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Abstract

We have measured ®’Rb—""Sr isochron ages for two granites, using the breadboard version of our Chemistry,
Organics, and Dating EXperiment (CODEX), a laser-ablation resonance-ionization mass spectrometer designed for
in situ geochronology on the Moon or Mars. These measurements extend the demonstrated analytical capabilities
of CODEX, and indicate the value of incorporating a flight-ready version of CODEX, now under construction, into
a future mission payload. We used CODEX to obtain accurate ages for the 1700 Ma Boulder Creek Granite, with
1o statistical precision of 110 Myr, and for the 1100 Ma Pikes Peak Granite, with 1o statistical precision of
160 Myr. To provide an end-to-end illustration of how CODEX analysis of granites can address critical lunar
science questions regarding rock age and composition in situ, we describe an example mission to the lunar
Gruithuisen Domes. Gruithuisen Domes appear to be volcanic edifices of granitic composition. Orbital remote
sensing suggests that granitic rocks represent only a small fraction of the lunar surface, and the mere fact of their
existence on the Moon is a puzzle. CODEX determination of the timing and process of their formation, both
presently ill-understood, would provide important constraints on the thermal and geochemical evolution of the
lunar interior.

Unified Astronomy Thesaurus concepts: The Moon (1692); Lunar geochronology (954); Space vehicle instruments
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1. Introduction
Highlights:

1. Dating rare silica-rich granitic formations on the Moon is
key to understanding lunar magmatic evolution.

2. For lunar analog granites, we obtain ages and lo
confidence intervals of 1780 4+ 110 Ma (Boulder Creek
Granite) and 1030 + 160 Ma (Pikes Peak Granite) using
our breadboard version of CODEX, an in situ dating
instrument.

3. We outline a mission to date the Gruithuisen Domes on
the Moon using CODEX, and the science such a mission
would deliver.

For two decades, we have been developing a spaceflight
laser-ablation resonance-ionization mass spectrometer called
CODEX, the Chemistry, Organics, and Dating Experiment
(e.g., Anderson et al. 2003). Our breadboard version is a fully
operational laboratory-scale instrument, which we have
successfully used to date the Martian meteorite Zagami
(Anderson et al. 2015a, 2020b) and the Duluth Gabbro
(Anderson et al. 2015b). Both of these examples have mineral
assemblages and chemical compositions typical of basalts,
which are widespread in the crusts of the terrestrial planets
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(gabbros differ from basalts primarily in grain size). Granitic
rocks, by contrast, have long been more tempting targets for
CODEX dating than basalts or gabbros, because granitic
magmas tend to concentrate large-ion lithophile elements like
Rb, whose radioactive decay is the chronometer exploited by
CODEX. In the present work, we have successfully dated
specimens of the Boulder Creek and Pikes Peak Granites
(Colorado, USA), and we illustrate here how femtosecond laser
ablation and empirical noise removal have permitted us to
extract meaningful geochronological data from these samples.
Though Earth is unique among solar system bodies for its
quantity of granitic rocks and their extent of magmatic
evolution, granitic rocks in low abundances are also inferred
on the Moon, on the basis of (i) a small mass of granitic
fragments included among the Apollo samples (e.g., Ryder
et al. 1975; Seddio et al. 2014), (ii) granitic clasts in lunar
meteorites (e.g., Bechtold et al. 2021), and (iii) spectroscopic
anomalies interpreted to be outcrops of especially silica-rich
and iron-poor rocks (e.g., Glotch et al. 2010). Here, and
throughout this paper, we use the term “granitic” loosely to
describe igneous rocks of >65% SiO, with associated alkali or
K-rich feldspar, irrespective of texture or inferred cooling rates.
Granites on Earth are most often the result of crustal recycling,
so the fact that granitic rocks are present on the Moon, without
extensive crustal recycling, and in the near absence of water, is
something of a surprise (Ryder 1976). The geochemistry and
geochronology of lunar granitic outcrops are important clues to
understanding the evolution of the interior of the Moon.
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Both geochemical and geochronological data can be
acquired by CODEX, which operates in two distinct modes.
As a laser-ablation mass spectrometer, CODEX analyzes
elemental abundances of rock specimens on the mineral scale.
As a laser-ablation resonance-ionization mass spectrometer,
CODEX sensitively analyzes isotopic abundances of Rb and Sr
for isochron dating. In this way, CODEX is both a geochemical
instrument and a geochronological instrument. Our first goal in
this paper is to describe our latest advances using our
laboratory breadboard CODEX for dating. Our second goal is
to illustrate the scientific utility of CODEX, as both a
geochemical and geochronological tool, with a mission concept
to study the geochemically evolved magmas at the lunar
Gruithuisen Domes (Braden & Robinson 2011). Age estimates
for these domes (Wagner et al. 2002; Braden 2013; Ivanov
et al. 2016) are difficult to reconcile with chemical models of
how granitic magma may have been erupted there (e.g., Ivanov
et al. 2016), so a direct measurement of their age would be
particularly valuable.

Building on the present work and other demonstration
experiments with the breadboard, progress toward a flight
version of CODEX has been underway since 2014, including
brassboard laser systems and incorporation of a miniature time-
of-flight analyzer. The authors of this work constitute a
collaboration among the developers of the CODEX bread-
board, planetary geochronologists and geochemists, and the
developers of spaceflight mass spectrometers for geochemical
analysis. We leverage all of our collective experience to
understand the composition of evolved magmas erupted at the
Gruithuisen Domes, and to place their origin into the timeline
of lunar history.

2. Scientific Context for Solar System In Situ Dating

One significant legacy of the Apollo missions is that the
returned lunar samples have permitted the development of an
absolute chronology of much of lunar history (e.g., Neukum
et al. 1975). However, there remain many important questions
about the history of the Moon that the Apollo samples cannot
address (e.g., Tartese et al. 2019), because sampling was
sparse, most collected rocks are unprovenanced, and most
landing sites were affected by the Imbrium impact (e.g., Spudis
et al. 2011). We (Anderson et al. 2020a) and other authors
(Zellner 2017; Cohen et al. 2021) have recently outlined the
most important outstanding questions of lunar chronology, so
we present only a brief summary here, and we call out for
particular mention the questions that concern granitic rocks. In
this section, we discuss the unknowns of lunar dating in the
context of the major stratigraphic units recognized on the Moon
(Shoemaker & Hackman 1962; Wilhelms et al. 1987), and we
calculate the dating precision necessary to answer those key
questions.

2.1. Pre-Nectarian and Nectarian Periods

The Pre-Nectarian and Nectarian periods (approximately
4500-3920 Ma) include the crystallization of the lunar magma
ocean and the formation of most giant impact basins. The
ages of most basin-forming impacts are either unknown
(Norman 2009) or contested. For example, the Nectaris impact
itself has been suggested to have occurred as early as 4250 Ma
(Schaeffer & Husain 1974), but alternatively as late as 3900 Ma
(James 1982). The difference is not merely academic, because
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the Nectarian period ends with the Imbrium impact, for which a
3920 Ma age is presently favored (Liu et al. 2012; Nemchin
et al. 2021); therefore, the whole of the Nectarian period, with
11 giant impact basins belonging to it (Fassett et al. 2011),
either took ~300 Myr or was geologically instantaneous. If the
latter, a dynamical mechanism is required for suddenly
delivering a large number of giant meteoroids to the Moon
long after most planetary accretion had concluded, but if
Nectaris is older, no such “lunar cataclysm” (Tera et al. 1974)
may have occurred. To distinguish with 95% confidence
among an “old” Nectaris that formed 4250 Ma, a Nectaris that
is 300 Myr younger, or an intermediate age, we have argued
(Anderson et al. 2020a) that its melt sheet or ejecta would need
to be dated with ~75 Myr precision (all uncertainties herein are
1o). This precision requirement is stronger than that proposed
by Cohen et al. (2021). Only if the precision exceeds one
quarter of the time interval in question is it possible to say with
95% confidence if an intermediate age, rather than either end-
member age, is correct.

It is to the Pre-Nectarian and Nectarian periods that most of
the known lunar granitic samples belong. To give just a few
examples, Zhang et al. (2012) and Thiessen et al. (2018)
measured 41504300 Ma **’Pb / 20%ph ages for multiple zircon
crystals from granitic clasts in Apollo 12 breccia 12013. Meyer
et al. (1996) recognized a period of lunar granophyre
production from 4230-3880 Ma. Grange et al. (2013) dated
zircon crystals in a quartz monzodiorite clast of Apollo 15
breccia 15405 to 4330+ 6 Ma. A survey by Seddio et al.
(2014) of lunar granophyres found that 11 out of 14 were older
than 3900 Ma. Likewise, Zeng et al. (2021) identified a granitic
fragment in lunar meteorite Northwest Africa 10447, and dated
it to 4320 Ma. This strong preponderance of Nectarian and Pre-
Nectarian ages among lunar granitic materials begs the
question of how the Moon can have evolved silicic magmas
so early, and where within the Moon granitic magmas were
sourced.

2.2. Imbrian and Eratosthenian Periods

The Imbrian and Eratosthenian periods (approximately
3920-800 Ma) include the final giant basin-forming impacts
(Imbrium, Schrodinger, and Orientale), and most of the great
eruptions of basaltic lava that constitute the lunar maria. Mare
volcanism apparently originated with the remelting of cumu-
lates that crystallized from the lunar magma ocean, but the heat
source to melt those rocks, hundreds of millions of years after
the magma ocean solidified, is still not understood (Grove &
Krawczynski 2009; Laneuville et al. 2013). The ages of most
maria are estimated on the basis of crater size-frequency
distributions (e.g., Neukum 1977; Hartmann et al. 1981;
Neukum et al. 2001), but improved imaging from Lunar
Reconnaissance Orbiter has led to challenges to older estimates
of crater densities (Robbins 2014). The model of Robbins
(2014), for example, infers ages for certain terrains of up to
1100 Myr younger than had been suggested by the work of
Neukum et al. (2001). The chronology of Robbins (2014)
doubles the duration for the era of peak mare volcanism, which
requires a longer-lived heat source in the lunar interior.
Moreover, because the crater-based chronology of the Moon
underpins the estimates of surface ages on other planetary
bodies, the Robbins (2014) chronology implies a considerably
longer habitable era on Mars.
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Recently, important tests of these chronologies have been
carried out using lunar samples collected by Chang’e 5.
Measured ages of 2030 + 4 Ma (Li et al. 2021) and 1963 + 57
Ma (Che et al. 2021) more closely accord (Yue et al. 2022)
with the chronology of Neukum et al. (2001), given the crater
density at the Chang’e 5 landing site. One particular surprise
associated with the Chang’e 5 samples is that they are relatively
poor in the so-called KREEP elements (potassium, rare-earth
elements, and phosphorus; Tian et al. 2021), which include
heat-producing K, Th, and U, and so they invite continuing
investigation of the heat sources for magma production as late
as ~2000 Ma (Che et al. 2021; Du et al. 2022). The
observation that the Chang’e 5 samples are geochemically
unrepresentative of the Procellarum KREEP terrane (Wiec-
zorek & Phillips 2000) from which they were sourced invites
the question of whether they are also chronologically atypical.
Addressing this question will require additional age measure-
ments from Eratosthenian terranes. Given the magnitude of the
discrepancy between the proposed chronologies, the exquisite
precision afforded by a sample-return mission, as demonstrated
by Li et al. (2021), is not required; rather, it is sufficient to
achieve dating precision of a few hundred million years, so
in situ dating experiments potentially have much to contribute
(Anderson et al. 2020a).

An interesting geochronological mystery of the Imbrian
period concerns the Gruithuisen Domes. Situated on the margin
of the Imbrium basin, these domes have steeper slopes (>10°)
and larger volume (780 km®) than the volcanic domes that
characterize the lunar maria (Wohler et al. 2006; Ivanov et al.
2016), suggesting they were constructed by relatively viscous,
Si-rich lava. Geochemical support for this inference comes
from the detection of elevated Si concentration by the Lunar
Reconnaissance Orbiter Diviner Radiometer (Glotch et al.
2010; Greenhagen et al. 2010a, 2010b), relatively low
abundances of Fe- and Mg-rich silicates by the mineralogy
mappers on board Chandrayaan-1 (Kusuma et al. 2012) and
SELENE/Kaguya (Lemelin et al. 2019), and elevated Th
concentrations by the Lunar Prospector Gamma Ray Spectro-
meter (Lawrence et al. 2003). Enrichment in Th is a hallmark of
the Procellarum KREEP Terrane (Jolliff et al. 2000); however,
the Th concentrations inferred by Hagerty et al. (2006) at
Gruithuisen Domes are ~8 times higher than the enrichment
for the Procellarum KREEP Terrane as a whole (Jolliff et al.
2000). The very high concentrations of Th—and presumably K
and U, which are likewise large-ion lithophile elements and
radioactive—suggest that the geochemical and thermal condi-
tions for unusual lunar volcanism were present at the Domes
(Jolliff et al. 2000).

The mechanism that produced such a large quantity of
granitic magma at Gruithuisen Domes is not known. If it were
the result of fractional crystallization of Imbrium melt, the age
of the Domes ought to be indistinguishable from the age of
Imbrium itself, at 3920 Ma. However, if the granitic magma
were a crustal melt generated by underplating by basaltic
magma (e.g., Hagerty et al. 2006), Gruithuisen Domes should
have an age comparable to the ages of the surrounding basaltic
plains, which are estimated to be younger than 3600 Ma
(Ivanov et al. 2016). Precision of <80 Myr would be required
to distinguish between these hypotheses.

On the basis of crater counts, Wagner et al. (2002), Ivanov
et al. (2016), and Braden et al. (2014) have estimated the ages
of the Domes. All of these studies conclude that Gruithuisen
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Domes are younger than the Imbrium impact, and only the age
estimate of Braden et al. (2014) coincides with the age of the
surrounding basaltic plains. However, the age estimate of
Braden et al. (2014) is resolvably different from the other two
studies. In view of the continuing mystery of when Gruithuisen
Domes formed, we revisit their origin in Section 5.

2.3. Copernican Period

The Copernican period (approximately 800 Ma to the present)
includes the formation of the bright-rayed craters Copernicus,
Aristarchus, and Tycho, and, apparently, small volcanic eruptions
that have created the so-called irregular mare patches (Braden
et al. 2014). There is evidence from the Moon that the rate of
meteoroid bombardment has increased severalfold during the
Copernican period (e.g., McEwen et al. 1997; Culler et al. 2000;
Levine et al. 2005; Mazrouei et al. 2019), which is interesting
since this time interval overlaps all of the Phanerozoic on Earth,
with its repeated swings in biodiversity, some of which are
attributable to meteoroid impacts (Alvarez et al. 1980).

While there are no reports in the literature of any lunar
granitic rocks that originate in the Copernican period, the
Aristarchus crater and its ejecta tap into a reservoir of material
enriched in potassium, rare-earth elements, and phosphorus
with elevated Th concentrations (Lawrence et al. 2007), so
even some of the most recent lunar impacts continue to rework
geochemically evolved material.

The absolute ages of some events in Copernican time are
necessarily uncertain, because the age of the Copernicus crater
is itself uncertain. It was radioisotopically dated to 800 £ 40
Ma by Eberhardt et al. (1973), on the assumption that the
analyzed material (glass enriched in KREEP collected
~400km away, at the Apollo 12 landing site) was ejecta
specifically from Copernicus. A more recent estimate, based on
the density of >1 km craters superimposed on Copernican
ejecta, constrains the age of Copernicus only to the interval
519-1230 Ma (Hiesinger et al. 2012). The width of this interval
is an indication of the need for additional radioisotopic ages for
lunar samples from throughout lunar history.

We have been developing the CODEX instrument in order to
fill such gaps in our understanding of lunar history. The flight
version of CODEX, described in Section 5.3, is designed to be
compact and portable, and requires no sample preparation
except for grinding a flat surface. The breadboard instrument in
one demonstration successfully dated the Martian meteorite
Zagami with 20 Myr precision (Anderson et al. 2020b). The
composition of Zagami is basaltic; here we demonstrate the
first uses of the breadboard CODEX to date granitic rocks
as well.

3. Method: Dating Using CODEX

CODEX normally uses the ®’Rb-*’Sr isochron dating
method, which has been applied to a wide range of igneous
rocks from Earth, as well as lunar and Martian meteorites. The
principles of ’Rb-*Sr dating are described in detail by, for
example, Faure (1986). In brief, the accumulation of radiogenic
8Sr from ¥’Rb decay is described by:

87 87 87
%ﬁ = S()i + SeRb (¥ — 1) 1
Sr Sr initial Sr

in which A = (1.3972 + 0.0045) x 10~ yr=! is the decay
constant for *’Rb (Villa et al. 2015) and ¢ is the time elapsed




THE PLANETARY SCIENCE JOURNAL, 4:92 (16pp), 2023 May

since the formation of the minerals in the sample. Because
minerals in a rock partition Rb and Sr differently, each
represents a different solution to Equation (1). For unaltered
rocks, Equation (1) predicts linear variation between measured
87Rb/5Sr ratios and ’Sr/®°Sr ratios among the minerals in a
rock crystallized at a single time; the slope of the line relating
these measurements is the factor e * — 1, and so determines the
age t. A key advantage of isochron analysis over single
measurements of the radioactive isotope and its daughter
product is that differential alteration of rock can be diagnosed if
the measurements do not obey the predicted linear relationship.
In addition to our work in the Rb/Sr system, we have also
demonstrated the use of our breadboard CODEX for Pb-Pb
isochron dating with a precision of 50 Myr (Anderson et al.
2020a).

For dating, CODEX measures the abundances of Rb and Sr
isotopes in dozens to hundreds of small spots on a rock sample.
Applicability to spaceflight has guided all stages in the
development of CODEX. For example, analysis spots on each
specimen are probed by laser ablation, rather than by ion
sputtering, because laser ablation requires less power and
provides higher count rates, necessary to meet precision
requirements in less mission time. Atoms of Rb and Sr in
each ablation plume are selectively ionized by laser light tuned
to electronic resonances characteristic of each element.
Resonance ionization is particularly well suited to spaceflight
applications because it permits high sensitivity and elemental
selectivity. Moreover, it avoids the need for complicated
sample-handling procedures, other than the grinding of a flat
surface onto a rock specimen to ensure that all spot analyses are
acquired in the focal plane of the ablation laser. The ions
generated by resonance ionization are injected into a time-of-
flight mass analyzer. The mass analyzer in the CODEX
breadboard is a multibounce unit built as a brassboard model
for MASPEX (Sephton et al. 2018), part of the instrument suite
for Europa Clipper, which is scheduled for launch in 2024
October. We have also experimented with a much smaller
reflectron time-of-flight analyzer developed at the University of
Bern, with spaceflight heritage in the ROSINA instrument
(Balsiger et al. 2007), and whose design we are adopting for the
flight version of CODEX.

The CODEX breadboard has allowed us to determine
requirements for the flight lasers and mass spectrometer, such
as optimal pulse-lengths, wavelengths, and intensities. In some
cases, we have chosen hardware for the breadboard that is
larger than can be used for flight, but which enabled
exploration of wider ranges of operational parameters. For
example, the present experiment used an ablation laser
(Kapteyn—Murnane Laboratories Wyvern) that emits 150 fs
pulses with far greater intensity (~40TWcm 2) than is
presently available in flight-sized systems. As will be seen,
femtosecond ablation fractionates elements much less than
does nanosecond ablation; nevertheless, our experience with
nanosecond ablation suggests that it is sufficient to address
many science questions. We have found (Anderson et al.
2020b) that femtosecond ablation improved our dating
precision on the Zagami meteorite by about a factor of 2, but
that other manipulations of the sample, such as keeping it
~1 mm back from the entrance aperture to the mass analyzer,
were even more significant, having improved our dating
precision by an additional factor of 4.
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Figure 1. Electronic resonances in neutral Rb and Sr excited by tuned lasers in
this experiment. For both Rb and Sr, successive absorption of one photon from
each of the three lasers suffices to promote the atoms above the ionization
energy.

In the present experiment, we used the breadboard CODEX
to analyze two granite samples that were prepared only by
hand-polishing to <50 um of surface topography. Femtose-
cond laser pulses vaporized ~80 um spots on the samples,
generating transient plumes of ions, neutral atoms, and perhaps
polyatomic clusters. Some of the ions, atoms, and clusters
entered the source region of the mass spectrometer through a 1
mm aperture in a metal plate. In order to reduce interferences
with the isotopes of Rb and Sr that we sought to detect, we
electrostatically pushed positively charged ions back toward
the plate for ~2 us to exclude them from the time-of-flight
mass analyzer. Then, we reversed the direction of the electric
field and used tuned lasers to selectively excite and ionize
neutral Sr atoms, followed ~2 us later by neutral Rb atoms
from the same ablation plume. Details of the laser excitation
scheme and the electronic resonances they exploit are shown in
Figure 1. By delaying the photoionization of Rb relative to Sr,
we likewise delayed the entry of Rb into the time-of-flight mass
analyzer and its subsequent arrival at the detector. In this way,
the detector signal separately recorded the arrival of each
isotope of Sr and Rb, and suppressed the isobaric interference
between *’Rb and *'Sr.

The lasers used to excite Sr atoms from the ablation plumes
were an OPOTek Opolette 355 LD tuned to 460.86 nm
(~100 uJ, ~10 ns pulses), a Coherent Scanmate Pro using
fluorescein 548 dye tuned to 554.49nm (~1 mlJ, ~10 ns
pulses), and a Quantel YG-980 Nd:YAG that produces
1064 nm light in ~100 mJ, ~10 ns pulses for photoionization.
The lasers exciting Rb were similar, except in wavelength:
another OPOTek Opolette 355 LD drove the first resonance
with 780.24 nm light, a Continuum ND6000 with LDS-765 dye
tuned to 775.98 nm drove the second resonance, and a
Continuum Powerlight 8020 Nd:YAG produced 1064 nm light
for photoionization.

Ions from the granite samples were sent through seven
round-trips of the multibounce time-of-flight mass analyzer.
We found that this number of bounces yielded the greatest
signal-to-noise ratio (S/N), by focusing arrival times at the
detector for ions of each species.

In each experimental run, we analyzed up to 626 spots on
<100 mm?® regions of each specimen, thus sampling the suite
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Figure 2. Photomicrograph of standard GSD-2G (left) and Boulder Creek
Granite (right), showing ablation pits in both. The ablation pits, which define a
rectangular grid of points separated by 0.2 mm, sample multiple mineral phases
in the granite. The field of view is about 13 mm across. After these analyses
were acquired, the sample mount was re-polished to flatness, and a new grid of
points analyzed.

of different minerals in each rock (Figure 2). At each spot, we
first conditioned the sample surface with 1000—10,000 ablation
shots. Conditioning shots were delivered at 1kHz, so the
conditioning took 1-10 s. Next, we acquired time-of-flight
spectra at 20 Hz from 2000 ablation shots in 10 interleaved
sets, each of which included 100 shots with all Rb and Sr
resonance lasers turned on, and 100 shots with the some or all
of the resonance lasers turned off. The latter spectra permit us
to measure the background of ions produced nonresonantly by
each laser.

We bracketed every four spot analyses of the specimens with
an analysis of a piece of GSD-2G glass (Wilson 2018) mounted
alongside each. This reference material was developed by the
United States Geological Survey as a replacement for the
better-known GSD-1G (Jochum et al. 2011), with nearly
identical abundances of elements and isotope ratios. However,
the concentrations of trace elements in GSD-2G are not as well
determined as in GSD-1G, and the ~10% uncertainties in the
concentrations of Sr and Rb are leading contributors to the
uncertainties in the rock ages we present here. Additional
measurements by the scientific community of GSD-2G will
undoubtedly reduce this uncertainty in the future. For this
reason, we present our age determinations with statistical errors
(i.e., random measurement uncertainties derived from the
CODEX dating approach) separated from systematic errors
(uncertainties in the composition of GSD-2G and in the decay
constant of 87Rb).

The resonance lasers used in this experiment operate at a
repetition rate of 20 Hz, so spot analyses with several thousand
laser shots took a few minutes to acquire. Generation of an
isochron with several hundred spot analyses took tens of hours.
The flight models of these lasers run at 1-10 kHz, and therefore
will require much less measurement time (Section 5).

The data presented in this paper were acquired in 2019,
before we learned that leaving a gap of ~1 mm between the
sample and the entry electrode of the mass spectrometer helps
our S/N by preferentially diminishing the penetration of
plasma into the mass spectrometer (Anderson et al. 2020b).
Therefore, the many of time-of-flight spectra we obtained on
these granites are noisier, by several times, than those we
obtained since. Moreover, the signals we detected in this work,
especially for Sr, which usually is less efficiently ionized than
Rb, are small compared with what we have found in other
experiments. The smallness of our signals could have been
caused by the gradual sputter coating of a prism, subsequently
replaced, inside the instrument, which delivers the ablation
laser beam onto the sample. It takes about 20 samples to
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noticeably degrade the prism, which, for flight, will limit the
total sample throughput, or require a larger, movable prism; for
most missions, however, 20 samples is sufficient to address the
science. The relatively small signals and the relatively high
noise level made these data sets look unattractive when we
obtained them in 2019, but here we show that we obtained
meaningful age information from both granites in spite of their
noisy backgrounds.

The noise we observed included both electronic noise and
the counting of background ions created by processes other
than resonance ionization of Rb and Sr. For example, for
granites more than for other rocks, there is often a diffuse (in
time) background that we attribute to ions of diverse mass
having entered the mass spectrometer in the plasma plumes
from ablation. Such ions arrive at the detector at a wide range
of times because electrical interactions in the plasma interfere
with the electric fields we impose to accelerate and focus ions
onto the detector. We subtracted this background by fitting our
spectra, with their Rb and Sr peaks masked out, either to a line
or to a “swell” shape, consisting of the product of rising and
falling hyperbolic tangent functions. For the swell shape, we fit
a five-parameter empirical function:

bituse (t) = ci[tanh (c2 (t — c3)) + 1]
x [tanh (c4(cs — 1)) + 1], )

where bgifruse 1S the diffuse background, ¢ is the time of flight,
and c;_s are five adjustable parameters. This function is a
relatively simple implementation of an asymmetric peak that
falls to zero on both sides: the first bracketed factor smoothly
rises from a value of 0 to 2, increasing most rapidly near ¢ = c3,
and having a slope there of c,. The second bracketed factor
smoothly falls from 2 to 0, decreasing most rapidly near t = cs
and having a slope there of —cy4. The entire function is scaled in
magnitude by the factor c;. We used a nonlinear least-squares
optimization algorithm in Matlab to find the parameters c;_s
that best fit the diffuse background for each spot analysis, and
then subtracted away this best fit to the diffuse background.
About 95% of spectra were well fit by these empirical functions
(e.g., Figure 3), and because the remaining 5% of spots
continued to show large uncorrected interferences from back-
ground noise, we removed them from the isochron analysis.

In addition to diffuse background noise, in some spectra we
saw evidence of Rb atoms ablated directly into excited
electronic states, which are ionized by the 461 nm laser
intended to excite neutral ground-state Sr. Atoms of 87Rb
ionized by these lasers, as opposed to being ionized by the
lasers tuned to Rb resonances, which fire 2 us later, arrived at
the detector at the same time as 87Sr, and are therefore a
potential interference. Though we directly measured this
background and subtracted it, its shot-to-shot fluctuations
made it difficult to quantify ¥’Sr in spots with very high Rb /Sr
ratios. In addition, in spite of the 2 us given over to repulsion of
ions created directly by the ablation process, some such ions
succeeded in reaching the detector. Since they were accelerated
from closer to the sample than are the resonantly excited
photoions, they were less well focused in their arrival times at
the detector; also, since they were electrically charged before
the resonance lasers fired, they arrived at the detector earlier
than the photoions.

Though Rb ions due to ablation were easily distinguished
from resonantly photoionized Rb ions, we often found that the
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Figure 3. Time-of-flight spectrum for Boulder Creek Granite spot analysis
20190723bcg_gsd-2g_ras_150, after subtracting measured backgrounds.
Measured backgrounds are meant to quantify ions due to ablation and to
individual resonance lasers. In principle, the only signal remaining should
come from ions produced by the resonance lasers acting in tandem, i.e., Rb and
Sr. Top: spectrum at full scale. Bottom: baseline region of the same spectrum,
magnified to show the diffuse background remaining after subtraction of the
measured backgrounds. We fit the remaining background with an empirical
function representing a swell by the product of rising and falling hyperbolic
tangent functions (red). There also appears to be incomplete subtraction of a
background peak at 145.1 us, but fortunately this does not interfere with any of
the resonance ionization peaks.

noise of ®’Rb ions from ablation interfered with the detection of
%S photoions (Figure 4). Because this problem was especially
pronounced during our analyses of Pikes Peak Granite, for that
specimen we followed Anderson et al. (2015b) in using 88Sr
instead of ®°Sr to quantify the nonradiogenic Sr present in
each spot.

Of the hundreds of spot analyses that we obtained on each
sample, we retained for isochron analysis only those with S/Ns
>2 for each of the five isotopes **%7*8Sr and ®3%Rb. We
compared our measurements of *°Sr and **Sr with their natural
ratio of 0.1194 (Meija et al. 2016) to assess the extent of
instrumental isotopic fractionation, which we assume to have
been mass-dependent, and we corrected measurements of 87gr
accordingly.

We used our measurements of GSD-2G to monitor the
instrumental sensitivity to each isotope, as well as how each
varied with time. For example, in the time-of-flight spectrum
shown in Figure 3, Rb isotopes were over-detected relative to
Sr by a factor of about 3.5, and 87Sr is under-detected relative
to the even-mass Sr isotopes by about 19%. Elemental
fractionation can arise from the different transition strengths
of the Rb and Sr electronic resonances, the different intensities
of the lasers tuned to those resonances, the fact that the ablation
plume has evolved for a further ~2 us between the resonance
ionization of Sr and Rb, and preferential ablation. Isotopic
fractionation could, in principle, arise from the relative shifts in
electronic transition energy from one isotope to another, owing
to their different nuclear masses and volumes. However, our
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Figure 4. Time-of-flight spectrum for Pikes Peak Granite spot analysis
20190730ppg_gsd-2g_ras_013, after subtracting measured backgrounds. The
three most prominent peaks represent arrivals of resonance photoions of, from
early to late, *>Rb, ®Sr, and *’Rb. Top: spectrum at full scale. Bottom: baseline
region of the same spectrum, showing the smaller peaks for %°Sr (green arrow)
and ¥Sr (146.6 ys) resonance photoions. The 3°Sr peak sits on the shoulder of
a broad peak which we ascribe to ®’Rb ions created directly by ablation (the
spectrum begins with the tail of the corresponding peak for ®>Rb). The red
curve represents the empirical fit to the diffuse background for the interval in
which the resonance photoions were arriving at the detector.

resonance lasers have linewidths of ~6 GHz, much wider than
the isotope shifts, and sufficient intensity to power-broaden
their respective transitions. Instead, fractionation between the
odd and even isotopes of Sr more likely arises from the
different multiplicities of hyperfine states that can be populated
during the resonance excitation process (e.g., Fairbank et al.
1989; Wunderlich et al. 1992). We corrected analyses of the
granite samples to account for the measured instrumental
sensitivities to each isotopic species.

4. Dating Granites with the CODEX Breadboard
4.1. Boulder Creek Granite

Our specimen of Boulder Creek Granite consists of
potassium feldspar, quartz, plagioclase, and biotite, with grain
sizes 2—10 mm (see Figure 2). In an earlier analytical campaign
(Foster et al. 2016), we found an apparent age for Boulder
Creek Granite of 3170 Ma, far in excess of the 1700 £ 40 Ma
age determined by Peterman et al. (1968). At issue, apparently,
was the behavior of biotite under ablation by the laser we used
at that time, which emitted 5 ns, ~250 pJ pulses of 213 nm
radiation. Biotite has a strong absorption band in this part of the
ultraviolet spectrum (Karickhoff & Bailey 1973), and, indeed,
biotite spot analyses yielded the largest signals for both Rb and
Sr. Moreover, whereas spot analyses on other minerals
demonstrated *’Rb / 89Sr ratios up to 1.5, biotite analyses
yielded ratios as high as 30 (Figure 5). Therefore, the biotites
dominated the best-line fit from which the age was calculated.
However, their high ®’Rb / 86Sr ratios were evidently not high
enough to accord with the age found by Peterman et al. (1968).
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Figure 5. Our 2015 analysis of Boulder Creek Granite yielded an apparent age
of 3510 Ma, but the isochron fit was controlled by analyses with very high
87Rb/ 86y ratios, which were all identified as biotite on the basis of their laser-
ablation mass spectra (Foster et al. 2016). Excluding those 44 analyses
produces an isochron with an 1700 Ma age (inset). Note that an implausibly
low intercept value is due to an unresolved ~3% calibration issue among
87Sr/ 86Sr ratios in this data set. Here and in subsequent figures, ages are quoted
with their statistical uncertainties followed by systematic uncertainties, each
representing 1o confidence intervals.

We understand this error in light of the differential ablation
of Rb, which is more volatile, relative to Sr, which is more
refractory, by nanosecond laser pulses. Whereas all mineral
phases, and the glass standard we used, release Rb even at
moderate ablation laser intensity, they release Sr more
grudgingly. So long as it is common to all mineral phases,
the preferential release of Rb is, in principle, accounted for by
measuring instrumental fractionation of the elements with the
glass standard. However, since biotite absorbed the ablation
laser pulses more efficiently than the other phases, or than the
glass standard, it was ablated at a higher effective temperature,
where the preference for Rb over Sr was reduced. In this way,
the standard-corrected ®’Rb/*°Sr ratios we found for biotite
were also reduced. Foster et al. (2016) showed that we could
identify biotite spot analyses either on the basis of laser-
ablation mass spectrometry, or by mapping the analyzed spots
onto a photomicrograph of the specimen. Upon removing these
biotite spot analyses from the isochron, we obtained an age of
1700 £+ 300 Ma (Figure 5, inset), which agrees with the age of
Boulder Creek Granite found by Peterman et al. (1968).

Hydrated minerals such as biotite are conspicuously absent
on the Moon (e.g., Papike et al. 1991). Therefore, the
anomalous ablative behavior of this particular mineral will
not compromise our ability to study lunar granites. Never-
theless, motivated by the observation that the ablative behavior
of individual phases can vary so greatly, in 2019 we began a
series of experiments with an ablation laser emitting 150 fs
pulses in place of our nanosecond ablation laser. Whereas
nanosecond laser ablation proceeds by the rapid thermalization
of the deposited energy in a sample (Maul et al. 2005), leading
atoms to “boil off,” femtosecond laser ablation delivers laser
energy in less time than the typical interval between successive
electron-lattice collisions (e.g., Gamaly et al. 2002a, 2002b).
Because the energy is not thermalized, femtosecond ablation
suddenly removes a large number of electrons from the sample
surface, leading to a coulombic explosion (Husinsky et al.
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2009), which is thought to release atoms more closely to their
stoichiometric proportions. Indeed, many authors have found
that elements are less fractionated one from another by
femtosecond ablation than by nanosecond ablation (Riedo
et al. 2013; Russo et al. 2013; Neuland et al. 2014).

Femtosecond laser ablation has two drawbacks for our
purposes. First, as we have already noted, there are no
spaceflight femtosecond laser systems suitable for CODEX
presently available. Moreover, the femtosecond ablation
process ionizes a greater fraction of the ablated atoms than
does nanosecond ablation, which for resonance-ionization mass
spectrometry is a source of noise. The present measurements
were the first that we made with femtosecond ablation, and the
spectra we obtained were noisy. In spite of this noise, we have
for the first time been able to identify an isochron age for
Boulder Creek Granite without having to remove all of the
biotite analyses by hand (see Foster et al. 2016). We note in
passing that we have subsequently learned to acquire cleaner
spectra (e.g., Anderson et al. 2020b).

Data were acquired from Boulder Creek Granite in two runs,
each employing slightly different tunings of the time-of-flight
mass analyzer, as we iteratively tried to optimize the signal and
suppress the noise from ions produced directly by ablation. In
the first run, 2019 July 22-24, after subtracting the measured
backgrounds, we found a diffuse residual swell in the
background, which rose and fell on a timescale of several
microseconds (e.g., Figure 3). In the example of Figure 3,
background is responsible for ~0.02 mV on peaks as small as
~0.6 mV in amplitude; empirically removing this background
therefore makes a difference of a few percent to some of the
observed peak areas.

In between the two runs, the sample stub containing Boulder
Creek Granite and GSD-2G was removed from the instrument,
ground down by ~100 um to remove the ~500 ablation pits
that had already been made, and reintroduced into the
breadboard CODEX. In the second run, 2019 July 25-27, the
mass spectrometer tunings were such that the diffuse back-
ground was more spread out in time, and over the 5 us interval
of Sr and Rb photoion arrivals at the detector, the diffuse
background was satisfactorily modeled as a straight line.

Our new analyses of the Boulder Creek Granite are shown in
Figure 6, and are archived at Zenodo (doi:10.5281/
zenodo.7742472). Of 800 spot analyses over the two runs,
635 detected the isotopes “>*’Rb and *¥7%8Sr at >2¢
confidence, and of these, nine were discarded for having
diffuse background noise that we could not well fit. All the
remaining 626 spot analyses are represented in the figure. The
best-fit line through the data implies an age of 1780+ 110
(statistical) £ 300 (systematic) Ma. We stress that the systema-
tic uncertainty is due only to uncertainty in the composition of
the GSD-2G standard; comparing with a better-known standard
would eliminate this source of error. Our age agrees with the
1700 +40 Ma age of Peterman et al. (1968). Moreover, the
isochron line implies an initial ®’Sr/*®Sr ratio of 0.702 = 0.002,
which likewise coincides with the value of 0.7035 inferred by
Peterman et al. (1968).

Per usual, the linear fit, and thus the age, are heavily
influenced by the most precisely measured points with
especially high 87Rb/ 86Sr ratios. Figure 6 demonstrates this
by coloring the ellipse representing each measurement accord-
ing to the amount by which the deduced rock age would have
changed had that spot not been analyzed. This data set of 626
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Figure 6. ’Rb-""Sr isochron for Boulder Creek Granite. Ellipses show
1o uncertainties for 626 individual spot analyses. The statistical uncertainty of
110 Myr arises from uncertainties in our measurements; the additional 300 Myr
systematic uncertainty is due to the uncertainty in the concentrations of Rb and
Sr in the standard GSD-2G. Analyses are colored by how sensitive the age of
1780 Ma is to the presence of each measurement in the ensemble of 626 (e.g.,
had we not sampled the spot with *’Rb/*®Sr ratio of 30 and *’Sr/*Sr ratio of
2.5, we would have inferred an age 90 Myr younger).

spot analyses is relatively robust, because no single measure-
ment affects the rock age by more than its statistical uncertainty
of 110 Ma.

The spot analyses with the greatest uncertainties are those with
the greatest 5’Rb / 89Sr ratios, especially the five spots with
87Rb/*°Sr >40. A high *’Rb/**Sr ratio could be due, in principle,
to either abundant Rb or scarce Sr, but in this case, all of these
spots with high ®’Rb /*Sr ratios have particularly tiny Sr signals,
just above the detection limit. Though their size on the isochron
diagram makes them look important, if one were to ignore all five
of these spots, the age implied by the best-fit line would change
only slightly, to 1680 & 110 (statistical) &= 300 (systematic) Ma.

4.2. Pikes Peak Granite

The Pikes Peak batholith includes rocks of two composi-
tional suites, a potassic series and a sodic series. Our sample of
Pikes Peak Granite is a hornblende granite whose feldspar
crystals were 5-10 mm across (Figure 7). It was collected near
the summit of Pikes Peak, close to where Hedge (1970)
collected their sample 1221, an example of the potassic series.
Hedge (1970) determined a whole-rock Rb—Sr isochron age of
1041 4+ 13 Ma for the batholith. Subsequent zircon analyses
from the potassic series demonstrate an age of 1066 + 10 Ma,
while other locations, including the sodic series, range from
~1060-1090 Ma (Guitreau et al. 2016 and references therein).
Our typical precision does not distinguish among these ages.

As with the Boulder Creek Granite, data were acquired from
Pikes Peak Granite in two runs with different tunings of the
time-of-flight mass analyzer. Empirically we found that the
diffuse background in the run of 2019 July 30 had the shape of
a swell superimposed on a sloped line. We terminated this first
run after 75 spot analyses on Pikes Peak Granite, in hopes that
we could retune the mass analyzer for greater signal, and took
advantage of the retuning hiatus to repolish the sample to a flat
surface ~100 pym deeper. In the second run, 2019 August 68,
the diffuse background was so slowly varying that we were
able to model it as a straight line over the 5 us interval during
which Sr and Rb photoions arrived at the detector.
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Figure 7. Photomicrograph of standard GSD-2G (left) and Pikes Peak Granite
(right). Note that the ablation pits in GSD-2G are hard to identify, and can just
be made out on the granite (square box; compare with Figure 2). The ablation
pits define a rectangular grid of points separated by 0.2 mm. The field of view

is about 13 mm across.
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Figure 8. 3’Rb-*"Sr isochron for Pikes Peak Granite, showing 235 spot
analyses and their 1o uncertainties. The uncertainty due to measurement
imprecision is 160 Myr; another 170 Myr uncertainty is due to the uncertainty
in the concentrations of Rb and Sr in the standard GSD-2G. Analyses are
colored by how sensitive the age of 1100 Ma is to the presence of each
measurement in the ensemble of 235 (e.g., had we not sampled the spot with
87Rb/8Sr ratio of 6, we would have inferred an age 35 Myr older). Note that
the illustrated isotope ratios are normalized to 88Gr as described in the text,
rather than the customary °Sr. Given the natural ¥Sr/33Sr ratio of 0.1194
(Meija et al. 2016), the initial *’Sr/**Sr ratio of 0.0847 £ 0.0014 inferred here
implies an initial ®’Sr/%°Sr ratio of 0.709 + 0.011.

In addition to the diffuse background, there was also a
discrete peak in the background, which interfered with our
detection of ®°Sr in these runs. We attribute the background
peak to 8’Rb ionized directly by the ablation pulse, because the
background peak appears in spectra taken even when the
resonance lasers for Rb and Sr are off. Ions produced directly
by ablation ought to have been accounted for by subtraction of
our measured backgrounds; however, during these runs, the
over-detection of Rb relative to Sr was so great that even the
shot-to-shot fluctuations in the ’Rb background peak over-
whelmed our ability to quantify the resonantly ionized *°Sr. For
this reason, we used “*Sr rather than ®°Sr as a measure of
stable, nonradiogenic Sr in our analysis (see Anderson et al.
2015b). Without a reliable measurement of 86Sr, we forewent
the small correction to ®’Sr that we make for mass-dependent
fractionation among Sr isotopes.

Figure 8 illustrates our measurements of Pikes Peak Granite,
and the data are also archived at Zenodo (doi:10.5281 /zenodo.
7742472). Out of 475 spot analyses in the two runs, only 260
yielded >20 detections of all five of the isotopes ***’Rb and


https://doi.org/10.5281/zenodo.7742472
https://doi.org/10.5281/zenodo.7742472

THE PLANETARY SCIENCE JOURNAL, 4:92 (16pp), 2023 May

Gruithuisen. T
»." Dames !

Figure 9. The Gruithuisen Domes: Delta, Gamma, and Northwest, as viewed
by the Lunar Reconnaissance Orbiter Camera (Robinson et al. 2010).

868788 In 25 spot analyses, the diffuse background in a
spectrum was poorly fit by our empirical function, so these spot
analyses were discarded. The remaining 235 analyses are
represented in Figure 8. The relatively low proportion of spot
analyses in which the full set of isotopes was detected is, as
noted above, likely due to the fact that a prism in the ablation
beam path of the breadboard instrument was becoming coated
by ablated atoms. The pattern of ablation pits in the Pikes Peak
Granite (Figure 7) was much harder to see visually than in the
Boulder Creek Granite (Figure 2), or than in our Zagami
analyses (Anderson et al. 2015b), consistent with a reduction in
ablation intensity from the prism becoming progressively
sputter-coated with time.

The slope of the best-fit line through our data implies an age
of 1100 £ 160 (statistical) & 170 (systematic) Ma. This agrees
at the 1o level with the age of the Pikes Peak batholith as
reported by Hedge (1970), Smith et al. (1999a, 1999b), and
Guitreau et al. (2016). The intercept of 0.084 7 £ 0.0014
implies an initial *’Sr/*°Sr ratio of 0.709 +0.011, given the
normal 86Sr/sSSr ratio of 0.1194 (Meija et al. 2016). This
coincides with the value of 0.7072 found by Hedge (1970). As
for our Boulder Creek Granite isochron, this data set is robust,
in that no single measurement affects the best-fit line by more
than the quoted statistical uncertainty of 160 Myr.

5. A Mission to the Moon Using CODEX
5.1. Overview

We recently proposed CODEX as part of a lunar mission
called ExCELL (Exploration of Chemically Evolved Lunar
Lava), in order to determine the age and lithology of the Si-rich
rocks that form the Gruithuisen Domes. The shapes of the
Domes, and their composition inferred from orbital data (e.g.,
Figure 9), suggest that the rocks there are granitic, and yet
granitic rocks are exceptionally rare (<0.02%) among Apollo
samples (Seddio et al. 2013). Notable examples of these rare
granites were first described by Ryder (1976), James &
Hammarstrom (1977), Quick et al. (1982), and Warren et al.
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(1983). Though Gruithuisen Domes appear, on the basis of
crater density (Wagner et al. 2002; Braden 2013; Ivanov et al.
2016), to be younger than all dated Apollo granites (Seddio
et al. 2013), did the Domes and the Apollo granites
nevertheless evolve along similar petrogenetic pathways? Or
will Gruithuisen Domes introduce us to a new lunar rock type,
unknown from the Apollo collection? How and when were
these extraordinary lunar volcanoes formed?

ExCELL would reveal the age and lithology of the Domes
by landing on the surface of a dome and collecting and
analyzing up to three 1.5-2.5cm diameter rock samples to
determine their radioisotopic ages, geochemistry, and norma-
tive mineralogy. Gamma Dome, which seems to have an
exceptionally high concentration of thorium (Hagerty et al.
2006), is the most attractive landing site, because thorium
concentration correlates in most lunar rocks with the abundance
of rubidium, which is necessary for Rb—Sr dating.

ExCELL would accomplish its science goals using a payload
comprising an arm-mounted rake guided by a ContextCam
imager; a grinder; a second imager, MicroCam, for inspecting
ground samples; and CODEX. For this mission, CODEX
would alternate between resonance ionization of Rb and Sr
isotopes for dating and laser-ablation mass spectrometry for
chemical analysis and normative mineralogy. The geochemical
data is valuable both for verifying inferences made by remote
sensing from orbit, but also for contextualizing the geochro-
nological data. For example, we showed above and in Foster
et al. (2016) that identification of particular spot analyses as
coming from a single mineral phase, in this case biotite,
allowed us to extract meaningful dating information from the
ensemble of remaining minerals.

In addition to the CODEX measurements, data from
ContextCam would provide geological context for this unique
lunar location. The rake and grinder would collect geotechnical
data for the samples. MicroCam images taken before and after
CODEX analysis would illustrate rock textures and mineral
assemblages. The fusion of all of these results would allow us
to ground-truth orbital observations, classify the rock type
present at Gruithuisen Domes, compare with Apollo samples,
identify when in lunar history these rocks formed, and test
disparate crater-density age models.

The hardware for ExCELL includes a miniature (3.2 kg)
time-of-flight mass analyzer built at the University of Bern
(Wurz et al. 2012; Fausch et al. 2018), sample-handling
systems made by Lockheed Martin Corporation, and custom
spaceflight lasers designed by Aerospace Corporation. The
spaceflight lasers are fiber master oscillator parametric
amplifiers that have low mass (<20kg) and low power
consumption (<200 W), and boast higher stability and spectral
intensity than the lasers in our breadboard version. Moreover,
the spaceflight lasers will have a pulse rate of 1 kHz, allowing
for more rapid data acquisition than our present 20 Hz
instrument.

5.2. Mission Science

The composition inferred from orbital remote sensing makes
Gruithuisen Domes unlike any of the sites visited by the Apollo
missions, the samples from which have most strongly shaped
our understanding of lunar evolution (Taylor 1975). Though
the Apollo missions returned 382 kg of lunar samples, only
0.083 kg of these are granitic, and nearly all of the granitic
material is from the single sample 12013 (e.g., Seddio et al.
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2013). All of the granitic lunar samples were transported by
impact ejection to the Apollo landing sites where they were
collected, and most occur as clasts in polymict breccias (Seddio
et al. 2013). Because of this, none of the Apollo granites have
had their source rocks identified. Chemically, granitic lunar
samples tend to have bulk composition with about 70 wt%
SiO, and 60 ppm of Th (Seddio et al. 2013); the high Th
concentration is comparable with what is inferred for the most
enriched sites at Gruithuisen Domes (Hagerty et al. 2006).

There is no consensus on what processes generate
chemically evolved, granitic magmas on the Moon. On Earth,
partial melting in the interior can begin at relatively low
temperature because water depresses the melting point of most
rocks, generating magmas that readily incorporate silica and
alkalis but that tend to leave magnesium- and calcium-rich
minerals in the rock residua (Whitney 1988). However, this
mechanism is not likely on the Moon because the bulk silicate
Moon has only ~100ppm of water (Barnes et al. 2016),
compared with 2000ppm in the bulk silicate Earth
(Marty 2012). A more likely candidate is fractional crystal-
lization of a basaltic magma, possibly with an admixture of
KREEP material (e.g., Seddio et al. 2013), or the melting of
lunar crust when underplated by basaltic intrusion (e.g.,
Hagerty et al. 2006; Gullikson et al. 2016). The evolution of
magmas with SiO, as high as 70% may be aided by a
miscibility gap between silicate liquids (Roedder 1951;
Rutherford et al. 1974a, 1974b, 1976; Jolliff et al. 1999).

What little we presently know about the genesis of evolved
lunar igneous rocks comes primarily from the few Apollo
granites. Their radioisotopic ages suggest that they formed in
two distinct epochs, an earlier one from 4400-4200 Ma, and a
younger one from 4000-3850 Ma, with only a couple of
examples in between (Meyer et al. 1996; Seddio et al.
2013, 2014; Zhang et al. 2012). This distribution of ages is
similar to that of the giant impact basins on the Moon, but it has
not yet been possible to test whether lunar granites were created
by giant impacts. ExCELL, however, would probe a possible
association between Gruithuisen Domes and the impact that
formed Imbrium basin.

Because the Apollo granites are all fragments from unknown
sources, we do not know the quantity of material produced by
individual instances of granite formation on the Moon.
However, if lunar granites formed by fractional crystallization,
the parent basaltic magma must be at least an order of
magnitude larger than the resulting granites. To build a granite
body the size of Gruithuisen Domes in this way would
therefore require an initial melt of ~10* km’. A large impact is
a possible way to generate such a quantity of magma, either
from direct heating or from decompression melting during
excavation of the resulting crater (Grieve & Cintala 1992;
Manske et al. 2022). Indeed, estimates of the volume of the
Sudbury melt sheet, from one of the largest impacts known in
Earth history, are of this scale (Latypov et al. 2019). Melting
mechanisms internal to the Moon are also plausible, and large
igneous provinces on Earth have erupted basalt volumes up to
10°-10° km’.

The location of Gruithuisen Domes presents two clues to
their origin, but their implications seem mutually exclusive.
First, Gruithuisen Domes are situated on the very margin of the
Imbrium basin, the youngest of the giant impact basins on the
nearside of the Moon. If the Imbrium melt sheet cooled slowly
enough to undergo fractional crystallization, it perhaps could
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have evolved a silica-rich composition like we infer for the
Domes. For comparison, fractional crystallization has been
invoked to explain the differentiation of the Sudbury melt sheet
on Earth (Latypov et al. 2019). Since the cooling time of the
Imbrium melt is likely ~1 Myr (Hood & Spudis 2016), this
origin implies an age for the Domes that is indistinguishable
from the 3920 Ma age inferred for Imbrium (Liu et al. 2012;
Nemchin et al. 2021).

The second clue is that Gruithuisen Domes are surrounded
by extensive flows of basaltic lava to which they may be
petrogenetically related (e.g., Ivanov et al. 2016). For example,
the granitic magma that formed the Domes may have been
created by melting of crustal rocks when a basaltic magma
welled up from deeper in the lunar interior and underplated the
crust; if such underplating occurred, the basaltic magma could
itself have erupted at the surface soon after the granitic magma
(Lawrence et al. 2005; Hagerty et al. 2006; Ivanov et al. 2016).
In this case, the Domes’ age ought to be similar to the estimates
for the basalt ages of 3600-2300 Ma, which are based on their
crater densities (Ivanov et al. 2016).

CODEX has sufficient precision to resolve this age from the
age of Imbrium (Figure 10). We have argued (Anderson et al.
2020b) that the measurement precision we achieved on Zagami
would have yielded an age uncertainty of <80Myr on a
compositionally similar sample as old as 4500 Ma. In that
work, we showed that femtosecond ablation was responsible
for halving our age uncertainty, so we might expect ~160 Myr
precision on a 3600-3900 Ma sample of Zagami-like
composition using a spaceflight laser for nanosecond ablation.
This is enough to distinguish, with 95% confidence, the age of
Imbrium from the age of even the oldest of the surrounding
basalts.

However, Gruithuisen Domes are likely to be much richer in
Rb than is Zagami (~5.3 ppm; Barrat et al. 2001): if the usual
scaling between Th and Rb concentrations (Haskin &
Warren 1991; Neal 2022) holds, then the 35ppm Th
concentration inferred by Hagerty et al. (2006) implies a Rb
concentration of 30-200 ppm at Gruithuisen Gamma. The
much greater Rb abundance could easily improve our age
uncertainty by a factor of 2 or more, permitting us to resolve
ages in the middle of the 3920-3600 Ma interval from the age
of either Imbrium or the surrounding basalts. Moreover, as
contingency, we have sufficient time in the nominal mission
plan to accommodate 1800 spot measurements on each sample,
four times as many as in our Zagami experiment (Anderson
et al. 2020b), potentially improving precision by another factor
of 2. If we realize both of these factor-of-two improvements,
we anticipate dating precision of ~40Myr at Gruithuisen
Domes.

If ExCELL finds that the age of Gruithuisen Domes
implicates neither Imbrium nor the basalts in their formation,
we would be forced to one of several more speculative
explanations. Such an age could imply that the onset of basaltic
volcanism in the region occurred earlier than 3600 Ma, but that
the first basalts were buried beneath subsequent eruptions. Or,
the basaltic magma might have underplated the crust and
produced a granitic melt of crustal material, then remained
molten but buried for a very considerable time before itself
reaching the surface. This explanation is favored by some
authors (e.g., Hagerty et al. 2006; Ivanov et al. 2016), but
might become implausible if the measured age of the Domes
requires an interval of more than a few tens of millions of years
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Figure 10. An EXCELL measurement of the age of Gruithuisen Domes would test the Domes’ association with both the Imbrium impact and the eruption of nearby
basalts, and also test competing estimates of their age based on densities of impact craters.

between the eruption of the Domes and the basalts. A third
possibility is for the Domes to have been formed by the impact
that excavated Sinus Iridum, somewhat later than Imbrium,
likely in the interval 3840-3700 Ma (Wagner et al. 2002).
However, this possibility is presently disfavored because
Iridum was a considerably smaller impact than Imbrium, and
the Domes are more than 200 km away from its rim rather than
right on it, as for Imbrium.

Beyond testing associations between the Domes and
Imbrium on the one hand, or the surrounding basalts on the
other, radioisotopically dating Gruithuisen Domes would also
test competing crater-density estimates of their age (Figure 10).
For Gruithuisen Gamma, Wagner et al. (2002) used the density
of craters to estimate an age of 3720-3850 Ma, and likewise
Ivanov et al. (2016) deduced its age to be 3760-3830 Ma.
However, Braden (2013) determined a considerably younger
age of 3480-3670 Ma. Some of the uncertainty in each age
estimate arises from the small number of craters on Gruithuisen
Domes, but more stems from the different image sources that
were used to count craters (e.g., Lunar Orbiter, Kaguya, or
Lunar Reconnaissance Orbiter), different chronological models
by which crater densities are associated with ages, and
differences in how human observers recognize surface features
as craters. While crater-density dating is generally believed to
be more precise for the early Imbrian period than at other
epochs, because models are calibrated on Apollo samples dated
to this era (e.g., Stoffler et al. 2006), these estimates of the age
of Gruithuisen Gamma nevertheless span 350 Myr. This is an
indication of the magnitude of systematic uncertainties in
crater-density dating. An ExCELL age for the Domes, by
having been measured radioisotopically, would not be subject
to these systematic uncertainties; rather, it would test which
combinations of images, chronologies, and methodologies are
accurate estimators of surface ages.

By using CODEX as a laser-ablation mass spectrometer,
ExCELL would also measure elemental abundances in the
rocks we sample, at the same spots analyzed for dating. At the
whole-rock level, elemental abundances would determine the
lithology of the samples and, coupled with rock textures
imaged by the cameras, provide the most important clues for
how the rocks formed. Our objectives are to characterize the
lithology of each rock collected at the Domes, compositionally
compare the samples to rock types represented in the Apollo
collection, and to ground-truth the remote-sensing observations
of exotic and silica-rich rocks at the Domes. A mundane but
vital first objective is to ascertain that the sample collected by
ExCELL actually represents the local rocks, rather than rocks
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redistributed by impact ejecta. Given the spectral and
morphological indications that Gruithuisen Domes is compo-
sitionally exceptional relative to all common lunar rock types,
if we land on the Domes and collect a sample that is itself
compositionally exceptional, we would have high confidence
that it derives from the local bedrock. ExXCELL measurements
of silicon, iron and magnesium, calcium, aluminum, and alkali
abundances would demonstrate whether the samples are
chemically evolved, and therefore likely to derived from the
Domes.

Likewise, measurements of major elements would situate the
composition of the rocks on the total alkali-silica diagram.
Precision achieved by ExXCELL team members with a similarly
miniaturized time-of-flight mass analyzer (Neuland et al. 2021)
suggests we can measure SiO, abundance with fractional
uncertainty <5%, and Na,O and K,O abundances with
fractional uncertainties <10%. This is sufficient to identify
the composition as either basaltic, andesitic, dacitic, or granitic,
for example (we do not expect to find more alkalic rock types).
Images of the rock samples taken by MicroCam, with
resolution of 15 pm per pixel, would quantify the grain sizes
of the mineral constituents in the rock, and therefore permit us
to distinguish between fine-grained, extrusive rocks like basalt,
andesite, and rhyolite, on the one hand, and their course-
grained, intrusive analogs gabbro, diorite, and granite on the
other.

Lithologic identification is important because different rock
types require different formation processes. True rhyolites, for
example, would seem to require fractional crystallization of a
basaltic magma to run in excess of 90% (Hagerty et al. 2006).
If the Domes are instead alkalic anorthosites, as suggested by
Kaguya infrared observations that they are >80% plagioclase
(Lemelin et al. 2019), then they are more likely to be flotation
cumulates (Shervais & McGee 1998). Moreover, to the extent
that rocks from Gruithuisen Domes are lithologically similar to
the Apollo granites, what we learn about their origin may help
us understand the Apollo granites as well. If, conversely, the
rocks sampled at Gruithuisen Domes are unlike any Apollo
samples, the compositional data from ExCELL would
characterize a new-to-science lunar rock type, broadening the
range of geologic processes known to have been at work over
the course of lunar history.

ExCELL measurements of major-element abundances in
rocks from Gruithuisen Domes would also test inferences from
remote sensing, such as the FeO abundance of 7%—9% deduced
by Clementine (Lucey et al. 2000), Lunar Prospector (Hagerty
et al. 2006), and Kaguya (Lemelin et al. 2019), and the TiO,
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Figure 11. ExCELL would assess the evolution of the Domes composition by
plotting oxide abundances on this ternary phase diagram (e.g., McCubbin
et al. 2015). If the Domes' composition lies along the green boundary, then the
granitic magma could have evolved by silicate liquid immiscibility. The size of
the blue circle represents the anticipated precision of the CODEX
measurement.

abundance of 0.7% derived from Chandrayaan-1 data (Kusuma
et al. 2012). CODEX would be able to detect some important
trace elements as well. For example, though Gruithuisen
Domes are smaller than the footprint of the Lunar Prospector
Gamma Ray Spectrometer, Hagerty et al. (2006) modeled a
35ppm Th concentration for Gruithuisen Gamma; ExCELL
data would evaluate this prediction. In addition, though
ExCELL would measure elemental rather than mineralogical
composition, ExXCELL data could nevertheless test mineralo-
gical inferences made by remote sensing. For example, if the
Kaguya inference is correct that the surface rocks of
Gruithuisen Gamma are ~80% plagioclase, then the oxide
molar abundances of Na,O and CaO must total ~16% (this
value depends slightly on the mean molar mass of the rock);
ExCELL would evaluate this. Significantly, CODEX ablates a
few micrometers of material before beginning each spot
analysis, so ExXCELL data would pertain to the compositions
of rocks; by contrast, visible and infrared observations from
orbit are sensitive to the ubiquitous cover of lunar soil, which is
depleted in volatile elements with respect to its parent rocks
(Laul & Papike 1980).

Depending on the composition, the elemental abundances
measured by ExXCELL may yield clues about the petrogenesis
of the samples, and by extension, of the Domes themselves. For
example, there is considerable discussion in the literature about
the role that silicate liquid immiscibility may have played in the
evolution of granitic lunar magmas (Rutherford et al. 1976;
Hagerty et al. 2006; Charlier & Grove 2012; Seddio et al. 2013;
Gullikson et al. 2016). Finding a bulk-rock composition that
lies near the boundary of the two-liquid miscibility gap
(Figure 11) would favor this process in the evolution of the
Domes (e.g., McCubbin et al. 2015), and finding a composition
within the gap would rule it out.

Beyond measurements of age and composition, ExCELL
would also deliver additional data about the rocks it samples
and their geologic context. For example, MicroCam would
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show the porosity of the rocks under analysis. ContextCam
would help us learn geotechnical properties of the locality by
observing the progress of the sampling rake as a function of
applied current to its actuators as it penetrates the regolith, and
the angle of repose of the regolith grains as the rake is emptied
into the sample hopper. Moreover, ContextCam images would
help the science team optimize science yield during mission
operations by demonstrating relationships between the rocks
collected for sampling at surface features such as impact
craters, flank ridges, and boulders.

5.3. Mission Implementation

The ExCELL payload (Figure 12) would be delivered by a
lunar lander to Gruithuisen Domes at local dawn and
accomplish its entire mission in a single lunar day. Following
the commissioning of the instruments, we would use
ContextCam (Table 1) to observe the geologic context of the
landing site and search for our first raking and acquisition area.
A total of three samples would be raked, gripped, and ground
by the Lockheed Martin-designed Preparation, Examination,
Polishing and Retrieval (PEPR) system, imaged by MicroCam,
and presented to CODEX for laser-ablation mass spectrometry
and resonance-ionization mass spectrometry (Table 2).

The flight version of CODEX comprises laser and mass
spectrometer subsystems. The laser subsystem, including its
electronics, has been developed to TRL 5 by Southwest
Research Institute and Aerospace Corporation (Di Teodoro
et al. 2013; Mu et al. 2016a, 2016b, 2018), and brassboard
prototypes of the lasers have passed three-axis vibrational
testing at 6.8 g.,s over the frequency range 5-3000 Hz. The
lasers themselves are 1 kHz high-energy Yb-doped fiber master
oscillator power amplifiers with spaceflight heritage. Six of the
seven brassboard lasers have been shown to meet the functional
requirements derived from our experience with the breadboard
system for timing stability (<500 ns), bandwidth (8 GHz),
fre(%uency stability (drift <100 MHz per hour ), beam quality
(M” = 1.2), and pulse energy (70—-1000 wJ). The 554 nm laser
is still under development. The laser subsystem is to be
hermetically sealed at 1 atm during the ExCELL mission to
mitigate outgassing from laser components, and the flight
design calls for it to be mounted directly on the lander deck for
heat-sinking. Sealed windows permit laser light to pass directly
into the mass spectrometer, mounted directly above the laser
subsystem. The mass spectrometer has heritage from the
ROSINA instrument on the ROSETTA mission (TRL 9;
Scherer et al. 2006; Balsiger et al. 2007) and the Neutral Gas
Mass Spectrometer (NGMS) on the Luna 25 and Luna 27
missions (Wurz et al. 2012). In 2016, the electrical engineering
development unit from NGMS was mated to an ion source
designed to accommodate both laser-ablation and resonance-
ionization mass spectrometry, and these were successfully
tested together on the CODEX breadboard.

The baseline mission requires the analysis of three
unbrecciated centimeter-sized rocks with a science floor of a
single sample. Based on the number density and size-
distribution of rocks at the Surveyor landing sites, and the
fraction of Apollo rocks that are unbrecciated, Anderson et al.
(2017) estimated that raking the top 2 cm of lunar soil would
yield about 60 unbrecciated centimeter-sized rocks per square
meter. An alternative estimate of rock abundance, from Apollo
cores, suggest that more than 300 rocks per square meter could
be found in the near-surface (Cohen et al. 2021).
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Figure 12. Computer rendering of the ExXCELL instrument and manipulator arm. (1) Arm-mounted survey and selection ContextCam, (2) Sample rake, (3) Hopper, (4)
Sample gripper, (5) X-Y stage and translation rail, (6) grinding station, (7) MicroCam sample inspection camera, (8) CODEX entrance aperture, and (9) laser housing.

Front face of CODEX housing is transparent.

Table 1
Instrument Suite and Function

1. ContextCam RGB Imager

* Autonomously construct mosaic image of landing site

* Autonomously image surfaces around lander for raking area

* Provide brief real-time video to assist raking, sample deposition in a hopper,
gripping, and grinding

* Autonomous image of rake zone for geotechnical properties

2. Preparation, Examination, Polishing and Retrieval (PEPR) System

* Rake the surface with CLPS arm

* Receive raked samples in hopper

» Hold samples with gripper for MicroCam, Grinder, and CODEX

* Grind flat face into samples for CODEX analysis

* Carry mounted standard material for normalization of CODEX data

3. MicroCam RGB Imager (all autonomous)

* Image sample pre-grind for context

* Image sample post-grind for grain size, rock type, and texture

* Image sample post-CODEX for ablation spot location

4. CODEX

* Autonomously determine elemental abundances at up to 1800 spots by laser-
ablation mass spectrometry

* Autonomously determine Rb—Sr isotope abundances at same spots by laser-
ablation resonance-ionization mass spectrometry

Guided by real-time images from ContextCam, we would
rake appropriately sized rocks from the upper 2cm of the
surface, and bring them to the PEPR system hopper
(Figure 12). The PEPR system would grasp a rock and transfer
it to the grinding station to create a smooth face in the rock with
<15 pm rms roughness, suitable for laser ablation. MicroCam
would inspect the polished surface, and image the grain size
and texture of the polished rock samples. ContextCam images
would undergo lossy compression to permit rapid downlink at
~1 frame per second, with losslessly compressed images
buffered for later downlink. MicroCam images would be
immediately downloaded at full resolution and reviewed prior
to moving on from grinding operations.
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After grinding, polishing, and imaging, the sample would be
moved to the focal plane of the CODEX ablation laser. We
would translate the gripper in that plane to obtain at least 400
spot analyses on a 25 mm? region of the sample. After every
four analyses of the rock, the gripper would translate further to
analyze a standard mounted on the side of the gripper. Finally,
the sample would be returned to MicroCam which would
record the locations of the ablation spots relative to observed
mineral grains, before the rock is ejected and the process is
repeated with a new sample as time and data downlink permit.
Images would be relayed to the ground during the sample
selection, acquisition, post-grind inspection, and post ablation
inspection. Other operations are autonomous.

Interpretation of the collected data from each sample would
include inferences about whether a deduced age represents the
timing of crystallization or a secondary shock event. To
maximize the probability that ages measured by CODEX
pertain to crystallization of the volcanic rocks at Gruithuisen
Domes, ExCELL mission plans call for observations of each
sample’s geologic context, using ContextCam, and analysis of
multiple rock samples, using CODEX and MicroCam. Priority
during sample collection would be given to rocks that appear
typical of the locality. Even before beginning a time-
consuming CODEX analysis, we would inspect MicroCam
images for evidence that a sample is brecciated; breccias are
more likely to have been shocked. We would examine the Rb
and Sr isotopic data acquired by CODEX to learn whether
particular mineral phases depart from an isochron line; if spot
analyses corresponding to one geochemical composition fall
off the isochron defined by other phases, it could be evidence
of alteration by shock. Likewise, we would compare CODEX-
derived chemical compositions with inferences made from
orbital remote sensing to help recognize whether a sample is
locally derived. Finally, finding the same age for several
samples would favor their age representing a common
crystallization event, since the stochastic process of remobili-
zation of ®’Sr by a passing shock wave is unlikely to yield a
reproducible age among an ensemble of samples. In summary,
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Table 2
Time and Data Requirements for EXCELL Activities on the Lunar Surface
Activity Nominal Time Attempts with Time with Contingency (hours:
(hours:minutes) Contingency minutes) Data (MB)

Commissioning 8:00 1 8:00 1
Image scene 0:05 1 0:05 20
Rake & drop samples onto tray, including real- 0:05 9 0:45 200

time videolink
Image tray 0:01 9 0:09 20
Select rock from tray for analysis 0:20 9 3:00
Grip and pick up selected rock, including real- 0:05 9 0:45 200

time videolink
Image gripped rock 0:01 9 0:09 20
Confirm rock is successfully gripped 0:20 9 3:00
Grind rock sample 2:00 3 6:00 5
Image ground rock surface 0:01 3 0:03 20
CODEX analysis (up to 1800 spots) 23:40 1 23:40 4 625
Image rock surface with analysis pits 0:01 1 0:01 20
Drop sample 0:01 3 0:03 2
Total for first rock, including commissioning 34:40 44:40 5133
Total for second and third rocks, raked and 52:44 67:32 10 004

imaged together
Total 87:24 112:12 15 137
Total available (9 Earth days) 216:00 216:00 21 870
Margin 60% 48% 31%

we would use the totality of the evidence to interpret whether a
sample has yielded a shock age or a crystallization age; this is
analogous to the ongoing interpretation of the geologic and
petrologic context of the recently acquired samples from
Chang’e 5. Both crystallization ages and shock ages are
potentially significant for answering science questions.

If none of the contingency time built into our surface
operations plan were necessary, we would have sufficient time
in nine Earth days to analyze 10 rock samples. Known
contingencies include multiple attempts for raking, picking up,
and grinding rocks; allowing time for nine raking and pickup
attempts, and three grindings attempts (Table 2), we would still
have sufficient time to study three rocks (4.7 Earth days) with
margin for unknown contingencies of 4.3 Earth days (48%).
Data downlink puts a stronger limit on what ExCELL can
accomplish, however. Assuming an average downlink rate of
225 kbits~!, the entire data volume that can be returned in 9
Earth days is 22 GB. Analysis of three samples would include
just over 15 GB of data, leaving a 30% margin.

6. Conclusion

The dating precision attainable with CODEX has advanced
to the point where statistical errors are now comparable to those
arising from uncertainties in the composition of reference
materials used for calibration. This highlights a need for better
characterization of standard materials with geologically
realistic concentrations of Rb and Sr, and we hope that the
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geostandards community will continue to make progress
toward this aim.

The development of CODEX for spaceflight continues on
two fronts. First, we continue to demonstrate the ability of
CODEX to analyze ever-more-challenging planetary-analog
samples with the breadboard instrument. Our successful dating
of two granite samples is part of this effort. Though we had
expected that granites would have been relatively easy to
analyze because of their relatively high concentration of Rb, we
were challenged by the fact that biotite behaved differently
from other materials under nanosecond laser ablation, and then
by noisy diffuse backgrounds of ions generated by femtose-
cond ablation. Though biotite delayed this demonstration of
CODEX capabilities with terrestrial samples, it is, like other
hydrated minerals, unknown on the Moon. As for the diffuse
ion background, we have shown here that empirical fitting of it
permitted us to date accurately both Boulder Creek Granite and
Pikes Peak Granite, in spite of the elevated noise.

Second, the work of miniaturization continues. Whereas the
breadboard instrument has a mass spectrometer of length 1 m
and mass 40 kg, the flight instrument is designed with heritage
parts from ROSETTA and other missions that are 0.2 m long
and have only 3.2 kg of mass. Our breadboard uses seven lasers
that are 35 kg each, but the brassboard MOPA lasers have a
mass of about 20 kg totral. By increasing our laser pulse rate
from 20 Hz to 1 kHz, these lasers also increase the quantity of
data that can be acquired, even if a mission is limited to a single
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lunar day. The ExCELL mission to the Gruithuisen Domes
would deliver geochemical and geochronological data, with
field context, that would allow us to understand the origin of
evolved igneous rocks on the Moon.
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