AL L (FEA)

Development of an in-situ K-Ar isochron dating method

for landers on the Moon and Mars

(A - KEAREHH

FD% K-Ar 7 A V7 a AEREHAEOBA3E)

Rk 25412 A L (BES) HIEE

FORR PR P B R e
HER R R R R

k BB



This Dissertation is dedicated to
Fumiko Cho,
who passed away on October 21, 2013, at the age of 89,
and
Jiro Oizumi,

who passed away on June 28, 2012, at the age of 26.



ACKNOWLEGMENTS il

Acknowledgments

I express my deep gratitude to Professor Seiji Sugita, my research supervisor, for his patient
guidance, enthusiastic encouragement and useful critiques of my research work.

I would like to express my very great appreciation to Dr. Yayoi N. Miura for every support and
instruction about designing the instruments and actual experiments as well as interpreting the results.
This work would not have been possible without her contributions.

This research effort was greatly enhanced by Dr. Tomokatsu Morota, Nagoya University, who
provided constructive inputs for crater chronology and the application of in-situ analyses using my
instrument. This research was greatly benefitted from the critical comments by Prof. Hiroko
Nagahara. Constructive and critical comments by Dr. Yasuhito Sekine, Univ. Tokyo, are also
gratefully acknowledged. I am thankful to Dr. Ryuji Okazaki of Kyushu University for forming the
foundation of this research.

I appreciate invaluable suggestions and advices about noble gas analyses by Prof. Keisuke Nagao.
He also generously provided the mineral samples used in this research. I also thank the discussions
with Prof. Tetsumaru Itaya of Okayama University of Science. This work was benefitted from many
helpful suggestions and technical supports about noble gas analysis from Prof. Takafumi Hirata of
Kyoto University, Dr. Hirochika Sumino of Univ. Tokyo, Prof. Ichiro Kaneoka, and Dr. Ken-ichi
Bajo of Hokkaido University.

This work benefitted from the discussions about Mars with Prof. Hideaki Miyamoto, and Dr.
Goro Komatsu and Dr. Tomohiro Usui. I would like to thank Prof. Masaki Ogawa, Univ Tokyo, for
the insightful discussions concerning the thermal evolution of the planets.

I thank Dr. Ko Ishibashi and Dr. Sosuke Ohno for experimental supports and extensive
suggestions on LIBS measurements. Dr. Shun-ichi Kamata is gratefully acknowledged for sample
preparations and XRF measurements as well as the discussions to improve my research. Dr.
Tomoko Arai generously supplied the powdered rock samples used for LIBS calibration. I am
grateful to Prof. T. Yagi of Ehime University and Dr. H. Goto of the University of Tokyo for

helping us to make the pellet samples with a high-pressure cubic press at Institute of Solid Sate



v ACKNOWLEGMENTS

Physics, the University of Tokyo. The gneiss samples were provided by Dr. Naoyoshi Iwata of
Yamagata University. I thank Dr. Kenji Mibe at the Earthquake Research Institute for preparing for
the basaltic glass sample containing Ar. Prof. Tsuyoshi Komiya of Univ. Tokyo generously supplied
natural rock samples collected from Greenland. Prof. Kazuhito Ozawa kindly provided basaltic rock
samples for laser ablation experiments. I would like to thank both technical and scientific supports
provided by Dr. Tatsu Kuwatani and Mr. Hideto Yoshida for ion microprobe analysis. Mr. Takashi
Sakai and Ms. Megumi Mori are gratefully acknowledged for preparing the samples for EPMA
analysis.

Dr. Jun-ichi Haruyama and Dr. Makiko Ohtake are acknowledged for their instructions and
discussions about the lunar surface. This study greatly benefitted from the helpful discussions about
lunar samples with Dr. Yuzuru Karouji, Dr. Hiroshi Nagaoka, and Prof. Hiroshi Takeda.
Discussions with Dr. Risa Sakai is gratefully acknowledged.

I appreciate the discussion with the members of the Japanese decadal survey: Prof. Noriyuki
Namiki, Prof. Satoshi Tanaka, Prof. Toshifumi Mukai, and Dr. Kazunori Ogawa. Discussions with
Dr. Shingo Kameda and his students at Rikkyo University are also gratefully acknowledged.

I wish to thank Dr. Barbara A. Cohen of Marshall Space Flight Center, for many discussions and
continuous encouragements.

Expert technical help by Mr. Atsushi Saito of the workshop, Univ. Tokyo, Mr. Hideki Saitou
(Fuji imvac), Mr. Satoshi Miyata (NIC Autotec), Mr. Mitsuru Onobe (Toyoko chemistry), Mr.
Noboru Yamamoto (Osaka Vacuum), Mr. Kunihiro Aoshima (Adcap Vacuum), and Mr. Rin
Yamamoto (R Vacuum Laboratory) was essential for the construction of the laser ablation system. I
greatly thank Mr. Shigemi Oki (Keyence) for the loan of microscopes.

Supports from Mrs. Yumi Hirata and Mrs. Yoko Ohuchi are gratefully acknowledged. I thank the
assistance and advices by lab members.

I appreciate the financial support of the JSPS Research Fellow. This work was supported in part
by a research fund by ISAS/JAXA.

Finally, I express my deepest gratitude to Professor Takafumi Matsui for his introduction to this

research field and continuous encouragements.



ABSTRACT v

Abstract

Age is one of the most important factors for the interpretation of the geologic record. The ages of
most planetary surfaces have been estimated with crater counting (i.e., crater chronology) based on
image data. The crater chronology model has been calibrated with the radiometric ages of the
Apollo samples. However, no calibration samples have been obtained for the lunar surfaces before 4
Ga (billion years ago) or between 3.0-0.1 Ga. The lack of such data led many authors to propose
different models, such as Late Heavy Bombardment model [Stdffler and Ryder, 2001], the
continuous decay model [Neukum, 1983], and the decreasing flux model [Hartmann et al., 2007].
Furthermore, the Martian absolute ages may have uncertainties of about a factor of 2-4 because of
the lack of directly dated samples with clear locality information [Hartmann and Neukum, 2001].

Thus, many sample-return missions have been proposed in the last several decades. However, no
sample-return mission has occurred from planets or satellites (e.g., the Moon or Mars) since Apollo
because of its high cost and technical difficulties. Consequently, in-situ dating planetary mission
without sample return is very important. In addition to the lower cost, in-situ dating is valuable
because of the ability of iterative and multiple measurements while traversing the planetary surfaces.
In fact, several in-situ geochronology techniques have been developed or proposed for the missions
including the British Beagle 2 lander and the NASA’s Curiosity rover. Most recently, Curiosity
conducted the first in-situ dating experiments on Martian rock and obtained 4.21+0.35 Ga for a
mudstone on the floor of Gale crater [Farley et al., 2013]. However, the noble-gas analyses of
shergottites revealed significant excess *’Ar derived from the Martian mantle, which would cause a
large error for the whole-rock analyses proposed by the previous missions including Curiosity. In
order to solve these problems, isochron measurements are essential.

This study proposes a new in-situ geochronology method that can analyze individual crystals
locally using laser ablation technique, in order to construct a K-Ar isochron plot from a single rock
sample. We use laser-induced breakdown spectroscopy (LIBS) and quadrupole mass spectrometer
(QMS) for the measurements of K and Ar, respectively. The purpose of this thesis research is to

develop and demonstrate this method by establishing individual key techniques, such as (i) accurate
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and precise K measurement, (ii) quantitative Ar measurements from a small laser ablation spot, and
(ii1) acquisitions of actual K-Ar isochron ages using a combination of flight-proven instruments.

First, we developed K measurements using LIBS. A LIBS measurement had to be carried out
under a high vacuum condition necessary for mass spectrometry of a trace amount of Ar gas. One of
the largest challenges for the LIBS-QMS approach is to measure K accurately and precisely because
the emission of laser-induced plasma is generally very weak under high vacuum conditions [Knight
et al., 2000]. Although a previous study reported the results of quantitative measurements of K
under atmospheric pressure [Stipe et al., 2012], no study has been able to measure the concentration
of K under high vacuum conditions with acceptable precisions. We constructed a sensitive detection
system specific for K emission lines and used an internal normalization approach to measure K
emission accurately. We obtained a precise calibration curve that can determine the K abundance
down to the detection limit of K,0=300 ppm and quantitation limit of 1000 ppm. We also evaluate
the precision achievable with our approach. The precision would be 20% for a rock containing 1
wt% of K, but we suggest K-Ar age would be measurable with an acceptable precision (better than
20%) by considering the error propagation.

Second, we conducted age determination experiments with the LIBS-QMS approach based on the
K calibration model we developed. We combined K measurements with Ar measurements coupled
with volume measurements of laser-ablation cavities to determine the K-Ar ages for geologic
samples. In order to validate this method, we measured the K-Ar model ages of the homogeneous
pellet samples made of pristine minerals with known ages and K content. The validation results
suggest that the LIBS-QMS approach can measure the K-Ar ages with an accuracy of better than
25% and a precision of 20% except for highly brittle materials, such as the plagioclase pellet used in
this study. Spallation from laser ablation cavity on these samples prohibits an accurate age
measurement because the true cavity volume cannot be measured accurately. This observation
suggests the mechanical strength of the sample is important for K-Ar dating using this method.

Next, we measured a couple of gneiss slabs to verify the capability of isochron measurements for
natural rocks. When we construct a K-Ar isochron (i.e., VAL CAr vs. 4OK/%Ar), the data points
follow a straight line well, strongly suggesting the feasibility of isochron measurements with our
LIBS-QMS approach. One sample yielded an isochron age of 640+120 Ma, which is systematically

larger than the known value by ~30% but consistent with the reported K-Ar ages within 2-sigma
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error. From the intercept of the isochron, we obtained the initial Ar isotopic ratio YA PAr of
480130, which is comparable to that of atmospheric contamination (**Ar/*°Ar=296). These results
strongly suggest that the isotopic composition of trapped Ar is measurable with this approach. This
ability would provide insights into the evolution of the parent magma.

The other sample did not contain much ®Ar derived from the terrestrial atmosphere; the amount
of °Ar was not significantly larger than the blank level. Thus, we drew the *’Ar-*’K plots based on
the concentrations of *’K and *’Ar, after checking the most of *’Ar is radiogenic in origin. The
“isochron” slopes yielded 500+160 Ma for the 485+£35 Ma sample and 1230+£250 Ma for the
1050+10 Ma sample, suggesting the validity of this approach. The intercept of **Ar-*’K plot yielded
the trapped *’Ar of ~10° cm® STP/g, which is consistent with the amount of excess *’Ar contained in
the shergottites [Bogard et al., 2009]. The LIBS-QMS analyses yield variable K concentrations,
which is difficult to achieve with whole-rock analyses proposed in previous studies. We also found
the LIBS-QMS measurements yield averaged compositions for the minerals in an ablation spot. This
property suggests that a wide range of K concentrations and thus a reliable isochron can be obtained
even though the variety of K-bearing phases is limited. We also identified the factors that potentially
cause scattering in isochron diagram and proposed several criteria to obtain reliable isochrons: the
spallation of the laser-ablation cavity, the variation of K concentrations within an ablation spot, and
the contribution of blank gases to *°Ar signal.

The above experimental results using test samples do not guarantee the applicability of our
LIBS-QMS isochron method for actual rock samples on planetary surfaces. Depending on geologic
units, the types of rocks and K concentration vary greatly on planetary surfaces. Thus, we assess the
capability of our in-situ K-Ar dating method taking the petrologic properties including K abundance
and possible age range of the Moon and Mars surfaces into account. First, we examined the global
maps of K obtained with the Gamma Ray Spectrometers onboard remote sensing satellites and
found the concentrations of K and Ar of KREEPy materials are well above the detection limits of
our LIBS-QMS method. Then, the elemental compositions and textures of KREEP basalt were
investigated. We found that Si-rich glasses contained in mesostasis are measurable with K-Ar dating
on the Moon because of the high K concentration (~7 wt%) while other minerals (i.e., pyroxene,
olivine, and plagioclase) contain virtually no K. Since the textures of these samples were

heterogeneous at the scale of laser spot (~500 um), the “isochron” ages would be obtained by
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measuring the different portions containing K-bearing phases in various ratios. The major problem
concerning in-situ K-Ar dating is partial *°Ar loss due to thermal events after crystallization. This
suggests that K-Ar dating only yields the lower limit for the real crystallization age. Furthermore,
brecciation by impacts and contamination by solar wind will inhibit accurate in-situ dating. In order
to avoid such problems and obtain meaningful age data by in-situ dating, we need to find fresh
samples on planetary surfaces. Although very large drills or ablator tools would be able to solve this
problem by artificially exposing fresh surfaces of rocks, finding outcrops where many rock samples
have naturally exposed fresh surfaces would be better in terms of reducing cost and technical
difficulty of mission plan. Thus, we searched for such outcrops on the Moon and Mars. In particular,
we conduct a detailed case study with Aristillus crater, which is located at the Procellarum KREEP
Terrane on the Moon in this study. On the basis of high-resolution images on the impact melt sheet
of Aristillus crater, we propose that measuring fresh boulders excavated by a recent small impact
(crater diameter ~100 m) is effective for correlating the age of a rock sample to a geologic unit and
for avoiding the problems such as the contamination by the solar wind, the reset of the K-Ar age and
later brecciations by impacts.

Finally, we evaluated how our method can constrain the absolute chronology models of the Moon
and Mars based on the precisions of age measurements achieved by this study. Assuming the K
concentration found by the landing missions on Mars and cratering model ages, our method is
estimated to be able to determine the age of Hesperian-Amazonian boundary with 10-15% precision
and constrain the duration of volcanic activities, the timing of outflow channels formation, and the
absolute age when cold and dry climate started prevailing the planet. Furthermore, the absolute age
of impact melt rocks in Aristillus crater, whose ages correspond to the “missing ages” of the current
lunar crater chronology model (i.e., between 3.0 Ga and 0.1 Ga), would be measured with ~20%
precision when the K concentration of the glass in KREEP basalt is assumed. Then, our method
would be able to discriminate the constant flux model [Neukum, 1983] and the decreasing flux
model [Hartmann et al., 2007]. The implications of in-situ dating in Aristillus crater include refining
the crater chronology model, determining the age of the youngest mare basalts, which provides
insights into the origin of the Moon, and understanding the dynamical evolution of the asteroids in

the last three billion years.
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A new in-situ K-Ar isochron dating method was developed in this dissertation work. We used the
laser ablation technique and constructed actual system both emission spectroscopy and noble gas
analysis using the combination of the flight-proven instruments.

In Chapter 2, we developed the method to quantitatively measure the concentration of K using
laser-induced breakdown spectroscopy (LIBS). One of the largest challenges for the LIBS-QMS
approach lied in measuring K accurately and precisely because the emission of laser-induced plasma
is significantly decreased under high vacuum conditions. We constructed a sensitive detection
system specific for the K emission lines and used an internal normalization approach to obtain K
emission accurately. We obtained a precise calibration curve and determine the detection limit of
300 ppm and quantitation limit of 1000 ppm. We also evaluate the precision achievable with our
approach. The precision would be 20% for a rock containing 1 wt% of K, but we suggest K-Ar age
would be measurable with an acceptable precision (better than 20%) by considering the error
propagation.

In Chapter 3, the main part of this dissertation, deals with the results of age determination with
our LIBS-QMS approach. Experimental setup and results are illustrated in detail. We combine K
measurements with Ar measurements coupled with volume measurements of laser-ablation cavities
to determine the K-Ar ages for geologic samples. In order to verify this method, we derive the K-Ar
model ages of the mineral samples with known ages and K content. The results suggest that the
LIBS-QMS approach can measure the K-Ar ages with an accuracy of better than 25% and a
precision of 20% except for brittle materials, from which we found that the spallation of laser
ablation cavity prohibit an accurate age measurement because we would never know the real volume
of the cavity. This observation suggests the mechanical strength of the sample is important for K-Ar
dating using this method.

Next, we measured a couple of gneiss slabs to verify the capability of isochron measurements for
natural rocks. When we construct a K-Ar isochron (i.e., YAr/®Ar as a function of 4OK/“’Ar), the data
points aligned well along a straight line, strongly suggesting the feasibility of isochron
measurements with our LIBS-QMS approach. One sample yielded an isochron age of 640+120 Ma,
which is consistent with the reported K-Ar ages within the 2-sigma error. From the intercept of the
isochron, we obtained the initial Ar isotopic ratio A, CAr of 480+130, which is comparable to that

of atmospheric contamination (**Ar/’°Ar=296). Because the other sample did not contain much *°Ar
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derived from terrestrial atmosphere, the amount of *°Ar was not significantly larger than the blank
level. Thus, we drew the *’Ar-*’K plots based on the concentrations of “’K and *Ar, after checking
the most of **Ar is radiogenic in origin. The “isochron” slopes yielded 500+160 Ma for the 485+35
Ma sample and 12304+250 Ma for the 1050+10 Ma sample, suggesting the validity of this approach.
The intercept of *Ar-*’K plot yielded the trapped “’Ar of ~10® cm® STP/g, which is consistent with
the amount of excess *’Ar contained in the shergottites [Bogard et al., 2009]. Thus, we concluded
that our LIBS-QMS method is capable of measuring K-Ar ages locally and deriving the contribution
of initially trapped *’Ar based on isochron measurements, in contrast to the approaches previously
proposed. We also identified the factors that potentially cause scattering in isochron diagram and
proposed several criteria to obtain reliable isochrons: the spallation of the laser-ablation cavity, the
variation of K concentrations within an ablation spot, and the contribution of blank gases at 36 amu.

In Chapter 4, we assess the feasibility of the in-situ K-Ar dating we develop in this dissertation
based on the data from meteorites, returned samples and remote-sensing missions of the Moon and
Mars. Finding an appropriate sample is critical for in-situ age determination. First, we examined the
global K maps obtained with the Gamma Ray Spectrometers onboard remote sensing satellites and
found the concentrations of K and Ar of KREEPy materials are well above our detection limits of
the LIBS-QMS method. Then, the elemental compositions and textures of KREEP basalt were
investigated. We found that Si-rich glasses resident in mesostasis are suitable for K-Ar dating on the
Moon because of the high K concentration (~7 wt%). The major problem is that partial *’Ar loss due
to subsequent thermal events found in Ar release pattern would only yield the lower limit for the real
crystallization age. In order to avoid such problems and obtain meaningful age data by in-situ dating,
we conduct a case study with the Aristillus crater, located at the nearside of the Moon. On the basis
of high-resolution images on the impact melt sheet of Aristillus crater, we propose that measuring
fresh boulders excavated by a recent small impact (crater diameter~100 m) is effective for relating a
rock sample to a geologic unit and for avoiding the problems such as the contamination by the solar
wind, the reset of the K-Ar age and later brecciation by impacts.

Finally, we summarize the dissertation and discuss how our method can constrain the chronology
of planets. We concluded that our method would be able to determine the age of the
Hesperian-Amazonian boundary with 10-15% precision and provides implication for the duration of

volcanic activities as well as outflow channel formation (Figure 4.17). Furthermore, by measuring
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the absolute age of impact melt rock in Aristillus crater corresponding the “missing ages” of current
lunar chronology (i.e., between 3.0 Ga-0.1 Ga), our method would be able to discriminate the
constant flux model and decreasing flux model (Figure 4.18). The implication of such measurements
would include the improvement of crater chronology model, the timing of youngest mare basalt on

the Moon and the insight into the origin of the Moon, and the dynamical evolution of asteroids.
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A Experimental apparatuses

The photographs of actual instrument and detailed experimental setups are shown in this section.

The construction of the system is described in detail in Cho 2011, Master Thesis.

Figure 6.1 Experimental system. The width of the frame is approximately 75 cm. An auxiliary

vacuum line equipped with a calibration gas tank is connected with the QMS system but is isolated
except for the calibration of QMS. The function of each component is described in Chapter 3 with a

schematic diagram (Figure 3.1).
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2 CCD Camera
RES o i“

Figure 6.2 Optical system for focusing laser pulses and monitoring the surface of samples with a

CCD camera.

Figure 6.3 Light collecting optics and the viewing geometry. The focusing lens is placed at the side
of the viewing window of the chamber. The emission from plasma is collected by the lens and

focused onto the core of an optical fiber.
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Figure 6.4 Field of view (FOV) of the spectroscopic observations. The size of FOV of the
spectrometer was estimated to be ~8 mm in diameter by introducing the light from the other side of

the optical fiber.

Figure 6.5 Sample holder and a pellet sample. The vertical position of the sample surface is
adjustable. Each part is made of the stainless steel. For a scale, the diameter of the pellet sample is

~10 mm.
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B Time interpolation of QMS signals

In general, the peak signals of QMS exhibit temporal variation during a measurement process. In

order to determine the isotopic compositions and abundances of Ar accurately, we define the signal

intensities by time interpolation and a regression analysis to the time of gas introduction.

Cycle 4

A
Cycle 1
A
36 39
t, t, t, t,
t,+0.8At t,+0.8At t,+0.8At
40 40, 40, 40,,
38 0.6x38,,+0.4x38,, 0.6x38_,+0.4x38, 0.6x38_,+0.4x38_,
36 0.2x36,,,+0.8x36, 0.2x36,,+0.8x36, 0.2x36,,+0.8x36,,

Figure 6.6 Schematic diagram of time interpolation used for correcting the differences in the timing

of individual mass peak measurements. Because of the limited scan speed of a QMS, the timing of

mass signal measurements differs for different mass numbers. To correct this effect, the isotopic

ratios among “°Ar, **Ar, and “’Ar are calculated using the signal intensities of *°Ar and *Ar

corresponding to the timing when the QMS measures the *’Ar signal.
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C Sensitivity calibration of quadrupole mass
spectrometer

The absolute sensitivity of QMS is essential to convert the QMS signal to the amount of *’Ar. We
performed calibration of QMS by introducing the known amount of air in the tank (Figure 6.7). The
absolute amount of *’Ar is calculated according to the readout of a Baratron manometer by

pV  pltorr] /760 x 10.33 x 1073
Natm = 57 =
tm T RT 0.082 x 293

naoar = 0.0093n44m = 5.26 x 10~ ?p[mol] = 1.18 x 10~ *p[cm3STP]

= 5.66 x 10~ p[mol]

Here we used the room temperature of our laboratory T=293 [K]. The example of calibration
measurement is shown in Figure 6.8. The reproducibility of calibration coefficients during was ~5%

(Figure 6.9).

Baratror| (6.3 cc)

Swage]ok valve (5.3 cc)

67 cc

System :m:E

ICFB4 cross (27 cc)

1500 cc

Figure 6.7 Schematic diagram of the calibration line. The calibration gas (diluted terrestrial
atmosphere) is stored in the tank and the small portion of the gas is used in every calibration

experiment.
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E Elemental maps of gneiss samples

Figure 6.11 Elemental map of pyroxne-bearing gneiss.
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Figure 6.12 Elemental map of hornblende-biotite-bearing gneiss.
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