in refractory lithophile elements (e.g. Ca, Al, Th, U) by a factor of up to 1.5 x
relative to the bulk silicate Earth [64} 102,136, |188,190]. However, others suggest no such
enrichment, resulting in terrestrial absolute abundances of refractory lithophile elements
in the BSM [119, 186} 202, 203]]. The Moon also is depleted in volatile and moderately
volatile elements, (e.g. K, Li, Rb, Zn), relative to the Earth, leaving even more uncertainty
in BSM abundance and distribution of lithophile elements [26, 44, 146, 97, [212]]. This de-
pletion of volatiles has major implications for the lunar thermal history, as the relative and
absolute abundances of K, Th, and U, the heat producing elements, in the BSM are partially
controlled by their volatility.

The estimates of lunar refractory and volatile element abundances are based on analyses
of returned samples, meteorites, and oribital-based measurements of the lunar surface. Due
to the nearside sampling bias of returned samples and the limitations of orbital-based mea-
surements (e.g. limits of detection, large spatial scale, sampling depth), our understanding
of the relative or absolute abundances of refractory and volatile element abundances re-
quires more constraints. Here, we discuss measurements proposed to better constrain the
refractory and volatile element abundances in the lunar farside mantle.

Element volatility in the Moon controls the abundance of the heat producing elements:

K, Th, and U (K is volatile, Th and U are refractory). The K/U and K/Th ratio, derived from
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Fig. 3.4: Cartoon diagram of science objectives for a landed farside lunar mission, with a focus on
trace element geochemistry. Measurements of FRTE ratios and partition coefficients of temperature
and pressure-sensitive elements (e.g. Ni) between mineral phases in basaltic melts can provide
insight into the formation history and composition of the farside mantle source region. K-Ar and
Rb-Sr radiometric systems can then be used to estimate the timing of mare basalt emplacement and
impact melt events. Determining refractory element abundances of impact melts will help constrain
the farside mantle abundance of heat producing elements, giving insight into the thermal evolution
of the lunar farside and formation mechanisms of the Moon.
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lunar samples and y-ray spectroscopy measurements of the surface, indicate a lunar K/U of
1,500 — 3,000 [74}, 178, 187] and K/Th of 360-460 [[103, [160]]. This is significantly lower
than terrestrial (K/U = 14,000 £ 1300, K/Th = 3,000 £ 750) and chondritic (K/U = 66,000
+ 5,000, K/Th = 18,000 £ 1,200) values [12, 156, (115, [130]. The K/U ratio fractionates,
albiet slightly, due to magmatic processing [9, [12, 56, [107]. Thus, if the lunar farside
mantle evolved with a different crystallization sequence than the nearside, then ratios of
HPEs may be fractionated in the lunar farside mantle relative to the nearside.

The distribution of heat producing elements within the lunar interior may also be asym-
metric between the nearside and farside, as uneven crystallization of the LMO and tidally-
driven gravitational harmonics possibly trapped HPE-rich liquid preferentially on the near-
side [67]]. An asymmetric distribution of HPEs would lead to uneven heating of the lunar
interior, driving mare volcanism preferentially on the nearside and altering the late-stage
crystallization of the cumulate mantle [[103} [104]]. The asymmetric distribution of HPEs is
evident on the surface via orbital-based y-ray spectroscopy, although further analyses are
required to constrain this asymmetry for mantle material in addition to surficial deposits.
Therefore, more information is needed about the HPE absolute abundance, distribution,
and relative enrichment/depletion in the lunar farside mantle.

Measuring the HPE relative and absolute abundance in the lunar farside interior would
require instrumentation capable of measuring a wide range of elemental concentrations. K
is typically found on the lunar surface in abundances from hundreds of ppmw to 1-2 wt.%,
and Th and U are observed in hundreds of ppbw to low ppmw abundances [160], although
the absolute abundance in the lunar mantle may be as low as <10 ppbw. A landed mission
would likely require the ability to measure K, Th, and U at low limits of detection, smaller
spatial scales, and greater surface depth. Further, analyses of HPEs should preferably be
carried out on surficial deposits that are reflective of the lunar farside mantle. Specifically,

large-scale impacts produce basins that melt and homogenize the upper mantle, exposing
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upper mantle material to the surface. Farside basins that contain norite and troctolite impact
melts are thought to be representative of the lunar upper mantle and would be ideal targets

for the measurements proposed here [91]].

Here, we have identified a series of chemical analyses of minor and trace elements in
the surface materials of the lunar farside in order to better characterize lunar formation
history and evolution. These measurements, taken together, are designed to constrain the
formation mechanism and composition of the bulk Moon, the thermal distribution of the
farside, a compositional depth profile of the lunar farside mantle, and the timing of major
geologic events. These measurements can collectively produce a geologic cross section of
the lunar farside mantle, with the added context of initial chemistry and time. While the
analyses outlined here would collect data critical to our understanding of lunar history, in
situ trace element analyses is not limited to these four proxies. Instead, analyses of trace
elements can provide significantly more insights into lunar mantle processes and history

than what has been outlined.

3.4 Instrumentation for chemical analysis

The physical characteristics of the elements, such as their mass or spectroscopic emis-
sion patterns, have been historically exploited to detect and quantify the composition of
geologic material from orbit or ground-based facilities. Analytical techniques developed
for terrestrial labs continue to be miniaturized, enabling new applications for trace ele-
ment measurements for planetary exploration. Here, we provide an overview the various
techniques previously applied to major and trace element characterization of planetary en-

vironments, as well as novel developments of future in situ detection techniques.
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3.4.1 Spaceflight-Heritage Instrumentation

Landed missions extending as far back as the Viking era have enabled in situ elemental
analyses of planetary surface materials. One of the most common analytical techniques,
flown on a range of missions from the Viking landers [16] to the Curiosity rover [123]], is
pyrolysis gas chromatography mass spectrometry (pyr/GCMS). This method, which will
also be exploited by the Mars Organic Molecule Analyzer (MOMA) onboard the ExoMars
Rosalind Franklin Rover [[69]], provides access to volatile elements and organic compounds,
particularly those associated with minerals that breakdown at temperatures <900 °C (e.g.,
phyllosilicates). To measure minor and trace elements specifically, the payloads of the
Viking 1 and 2 landers also included X-ray fluorescence spectrometers with detection lim-
its below 100 ppmw for select elements (e.g., Rb and Sr), albeit with significant analytical
uncertainties [30]. XRF instrumentation has also characterized the composition of the sur-
face of Venus via Venera 13 [182]], and other sites on Mars via Curiosity [[17]; a micro-XRF
instrument also launched recently onboard the Mars 2020 rover [3].

Continuing with the exploration of Mars as a case study for technology development,
the Mars Exploration Rovers, Spirit and Opportunity, incorporated miniaturized thermal
emission spectrometers to characterize local mineralogy, and Mossbauer spectrometers to
specifically identify iron-bearing phases. To access low abundance trace elements, Spirit
and Opportunity also carried an Alpha Particle X-Ray Spectrometer (APXS; [[166]]), similar
to previous versions operated on the Moon via Surveyors 5 — 7 [[156] and on Mars Pathfinder
[62]], and more recent iterations flown on Curiosity [25] and Rosetta’s Philae lander [99].
The detection limits of alpha particle scattering extend below 100 ppmw for some elements,
comparable to XRF techniques.

ChemCam, a Laser Induced Breakdown Spectrometer (LIBS) onboard Curiosity, en-

ables spatially-resolved minor and trace element measurements at standoff distances up
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Fig. 3.5: Photo of low power He plasma, generated at 14 W of power and 200 mL/min of gas flow,
developed at the University of Maryland, College Park.

to 7 m away from the source [210]; an analogous LIBS instrument augmented to support
remote Raman spectroscopy was recently launched onboard the Mars 2020 rover [209]].
Such LIBS techniques promise detection limits as low as <100 ppmw for many alkali and
alkaline earth metals [208]]. Onboard the Rosalind Franklin rover, the MOMA instrument’s
laser desorption/ionization mode can also determine the elemental chemistry of martian
materials with fine spatial resolution, but analyses are limited to samples that are physi-
cally collected by the rover, and detection limits have yet to be defined for minor and trace

elements.

3.4.2 Developing Technology

Significant time and research dollars have been invested to develop advanced in situ

analytical techniques for emerging planetary science objectives. Novel technologies de-
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signed to achieve enhanced performance metrics, such as lower limits of detection, and/or
reduce resource requirements, such as power consumption, may enable measurements of
trace element abundances and isotopic ratios previously considered inaccessible for landed
missions. Particular interest has centered on the advancement of instrumentation capable
of establishing chronological constraints via K-Ar and Rb-Sr radiometric dating. The K-Ar
Laser Experiment (KArLE) uses a LIBS instrument to measure the K abundance of a sam-
ple, and a quadrupole mass analyzer to determine the absolute amount of radiogenic “°Ar
released during laser processing [35]]; the analysis of other noble gas isotopes, including
36.38 At and 292122Ne, provide constraints on exposure ages [57]. The Rb-Sr isotope sys-
tem can be accessed through the Chemistry, Organics, and Dating EXperiment (CODEX),
which relies on multiple laser systems that generate light at specific wavelengths to reso-
nantly desorb and ionize Rb and Sr separately, avoiding the isobaric interference between
87Rb and 87Sr during mass analysis [6]. Both of these investigations have demonstrated
the ability to meet or exceed the NASA goal of determining absolute ages of planetary
materials with a minimum precision better than +£5% (20; 2015 ROADMAP).

The progressive development of high-powered laser systems and a variety of mass an-
alyzers that can be interfaced to such sources indicates that chemical imaging of trace
elements and isotopic ratios is within the reach of near-term mission opportunities. Laser
desorption/ablation mass spectrometry techniques, as enabled by miniaturized instruments
that have a direct path to a spaceflight, have been shown to deliver 2D chemical maps of
planetary analog samples [146], 3D depth profiles of solid substrates [[71], and contempo-
raneous measurements of organic compounds and their host matrix [[14]. However, in the
laboratory, inductively coupled plasma mass spectrometer (ICPMS) systems serve as the
gold standard for measuring trace and ultratrace element abundances down to sub-ppbw
levels in natural samples. A commercial ICPMS typically requires between 1200 — 1600

W and 14-18 L/min Ar gas to generate a high temperature plasma that effectively atomizes
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Fig. 3.6: Composite maps of four potential landing sites selected at (A) Leibnitz, (B) Moscoviense,
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with topography data overlay from the LRO LOLA instrument and topography scalebar to the right.
Locations of mare basalt units are infilled with green, and the area targeted as the primary landing
site marked by a white square.

and ionizes geologic materials introduced by laser ablation (e.g., [148]). However, recent
work has demonstrated the feasibility of using less power (<25 W) and reduced gas flow
rates (<0.2 L/min) to produce a plasma capable of atomizing and ionizing geologic mate-
rial at similar efficiencies to a commercial instrument (Fig. 3.5} [55]]), albeit with higher
detection limits due to a limited capacity to support mass loading. Thus, in the near future
emerging technologies may enable measurements of trace elements and isotopic systems

with lower detection thresholds, higher precision/accuracy, and spatially-resolved sampling

to further support the science objectives outlined in this work.
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3.5 Landing Site Analysis

The goal of the proposed investigation is to better understand the petrology and forma-
tion history of the BSM by characterizing the composition of and placing temporal con-
straints on the evolution of the lunar farside. In order to achieve the science goals outlined
above, trace element analyses will need to be carried out in lithologies representing the up-
per mantle and melting of lower mantle mare source regions. To maximize science return,
the specific landing sites that would provide the most valuable samples for this investiga-
tion samples should be considered carefully. Modeling of the impact origin of the South
Pole Aitken (SPA) basin indicates that the large impactor on the lunar farside produced an
impact melt reaching 400-600 km in depth, which homogenized into norite and troctolite in
the valley floors of impact basins [91]. This impact melt resulted in anomalously thin crust
in impact basins, ranging in thickness from <1-10 km. Thin crust resulting from impacts
preferentially allows melt to puncture through the crust, causing later stage mare basalts to
accumulate in impact basins [211]. Thus, impact basins containing both norite/troctolite
impact melts and later stage mare emplacement are ideal candidates for the outlined analy-
ses.

We assessed potential landing sites on the lunar farside using orbital-based spectro-
scopic and geophysical measurements, with data overlays compiled using the LRO Quickmap
mapping tool. TiO, measurements are derived from the Lunar Reconnaissance Orbiter
Camera (LROC) Wide-Angle Camera (WAC), using 321/415 nm band ratios, crustal thick-
ness is derived from the GRAIL mission Bougier gravity anomaly map. Surficial miner-
alogy is derived from the Kaguya Mineral Mapper instrument, and slope measurements
generated using the LRO LOLA laser altimeter. Landing site analyses were carried out
to minimize mission risk and maximize science return. Sites were selected based on four

main criteria:
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Low crustal thickness anomalies

Norite or troctolite exposed on the impact basin floor

Later-stage mare deposits within the impact basin

Landing site hazards (e.g. slope, temperature, rock/fine fraction)

Based on these criteria, we have identified Moscoviense, Apollo, Von Kédrman, and
Leibnitz craters as potential landing sites (Fig. [3.6). A potential landed mission could
baseline a mobile platform such as a rover or a secondary launch vehicle, to sample both

basement impact melt and mare deposits. A summary of each landing site analysis is found

in Table 3.2
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Fig. 3.7: (A) Slope, (B) crustal thickness, (C) TiO, abundance, and (D) olivine abundance maps of
Moscoviense crater. White square identifies proposed landing site.
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Fig. 3.8: (A) Slope, (B) crustal thickness, (C) TiO, abundance, and (D) olivine abundance maps of
Apollo crater. White square identifies proposed landing site.

3.5.1 Moscoviense Crater

Moscoviense is a Nectarian-age impact basin with a series of concentric ring impact
structures and multiple Imbrium and Erasthothenian-aged mare units [191]]. It is the north-
ernmost impact basin considered as a landing site on the lunar farside, and thus not as-
sociated with the impact formation of the SPA basin. Despite the impact structures, the
valley of the basin contains limited topographical features and near zero slope, providing
a relatively hazard-free terrain to traverse. This landing site could provide a window into
the lunar mantle as the crust beneath Moscoviense is the thinnest part of the lunar surface,
with crustal thickness estimates from 400-500 m based on measurements from the Kaguya
and GRAIL missions [93, 207]]. TiO, measurements and crater counting estimates of the
later-emplaced mare basalts show a time and compositional discrepancy between basalt
units, with older mare units to the northwest having a distinctly lower TiO, abundance

(<2 wt.%), and younger units to the east having a significantly higher (5-10 wt.%) TiO,
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abundance (Fig. [3.7). This suggests that the mare emplaced in Moscoviense reflects multi-
ple mantle source regions, allowing a multi-faceted investigation into the composition and

formation history of the lunar mantle.
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Fig. 3.9: (A) Slope, (B) crustal thickness, (C) TiO, abundance, and (D) olivine abundance maps of
Von Karman crater. White square identifies proposed landing site.

3.5.2 Apollo Crater

Apollo crater is the largest impact structure in the SPA basin, with its formation age
estimated as pre-Nectarian based on crater counting measurements. The SPA basin is an
important target for understanding lunar history, as crater ages from this region can help
explain the timing and intensity of the impactor flux during this period of time, enabling a
critical evaluation of the putative Late Heavy Bombardment (LHB). Further, the region
itself represents portions of the lunar upper mantle exposed through impact melts; the

valley floor of Apollo crater represents one such exposure. Norite and troctolite in the
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crater valley floor likely formed as impact melt, and the low crustal thickness (~5 km)
reinforces that Apollo is an ideal candidate for measuring the lunar upper mantle and con-
straining the impact age of the SPA basin. Apollo crater also contains up to 8 distinct mare
basalt units, separated spatially, chronologically, and compositionally (Fig. [3.8)). Similar to
Moscoviense, mare units to the southwest show compositional differences, with older units
having significantly lower TiO; than younger units, suggesting a shift in the mantle source

of mare basalts in Apollo crater as well.

3.5.3 Von Karman Crater

Von Kérman crater is pre-Nectarian in age and lies to the southwest of Leibnitz crater,
thus is compositionally similar both in basement rock lithology and later emplacement of
mare basalts. Von Karmén is comprised of multiple ring structures with mare units infilling
the ringed units. Measurements from the M?> spacecraft on the Chandryaan-1 mission show
the area surrounding Leibnitz and Von Karmén crater contains abundant pyroxene [137],
mainly Ca- and Fe- rich pyroxene in the north and northwest region of the SPA basin. The
northernmost rim of the crater is characterized by norite and troctolite basement rock with
mare basalt infilling the majority of the basin. The northern rim is also marked by multiple
smaller craters and slightly sloped areas of 2°-7°. Crustal thickness measurements show the
northern rim with 15-20 km crustal thickness, but a crustal thickness <5km on the southern
portion of the largest mare unit (Fig. [3.9). Von Kdrmadn crater is also the landing site of
the Change-4 Yutu rover, although basement impact melt units cannot be accessed by this

mission.
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Fig. 3.10: (A) Slope, (B) crustal thickness, (C) TiO, abundance, and (D) olivine abundance maps
of Leibnitz crater. White square identifies proposed landing site.

3.5.4 Leibnitz Crater

Leibnitz crater is found at the northwest corner of the SPA basin, with its stratigraphic
age being pre-Imbrium to post-Nectarian. Leibnitz crater is characterized by a larger
amount of mare infill as compared to Apollo and Moscoviense, with mare basalts filling in
the majority of the crater basin floor, which itself is noritic in composition [20, 91]. The
central portion of the crater is also marked by thin crust (5-10 km), meaning the noritic
basement unit is likely reflective of the homogenized upper mantle after an impact melt
(Fig. 3.10). This area is also a relatively flat region with few large boulders, minimizing
the operational hazards of a landed mission. UV/VIS spectroscopy also shows excavated
gabbroic ejecta inside the basin from nearby Finsen crater, possibly allowing the analyses

of material from multiple impacts [20].
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The landing sites identified here can provide a window into the lunar farside interior,
with impacts producing thin crust and possibly exposing the upper mantle, and later basaltic
melts reflecting previously unsampled mare source regions. Applying the chemical analy-
ses outlined here to both impact melt and mare basalt lithologies can maximize the science
return of a landed mission. In situ chemical analyses of trace elements in rocks represent-
ing specific processes and eras in lunar history can be a low risk, high reward strategy for

future lunar science.

3.6 Conclusions

Here, we show how trace elements are a useful tool for deconvolving the lunar past.
Analysis of trace elements has been demonstrated on previous missions to a range of other
planetary environments. Heritage instruments and emerging technologies will allow mea-
surements of elemental abundances to lower limits of detection and higher degrees of ac-
curacy and precision than realized historically. These technologies can be used to redefine
evolutionary models of the Moon at specific landing sites on its farside, namely impact
melts and later basaltic magmatism, as well as provide insights into the distribution of
valuable trace elements in local surface materials. Trace element analyses on lunar farside
rocks could provide significant science return for less risk than a crewed mission or sample

return, and should be one of the major focus areas for future landed lunar science.
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Chapter 4: A Prospective Microwave Plasma Source for In Situ Space-

flight Applications

Note: This chapter has been previously published at the following citation, and is currently
available via open access:

Farcy, B. J., Arevalo, R. D., Taghioskoui, M., McDonough, W. F,, Benna, M., & Brincker-
hoff, W. B. (2020). A prospective microwave plasma source for in situ spaceflight applica-

tions. Journal of Analytical Atomic Spectrometry, 35(11), 2740-2747.

4.1 Abstract

Noble gas plasmas are commonly used as ion and excitation sources in inductively
coupled plasma (ICP) optical emission and mass spectrometry for organic and inorganic
chemical analysis. However, the high power (~kW) and voluminous gas flow rate (~15
L/min) of commercial plasmas limit their potential deployment in remote terrestrial and
planetary environments. Here, using argon and helium gas supplies, we investigate the
fundamental characteristics of low power and reduced-pressure microwave plasmas for
organic and elemental analysis. These plasmas require a fraction of the power (<25W) and
gas (<0.2 L/min) compared to conventional ICP systems. Langmuir probe measurements
were used to determine electron temperatures and electron densities for both helium and
argon plasmas under a range of forward of powers and gas flow rates. lonization efficiencies

for select organic compounds and elemental species were estimated from these results using
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the Saha equation. Our findings show that at 23 W of forward power and 0.2 L/min gas
flow rate, an argon plasma can fully ionize (<99%) organic molecules or elements with
high ionization potentials (e.g. glycine, 8.9 eV, or S, 10.4 eV); in comparison, helium can

achieve similar performance metrics with as little as 5 W of forward power.

4.2 Introduction

Constraints on planetary surface composition are obtained through various analytical
techniques, including ground-based telescopes, remote sensing from orbiting spacecratft,
and in situ measurements from landed platforms. In situ spectroscopic techniques pro-
vide particularly valuable information across a range of spatial scales, such as correlated
measurements of mineralogy, elemental composition, and biomarker detection, as demon-
strated by the Sample Analysis at Mars (SAM) instrument onboard the Curiosity rover
[51 163, [110]. Advances in laser desorption/ablation mass spectrometry target the unam-
biguous identification of potential biosignatures, and contextualize geological relationships
that inform on molecular provenance and formation mechanisms [[14/]. However, such tech-
niques are challenged to meet the figures of merit (e.g., accuracy, precision, and detect
limits) required to provide quantitative bounds on elemental composition and/or organic
inventory, particularly for refractory elements and macromolecular compounds.

In the commercial realm, plasmas are routinely applied as robust and reproducible
sources for optical emission spectra [88,, [197], as well as ionized organic compounds and
monoatomic ions for mass spectrometry [2, 32, [33} [76, 126, 138, 164, 183]]. Commer-
cial inductively coupled plasmas (ICPs) operate at high power output (>1 kW) and ionize
desolvated solutions or ablated geologic material. Recent advances in plasma technology
demonstrate that low power plasma sources, operating at ambient or reduced pressure,

perform direct desorption and ionization of molecular compounds or geologic materials
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Fig. 4.1: Schematic diagram a low power (;30 W), low gas flow rate (200 SCCM, or 0.2 L/min),
plasma ion source operated at 10 torr (~1300 Pa). Langmuir probe (in blue) has been inserted in
the setup to characterize the ionization properties of the plasma. The dashed box with pink color
identifies the site of plasma generation and sampling by the Langmuir probe.

in their native state, although the potential to atomize large particles remains poorly con-
strained. [126]] These sources typically operate at low power (3-30 W) and low gas flow
rates (< 1L/min), opening the potential for them to be used as in situ instruments for space-
flight. Despite this progress, the ionization capabilities of these low power plasma sources
for organic or elemental analysis require further characterization.

Here, we document the capability of microwave induced plasmas (MIPs), operating
at low power and low pressure with argon and helium, to ionize refractory elements and
macromolecular organics. We measured the fundamental parameters of the plasma via
Langmuir probe over a range of forward powers and gas flow rates: Specifically, electron
temperatures, electron densities, and ion currents were recorded under each set of analyti-
cal conditions. These data are used in conjunction with the Saha equation to estimate the
first ionization capabilities of these plasmas for molecular and elemental analyses and can

be applied to any specific analyzer. We define the performance capabilities of the plasma

source, highlighting the potential for this subsystem to serve as an effective spaceflight ion-
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ization source. Applications of this plasma source extend from the ionization and controlled
fragmentation (to derive structural information) of organic compounds on ocean worlds, to
the quantitative analysis of trace elements on the surfaces of rocky planetary bodies, to the

derivation of radiometric ages via the Rb-Sr and/or U-Th-Pb systems.

4.3 Methods

4.3.1 Experimental Setup

Fig. 1 presents a schematic of our vacuum chamber to generate a low pressure, low
power plasma that can operate as an ion source for a prototype spaceflight chemical ana-
lyzer. The setup in Fig. 1 is coupled to a Langmuir probe to characterize the the fundamen-
tal properties of the plasma, enabling quantitative insights into the ionization efficiencies
of different analytes.

We use a resonance cavity to produce a microwave plasma, which is generated within
a quartz tube (12.5 mm outer diameter and 1.25 mm wall thickness) passing through the
cavity. [I11] A signal generator (Hewlett Packard, 8648C) produces a radio frequency
(RF) between 2.3 - 2.45 GHz, enhanced by a RF amplifier (Mini-Circuits, ZHL-30-252-
s+) that provides improvements in linear performance and gain. The amplifed RF signal is
then fed into an Evanson microwave cavity [38]] (Opthos Instruments) via a bi-directional
coupler. Two power meters (ImmersionRC, 8452) are connected to the coupler to monitor
the forward and reflected power in real-time.

In contrast to the Evanson microwave cavity employed here, commercial inductively
coupled plasma optical emission spectroscopy (ICPOES) or mass spectrometry (ICPMS)
instruments typically use a coil wrapped around a quartz tube. In these systems, the fre-
quency of RF frequency is generally 13.56, 27.12 or 40.68 MHz, and a capacitive network

matches the impedance of the coil to the impedance of the RF power supply. Lower fre-
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quency atmospheric pressure argon plasmas can be advantageous, producing higher signal
to noise ratios and analyte excitation temperatures. [133] However, high frequency mi-
crowave plasmas (> 100 MHz) generally produce greater ion beam currents, lower beam
energy dispersion, and better frequency coupling to the plasma. [23| 133} 193] Here, we
use a high frequency plasma for its enhanced coupling efficiency at lower power outputs.

In order to maximize the forward power of the microwave, the resonance frequency of
the cavity is tuned using the cavity’s tuning rod to minimize the reflected power, and then
the output frequency was further optimized to match the resonance frequency of the cav-
ity. A second resistive tuning element allowed impedance matching to minimize reflected
power. This tuning procedure is performed in all experiments to maintain a reflected power
of < 5%.

The quartz tube connects two vacuum chambers and argon or helium is introduced via
a mass flow controller (Alicat, MC-500SCCM-D) into the first chamber and subsequently
pumped downstream through the chamber using an oil-free roughing pump. A 1 mm (% 25
um) laser-drilled conductance limiting orifice (Lenox Laser, SS-CF-2-1000) separates the
pumping chamber and the quartz tube in order to restrict gas flow and enable differential
pumping between the two chambers. The plasma chamber is evacuated to a pressure of j
100 millitorr (10 Pa) and back-filled with a controlled flow of plasma gas, ranging from 200
to 10 standard cubic centimeters per minute (SCCM), and supporting the characterization
of plasma across a range of pressures from 1-10 torr (~ 100 - 1000 Pa). The power is
adjusted from 5 - 23 W to maintain a stable plasma across these flow rate and pressure
parameters. A commercial Langmuir probe (Impedans Inc.) having a 0.25 mm diameter
and a 10 mm long tungsten probe tip was inserted into the quartz tube to measure plasma
characteristics. Voltage on the probe was swept over a range of -50 to 50 V and the resulting

I-V curves were recorded using the Impedans Langmuir probe software.
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4.3.2 Langmuir Probe Data Processing

The Langmuir probe is a diagnostic tool used to measure the fundamental characteris-
tics of a plasma. The probe is a conducting wire that is inserted into a plasma. An I-V curve
is generated by measuring the current resulting from an applied or bias voltage. The values
for plasma potential (V,), floating potential (V), electron temperature (7), electron density
(N,), and electron energy distribution function (EEDF) are calculated from I-V curve mea-
surements. [27,192,1132]] V), describes the electric field potential in the space in between the
ions or electrons in the plasma, and thus the potential of the plasma relative to ground. V),
is defined by the voltage value at which the I-V curve shows the greatest change in slope

d?I

(W)’ and V is defined as the voltage value at which the ion and electron current are equal,

resulting in a net zero current.
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Fig. 4.2: Example of relevant regions of an I-V curve as measured from a He plasma at 11 W and
200 SCCM gas flow rate. Values for V), V¢, T,, and Iy, as well as distinct regions of the curve, are
identified. Terms identified in the main text.

V), is determined by taking the natural log of the measured current and fitting a line to
the region above and below the change in slope, or the “knee” of the curve. The intersection

of these two lines identifies V), (Fig. 2).
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Fig. 4.3: Composite of I-V curves taken over a range of plasma powers for helium (a) and argon (b)
plasmas at a constant gas flow rate.

The slope of the electron repulsion region can be used to calculate electron temperature

(T,) as:
q _ ln‘lpmbe - Isat’
kBTe €

4.1)

where g is the electron charge, kp is the Boltzmann constant, ,,,.p, 18 the probe current at V),
& Vorove i Vi, and Iy, is the saturation current (defined as current at V), and € is the energy
given by V, —V;. T, is in units of electron volts (eV). Electron density is subsequently
calculated as:

Isal m€

N, = (4.2)
‘ qA probe€ B % kB I,

where A ,pe 18 the surface area of the probe and m, is the electron mass. N, is in units of
m—3.
The electron energy distribution function (EEDF), for this type of low temperature

plasma, approximates a single Maxwellian distribution of electron temperatures that are

higher than the bulk plasma temperature. The EEDF was calculated using the second
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derivative of the I-V curve, with the ion current subtracted, as:

21" 2
n(e) = et (4.3)
qurobe q

where 1” is the second derivative of the current.

In addition to 7, and N, measurements, a static potential is applied to the Langmuir
probe and the ion current is measured in the center of the plasma. The ion current is
proportional to ion density, so it is used to calculate changes in plasma ion/neutral ratio
with changing plasma input parameters. The experiments are conducted for both argon
and helium gases to compare performance under a range of conditions. While the physical
characteristics of the plasma change laterally on either side of the microwave cavity, the
three dimensional nature of the plasma was not investigated here. Instead, because the
probe is measuring the plasma at its hottest position, the ion current, 7,, and N, values
measured represent upper bounds of the plasma state and we assume a drop off in values

as the probe position changes.

4.4  Langmuir probe measurements

4.4.1 The Effects of Plasma Power on 7, and N,

A compilation of measured I-V curves taken over a range of forward plasma powers
is shown in Fig. 3. The gas flow rate was maintained at 200 SCCM while power was
varied in order to study the effects of plasma power on 7, and N,. Ramping up the plasma
power (5-23 W) resulted in an increase in N, by a factor of 3 for helium and a factor
of 5 for argon, as indicated by increasing I, and only slight increases (a few percent)
in T, (Fig. 4a), due to a minimal change in V), (Fig. 3a & b). The trend in electron

density with changing plasma power (Fig. 4b) is due to a greater number of high-energy
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inelastic collisions occurring with increasing forward plasma power. Increasing power
produces an increase in the amplitude of oscillations, thus more energy per electron per
oscillation. Unlike low mass electrons, large atoms/molecules have insufficient time to
respond to changes in polarity in the resonance cavity (which control directional changes
in the plasma magnetic field) at microwave frequencies. This is corroborated by similar
increases in ion current (more below, Fig. 5).

This weak relationship between 7, and plasma power is consistent with measurements
from other studies of inductively coupled RF plasmas [24, 29, [139]. The higher T, for
helium, as compared to an argon plasma, is likely due to helium having a higher thermal
conductivity than argon (0.151 and 0.018 W/mK at 25 °C and 0.1 MPa, respectively). [108]
However, the response difference in N, follows from the differences in ionization potential
of argon versus helium (15.8 eV and 24.6 eV, respectively) and ionization cross section
(3x10716 and 0.4x 10716 cm?, respectively). [163]

The plasma gas temperature (Tg,s) was measured using a hand held IR thermal imager
(Keysight Technologies, U5850 series). The argon gas temperature measured over the
range of forward power increased from 340 to 380 K, while the helium gas temperature

increased from 380 to 510 K.

4.4.2 The Effects of Gas Flow Rate on 7, and N,

The plasma gas flow rate in the system also affects the physical characteristics and
ionization capabilities of the plasma. To assess these responses, the plasma power was kept
constant at 8 W while the flow rate of plasma gas was changed from 200 to 10 SCCM.
Changes in T, and N, as a function of gas flow rate is shown in Fig. 4d-e. Both 7, and N,
are inversely proportional to gas flow rate, with their highest values being measured at the

lowest gas flow rates.
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For both gases there is about a 40% increase in 7, with a factor of 10 decrease in gas
flow rate. The relationship between T, and gas flow rate is driven by the electron collision
frequency. If electrons are borne with a set kinetic energy, then inelastic collisions decrease
that kinetic energy with each collision. A decrease in gas pressure, and thus a decrease in
electron collisions, allows electrons to better retain their initial kinetic energy. [139, [181]]

The mean free path of an electron in a plasma can be calculated using the Debye length,

or the distance a plasma can shield from external charge.[112]] The Debye length is calcu-

EkT,
Ap =/ ]\(; 5 (4.4)
eqe

Where ¢, is the charge of an electron and &, is the permittivity constant. Langmuir probe

lated as:

measurements show Debye lengths from 1-3x 107> m from 10 - 200 SCCM gas flow rates.
The Debye number (Np) is the number of electrons within a sphere with a radius of Ap,

calculated as:

4
Np = ?”Nezg (4.5)

With the electron mean free path calculated as:

Avirp ~ Ap X Np (4.6)

This results in electron mean free paths of ~tens of cm in Ar plasma and ~1 m in He
plasma. A root mean square velocity (Vzass) of the electron is calculated to be tens of km/s,

as:

3kpT,

Vrms = 4.7)
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Thus, decreasing gas pressure decreases mean free path by increasing electron density. The

electron - ion collision frequency is calculated as:

Vrums

=_—2 4.8
AmFp ()

ie
so increasing the gas pressure increases collision frequency, which reduces the initial ki-
netic energy of the electron.

The N, increases by less than a factor of 2 over the range of observed gas flow rate.
Similar to the trends of plasma power, argon N, increases at a steeper slope than helium,
suggesting a sensitivity to the lower first ionization potential or larger ionization cross sec-
tion. Because higher energy collisions result in greater electron density, and reducing the
gas flow rate increases collision energy, then the increase in electron density is due to the
increase in electron energy with lower gas flow rates. The order of magnitude greater
ionization cross section of argon leads it to have a greater number of collision events than
helium, and thus a greater electron density as well. However, N, increases twice as fast over
the range of observed forward power than with changes in gas flow rates, which suggests
that plasma power has a stronger affect on electron density.

Changes in electron temperature and density are reflected in the calculated EEDF,
where T, and N, both affect the distribution of electron energy in the plasma. Based on
their calculated EEDFs, helium has a wider energy distribution and a greater population
of high energy electrons than an argon plasma (Fig. 4c & 4f). This "hot tail” of elec-
trons has been previously documented, and is generated from elastic collisions of helium
in metastable states.[70] The mean energy of each distribution shows little variation with
changing plasma power, but shows a systematic increase in energy distribution with de-

creasing gas flow rate.
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4.4.3 lon Current Measurements

The measured ion current reflects the over-

all population densities, with changes in plasma
power or gas flow rate manipulating the
plasma’s ion and electron populations. Fig. 5

shows plasma ion current versus forward power

lon current (mA)

-
T

for two different gas flow rates and gases with a

static potential of -20 V applied to the Langmuir

0 5 10 15 20 25
Forward power (W)

probe.
The measured ion currents for argon and he-

Fig. 4.5: Ion current versus forward power
lium show markedly different behaviors. Re- taken with a -20 V static voltage potential

applied to the Langmuir probe for 200 and
gardless of the specific set of conditions, argon 100 SCCM gas flow rates.
plasmas have higher ion currents than helium plasmas; further, argon ionization is more
sensitive to changes in gas flow rate. Thus, argon is more easily ionized by a change in
both pressure and power, which is again reflective of its lower first ionization potential
and greater ionization cross section relative to helium. The different curves of ion current
for 200 and 100 SCCM are consistent with N, measurements, where electron density is
inversely proportional to gas flow rate.

The ion density of the plasma is related to the electron density, assuming plasma quasineu-
trality and negligible contributions from 2+ ions (N, = N;, see Appendix [C)). Thus, the
previously measured electron density can be used to estimate the ion/neutral ratio of the
plasma. We calculate the neutral gas density (Ng,) using the ideal gas law (PV = nRT).
The plasma gas pressure was 10 torr (1300 Pa), the chamber volume was 3.3 cm?, and the

maximum values for Ty,s were 360 K for argon and 510 K for helium. From this, the total

gas density within the volume of the quartz tube is 7x 10! atoms. Assuming a measured
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N, value of 10'7 - 10'® m~3, this yields an ion/neutral ratio of 107> - 10~°. This is two
to three orders of magnitude lower than commercial, high power plasmas with a typical
ion/neutral ratio of 1073.[147] A comparison of the characteristics of this plasma to those

used in commercial systems is found in Table 1.

4.5 Estimates for analyte ionization

The plasma described here is being developed to ionize injected samples for chem-
ical and isotopic analyses. Therefore, steps must be taken to estimate the ionization effi-
ciency of the plasma on individual organic (molecular) and elemental (atomic) species. The
ion/neutral ratio calculated in the previous section is specific to the plasma gas itself, but
the parameters measured via Langmuir probe, namely 7, and N,, can inform the ionization
efficiencies of other elements using the Saha equation.

The Saha equation [21}, 22, 72,187, 147]] is:

—E;
2nm.kpT, )%ekBTe 4.9)

D o 2
N, go h

Kion =

Where K;,, is the ionization constant, N,, N;, and N, are the electron, ion, and neu-
tral population densities, g is the statistical weight of an electron transition, 4 is Planck’s
constant, and E; is the first ionization energy of an element. Values for g for both ion
and neutral species were taken from the NIST atomic spectroscopy database. [101] Niu &

Houk reduced this version of the Saha equation to eliminate the use of constants, [[147] and

the log of the equation can be written as:

S040E; :
"4 log(8l)+ 15.684 (4.10)

e 8o

log(Kion) = 1.510g(T) —

Using the ionization constant (Kj,, ), the proportion of input sample ions to neutrals (;)
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is:

Kion

o= ——
Kion ‘|‘Ne

4.11)

In order to gain confidence in our use of the Saha equation, we performed an additional
experimental check on the Saha ionization of an analyte in a plasma environment. We
performed a series of ICP-OES measurements on the ion/neutral ratio of three elemental
samples (Mg, La, and Zn), as well as on the 7, and N, values of the plasma itself. The
values for 7, and N, were input into the Saha equation, and the Saha-predicted ionization
efficiency was compared to the directly measured ion/neutral ratio from line emission in-
tensities. Our results show that the Saha equation produces ionization efficiency estimates
within 2-5% of measured ratios, validating our use of the Saha equation for these models
(see Appendix [C} for more details).

Although our Langmuir probe measurements of plasma 7, range from 10,000 - 35,000
K (~1-3 V), plasma Tg,; measurements are much lower, in the range of 340 - 510 K based
on measurements taken with the handheld IR thermal imager. Because there is a diver-
gence between gas and electron temperatures, the plasma is not at a local thermal equilib-
rium (LTE). Non-LTE plasmas are common in low pressure systems. Previous estimates
for Saha ionization, carried out by Niu & Houk on a commercial plasma at atmospheric
pressure,[147] assumes a plasma at LTE where T = T; = T, = Ty, = 7500 K. However,
Chen & Han assessed the Saha equation for a non-LTE plasma,[28] and found that 7 is the
appropriate temperature to use as an input for the non-LTE Saha equation, as electron col-
lisions are the dominant mechanism of ionization. Therefore, we use the framework of the
Saha equation established by Niu & Houk, [147] (Eq. 8 & 9) with values of T, converted
to K (1 eV =11,600 K) input as the plasma temperature.

Because N, and 7, have been directly measured in the plasma via Langmuir probe,
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Operating Condition Commercial Experimental

Plasma Gas Ar Ar, He
Forward Power 1,000 - 1,300 W 5-23 W
Plasma Gas Flow Rate 14 - 16 L/min 0.01 - 0.2 L/min
Frequency 13, 27, or 40 MHz 2400 MHz

Power Coupler Inductor Microwave cavity
Max Electron Temp 10,000 K 35,000 K (He)
Max Gas Temp 10,000 K 510 K (He)
Electron Density 104! m—3 10" m—3
Ion/neutral ratio 1073 1075

Table 4.1: Summary of operating conditions and physical properties of a commercial plasma (ICP)
and the experimental microwave induced plasma (MIP) investigated in this study. *Experimental
plasma ion/neutral ratio at N, = 10'® m=3

we apply this data to the Saha equation to calculate the change in analyte ionization. The
curves in Fig. 6 model the degree of ionization as a function of first ionization potential
for a range of plasma power inputs. These curves predict the ionization efficiency of an
analyte as a function of plasma power.

The estimated ionization models for this low power plasma suggest equal, and in some
cases better, ionization efficiencies compared to commercial ICPMS plasmas. [[147] Com-
mercial plasmas at atmospheric pressure typically have N, values of 10>! m~3, whereas this
plasma is measured to have N, values of 10! - 10'8 m~3. This three to four order of mag-
nitude lower electron density, coupled with the higher electron temperature, leads to higher
energy collisions and fewer electron-ion recombination events, thus leading to greater ana-
lyte ionization efficiency. However, the higher gas temperatures and robust gas flow rates
in commercial plasmas can support greater mass loads and more efficient atomization of
large particle size distributions than lower power/pressure plasma sources.

We have constructed a thermodynamic model to estimate our low power plasma’s ef-
ficiency of atomizing ablated geologic materials prior to ionization. Given the measured

temperature of the plasma gas and the thermal properties of silica (SiO,), the dominant
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Fig. 4.6: Results of Saha ionization calculations for helium (a) and argon (b) gases at different
values of plasma power. Data points are calculated ionization efficiencies for all elements at each
forward power condition.

component of most common rocks and minerals, we estimate the maximum mass load a
19 W plasma can support to be on the order of 2 x 10~ g/s. This flux is similar to that
generated by laser ablation with a 40 um diameter sample spot and a repetition rate of 10
Hz (assuming 50 nm depth removed per shot). The atomization efficiency of the plasma
depends on the introduced particle size distribution. We calculate a maximum load capac-
ity of the plasma of 31,000 particles of a 50 nm diameter, or 1,100 particles of a 300 nm
diameter (see Appendix [C]for more details).

The Saha ionization models show that both argon and helium plasma sources can be
effective ionizers at low power and gas flow rates. With a gas flow rate of 200 SCCM,
organic molecules and atomic species with with a range of first ionization potentials, from
radioactive Rb (4.2 eV) and radiogenic Sr (5.7 eV) to prebiotic amino acids (e.g. glycine,
8.9 eV) to biologically and abiologically relevant S (10.4 eV), are calculated to achieve
up to 99% sample ionization in a 23 W argon plasma, or a 5 W helium plasma (Fig. 6).
Therefore, this plasma could serve as an effective ion source adapted for spaceflight, ca-
pable of investigating the organic content, trace element chemistry, and isotopic signatures

(including the Rb-Sr chronometer) of geological samples for in situ planetary exploration.
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4.6 Conclusion

We have characterized the fundamental parameters of a low power plasma and assessed
its performance as an ion source for a mass spectrometer. This plasma is estimated to be
an effective ionizer of organic and elemental analytes, with the reduction in power and
gas consumption leading to minimal loss in ionization efficiency. Helium is found to be a
more efficient ionizing plasma gas than argon, requiring only 5 W of power to ionize fully
organic (molecular) and elemental (atomic) species with first ionization potentials <10 eV,
as opposed to 23 W of power for argon. In either case, both of these plasma gases can be
used with applications to spaceflight mass spectrometry. Future work will examine possible
designs to implement such plasmas onto a prototype spaceflight optical emission or mass

spectrometer.
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Chapter 5: A Miniature Inductively Coupled Plasma Mass Spectrometer

as a Prototype Spaceflight Instrument

5.1 Abstract

Inductively coupled plasma mass spectrometry (ICPMS) is a common laboratory tech-
nique for geochemical analysis, but has not yet been miniaturized for applications to in situ
planetary exploration. However, low pressure plasma systems are viable ion sources for
spaceflight mass spectrometry, given their reduced power and gas flow requirements, and
ionization efficiency. Here, a prototype ICPMS has been constructed and demonstrated as
an end-to-end system, capable of chemical sample analysis. The prototype consists of a
low pressure Ar or He plasma, operating with a 50-100x reduction of forward power and
gas flow relative to commercial systems integrated to a quadrupole mass analyzer (QMA).
Computer-assisted design (CAD) modeling was used to plan the mechanical designs of the
vacuum housing and ion optics, and conductance calculations were done to ensure low vac-
uum pressure is maintained throughout the instrument. Chamber construction preceded ion
current optimization, leading to measurement of the ion beam by the QMA. Measurements
of ion current on the QMA suggest an ion transmission efficiency of 1076 - 10~7, which is
a factor of ~1073x lower than in commercial systems. Kr measured as a sample analyte
demonstrates the ability for the instrument to achieve unit resolution, the same standard for
legacy systems. The accuracy of measured Kr isotope ratios range from 1% to 57%, all

with precision of ~ +20% (16). The ICPMS constructed here represents the successful

70



integration of a low pressure plasma system, demonstrating the feasibility of this technique

as a spaceflight instrument and accomplishing the original goals of this dissertation.

5.2 Introduction

Inductively coupled plasma (ICP) is commonly used as an ion or excitation source for
mass spectrometry and atomic spectroscopy. The ICP source in commercial mass spec-
trometers is typically composed of ionized Ar gas; the plasma is maintained by applying a
high power radio frequency (RF) field to a continuous input flow of Ar. The plasma dis-
charge can produce a high temperature environment with a large population of ions and
electrons, with temperatures reaching 10,000 K at atmospheric pressure. This plasma is
sufficient to volatalize, atomize, and ionize aerosolized solids (e.g. ablated minerals) or
liquids (e.g. aspirated solutions), lending it to be an effective ion source for mass spec-
trometry of planetary materials [148]. The ion source is interfaced with an analyzer and a
detector, which separates ions by their mass to charge ratio and measures their abundances.
This technique is routinely used in the sciences and medical research [89]]. Thus, ICPMS
is a robust tool with a long heritage in analytical chemistry.

The process plasma of sample ionization has four main steps that are required for suc-

cessful input into the mass analyzer:

1. Atomization — The compounds are broken up into their individual atomic compo-
nents via the high temperature of the plasma. For example, silicate bonds within the

rocky material can be broken with a specific amount of energy input into the sample.

2. Volatilization — The broken up atomized sample must then be induced to a high

enough temperature that the sample is brought to the vapor phase.

3. Excitation — The high energy of the plasma environment brings valence electrons to
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a higher orbital energy. The electrons at this point may either relax back down to
a lower energy state and emit a photon, or continue to increase until an electron is
removed. Also at the low temperature end of the plasma electrons will re-combined

with ions again to form neutrals.

4. Tonization — If a valence electron in an excited state interacts with a free electron,
that valence electron could be removed and the atom becomes an ion. Ionization of

a sample is required, as ions can be manipulated via electric and/or magnetic fields.

Maintaining the plasma in its high energy state typically relies on a high-power output
and a high flow of Ar gas. As the gas system is flowing at ~12-15 L/min, the radio fre-
quency (RF) electric field is generated by a copper coil wrapped around the quartz torch
system. The RF operates at high power ranging from 900 — 1,500 W and frequencies of 27
or 40 MHz. The induced electromagnetic field drives initial seed electrons to remove the
valence electrons of other Ar atoms, producing a cascade of ionization that is maintained
by the strong RF field.

Mass spectrometry has also been applied to spaceflight for decades. Miniaturized
spaceflight mass spectrometers have been deployed on a number of missions to plane-
tary surfaces and atmospheres throughout the solar system, and such instruments remain
one of the most versatile tools of planetary exploration. While other common laboratory
techniques, such as laser desorption/ionization (e.2. MOMA) [69] and gas chromatography
mass spectrometry (GCMS, e.g. SAM) [123]], have been miniaturized and ruggedized for
spaceflight, ICPMS has remained in the commercial realm due to its high power (> 1 kW)
and high gas flow (> 15 L/min) to maintain the plasma.

Recently, low pressure plasma has been demonstrated as a viable alternative to atmo-
spheric pressure plasma, as it requires less power and gas flow to achieve comparable ion-

ization efficiency, albiet with a reduced load capacity [S5,183]. In order to demonstrate the
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application of ICPMS as a spaceflight technology, I have constructed a prototype ICPMS
using a low pressure plasma as an ion source and demonstrated key performance capabili-
ties. This work constitutes the demonstration of low power plasma ICPMS technology as
a viable technique for in situ planetary mass spectrometry.

Many conventional mass spectrometers rely on vacuum conditions to allow ions to
travel freely with minimal collisions with background gas due to the increased mean-free
path of the ions. Additionally, electric fields are used to steer and manipulate ion beams,
bringing the sample from the ion source to the mass analyzer. Prior to constructing and
optimizing the instrument here, I carried out a full mechanical design of a custom vac-
uum housing and ion optical elements using SolidWorks computer-assisted design (CAD)
modeling. I performed a series of conductance calculations for each differentially pumped
chamber, ensuring that the vacuum conditions are sufficiently low to enable ion transmis-
sion to the QMA detector. Once the chamber was constructed, I carried out a series of ion
current optimization experiments. The experiments involved varying the voltage on each
electrode and measuring the ion current delivered through each electrode in the instrument,
producing a maximum ion current at each step. The maximum ion current also informed
to other aspects of the instrument performance, such as peak shape, collisional losses, and
sample introduction.

Here, I discuss the construction, optimization, and validation of a prototype ICPMS,

demonstrating its feasibility as a spaceflight instrument.

5.3 Mechanical Design of ICPMS Prototype

The system that was built and designed is required to perform as a mass analyzer,
capable of delivering and separating ions produced from the ion source (Fig. [5.1I). The

mechanics of the chamber were dictated by the ability to transmit ions and maintain a
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differential pressure in the system.

The overall design of the prototype ICPMS uses differential pumping to maintain a
pressure gradient across the system, allowing higher gas flow rates into the system while
still maintaining vacuum pressure in the mass spectrometer region. Higher gas flow up to
200 mL/min (SCCM, or standard cubic centimeters per minute), iS necessary to maintain a
torch pressure of <1-13 mbar (1-10 torr, 100-1300 Pa) and deliver ablated geologic mate-
rial into the plasma system. The instrument is subdivided into three chambers, separated by
differential pumping systems and aperture inlets. The main three chambers of the system

are as follows:

Sample inlet

Microwave Cavity
'

Fig. 5.2: Left - Photo of the plasma torch with 10 SCCM of Ar gas flowing, with plasma generated
at ~8 W of forward power. Right - CAD model of the plasma front end system, showing similarity
between initial design and final product. The torch consists of a series of concentric quartz tubes to
constrain the plasma and input sample, a 2.4 GHz microwave cavity to generate the plasma, and a
gauge to monitor the pressure in the torch tube.

Plasma torch - The plasma torch consists of a tube of ~15 cm (6 in) in length, with
a 1.25 cm outer diameter (0.5 in) (OD) and a 1 cm inner diameter (ID) (0.375 in), which
serve to contain the plasma and sample gas. The torch is constructed of either quartz or
alumina for their high temperature tolerance and electrical insulating properties (Fig. [5.2).
The torch is interfaced to the following chamber via a 1-mm conductance limiting aperture,
producing the pressure gradient between the two chambers. The torch system is not directly

interfaced to a pump, but instead the vacuum system on the interface chamber pumps out
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the torch through the 1-mm aperture. With gas flow, this maintains a higher pressure in the

torch while keeping the pressure lower in the interface.

Fig. 5.3: Left - Photo of the inside of the interface region looking down the axis of the second 1-
mm aperture, orthogonal from the ion source. The 90° deflector plates are seen on either side of the
central aperture. Right - CAD model birdseye view of the interface region showing the geometry
layout of the ion optics and deflector. Ions are deflected from the initial aperture to the right, steering
them into the QMA chamber (ion path shown as a curved red line and arrow).

Interface region - The interface region consists of a 7 cm (2.75 in) 6-sided ConFlat™
(CF) cube, which is directly pumped via a turbo pump backed by a roughing pump. The
interface region is used to house direct current (DC) ion optics, guiding ions from the torch
through the 1-mm aperture into the mass spectrometer. The ions enter into this region via
a 1-mm aperture and are immediately columnated by a stack of DC electrodes. A 90° ion
deflector is housed after the ion stack, as the photons from a plasma can activate a detector,
necessitating an off-axis ion source. This chamber is interfaced to the rest of the mass
spectrometer through a DC ion funnel and second 1-mm aperture, limiting conductance
and maintaining a differential pressure between this and the final chamber (Fig. [5.3).

Quadrupole mass analyzer region - The quadrupole mass analyzer (Fig. [5.4)), capable

of separating the ion beam by its mass-to-charge (m/z) ratio of each ion mass, requires low
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pressure (1073 - 1076 mbar, 7x107% = 7x 10~ torr, 10~ — 10~* Pa) to operate efficiently
and for the detector to avoid saturation. This chamber also consists of ion focusing optics
to columnate the beam after exiting the second aperture, followed by an Einzel lens for
ion beam focusing. The third chamber which houses the QMA consists of a vacuum cross
components 8.9 cm (3.5 in) in length interfaced to another 7 cm (2.75 in) 6-sided ConFlat
(CF) cube. The chamber is then interfaced to a second rough pump (0.3 L/s) and turbo

pump (60 L/s) system.

Einzel lens

QMA rods

Fig. 5.4: Birdseye view of the CAD model of the QMA region, showing ion optical elements and
Einzel lens for focusing ions into the QMA inlet. Ions travel the length of the QMA to the faraday
or channel electron multiplier (CEM) detector on the back side of the instrument.

The three components outlined here were tested for their ion transmission efficiency

and their ability to hold vacuum under high gas loads.
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5.4 Conductance Calculations

Conductance is the ability for gas to flow through a tube with a given length and ra-
dius. Conductance calculations are based on two main factors around chamber design: (1.)
geometry of vacuum components, and (2.) effective pumping speeds of vacuum pumps.
Using these two factors, the final base pressure of the system can be estimated based on
chamber conductance with and without input gas flow. To properly estimate the conduc-

tance of the chamber as a whole, the calculation strategy is summarized as:

e Determine the conductance of each individual component
e Add all of the conductances depending on the layout of the chamber

e Use the individual chamber conductances to calculate pressure based on effective

pumping speed

5.4.1 Individual Component-Level Conductance

Particles entrained in a tube will either travel through the tube unimpeded to the end,
collide with other gas molecules, or bounce off of the walls of the tube. The conductance
of the tube is dependent on the conductance of the entrance area, which is approximated
as an infinitely-thin aperture with the same diameter as the opening of the tube, and the
transmission probability through the tube. For a low pressure gas modeled as molecular

flow, the conductance (C,,,) of a tube is calculated as: [75]] and [[113]

Cmol =Co-P (5.1)

where C,, is the conductance of the tube opening (m?/s) and P is the transmission probability

of the gas molecule (unitless). C, is calculated assuming the infinitely thin aperture allows
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Fig. 5.5: Cartoon diagram showing the dimensions of each chamber component used for conduc-
tance calculations.

in gas molecules with a specific efficiency, and is calculated as:

Co=-A (5.2)

1%
4
Where v is the average velocity (m/s) of a gas molecule at a certain temperature, and A is

the area of the opening (m?). The probability of a molecule then translating through a tube

of a certain length and diameter can be calculated as:

_ 4D

P=_=
3L

(5.3)

Where D and L are the diameter and length of the tube (m), respectively.

Each component of the chamber setup, namely the interface region and the mass spec-
trometer chamber, are then added together depending on the chamber geometry (Fig. [5.5).
The addition of conductances in a vacuum system is analogous to addition of resistors, as

the method of addition depends on whether the components are in parallel or series. For
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tubes ordered in parallel, the conductances can be added as:

Where C, is the total number of individual components in the system. For tubes oriented
in series, such as those defining this vacuum chamber, the conductances are added as:
1 1 1 1 1

. . 5.5
Co GG TG C, (55)

The final addition of all conductances together can then be used to calculate the pressure
of each component or of the chamber as a whole.

The plasma torch operates at a higher pressure and gas load than the other chambers,
requiring a different approach to the calculation of conductance and pressure in the torch
environment. The gradient in pressure leads to a change in gas dynamics, namely a shift
from continuum flow to molecular flow. Continuum flow is defined by a high amount of
gas particle collisions, where in molecular flow, the mean free path of the gas particle is
longer than the chamber diameter. The higher pressure plasma torch chamber is more likely
to be in continuous flow than the molecular flow calculations used here, so a different set
of relationships is needed to estimate the conductance of the torch environment and are
documented at Appendix [D| The purpose of this section was to ensure that the QMA and
interface chambers would be at sufficiently low pressure to allow ion transmission, thus the

torch pressure is ancillary to our considerations in this section.

5.4.2 Results of conductance calculations

Using the framework established above, the conductance of the main components of

the instrument were calculated. Each system-level conductance was then used to calculate
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the pressure in the system, with consideration of gas flow into each subsystem.

C
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Fig. 5.6: Summary of conductances of individual components comprising the interface region. The
conical reducer acts as a conductance limiting component.

The interface region consists of a 7 cm (2.75 in) CF cube, with a 60 L/s turbo pump
interfaced via a conical reducer flange (Fig. [5.6). The conductance of the CF cube was cal-
culated assuming a tube-shaped geometry, with a 7.6 cm (3 in) length and a 3.3 cm (1.33 in)
inner diameter, giving a conductance of 2.4 m>/s. The conductance of the conical reducer is
dependent on the ratio of both diameters, and is calculated as 0.016 m?3/s. This shows that
the conical reducer acts as a conductance limiting component; a larger pump with an in-
creased pumping speed would have minimal effect on the ultimate system pressure. Adding

1 1 1

the conductances together in series as — =

Ctot Ccone Ccube

gives a total conductance of 0.0161
m?/s or 16 L/s. With a 60 L/s nominal pumping speed and this calculated conductance, this
gives an effective pumping speed of 12.7 L/s. See eq. [5.7]for calculation used to estimate
effective pumping speed.

The conductance of the QMA system is calculated similarly to the interface region,

using a single tube-shaped component interfaced to a 60 L/s turbo pump via a conical

81



Vacuum pump (60 L/s) ‘

Ceone = 0.016 m¥s |

| Ciot=0.016 m¥s

-
v

| QMS electronics head |

Partial gas inr[
=
1

\ J
Y

Cupe=24m3ys | L1

Fig. 5.7: Summary of conductances of individual components comprising the QMA region. The
gas inlet is calculated using an estimated pressure in the interface chamber and a 1-mm aperture
diameter

reducer (Fig. [5.7). The caveat of this calculation is that gas is being input into the system
via the torch, and while some gas is pumped out via the interface turbo, some gas still enters
the QMA chamber. If the foreground pressure is already calculated in the interface region,

then the flow of gas through an aperture can be estimated as:

P, /29 528
fl 3 0.01749 - : .D? 5.6
ow(cm’/s) = 207"\ mes T (5.6)

Where P; is the pressure in the interface region (PSI), mg, is the atomic weight of the gas

molecule (g/mol), T is temperature (K), and D is the aperture diameter (um) [106]. Using
eq. with a calculated pressure of 3x 10~* mbar (2.2x 10~ torr, 3x 107> Pa, 4.4x 1076
PSI), an assumed gas temperature of 500 K, an aperture diameter of 1,000 um, and an Ar

molecular weight of 40 g/mol, the flow was estimated to be 0.0023 cm3/s (0.135 SCCM)
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entering through the aperture. The remainder of the gas is pumped away by the first turbo
pump. The gas flow calculated here may be used to calculate the final base pressure in the
QMA chamber.

As the inner diameter of the tube is the same as that of the CF cube, as well as the same
dimensions of the conical reducer, the conductance of the QMA region is effectively the

same as the interface region of 0.016 m3/s with an effective pumping speed of 12.7 L/s.

5.4.3 Chamber Pressure Calculation

The pressure in a system is driven by a balance between gas that is input into the system
and gas that leaves the system through pumping. To accurately estimate the system pressure
in each chamber, the effective pumping speed in each chamber is calculated as:

1 I 1

— - 5.7
Seff Snom C

Where Sefr is the effective pumping speed in the chamber, S, 1s the nominal pumping
speed, and C is the conductance of the chamber (L/s). Finally, using the calculated effective

pumping speed of each chamber, the pressure in each chamber is calculated as:

) ans

Seff

Payg = % (5.8)

Where q is the internal outgassing rate and Qgjs is the input gas flow rate (mbar - L/s).
Given the above calculations for pressure and the individual chamber conductances,

the pressure was then calculated in each chamber. These calculations were also carried out

with and without Ar gas flow at 10 SCCM to observe the difference in chamber pressure.
With the gas flow off, the base pressure of the chamber was calculated to be high vac-

uum conditions in the QMA and interface regions at 10~° mbar (1.5%107° torr, 10~ * Pa).

83



With the gas flow on, the interface region was found to be 10~3 mbar (7.5x 10~ torr, 0.1
Pa), and 10~ mbar in the QMA region (7.5x 107 torr, 10~ Pa). This pressure gradient
is sufficient to deliver ions to the mass spectrometer.

After the CAD models and pumping calculations were carried out, the system was
constructed according to the planned system design. Because the calculations were based
on the planned design and pumping system, the observed pressures in each subsystem can
be compared to the calculated pressure. The system pressures were observed as 5x 1073
mbar (3.7x1073 torr, 0.5 Pa) in the interface region, and 3 X 107> mbar (2.2x107° torr,
3x 1077 Pa) in the QMA region with gas flow on. With gas flow off, the base pressure
of both the QMA and interface region were observed at 2x 10~ mbar (1.3x1077 torr,
2x 107> Pa). These observations are close to the calculated values, giving confidence to

the approach taken here.

5.5 Ion Current Measurements

The housing and ion optics designed via CAD modeling, shown above (Fig. B.I)), were
constructed during a progressive chamber buildup campaign. The RF plasma generated
by the ionization of Ar gas was used as the source of ions for the buildup. The effort to
construct the instrument was performed as a piecemeal approach, integrating a single new
ion optic element and optimizing its ion current throughput before installing, testing, and
optimizing the next electrode. The buildup proceeded this way until the ion beam was
integrated with the QMA, and “°Ar measurement was observed in a mass spectrum. See
Appendix [D] for photos and more on the chamber construction.

The ion optics shown previously can perform two main functions in developing the ion
transmission efficiency of the instrument: (1.) The electrodes can produce an electric field,

shaping and bending the trajectory of the ion beam, and (2.) the optics can be connected to
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an ammeter, which measures the intensity of ion current directed onto the electrode. These
two functions allow tunability of the system, where the voltage applied to each electrode
can be optimized to maximize the amount of current delivered.

This section outlines a series of experiments documenting the ion current measured at
each electrode throughout the instrument. The ion current in the system was measured us-
ing a Keysight B2985A ammeter, with a dynamic range of 1 mA to 0.01 fA. This ammeter
was used to measure plasma ion current at each electrode in the instrument, including the
plasma, via CF electrical feedthrough ports. As the current at each electrode is dependent
on the efficiency of ion transmission, which itself is dependent on the electric field inside
the system, the current measured is commonly plotted against the applied voltage of the
previous electrode. After the current was maximized on a certain electrode, the ammeter
was moved to the next electrode downstream, and the process was repeated until the entire
system was optimized. This method used the “follow the ions” approach to optimization,
documenting the incremental loss of ions throughout the system while still maximizing

transmission.

5.5.1 Front end — Plasma and Aperture

In order to quantify the gain/loss of ions throughout the instrument, an initial character-
ization of the plasma is necessary. By understanding the plasma environment at its source,
a better understanding of the changes in the ion beam further downstream was established.
The initial plasma measurements were conducted by connecting the ammeter to a wire
inside the plasma. While these measurements were conducted with a single wire inside
the plasma environment, a more comprehensive evaluation of the plasma ion current was
carried out at chapter

One of the most important first steps of using plasma ion sources is the separation of
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Fig. 5.8: Above - CAD drawing of the ion lens stack and the plasma torch, interfaced by a 1-mm
aperture. The plasma ion current was measured on the torch side of the aperture using an input
wire (Right), and then measured on the vacuum side of the aperture on the extractor stack (Left).
The first extractor lens is electrically isolated from the rest of the stack, acting as an independent
parameter.

ions from electrons. Initial measurements of the plasma current show a large negative
current in the range of -100’s of (A in the central portion of the plasma, indicating a large
electron population in the plasma. Typical plasma measurements involving a Langmuir
probe (see chapter @] Fig. [.5)) require the plasma to be surrounded by a grounded sheath
to reduce the electrons for a more accurate analysis. A non-conductive quartz or alumina
tube is used in this setup, which does not sufficiently ground the plasma and allows a
larger electron population than in grounded torch tubes. However, as the plasma leaves the
initial 1-mm aperture, it interacts with the grounded aperture and the electron population
is reduced. Further, a positive potential on the first focusing electrode separates the plasma
by diverting electrons away from the field and focusing positive ions towards the ion stack.

The initially high electron population is evidenced by the ~-3 tA current observed on the

first electrode after the first I-mm aperture, with no voltages applied to the extractor or stack
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electrodes. Here, the unfiltered plasma makes it through the aperture via gas dynamics. The

electron population is relatively higher than the ion population in the plasma, driving the

overall current negative. The current then increases significantly and becomes positive due

to the removal of the electrons and focusing of the ions.

In traditional ICPMS systems, the
high ion and electron population from the
plasma is separated by a grounded skimmer
cone, which effectively removes electrons
from the plasma and delivers ions to the
mass analyzer. The ions coming through
the inlet aperture initially experience a high
negative potential (> -1 kV) as an “ex-
tractor”’, which pulls the positively charged
ions from the cone system and gives them a

high initial kinetic energy. In comparison,

our setup uses a intermediate initial posi-

1-mm orifice
(250 pm length)

0.25in

Fig. 5.9: CAD model of the first lens stack and
1-mm aperture. The first electrode in the stack
is electrically isolated from the rest of the stack,
and controlled by a separate voltage. The rest of
the stack is separated by resistors, and a single
voltage is applied to the second electrode in the
stack.

tive voltage (+100s of V), followed by a longer stack of positive electrodes (~ +1 kV) to

columnate and focus the beam leaving the first aperture and deliver the ions to the next

stage of the ion optics. The ion stack was also optimized for its performance.

5.5.2 First ion stack

The first stack of electrodes relies on two main voltages that control the ion population

coming from the aperture (Fig. [5.9). The first is the extractor voltage, which separates the

ions from the electrons and focuses the ion beam, and the second is the lens stack, which

delivers the ions through the relatively high pressure environment to the 90° deflector. The
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ion stack and the extractor work in tandem to provide the optimal focusing and ion trajec-
tory confinement to properly deliver the ions, so both elements must be tuned together.

For the optimization experiments, the 90° deflector was positioned at a 45° offset from
its normal position so that the front plate was situated directly in front of the lens stack,
acting as the collector plate for ion current. The ion current was measured as a function
of changing extractor and stack voltages by setting the extractor to a constant voltage, then
sweeping through voltages on the stack up to 1 kV. Measurements are repeated at 100 V
steps until the extractor reaches 1 k'V.

This method of tuning two separate voltages to find an optimized combination produces
a three-component set of data, with the two input voltages on the x and y axes and the
measured current on the z axis (Fig. [5.I0). To maximize ion current onto the collector
plate, the optimal combination of voltages is to use a low potential (+400 to +500 V) as the
initial extractor lens, followed by a higher potential (+900 to +1000 V) on the lens stack.

In typical commercial ICPMS systems,

the ion beam first experiences a high neg-
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periments showed that a range of negative

magnitude of the ion beam, effectively cut-
Fig. 5.10: 3D plot of the measured ion current
generated by voltage tuning of the first lens stack. (ing off transmission. Instead, the first ion
As the first electrode is isolated from the rest of
the stack, the two voltage inputs can be manipu-
lated to find the optimal combination.

lens stack operates more effectively at a
positive polarity. Thus a low initial positive
potential was used for focusing, rather than a high initial negative potential for extraction

and kinetic energy.
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5.5.3 90° Deflector

After optimizing the first lens stack, the 90° deflector is the next downstream ion optic
requiring optimization. The purpose of this component is to turn the plasma ion source off-
axis from the QMA detector, as the photons and metastable (non ionized, but at an excited
energy state) species from the plasma can also be directed into the detector, flooding the
signal. A plasma ion source that is off axis from the detector of the mass spectrometer
allows for separation of the ion population from the metastable and photon populations.

A similar approach to the ion lens stack
was taken to monitor the transmission effi-
ciency of the 90° deflector. The deflector
consists of two separate ion optical com-
ponents working in tandem, with opposite
deflector plates using opposite polarity po-

tentials to drive the ion beam at a right an-

gle (Fig. [5.T1). This experiment was set

up using two electrical feedthroughs, in- Fig. 5.11: Birdseye view of a CAD model of the
o ) 90° deflector. Each opposite pair of plates is con-
stalled on opposite sides of a CF cube with pected to a single voltage of the opposite polarity

the 90° deflector in the middle. On each of the adjacent plates.
feedthrough, a nickel strip was installed onto the connector pin, which acted as a collector
plate for the ion beam and registered the beam current (see Appendix [D|for photos of the
setup).

Because the collector plates were installed on both sides of the deflector, the deflector
has the ability to shift the ion beam either to the left or the right without any mechani-
cal changes. Instead, switching the direction of the ion beam only requires a flipping of

the polarity between two opposite rod pairs. Here, I carried out a systematic scan of the
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combination of the two potentials to deliver the optimal ion beam after the deflector. The
positive deflector plates were kept at a constant voltage, while the negative polarity was
swept through 0 — 1 kV at 100 V steps, at which point the positive deflector plate was
increased by 100 V and the process repeated. This systematic sweeping of voltages pro-
duced a 3D plot of ion current as a function of the two voltage combinations, analogous
to the ion stack experiments (Fig. [5.12] [5.13). The experiment was repeated to collect the
optimization data for both the right and left bend.

Data collected over this range of voltage combinations shows a characteristic “Ridge
of Stability”, in which the highest ion current changes little over a specific range of voltage
combinations, while dropping off drastically at deviations from the optimal combination.
These data confirms that the 90° deflector operates as designed, as opposite polarity volt-
ages can direct the ion beam to the desired collector plate. The ion current measured on
the opposite side of the intended deflection (i.e. the right side current when polarity bends
the beam to the left) is typically ~200x lower than the ion current on the deflected side,

indicating that some ions do stray from the beam profile, but that the deflector efficiently

deflects the ions in the intended direction.
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Fig. 5.12: Results of 90° deflector optimization  Fig. 5.13: Results of 90° deflector optimization
experiments, with ion beam bending to the left  experiments, with ion beam bending to the right
away from the QMA. towards the QMA.
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Asymmetry is seen between the two optimization plots, in which the right bend peaks
at ~220 nA and shows a broader range of stability, while the left bend peaks at ~170 nA,
with a narrower ridge. The asymmetry is likely due to a slight off-axis bend in the initial
ion stack, which preferentially diverts ions to one side. The second 1-mm aperture leading
to the QMA region is situated on the right side of the cube, so this asymmetry is beneficial
to the setup. The previous experiments on ion stack transmission efficiency revealed a peak
ion current of ~2.3 uA measured going into the deflector, and the peak current measured
at ~220 nA, which gives a bend efficiency of ~10%. The deflector described here is less
efficient than previously published deflector efficiencies (70-80%) [124]], possibly due to
the larger bend radius (designed for 2.75” CF cube) or more likely the higher pressure in

the system (2 x 103 mbar, 1.5x 1073 torr, 0.2 Pa).

5.54 QMA chamber — second aperture

The 90° deflector is interfaced to the QMA via a second, 1-mm aperture for differential
pumping and pressure regulation, as well as a DC ion funnel to shape and deliver the ion
beam (Fig. [5.14). One of the main challenges of a differentially pumped system is the use
of apertures to maintain a pressure gradient. At each of these junctures, the ion current can
be cut off by a significant amount due to the limited transmission area. Here, I document
the capability for beam steering via the 90° deflector through the second aperture into the
QMA region.

The main goal of the interface region is to allow as many ions to pass through as possi-
ble into the QMA chamber. Previous experiments show the tunability of the 90° deflector to
maximize ion transmission via tunable voltages, and this tactic was taken for these experi-
ments as well. Prior to the analysis, a series of lenses was installed onto the second aperture

to focus the bent ion beam through the aperture via DC electric fields. A nickel strip was
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mounted on the backside of the aperture plate, with the ion current measured through a CF
electrical feedthrough (see appendix [D|for photos). This chamber is differentially pumped
via a second turbo pump on the back side of the second aperture, allowing a low pressure
(107> — 1075 mbar, 7x107° = 7x 1077 torr, 10~ — 10~ Pa) to be maintained even with
plasma gas flowing into the system.

The focusing electrodes on the

lon focusin
9 lon lens stack
lens i

front end of the aperture were first

optimized to allow in the maximum

_ = llllIIIllI]
ion current at a set deflector voltage,

=%

and then kept constant throughout the

. . : ——— ‘ Einzel |
duration of the experiments, leaving ' |]

these two electrodes optimized in the Fig. 5.14: CAD model of the aperture joining the in-

terface region to the QMA region, with accompanying

deflector experiments. Once the ini- '
ion lens stacks and Einzel lens.

tial stack and the second focusing elec-

trodes are brought to their optimal values, a similar sweep of positive and negative poten-
tials was carried out on the 90° deflector. This experiment demonstrates beam steering
through the aperture using the deflector component, which is important for alignment with
the focusing Einzel lens and QMA.

The ion current measured through the aperture demonstrates a similar Ridge of Stabil-
ity as seen on the initial deflector experiments (Fig. [5.13). Reproducibility of the Ridge
of Stability indicates that the 90° deflector maintains the capability to steer the beam to
center onto the second aperture, which then gets focused via the focusing electrodes. The
3D plot shows a peak of ion current at ~ 4 nA, a loss of ~50x ion current via the aperture,
highlighting the tradeoff between differential pumping and ion beam intensity. Future up-
dates could replace the flange with a larger aperture to allow more ions to pass through, or

electrically isolate that component and apply a voltage to limit ion loss.
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Fig. 5.15: Results of 90° deflector optimization experiments with ion beam measured after sec-

ond aperture. Ion current intensity shows the same characteristic Ridge of Stability as before the
aperture.

5.5.5 Ion measurement on the QMA

The final portion of the instrument includes the quadrupole mass analyzer, as well as
a series of DC ion optics to focus the beam into the mass spectrometer. The QMA used
here is a Stanford Research Systems Residual Gas Analyzer (SRS RGA200), which has a
mass range up to m/z = 200 and a signal dynamic range of ~10° (10715 = 107® A). The
previous efforts of ion transmission efficiency were designed to deliver as much of the ion
beam to the mass analyzer as possible, maximizing the ion signal of the analyte. Here, the
ion beam from the previous optimization campaign is measured by the QMA faraday cup,
to show the ability to deliver ions from the plasma to the mass analyzer and to construct the
complete ICPMS instrument (Fig. [5.16).

The SRS RGA has multiple ways to measure sample ions. First, the QMA has two

separate ion detectors; the faraday cup, which measures direct ion beam current, and the
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channeltron electron multiplier (CEM), which amplifies the signal via electron cascading.
The QMA has the ability to scan across a range off masses, producing a spectrum, or
it can select specific masses and measure that mass signal intensity as a function of time,
known as a chromatogram. The experiment carried out here involved an initial optimization
campaign, in which the ion beam was filtered for the Ar (m/z = 40) mass and intensity
maximized on the faraday cup by applying the previously optimized voltages and adjusting

the beam focusing via the Einzel lens. Once the ion beam reached its maximum, the QMA

was switched to spectrum mode to measure the full spectrum of ion masses.

Faraday cup
Turbo pump

Einzel lens

Quadrupole mass
analyzer

1in

lon inlet from
interface chamber

Fig. 5.17: CAD model of the major components of the QMA region, detailing the mass analyzer
and Einzel lens focusing electrode.

5.5.5.1 Arionbeam

The development campaign of the mass spectrometer resulted in a beam of Ar™ ions
traveling through the interface region via the 90° deflector and being focused through the
I-mm aperture into the second, differentially pumped chamber. The ions were focused into

the QMA via the Einzel lens and a spectrum was acquired. The spectrum revealed the Ar
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ion beam, at m/z = 40 and m/z = 20, measuring the “°Ar* and “°Ar?>* ion populations. A
time-dependent scan of the Ar ion beam showed a mean ion current of 3.39 4+ 0.14 pA
(4.2% 10), ~103x lower than the current measured on the backside of the second 1-mm
aperture.

The reason for this major loss of ions could potentially be from the long travel distance
(~25 cm, 10 in) the ions are required to travel between the aperture inlet and the faraday
cup. At a pressure of ~2x 107> mbar (107 torr, 2 1073 Pa), this pressure is high enough
to cause ion-neutral collisions even with DC and RF voltages constraining the ion path.
Thus, increasing the pumping capacity or reducing the plasma gas flow into the system can
significantly increase ion transmission efficiency and analyte signal.

The QMA faraday cup can act as an ion current measurement device similar to the
Keysight ammeter, so a set of experiments similar to those previously performed on the
deflector, in which the two voltages on the the 90° deflector were systematically varied
in tandem, was carried out on the QMA. Here, all the voltages in the system were set
to their optimal values and the mass spectrum was taken as a baseline, and then the 90°
deflector voltages were returned to 0 V. Another experiment sweeping through the positive
and negative deflector potentials was carried out to observe the behavior of the full system
in response to this component, and to show the ability for beam steering into the QMA.
Because the QMA has the ability to selectively measure individual mass peaks over time,
the deflector tuning was repeated with only the “°Ar™ ions selected.

These results show the characteristic Ridge of Stability as seen on previous iterations
of this experiment is reproducible on the QMA itself, verifying the ability to steer the ion
beam from the previous chamber and demonstrating the reproducibility of this phenomenon
(Fig. . In addition to the high ion currents along the characteristic ridge, **Ar™ ions
were also observed on the QMA detector when the deflector voltages were off, although

other ion focusing electrodes were at their optimal voltages. The electric field produced by

96



I
[T I

1.5

lon current (pA)

o
o

1,000

600 200

400 400

200 500 600
0
Vv, (V, neg) V, (v, pos)

Fig. 5.18: Results of 90° deflector experiments, measured as *°Ar* ions via the QMA on the faraday
cup detector.
the deflector does influence the ion beam trajectory, but ion drift due to gas flow could be

delivering ions into the QMA chamber as well.

5.5.5.2 Peak shaping

Because the Ridge of Stability shows the range of voltage combinations that deliver
ions to the QMA, the signal produced on the QMA by taking mass spectra across that
identified range of voltages was explored further. The shape of the peak is an important
metric in mass spectrometry, as the peak shape reflects the ion beam packet coming to the
analyzer, and by extension the quality of the beam shaping electrodes. The peak shape can
drive uncertainty in the system, as the mass accuracy of the peak can drift due to improper
focusing or high ion energy.

Initial measurements of peak shape employed a high negative potential and low positive

potential (Vi =+275V, V, =-755V), as this combination typically produced the highest
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755 V negative deflector voltages. tron generation in the faraday cup from high ki-
netic energy ion impacts.
beam current on the collector electrodes and on the QMA faraday cup. This combination
produced a wide peak with a base that covered ~5 amu, as well as a high background
signal, indicating that a high negative potential distorts the peak shape (Fig. [5.19] [5.20).
By changing to a high positive potential and no voltage applied to the negative electrode
(Vi+ =+4800V, V;,- = 0 V), the peak becomes narrower with a lower background signal
((Fig. 5.21}[5.22). Both peaks have a leading low mass edge to their peak shape, indicating
a curved, non-uniform packet of ions.

The peak shape is a gauge of the ion beam, both its spread in 2-dimensional space
but also in energy. An ion beam that has a high energy imparted onto it through a high
voltage, for example through the +1 kV extractor stack, will produce a peak with a wide
base. The peaks shown above have bases that range from m/z = 36 to 41, indicating that

the high potential that is used to deliver the ions to the mass spectrometer produces a beam

with excessively high kinetic energy. Further, ions with high kinetic energy can produce
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Fig. 5.22: “OArt peak after tuning the 90° de-

flector. Peak still has a wide base on the low
mass side of the peak, covering ~3 amu.

netic energy spread of the ions, resulting in a
narrower peak and a lower background baseline.
secondary electrons when they strike the faraday cup. This high population of secondary
electrons produced a high negative background signal after the Ar peak, and ions with
masses higher than m/z = 40 have been observed to produce peaks with negative current.
To mitigate the issue of high energy required for ion transmission, the second aperture
was replaced with a larger (2.5 mm, 0.1 in), electrically isolated aperture that allowed more
ions through to the second chamber. This higher ion transmission efficiency allowed the
initial stack voltages to be lowered, thus reducing the initial kinetic energy of the ion beam.
This low-potential electrical setup produced an ion beam with a narrower peak shape and
lower background level, likely due to the dampening of ion kinetic energy (Fig. [5.23] [5.24).
While the larger aperture allowed more ions through to the QMA chamber, it also reduced
the differential pumping potential, bringing the QMA chamber pressure to ~8x 10~ mbar
(6107 torr, 8 1073 Pa). Despite the higher chamber pressure, this is the most desirable

peak shape for future analyses, as it delivers 1 amu resolution to the observed ion signal.
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lution.

mass spectrometer.

5.5.6 Sample Introduction

Once the ion beam has been properly tuned resulting in a unit resolution peak, and the
ion current reaching the detector is at its maximum while still retaining the peak shape, then
the sample can be introduced into the instrument. Sample input relies on a quartz tube with
a3.2mm (0.125 in) OD and a 1 mm (0.047 in) ID that is concentric to the plasma tube, with
the back end attached to a Kr gas cylinder via a capillary tube. The gas inlet is controlled
by a mass flow controller, allowing low gas flow as low as 0.01 mL/min to be introduced
into the plasma. From here, the introduced sample can be ionized and analyzed via the
mass spectrometer. A noble gas was selected as the first analyte to be measured via this
instrument due to ease of sample introduction, its natural state as a mono-atomic species,
and its diagnostic isotopic abundances. Kr has five naturally occurring major isotopes with
abundances within an order of magnitude of each other, leading to relative ease of isotope
ratio measurement due to limited dynamic range capabilities on the instrument.

In order to demonstrate the analytical capability of the instrument, a sample of Kr was
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Fig. 5.25: Mass spectrum showing the isotopes of Kr, measured via the ICPMS prototype instru-
ment. Kr was input as 1 SCCM of gas flow in a 14 W Ar plasma.

introduced into the plasma environment, and measured via the QMA (Fig. [5.25). A mass
scan of the relevant mass range (m/z = 70-90) shows that the peaks are high enough resolu-
tion to distinguish individual isotopes, confirming the success of the peak tuning campaign.
The Kr was input into the plasma via the sampler tube at a flow rate of 1 SCCM, with the
Ar gas being input into the plasma tube at a flow rate of 10 SCCM, producing a plasma with
an Ar/Kr ratio of ~10. Estimates of the ionization efficiency of the Ar plasma indicate that
elements with high first ionization potential such as Kr (13.99 eV) have a lower ionization
efficiency than in He plasma. At 14 W of forward power, which was used for these exper-
iments, the Ar plasma is predicted to ionize ~50% of the Kr input in the system. Thus,
switching to He plasma could potentially double the signal seen on each of the Kr peaks,
as elements with the same first ionization potential can reach up to 99% ionization with He
at similar power (Fig. . Regardless, the ratio of “°Ar to 3*Kr ion current is similar to

their respective ratio of the input gas flows due to their similar first ionization potential.
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Fig. 5.26: Timescan of the measurement of Kr isotopes. Each mass station of Kr was monitored in
peak-jumping mode on the faraday collector.

The QMA is capable of measuring a timescan, or peak-jumping from individual masses
and measuring their abundances over time. For this analysis, each of the isotopes of Kr
were selected and measured over 80 seconds in chromatogram mode (Fig. [5.26). This was
done to monitor the stability of the ion signal over time, as well as to gather statistics on the
average and standard deviation of the observed isotope abundances. Each mass signal was
averaged over the 80 second collection time, and the average signal was used to calculate
the isotope ratios. The uncertainty of the ratios was derived from the uncertainty of the
measured signal.

Isotopic ratios may be altered by the instrument during analysis due to unequal trans-
mission efficiency of isotope masses, known as mass bias. DC ion optics deliver ions to the
mass spectrometer with different efficiencies, with low mass ions having lower transmis-
sion efficiency than high mass ions, which may fractionate isotope ratios. To account for

instrument-induced mass bias, the mass fractionation correction between two similar iso-
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Fig. 5.27: Uncorrected Kr isotope ratio accu-  Fig. 5.28: Kr isotope accuracy after mass frac-

racy, as directly measured from timescan. tionation correction. The red line represents
the 1:1 correlation between measured and true
value.

tope masses (M and M>) is applied to the measured ratios using the Power Law, calculated

as:
Rtrue = Rmeas X OCMZ?MI (59)

Where the o value is obtained from another similar isotope ratio with the same denomina-

tor, as:
¢ 1
o= (—rue ) M3=My (5.10)
meas

(Equations from [1]]). The uncorrected values measured via the timescan (Fig. [5.27)
show a linearity between the measured and the true value, although the linearity diverges
from the 1:1 line between the observed and true ratios, indicating an inaccurate measure-
ment relative to the true value. However, after the mass bias correction, the measured ratios
trend closer to the 1:1 line, indicating that the corrected ratios are more accurate (Fig. [5.28).
The accuracy of each ratio ranges from within 57% accuracy relative to the true ratio (e.g.
80K 1/82Kr), to within 0.9% relative to the true value (e. g.83 Kr/32Kr). Further, the low accu-

racy of the 39Kr/3%Kr ratio is likely due to “°Ar dimers interfering with the m/z = 80 signal,
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Ratio True Ratio Corrected Ratio Accuracy Precision (1 o)

80K /82Ky 0.20 0.31 57% 20.1%
84K 1/3Kr 3.3 1.9 42% 20.6%
84K /82Ky 4.9 3.7 25% 20.1%
83Kr/82Kr 1.01 1.02 0.9% 22.3%
82K 1/8Kr 0.67 0.54 20% 20.6%

Table 5.1: Results of measured Kr isotope ratio accuracy relative to true value, and associated
measurement precision.

in which future measurements would require background measurements for background
subtraction. The precision of each of the corrected ratios is ~ £20% (10). See table [5.1]

for the full reporting of the precision and accuracy of the isotope ratios.

5.6 Instrument Performance and Scientific Goals

The instrument development effort detailed here was carried out to accomplish the sci-
entific goals laid out in chapter 3] among other future landed in situ applications. The
scientific questions that can be answered by any analytical instrument are limited by its per-
formance metrics. Here, using the measured performance metrics of the prototype ICPMS,
the feasibility of the science goals of a landed mission to the lunar farside is discussed.

As opposed to the faraday detector used in the experiments described in this chapter,
a landed ICPMS instrument would instead use an electron multiplier as the ion detector.
The electron multiplier produces secondary electrons that result in output signal in units of
counts per second (cps), where the measured ion counts are proportional to the ion beam
current. For example, as one ion has a charge of 10719 C, the measured ion current of
1072 A (e.g. Fig. yields a total ion count of 107 cps. Here, the ion signal of a range
of geologically relevant analytes measured by an electron multiplier is estimated.

The electron multiplier signal is estimated assuming an assumed Fe concentration of 1

wt.%, a 40 um diameter laser spot size, and the measured ion transmission efficiency of this
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instrument of ~1075. The signal is then used to calculate the sensitivity of the instrument,

as well as the limit of detection (LOD) for each analyte. The LOD is calculated as:

o 3 Obgnd

LOD (5.11)

Where 0),,¢ is the measured uncertainty of the background, and S is the sensitivity
(cps/ppm, from [116]). The limit of detection is calculated as ~5,500 ppm for Fe based
on a measured background uncertainty of £107'% A (7x10* cps). However, the measured
background on our existing instrument is equivalent to the Johnson noise level, thus the
actual LOD of the system is likely be lower than the value estimated here. Future iter-
ations of a spaceflight QMA and detector will allow for a more accurate estimate of the
instrument LOD. Efforts will be made to increase ion transmission efficiency, as well as to
reduce background noise, to ensure that the detection limit is within the abundances of the
analytes found in minerals on the lunar surface. Improvements on the system will allow
this technique to achieve the science goals detailed in chapter 3]

Other factors regarding instrument performance and operations should be considered as
well. For example, the mass loading capacity of the plasma may be another limiting factor
in elemental analysis, as the thermodynamic calculations performed in chapter ] indicate
that a He plasma can atomize input sample generated by a maximum laser spot size of only
40 um diameter pulsing at 10 Hz. Also, quantification uncertainties scale with abundance,
with lower abundance elements potentially having higher uncertainties than higher abun-
dance elements. These uncertainties are propagated when using elemental chemistry as a
proxy for science goals, such as crystallization depth or mantle source composition [[194],

and future work should focus on documenting any abundance-dependent uncertainty.

105



5.7 Future Directions

The purpose of this effort was to produce
a miniature [CPMS capable of measuring trace
elements to low limits of detection in geologic
materials. While the prototype instrument con-
structed here has demonstrated the capability to
analyze input material, further work remains to

expand the capabilities of the instrument.

The sample input experiments relied on low

gas flow (1 to 10 SCCM, mL/min), as higher gas Fig. 5.29: CAD model depicting the newly
designed skimmer cone interface, potentially
allowing higher gas flow with limited ion
loss. This system would allow the input of
solid sample via laser ablation and aspirated

transmission. Here, I have designed and 3D liquid sample.

flow would increase the pressure in the 90° de-

flector chamber, effectively reducing ion beam

printed a skimmer cone that can minimize ion loss through a differentially pumped cham-
ber, allowing higher gas flow while maintaining low pressure at other chambers of the
instrument (Fig. 5.29). This can allow the carrier gas to input ablated geologic material,
as well as aspirated liquid sample, broadening the analytical capabilities of the prototype.
The low power Ar plasma can also act as a “’soft” ionization source, or one that ionizes
the sample with minimal atomization. Thus future experiments will involve the input of
organic material, such as amino acids or peptides for astrobiology purposes, which would
require the ability to aspirate liquid into the torch environment.

A common method of inputting geologic material into a commercial ICPMS system
is via laser ablation. Laser ablation (LA) ICPMS allows for trace element analysis of
individual mineral phases, with spot analyses as small as 15-20 ym in diameter. LA sample

introduction requires minimal sample processing, and maps to spaceflight technology due
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Fig. 5.30: Left - Photo of the assembled laser setup interfaced to the instrument setup. This includes
a 200 uJ 266 laser and focusing optics. The laser ablation cell has been 3D printed, assembled, and
tested for its vacuum compatibility. Right - Cross section of a CAD model of the sample ablation
cell, showing the laser input and gas flow system.

to its ease of sampling and manipulation. Laser ablation sample introduction is a logical
next step to the development of the prototype ICPMS.

Because the plasma system is maintained under vacuum, the sample introduction sys-
tem must also be under vacuum prior to laser ablation. In lieu of interfacing the instrument
to a commercial LA sample introduction system, a novel laser ablation sample cell has been
designed, constructed, and installed onto the mass spectrometer (Fig. [5.30). This includes
a 266 nm laser system, with optical elements to focus the beam to as small as 30 um in
diameter based on beam divergence calculations. The cell relies on He gas flow to carry the
ablated material into the plasma torch; the carrier gas can double as the plasma gas itself.
Thus, the capabilities demonstrated by this instrument will use the legacy standard of laser
ablation to measure solid input sample.

Finally, as this effort was intended to construct a working prototype of a spaceflight
ICPMS, future plans have been proposed to construct an engineering test unit (ETU) of the
spaceflight hardware (Fig. [5.31). The ETU includes new innovations in spaceflight hard-

ware, such as a multi-wavelength laser ablation system and a mobile sampling cell, and the
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Fig. 5.31: CAD model depicting the full instrument concept developed as flight hardware. The novel
mission concept has been proposed to the NASA DALI program, which would allow construction
of flight hardware designed for lunar exploration.

ability to withstand hardware qualification such as thermal vacuum and vibration testing.

This effort has been submitted to the NASA DALI program for funding consideration.

5.8 Conclusion

I have constructed a prototype mass spectrometer using a low power plasma as the
ion source, demonstrating the end-to-end proof of concept of a miniature ICPMS. The
instrument was tuned for maximum ion transmission, and has demonstrated its performance
measuring input sample. Measurements of ion transmission efficiency show progressive
loss of ions throughout the ion optic setup, with a final transmission efficiency calculated
at ~107% - 1077, as compared to commercial systems which record efficiencies of ~1073
- 107*. Kr was introduced into the ion source and its isotope ratios were measured to
a precision of £20% (10) and accuracy ranging from within 0.9% to within 57% due

to interference from an Ar dimer. While future work is needed to allow input geologic
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material, aspirated liquid sample, and organic material into the mass analyzer, this shows
that the prototype instrument is capable of sample analysis using a reduced power, low

pressure plasma source.
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Chapter 6: Conclusions

6.1 Key Conclusions:

Using the dual-pronged approach of geochemistry and instrumentation, this dissertation
has identified a scientific and technological foundation for a planetary mission that includes
in situ analysis which focuses on targeting trace element abundances in lunar materials. In
chapters [J] and [3 I have identified a series of geochemical proxies that may be used to
understand better the history of the Earth and Moon, and applied some of those proxies to
a geological system relevant to the Earth in chapter 2} I also identified a series of landing
sites on the lunar farside with lithologies that would best deliver on the stated science goals
in chapter[3] Combined, these studies document the relevance of targeted trace elements to
understanding better planetary history.

Additionally, a miniature ICPMS was developed and constructed as a prototype for
a spaceflight instrument proof of concept. The miniature plasma system was integrated
to a quadrupole analyzer and a faraday cup detector demonstrating an end-to-end system
for analyzing samples. The capability of the plasma to operate as an ion source was first
investigated in chapter ] Chapter [5]describes the buildup of the instrument and documents

its performance. Overall, the major conclusions of this dissertation are as follows:

1. K/U value of the Bulk Silicate Earth: Using the log-log plot method of process-
ing trace element abundance data, we estimate the relative partitioning of K and U

between silicate melt and residue and find that K has a higher solid/liquid partition
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coefficient than U by a factor of 3 to 7x. This shows that K fractionates during man-
tle melting, causing systematic variation in the K/U value of incompatible element

enriched or depleted silicate reservoirs.

We calculated a lower bound of K/U, between 14,000 and 15,500, for mantle source
of MORB, although the ratio may be higher in depleted sources. Combining this
limiting value with the K/U ratio of the continental crust and OIB sources, we esti-
mated the has a BSE K/U >12,100, and a BSE K abundance of >260 ug/g, which

generates ~3.5 TW of heat in the Earth.

. Trace element investigations of the lunar farside: In order to understand better
the structure and composition of the lunar farside mantle, a series of geochemical
proxies should be targeted in specific lithologies. Specifically, a mission could mea-
sure Al and Cr contents in olivine or Al and Ti contents in pyroxene to determine
the temperatures and pressures of basalt formation, Fe, Zn, Mn, or Ni contents for
mantle source mineralogy, K, Th, and U contents in exposed upper mantle material
for radiogenic heat investigations, and Rb-Sr isotopes for major event chronology.
Applying these proxies to farside exposed mantle materials and later emplaced mare

basalts could provide critical insights into the farside formational history.

The locations best suited for these analyses are Apollo, Leibnitz, Moscoviense, and
Von Karman craters on the lunar farside. All of these localities contain exposed
mantle material contacting with multiple mare basalt units, as well as flat terrain for

minimal mission hazards.

. Characterization of low power plasma: Low power plasma generated from He or
Ar gas flow is a viable ion source for an ICPMS at low pressure (1 torr; 10° Pa) and
low gas flow (10 cm?/min). The plasma electron density decreases and the electron

temperature increases with decreasing pressure, driving up ionization efficiency in
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low pressure systems. Langmuir probe analyses of He and Ar plasmas show that He
produces a higher electron temperature than Ar, indicating that He is a more efficient
ionizer. Empirically measured electron temperature and electron density are used to
estimate the ionization efficiency of a range of elemental ionization potential, and
shows that 99% ionization efficiency can be achieved with 23 W of Ar and only 5 W

of He at low pressure.

Thermodynamic models show that low power He plasma can also atomize sub-um
solid materials, opening the door to laser ablation sample introduction. At the mea-
sured plasma temperature, we estimate that the He plasma can atomize 2x10~° g/s

of silicate material, comparable to typical sample input generated by laser ablation.

. Miniature ICPMS prototype: I constructed a miniature ICPMS prototype as a
proof of concept technology demonstration. I have integrated the plasma ion source
to a quadrupole mass analyzer and faraday cup detector. The prototype instrument
includes a He or Ar plasma operating at <25 W of forward power, with a series of
DC ion optics tuned to optimize ion delivery to the mass analyzer. The estimated
ion transmission efficiency of Kr is ~ 107, which is below the operation of commer-
cial ICPMS systems (~10~%). Measurements of a Kr gas sample show the ability to
resolve individual isotopes, demonstrating that the instrument can analyze an input
sample. The isotope ratios of the measured Kr sample are estimated to have preci-
sion of ~ +20% (10), and range in accuracy from within 57% to 1% of their true
value. This represents a benchtop validation of the instrument concept, bringing the
prototype to a NASA-defined maturity of technical readiness level (TRL) 4, which is

a laboratory demonstration of the proposed technology.
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6.2 Future Directions

The efforts described in this dissertation represents a foundation for the complete [CPMS
instrument concept and accompanying mission objectives. While major progress has been
made on the development of the prototype and identification of science targets, more up-
dates to the prototype instrument are necessary to improve its performance and analyze
other samples. Further, a campaign to analyze the proxies identified above can deliver
more insights into how a mission operation would proceed, and what level of detection
limits and uncertainty are necessary to answer the stated science questions. Looking for-
ward, the science will drive the needed performance.

A new skimmer cone interface region will be added to the front end of the plasma inlet,
which would allow for higher gas flow from laser ablation or higher torch pressure from
input liquid sample. The skimmer cone system would allow for higher pressure sample
introduction (e.g. aspirated liquid, laser ablation sampling), allowing improved estimates
of limit of detection and demonstrating the quantification of trace element abundances.
From here, the geochemical proxies identified in chapter [3] can be measured on the proto-
type instrument, documenting the precision, accuracy, and instrument performance. Using
the instrument developed here, these investigation could include measuring Al, Ti, and Cr
abundances in olivine and pyroxene for thermobarometry, Rb-Sr for geochronology, or first

row transition elements for mantle mineralogy in lunar and martian meteorites.
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Appendix A: K/U of the MORB source and silicate Earth

The data accompanying this chapter was downloaded from the Earthchem database, and
filtered using the criteria identified in the manuscript. In order to investigate the difference
between K/U from K,O and K measured as a trace element, K,O measurements were
converted from oxide wt.% to K wt.% by multiplying K,O data by the K molar proportion
in K,O (0.8301), then into concentration in 10~ kg/kg by multiplying by 10*.

The 1st and 3rd interquartile range (IQR) of the K and K/U data spread were recorded,
and the outliers were calculated as 3x the difference between the 1st and 3rd IQR. K and
K/U data were filtered to be within the range of the 3rd IQR high and low outliers. A
similar filter scheme was applied to the K, U, and K/U data converted to log form, and also
filtered out by 3rd IQR high and low outliers.

The figures compiled below demonstrate the fractionation of the K/U ratio as a function
of incompatible element enrichment or depletion and magma evolution, further highlight-

ing the conclusions drawn by this study.
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Fig. A.1: Results of log-log regression analyses of MORB K and U data taken from multiple
sources. Data from Jenner & O’Neill (2012) and the PetDB database consist of K measured as
both a trace element (via LA-ICP-MS) and an oxide (via EPMA), so two regressions are produced
per data source. All data sources indicate that U is measurably more incompatible than K, and the
slope of the bivariate regression indicates the difference in partition coefficients during MORB gen-
esis. Plots of PetDB data shows all MORB samples (black circles) and MORB samples with > 8
wt.% MgO (grey circles). Source K estimates rely on regression statistics from PetDB samples with
> 8 wt.% MgO (green dashed line).
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Fig. A.2: K/U fractionation mapped in global MORB as a function of (A) fractional crystallization
(tracked by MgO), and (B) absolute abundances of incompatible element enrichments (e.g., U).
Data from full PetDB compilation.
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Fig. A.3: K/U fractionation mapped in global MORB as a function of source enrichment/depletion
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PetDB compilation.
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Fig. A.4: K/U fractionation in D-, N- and E-MORB (defined in Figure [A.3]legend) subpopulations
map to signatures in Pb, Sr, and Nd isotope systems. Only samples with > 8 wt.% MgO are shown
in order to isolate fractional crystallization effects. All three sample groups are statistically distinct
in K/U space based on parametric t-tests. Data from PetDB
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Fig. A.5: Plot of Ba vs Th in MORB samples. A cohesive linear trend between Ba and Th con-
centration shows little seawater alteration of the samples due to the higher fluid mobility of Ba
relative to Th. Solid red line represents linear regression of the data, and dotted lines represent 95%
confidence interval on regression.
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Fig. A.6: Log-Log plot of the K and U abundances of various OIB end-member localities. Different
mantle components are defined based on isotope ratios representing enrichment or depletion of
incompatible elements. Distinct reservoirs are defined as EM-1 (Enriched mantle 1, recycling of
crustal sediments), EM-2 (Enriched mantle 2, recycling of continental crust), and HIMU (high
u:238U/204Pb) 216]]. HIMU basalts have a higher U abundance, as shown in both absolute
abundance and radiogenic Pb isotopes, leading to a lower K/U ratio than OIBs sourced from other
mantle reservoirs.
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Fig. A.7: Fractionation of trace element ratios due to continental crust extraction. Depleted mantle
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Appendix B:  Application of Trace Elements to Lunar Landed Science

Introduction

Trace, minor, and major elements occupy specific sites in the crystal structure of a
mineral, with partition coefficients (Kp) measuring the partitioning of a specific element
between two phases (Kp = %) at equilibrium. The equilibrium partitioning of an element
between two phases is often sensitive to pressure and temperature, so this sensitivity can be
exploited to understand temperature and pressure of formation. These geothermobarom-
eters require experimental calibration, where the partitioning of elements between phases
is measured as a function of known temperature and pressures, often produced by piston
cylinder presses or diamond anvil cells. The composition or elemental partitioning is then
plotted as a linear regression relative to experimentally controlled temperature or pressure,
allowing mineral-specific composition measurements to be applied to the experimental re-
sults. Here, we use two separately calibrated geothermometers in order to measure the
temperature and pressure of crystallization of a series of ocean island basalt (OIB) sam-
ples.

Ocean island basalts are the result of volcanism occurring separate from plate tectonics,
typically emerging as intraplate volcanics. These volcanic centers are interpreted to be hot
spot plumes of high temperature ambient mantle buoyantly rising to the crust [81, [135],
with seismic evidence supporting this [[134]. Here we apply a series of geothermobarom-

eters to various OIB localities to discern the crystallization pressures and temperatures of
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these intraplate volcanic centers. This also serves as a demonstration of these thermo-
barometers as they would be used by an in-situ planetary mission, as these measurements

are feasible with the prototype ICP-MS currently under development.

Sources of Data

Data was collected from the GeoRoc database for Azores, Pitcairn, and Galapagos,
from the PetDB database for Hawaii, and from [171]] for Reunion. When searching the
databases, the filter criteria was set to deliver separate mineral compositions of olivine,
clinopyroxene, and spinel only. The data sets were processed by converting all FeO +
Fe,03 into FeOr and filtering the mineral oxide sums as 100 + 3%. The OIB localities

were selected to reflect a range of estimated mantle potential temperatures from [163]].

Barometry

The full context of basalt crystallization requires constraints on pressure to help con-
strain temperature, so a geobarometer is first applied to the samples. We estimate pressure
using the pressure-sensitive partitioning of Al and Ti in specific sites in clinopyroxene.
Tschermak pyroxene are pyroxene crystals with 3+ cations substituting for 2+ cations in
the M1 site of the mineral (generalized pyx formula - MIM2T,0Og). Al is more likely to be
accepted into the M1 site due to its smaller ionic radius relative to Ti (AI’** = 0.675 A, Ti3+
=0.81 A). Lattice strain theory predicts that this site becomes smaller at higher pressure,
thus allowing less Ti into the site and lowering the Ti/Al ratio with higher pressure.

In order to calculate site specific abundances, mineral oxide must be converted into

atoms per formula unit (apfu). The conversion is calculated as:

1. Divide the oxide composition by the molecular weight of the oxide to get molecular

proportion (e.g. CPX SiO; =55 wt.%, Si0, = 60 g/mol, =0.917).
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2. Multiply that proportion by # of oxygens in the oxide to calculate proportion of

anions measured (2 oxygen per SiO;, 0.917*2 = 1.83).

3. Calculate mineral-specific normalization factor. If clinopyroxene has 6 oxygens per
formula unit, divide 6 by the sum of all anion proportions from each oxide (if sum of

all anion proportions = 2.3, 6/2.3 = 2.6).

4. Multiply the proportion of anions by the normalization factor (1.83%2.6 =4.76 anions

per formula unit).

5. Divide # anions by anions per cation (for SiO, = 2 anions per cation, 4.76/2 = 2.38

cations Si per formula unit).

Once all compositions have been converted to apfu with this formula, plot Al vs Ti
(apfu) along with experimentally determined regressions deliminating various crystalliza-
tion pressures. This barometer has been calibrated by [141] and [60], and previously ap-
plied to Martian basalts [36,[143]]. While magma ascent tends to record multiple pressures
of formation in different geobarometers, this barometer characterizes the final, lowest pres-

sure during ponding and crystallization.

Al-Cr thermometry, using olivine only

A series of thermometers have been calculated by [47/], based on the observation that the
partition coefficients of Al and Cr in olivine are highly temperature and pressure sensitive.
This allows simple thermometers to be applied solely to olivine chemistry if crystallization

pressure is constrained. [47]] constrained three Al-Cr-olivine thermometers, as

. 9423 4 51.4P + 1960Cr#°!
Tar-cr-a("C) = 13.41 — InAl]"!

—273 (B.1)
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. 13,444 +48.5P — 4678Cr#!
TCrf()l( C) = 14.53 — ln[Cr]"l —273 (B.2)

11,959+ 55.6P

Taro1(°C) = —273 B.3
M=ot (°C) 14.53 — In[Al]*! ®-3)
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Fig. B.2: Temperature Al in olivine calibration from [47]. Dashed lines represent Cr# values of 0.15
and 0.45, respectively

Calculating temperature from these thermometers reveals 26 uncertainties of 100-215
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°C for all OIB localities, except Pitcairn with uncertainty of 25-45 °C. The typical uncer-
tainty for these thermometers is + 22 °C. This geothermometry method records equilib-
rium partitioning of elements between olivine and surrounding crystals, thus this records

the highest temperature of equilibrium after the sample has completely crystallized.

Al-Cr thermometry, olivine and spinel partitioning

The temperature-sensitive nature of Al abundance in olivine has been exploited as other
thermometers as well. [39] and [199] used a piston-cylinder apparatus to calibrate the
temperature-dependent equilibrium partitioning of Al,O3 between olivine and Cr-spinel.

The equilibrium temperature is estimated as:

10,000
T(°C) = ’ —273 B.4
( ) 0.575 +0.884Cr#sr — O.897ln[Kd] (B4
Where
ol
K, — [A1203]
[Al,O3]%P

This thermometer represents the highest temperature that the olivine is at equilibrium
with the surrounding melt, as opposed to the previous thermometers which record equilib-
rium with surrounding crystals.

No mineral separates that were downloaded from PetDB or GeoRoc had compositions
for both olivine and spinel in the same sample, so this thermometer could not be directly
applied to the downloaded data set. Mineral compositions from the supplementary mate-
rials of [39]] do show individual ol-sp partitioning data, so the three Al-Cr thermometers
established previously by [47] were applied to these samples.

Plots comparing equilibrium temperature (olivine only) with crystallization tempera-

ture (olivine-spinel) show a systematic difference of about 100-150 °C between these two
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Fig. B.3: Experimental calibration curve from [199]. Temperature calculated using Al partitioning
between olivine and spinel, and measured experimental temperatures at various pressures.

methods. Cr in olivine thermometry shows the largest discrepancy between equilibrium
and crystallization temperatures, and has temperature estimates systematically lower than
all other geothermometers. Because of the lack of OIB samples with both olivine and spinel
measurements, the crystallization temperature of each OIB locality was calculated with the
regression equation relating the two thermometers.

Although the two geothermometers have systematic differences in their calculated crys-
tallization temperatures by about 100 °C, uncertainties of both thermometers applied to this
data set have 20 uncertainties up to 287 °C, therefore these two methods produce temper-

atures that are within uncertainty of each other. In this case, the two thermometry methods
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‘ 14 kbar ‘ 4.3 kbar ‘ 3 kbar
Al+Cr | y=1.26(T(°C))-219 | y=1.31(T(°C)) - 199 | y = 1.32(T(°C)) - 196
Cronly | y=1.46(T(°C))-296 | y=1.53(T(°C)) - 290 | y = 1.53(T(°C)) - 291
Alonly | y=1.43(T(°C))-400 | y =1.50(T(°C)) - 382 | y = 1.50(T(°C)) - 383

Table B.1: Regression statistics for temperature comparisons at various pressures
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Fig. B.4: Comparison of temperature estimates using regression methods of [47]] and [39]]. Regres-
sions show that temperature estimates using Al-Cr in olivine only result in a systematically lower
temperature estimate of 100-150 °C) than partitioning between olivine and spinel. Calculations
performed on samples from supplimentary tables of [39] at 14 kbar.
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can act as redundant checks on each other in cases where spinel grains or pressure estimates

are unavailable.

Other temperature proxies

Other temperature proxies based on olivine chemistry can be used as a check on these
results. For instance, Ni abundance and molar Mg# both correlate with crystallization and
mantle potential temperature [167,195] and have also been calibrated as a geothermometer
[80]. Plots of crystallization temperature correlate with both olivine Ni abundance and
Mg#, showing that olivine Al-Cr speciation occurs in conjunction with other temperature
sensitive tracers.

Estimates of mantle potential temperature from oceanic basalts show that OIBs record
hot spot magmatism in excess of the mantle potential temperatures recorded by MORBs
by 100-300 °C [163]. Similar hot spot magmatism is evidenced on Mars, where shergottite
meteorites form from mantle potential temperatures in excess of 200 °C of the potential
temperatures recorded by flood basalts [S9]. If this olivine thermometry is applied to a
single landing site that contains multiple styles or ages of magmatism (e.g. [103]), these
measurements can provide insight into the cooling or crystallization history of Martian

crust or mantle derived magmatism.
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Appendix C: A Prospective Microwave Plasma Source for In Situ Space-

flight Applications

C.1 Plasma Characterization by Optical Emission Spectroscopy

In addition to plasma analysis using a Langmuir probe, electron density and temperature

can also be measured in a plasma spectroscopically. Further work is done on a series of

analytes injected into a commercial plasma, and their relevant physical parameters (Te and

Ne) are measured by inductively coupled plasma optical emission spectroscopy (ICPOES).

Three samples of single el-
ement standard solutions with
varying first ionization potentials
are used to compare the predicted
Saha ionization efficiency with a
directly measured ionization effi-
ciency. 10 ppm (ug/ml) solutions
of La (5.5 eV, first ionization po-
tential), Mg (7.6 eV), and Zn (9.4
eV) are dissolved in HNOj3 and in-
dividually injected into the plasma

via an autosampler. A Shimadzu
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Fig. C.1: Example composite spectrum of La ion and neu-
tral emission, measured by a Shimadzu 9800 plasma optical
emission spectrometer

ICPOES 9800 was used to generate the plasma and measure the emission spectra of both
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ionized and neutral species. All constants and statistical parameters associated with each

emission are taken from the NIST atomic spectroscopy database

C.2 Electron density

The electron density is constrained in the commercial using the Stark effect, which
is caused by the collisions of emitting species with electrons. The Stark effect is a phe-
nomenon where ion-electron collisions cause measured emission peaks to broaden, with

peak width correlating to electron density as:

N, = CAA2 x 10 (C.1)

Where C is an experimentally determined constant (C = 35.8), and AA is the full width
at half maximum (FWHM) peak width of the emission line (constants and eq. [C.I] from
(Boumans, 1987). The Stark effect is especially prevalent on Balmer series emission, so
electron density was calculated using the FWHM of the HB line at 468.1 nm where the

effect is most pronounced
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Fig. C.2: (Left) FWHM measurements of Hg emission for various outputs of plasma RF power.
Peak width is used to calculate plasma electron density. (Right) Results of electron density esti-
mates from peak width measurements.
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Peak width measurements show a progressive increase in electron density with increas-
ing RF forward power, with Ne values ranging from 2.4x 10! m~3 at 1000 W to 4.3 x 10!
m~3 at 1200 W (Fig. 2) In atmospheric pressure RF plasmas, the total particle density is
10%* m~3 with a typical Ar ion-neutral ratio of 103 at 7500 K (Niu and Houk, 1996). If
we assume negligible electron contributions from 2% cations in this plasma, these values

for electron density reflect the typical ionization state of a commercial Ar plasma.

C.3 Temperature

The emission intensity of a spectroscopic peak is dependent on the number of emitting
species and by the temperature of the system. The Boltzmann method of temperature mea-
surement was used to determine ion and neutral excitation temperature in the plasma. The
Boltzmann method uses the equation:

el 1 hcN,

In = |———|E+In
o) = e+

] (C2)

where € is peak emissivity, A is the wavelength, A is the emission efficiency, g is

the statistical weight of each transition. This takes the form of a line, y = mx+b. Plot-

ting the highest energy level of a transition against In| Aiz _k] gives a linear trend, and the
JKS J

temperature of this system in units of K can be calculated from the slope as:

1

T aT (C.3)

m =

These plots give the temperature of the individual species, either an ion or neutral.
In order to plot both ions and neutrals on the same plot, a correction is needed for the

ion population for both the x and y axes. The correction applied to emission from the
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population of ions is:

E(neutral)
X = (C4)
E;+ E;on(ion)
el
v ln[Ajkgjk](neutral) )
2mekyT13 ¢ :
ln[A]igjk]—ln[ ”]:ZN:’ ]2 (ion)

The temperature found by Boltzmann plots of ion and neutral species is the excitation
temperature, which is equal to the electron temperature (T,) at atmospheric pressure. Thus
using the T, and N, values calculated above, we estimate the Saha ionization efficiency of

the measured analyte.

Temperature (K) 1,000 W 1,100 W 1,200 W
Zn 8,000 + 240 8,200 £ 260 8,400 £+ 270
Mg 8,100 £+ 500 8,300 £+ 580 8,400 £+ 630
La 6,000 + 1,100 6,100 + 1,100 6,100 £ 1,200

Table C.1: Excitation temperatures for each analyte measured via linear Boltzmann method.

Saha Ionization efficiency (%) 1,000 W 1,100 W 1,200 W

Zn 716 £6% T8£11% 79 +9%
Mg BE9% 99=£15% 98+ 15%
La 98 £ 19% 98 £22% 98 £2%

Table C.2: Ionization efficiency estimated using the Saha equation, with values for Te calculated
from linear Boltzmann temperature measurements and N, from Stark broadening of Hf lines.
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C.4 Measurement of 1on-neutral ratio

These Saha ionization efficiency values are compared to the measured ion-neutral ratio
of emission lines from ion and neutral species in the plasma. The population densities of
ions and neutrals are calculated from emission line intensities. The intensity of the emitting

species is related to the population by:

£ _E_
S — C6
47[hVAjkgjke ’ ( )

o

Using observed emission lines from ion and neutral species, average ionization effi-
ciencies for the three element species are 70% Zn, 96% Mg, and 98% La. The measured
ionization efficiencies are within 2-5% of the predicted Saha ionization efficiencies, despite
the large measurement uncertainties. These measurements show that the Saha equation pro-

duces estimates of analyte ionization with high accuracy and give confidence that it is an

appropriate predictor of the ionization capabilities of the experimental plasma.
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Fig. C.4: Comparison of analyte ionization efficiency predicted by the Saha equation based on
spectroscopic T, and N, measurements compareghto measured ion-neutral ratios. Data points for
Mg, La, and Zn.



C.5 Plasma interaction with injected sample

During laser ablation sampling, a distribution of particle sizes spanning primarily be-
tween 25-150 nm in radius are generated (Monad et al., 2006); thus, the plasma needs to
atomize particulates in this range. Here, we model the thermodynamics of the atomiza-
tion process for this distribution of particle sizes. We also estimate the maximum mass
loading the plasma can support and perform sample injection experiments with the plasma

described in the main text.

C.5.1 Sample atomization

We calculate the total amount of energy needed to break all Si-O bonds in a silicate
phase and assuming a spherical particle with uniform composition, conservatively modeled
as pure SiO,. This composition represents an upper limit of bond strengths in geologic
materials (Si-O, 798 kJ/mol), as most ionic bonds (e.g. Fe-O, 409 kJ/mol) have lower bond
strengths.

Ablated particles are injected into the plasma at high velocity and exposed to high gas
temperatures for a transient amount of time. A gas flow rate of 200 SCCM (3.3 cm3/s)
through a sample injector tube with a I mm inner diameter achieves a gas velocity of >400
cm/s. If the end of the sample tube is positioned 1 cm distance from the orifice interfacing
the plasma region, then a particle is exposed to the plasma environment for 2 ms. Based
on this exposure time, we calculate the amount of energy that is imparted into a transient

particle of rocky material as:
E =HtrT (C.7)

Where H is the thermal conductivity of silica (e.g., 1.3 W m~! K‘l), t is the time the
particle is exposed to the plasma (in s), r is the particle radius (in m) and T is the plasma gas

temperature (in K). Using this equation, we find that a spherical particle 25 nm in radius has
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Fig. C.5: Thermodynamic model estimating atomization efficiency of the 19 W He plasma (500 K
gas temperature) described in the main text. This model shows the relationship between particle
diameter and total number of particles that the plasma can atomize during standard operations.
The solid lines represent the maximum amount of energy available to a single particle of a certain
diameter, and curved lines show the total amount of energy necessary to atomize a population of
particles of that same diameter.
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3.1x 1078 J imparted into the particle during exposure to a 500 K plasma, equivalent to the
conditions measured for our He plasma at 19 W. Assuming a silicate particle with a mafic
composition (Mg,SiOy4, 140 g/mol), a 25 nm radius particle contains 1.5x 10~ '® moles.
With a dissociation energy for Si-O bonds of 798 kJ/mol, that particle requires 1.2x 10712
J to completely dissociate that particle. Thus, a single particle is exposed to four orders of
magnitude more energy than is needed for complete dissociation.

According to this model, a plasma at 500 K is capable of atomizing ~44,000 particles
with a 25 nm radius, or ~1,600 particles with a radius of 150 nm during standard operations
(Fig. S1). However, gas expansion during injection from the sampler tube could accelerate
the particles, leaving their exposure time lower than previously calculated. Thus, these
estimates of mass load represent an upper bound. Consequently, the maximum mass load
that the plasma can atomize is estimated at ~2x 10~ g/s, comparable to the mass generated
during laser ablation processing of a 40 um diameter sample spot with a repetition rate of

10 Hz (assuming 80 nm depth incised per shot; (Pisonero and Gunther, 2008)).

C.5.2 Sample gas injection

A plasma was generated with 200 SCCM of He at 19 W of forward power, and varying
amounts of N, (representing analyte) were mixed in with the He plasma gas. Fig. 2 shows
the measurements of ion current and electron density with increasing N, gas flow into the
plasma. As the sample N, gas flow was increased, the ion current and electron density in the
plasma source both decreased, showing a reduction in plasma performance with increasing
sample mass load.

From the ideal gas law, a 10 SCCM gas flow rate is equivalent to 1x10™* g/s of N,
(Fig. S2), greater than the maximum mass loading the plasma can support (~5x 10~ g/s,

as described above).
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19 W of forward power.
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Appendix D: A miniature ICPMS for in situ planetary science

D.1 Pressure Estimate of the Plasma Torch Region

The method of calculating chamber conductance will depend on the flow regime, which
changes as a function of pressure. In an environment with a sufficiently high pressure,
the movement of individual gas particles in the chamber can be estimated as analogous
to a liquid flowing through a constrained area if the pressure is high enough, known as
continuum flow. If the pressure is low enough that a particle is more likely to collide
with a wall of the chamber than with another gas molecule, then the gas can be modeled as
molecular flow. A pressure regime between molecular flow and continuum flow is known as
transitional flow, in which the gas can be modeled as neither a fluid or as a set of individual
particles. Prior to calculating the conductance of each component, the flow regime can be
estimated based on the Knudsen number (K,,):

Kn:

& (D.1)
r

Where A is the mean free path of the particle, and r is the radius of the chamber. This ratio

defines the flow regime of the system, as:

K,, > 1 molecular flow,
1 > K,, > 0.01 transitional flow,
K,, < 0.01 continuum flow.

In order to calculate the K,, value, the mean free path of the system must be calculated, as:
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RT
A= D.2
V27d?NsP 02

Where R is the ideal gas constant (J mol~ 1K), T is the temperature of the gas (K), Ny
is Avogadro’s number, d is the particle diameter (m), and P is the system pressure (Pa).
The proposed setup uses small orifices to restrict the flow of gas from one chamber to the
next, and the relationship between gas flow, orifice diameter, and chamber pressure is well

established. If the flow of a gas through an orifice is calculated as:

P |29 528
i 3/5) =0.01749 - : : .D? D.3
flow(em’/s) 297 \| mgas 7 (D.3)

Where Py is the pressure in the tube (PSI), mg,y is the atomic weight of the gas molecule

(g/mol), and D is the orifice diameter (um), then the pressure of the tube can be estimated
if the gas flow and orifice diameter are known. Using a 1-mm orifice diameter, and 10 sccm
gas flow of Ar at 250 °C (523 K), this gives a pressure in the plasma torch of 1.1 torr (1.6
mbar, 160 Pa). And while the calculated pressure here is a first order approximation, other
factors such as conductance and pumping speed will be considered for a more accurate
pressure estimate of the torch.

Using the calculated torch pressure as an assumed starting point, I calculate a mean free
path of ~83 um inside the plasma environment. This metric, as well as the 10 mm ID of
the plasma tube, that gives a K,, value of 0.083 mm/10 mm = 0.0083, which indicates that
the gas flow in the torch environment can be modeled as continuum flow for the purposes of
conductance calculations. From here, I assume molecular flow for the remaining sections
and continuum flow for the torch section.

Because the flow in the gas tube is calculated to be in the continuum flow regime due to
the K,, value being <0.01, a different method of calculating conductance is needed for this

portion of the instrument. The high pressure of the torch is interfaced via a 1-mm orifice,
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which can be modeled as gas flow through a nozzle. Nozzle gas flow is calculated as:

x P
apV = Amin \/;Plvw(ﬁ) (D.4)
1

Where ¢,V is the throughput, A, = 0.86*D, and D is the orifice diameter (m).  is the
maximum value for the flow function (unitless), which is 0.513 for inert gases such as Ar.
P and P, are the different pressures on either side of the orifice (Pa).

When modeling the flow of gas as continuous flow, further calculations are needed
to decipher whether the flowing gas travels in a straight, laminar pattern, or as a chaotic
turbulent flow pattern. The transition from laminar to chaotic flow is characterized by the

Reynolds number:

o) vy | <2300 laminar viscous flow
Re= 2. 4V (D.5)

" 72 nvD
> 4000 turbulent flow
Where 1 is the viscosity of the gas (M4, =4.6x107> Pa-s at 500 °C). Using the value
calculated from eq. as well as other gas constants, the Reynolds number is calculated
to be 845, showing the flow through the plasma torch can be modeled as laminar flow. The
conductance of a tube with laminar flowing gas is calculated as:
~ 1 D*

CT,lam:ﬁ'E'f‘(Pl‘i‘PZ) (D.6)

The interface region consists of a 7 cm (2.75 in) CF cube, with a 60 L/s turbo pump
interfaced via a conical reducer flange (Fig. [5.6). The conductance of the CF cube was
calculated assuming a tube-shaped geometry, with a 7.6 cm (3 in) length and a 3.3 cm
(1.33 in) inner diameter, giving a conductance of 2.3 m3/s. The conductance of the conical

reducer is dependent on the ratio of both diameters, and is calculated as 0.016 m3/s. This
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shows that the conical reducer acts as a conductance limiting component, and even a larger

pump with an increased pumping speed would have minimal effect on the ultimate system

pressure. Adding the conductances together in series as —— = —— + —— gjves a total
Ctot Ccone Ccube

conductance of 0.0161 m3/s or 16 L/s. With a 60 L/s nominal pumping speed and this

calculated conductance, this gives an effective pumping speed of this component of 12.7

L/s.

| Cane =0.016 m¥s | | Coupe =2.3ms |

| Cotee = 0.001 m¥s |

orifice

A
Y \
— ’ Ciorch = 3x10°° m¥/s ‘

T : \
b af

| —

Vacuum pump (60 L/s)| f

Y
| Ciot=3x105 m¥s |

Fig. D.1: Summary of conductances of individual components comprising the interface and torch
regions. The pumping in the torch region is dependent on the conductance of the interface region,
so both conductances are added in series for this calculation.

The conductance of the torch had already been calculated using the above formulae,
under continuous, laminar flow. The conductance of a tube is lower in continuous flow than
in molecular flow, as reflected by the significantly lower conductance of the torch itself at
high gas flow (3x 107> m?/s). Because the torch is pumping through the 1-mm orifice, the
conductance of the torch is calculated including the conductance of the orifice as well as
the interface region as well (Fig. [D.I). The low conductance of the torch pumping through
the orifice at high gas flow results in a high pressure in the torch system, with an effective
pumping speed in the torch region of 0.025 L/s.

Considering the QMS and interface, all observed pressures remain within a factor of
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Fig. D.2: Comparison of calculated pressure in each subsystem in the chamber to the observed
pressure, with 10 SCCM of Ar gas on and gas off.

2-5x their pressure estimates across 7 orders of magnitude (Fig. [D.2).

D.2  Photos of ICPMS chamber development

The buildup of the prototype ICPMS included construction of the vacuum chamber
housing, with integration of DC electrodes to guide the ion flight path. Each step in the
buildup involved the construction and integration of custom electrostatic lenses, and exper-
iments quantifying the amount of ion current delivered through each electrode. While the
details and results of each experiment are detailed in the main text of chapter[5] this section
contains photographs of the chamber construction. Here, I detail the electrodes used to
manipulate ion trajectory, the chamber setup during ion current optimization experiments,

and the integration of the QMS to the plasma ion source.
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Fig. D.3: Photo of the ion lens stack. The stack was constructed from nickel shim stock and the
electrodes are separated by nylon insulating spacers. Each electrode in the stack is connected to
the previous electrode via 410 kQ resistors soldered onto the electrode plate. The stack is held in
place by two insulating nylon screws, interfaced to the CF aperture plate. Two separate voltages are
applied to the stack, one at the initial electrode closest to the aperture, and another to the second
electrode which applied voltage to the rest of the stack through the resistor network.

147



Fig. D.4: Photos showing the collector plates used in the 90° deflector experiments. (Top Left)
Collector plate was made from nickel shim stock and mounted onto a CF electrical feedthrough, al-
lowing measurement of ion current onto the nickel plate. (Top Right) Side view showing mounting
setup of nickel plate. A rigid wire was soldered to the plate, keeping it in place during experiments
and connecting the plate to the feedthrough. (Bottom) Photo of the collector plate in place inside
the interface chamber. An identical collector plate and CF feedthrough setup was installed on the
opposite side of the 90° deflector as well.
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Fig. D.5: Photo of the interface chamber depicting the direction of ion trajectory deflection by
the 90° deflector. A nickel collector plate is mounted to either side of the deflector, with current
measured on each CF feedthrough.
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Fig. D.6: Photos of the backside of the second aperture depicting electrode setup leading into the
QMS chamber. (Top) Photo showing collector plate setup on the backside of the second aperture.
Ion current measurements were made after this aperture to test ability to steer ions into the QMS
chamber and quantify ion loss. (Bottom) The collector plate was replaced by a stack of electrodes
to reduce ion energy and columnate the beam. Both collector plate and stack are connected to a
separate CF electrical feedthrough in the QMS chamber.
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Fig. D.7: Photo of custom built Einzel lens. The lens is used to focus the incoming columnated
beam to a smaller beam diameter, reducing beam dispersion for better peak resolution. The Einzel
lens consists of three separate electrodes, with the first and third held at ground and the second
brought to a variable voltage for focusing. Each electrode is isolated from the others by insulating
alumina rods, which also hold the lens setup in place.
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Fig. D.8: Photo of the initial chamber setup, depicting the plasma torch integrated to the interface
region with no QMS. This is the configuration that the 90° deflector experiments were carried out
on.

e

Fig. D.9: Progressive buildup of the ICPMS prototype instrument, showing the integration of the
QMS chamber to the interface chamber.
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Fig. D.10: Final ICPMS chamber configuration
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D.3 Accuracy of Kr isotope ratios measured using RGA filament ion source

Prior to analysis of input Kr sample via the plasma, the accuracy, precision, and total
ion current of the Kr isotopes and their ratios was measured using the ionization filament
on the front end of the QMA. This was done as a baseline measurement of the QMA per-
formance in order to establish the extent of performance loss due to the ion beam delivery
to the QMA. Here, the same Kr gas input rate (1 SCCM) was for continuity with the sam-
ple analysis experiments. The electron filament was turned on to measure the ambient

background gas composition including the input Kr.
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Fig. D.11: Mass spectrum showing isotopes of Kr measured using the QMA with the ionization
filament as the ion source.

The individual isotopes of Kr were selected for a timescan, measured in peak-jumping

mode over an 80 second chromatogram. Similar to the analyses described in chapter D] the
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Fig. D.12: Chromatogram of individual isotopes of Kr, using the filament as the ion source.

signal was monitored over the collection time and the mass signal was averaged over the
length of the chromatogram (excluding the first 10 seconds of the scan). The uncertainty
of each isotope abundance is derived from the uncertainty of the measured signal.

The signal of each isotope abundance observed via the filament is 10° x higher than
the Kr produced via the Ar plasma. The uncertainty of each mass channel ranges from
+1.3% to £2.8%, in contrast to the +3.4% to +15.5% uncertainty measured on the Kr
chromatogram delivered from the plasma.

Finally, the isotope ratios of Kr, as well as their precision and accuracy, were calculated
using the ion current signal at each mass channel. Unlike the measurements made from
the plasma ion source, the isotope ratios were left uncorrected for instrument induced frac-

tionation. This is because the ion source is located at the front entrance of the QMA, so
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Fig. D.13: Accuracy of Kr isotope ratios relative to true values, measured using filament as the
QMA ion source.

the ion beam interacts with minimal electrostatics prior to mass analysis, minimizing ratio
fractionation.

The isotope ratios measured are accurate to within 5% to 16% of the true values, with
ratio precision ranging from 2.6% to 4%. These performance metrics are more accurate
and precise than the chromatogram derived from the plasma ion beam, although the ra-
tio uncertainty is also reduced due to no isotope ratio corrections being applied to this
dataset. Regardless, isotope ratios measured using the filament ion source resulted in a fac-
tor of~10x higher precision with 103 x higher ion signal. Thus, future work is needed to
increase the magnitude of ion beam delivery to further improve the precision and accuracy

of elemental abundance measurements.

156



atio ue Ratio easure atio ccuracy recision (1 o

80K /32Ky 0.20 0.22 57% 2.6%
82K /83Ky 1.01 0.93 42% 3.3%
83K /80Kr 5.02 4.8 25% 2.6%
84K /32Ky 4.9 4.2 0.9% 3.6%
84K /30K 3.3 3.7 20% 3.9%

Table D.1: Results of measured Kr isotope ratio accuracy relative to true value, and associated mea-
surement precision. Kr isotope abundances measured using the filament ion source at the entrance
of the SRS RGA. The measured ratios reported here are not corrected for instrument-induced ratio
fractionation.
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