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Introduction: Surface retention age is one of the 

most fundamental observables in planetary science. It 
has been often estimated with crater counting without 
returned samples on many planetary bodies, including 
Mars. It is essential to calibrate the crater chronology 
curve by measuring the absolute age of rock samples 
representative for a specific geologic unit whose crater 
density is well-defined. We have developed an in-situ 
dating method based on the potassium-argon (K-Ar) 
system toward future landing planetary missions [1, 2, 
3]. In our method, K and Ar in a sample are extracted 
by the laser ablation and measured with laser-induced 
breakdown spectroscopy (LIBS) and a quadrupole 
mass spectrometer (QMS). Spot-by-spot analyses us-
ing the laser ablation technique enable isochron meas-
urements from a single rock sample, resolving the 
problems for the whole rock analysis methods raised 
by previous studies [4, 5, 6]. 

Experimental system: A rock sample is placed in 
a vacuum chamber, which is evacuated to 10-6 Pa by a 
turbo-molecular pump. The chamber is baked at 170 
oC for 24 hours to remove gases adsorbed on the sam-
ple surfaces before the measurements. An Nd:YAG 
laser emits a series of laser pulses to induce the emis-
sion from plasma. The laser energy, pulse width, and 
the spot size are 100 mJ, 6 ns, and 500 µm, respective-
ly. The emission from the laser-induced plasma is rec-
orded with a small spectrometer (HR-2000+, Ocean 
Photonics). The acquisition time of the spectra was 1 
ms. The spectrograph shutter is opened before the laser 
pulses reached the sample to obtain time-integrated 
plasma emission.  

 The gas extracted by the laser pulses is purified 
with a Ti-Zr getter heated at 700-800 oC (i.e., hydro-
carbon removal). A charcoal trap adsorbs heavy noble 
gases (Ar, Kr, and Xe) at the temperature of liquid 
nitrogen. The Ar isotopes, 36Ar, 38Ar and 40Ar, are 
measured with a quadrupole mass spectrometer (M-
201QA-TDM, Canon-Anelva). Blank mass spectra 
were also acquired and subtracted from the main data. 
Finally, the volume of laser ablation pit was measured 
with a laser microscope to obtain the concentration of 
40Ar within the pit. 

Calibration: In order to construct a calibration 
curve for K2O, 24 geologic samples with known K2O 
concentration were measured with our LIBS system. 
The concentration ranges from 30 ppm to 12 wt%. One 
hundred emission spectra were separately recorded and 
accumulated to enhance the signal-to-noise (S/N) ratio. 
The intensities of the emission lines were calculated 
from the peak areas acquired with peak-fitting analyses. 
We measured four spots per a sample to estimate the 
standard deviation (shown by the error bars in Fig. 1).  

The emission line at 769.9 nm was used to con-
struct the calibration curve. The intensity of the K line 
was normalized by that of the O emission line at 777 
nm, reducing the effects of the signal fluctuation 
caused by the inevitable fluctuations in experimental 
conditions, such as laser energy and the surface condi-
tion of the sample.  

Figure 1 shows the calibration line for K2O. The 
calibration line can be fitted by a power law: 
I=0.11C0.55-0.00686, where I and C are the signal in-
tensity and K2O concentration (wt%). The roll over at 
higher K concentrations is most likely due to the self-
absorption effect. Calibration error was estimated by 
the width of prediction bands, within which 75% of 
measured points should fall statistically [7]. The pre-
diction bands also provide the detection limit and more 
conservative quantification limit, the K2O concentra-
tion whose calibration error is smaller than 20% [7]. 
The detection limit and the quantification limit of our 
LIBS system were 300 ppm and 1 wt%, respectively.  

The absolute amount of the extracted Ar is meas-
ured with the QMS. The sensitivity to Ar isotopes was 
calibrated by introducing the known amount of atmos-
pheric Ar into the experimental system. The detection 
limits of 36Ar and 40Ar are determined by the level of 
residual gases with the same mass numbers (i.e., 36 
and 40) and were measured to be 2×10-12 and 2×10-11 
[cm3 STP], respectively, in this study. 

Feasibility for in-situ dating: Based on these de-
tection limits, we can assess whether our in-situ dating 
method can obtain the ages of typical samples on the 
Moon and Mars. When 500-1000 successive laser 
shots are accumulated on the same spot on a sample 
containing 2×10-6 cm3 STP/g of 40Ar to evaporate 100 
µg of rock, then released 40Ar would be measured with 
S/N=10. Such concentration of 40Ar would be found in 

 
Fig. 1: Calibration curve for K2O. Normalized K sig-
nal intensity can be fit by a power law. Prediction 
bands are used to estimate the robustness of the cali-
bration curve.  
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a 1 Gyr old rock with 500 ppm of K2O. Crater chro-
nology models suggest most mare basalts on the Moon 
and lava flows on Mars are older than 1 Ga [8,9] and 
the analyses of meteorites showed they have K2O 
higher than 500 ppm [10]. If a rover encounters a rock 
with K2O=1 wt%, as Mars Exploration Rover found at 
Gusev crater [11], our instrument is expected to 
measure K and Ar from a rock sample; i.e., the error in 
LIBS measurement would be <20% and the S/N for 
QMS signals would be sufficient (=200). 

Model age measurement demonstration: Then 
we measured three samples whose K concentrations 
and ages have been measured with flame photometry 
and a sector mass spectrometer 	 : a hornblende 
(K2O=1.12 wt%, 1.75 Ga), a biotite (K2O=8.44 wt%, 
1.79 Ga), and a plagioclase (K2O=1.42 wt%, 1.77 
Ga)[12]. Fine grained samples of these minerals were 
pressed with a cubic press at 4.5 GPa to make pellets, 
which are suitable for  laser ablation measurements. 
Five hundred laser pulses were irradiated to each sam-
ple. Assuming the density of the minerals, the amount 
of K and 40Ar, and the ages are estimated (Table 1). 
Since each sample was homogeneous on the scale of 
the laser spot size, we could not obtain an isochron age 
by measuring multiple spots of a single sample. We 
rather derived model ages to evaluate the accuracy of 
our measurement method and experimental system 
using the K-Ar decay equation: 
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where λ=5.543×10-10 yr-1 and λe=0.581×10-10 yr-1 are 
the total decay constant of 40K and the decay constant 
of 40K to 40Ar, respectively. Here, [40Ar rad] and [40K] 
refer to the molar amount of radiogenic 40Ar and the 
present 40K, respectively. Since 40Ar/36Ar ratios were 
measured to be >10000 for every sample, contributions 
of trapped 40Ar were considered to be negligible in this 
study. Table 1 summarizes the LIBS-QMS measure-
ment results. The face values of the obtained ages are 
consistent with the known values within error bars. 
The deviation from the known K and Ar concentration 
is mainly due to two uncertainties: uncertainty in peak 
fitting for the K emission line, and that in cavity 
volume measurements. The former requires an im-
proved peak fitting analysis using non-Gaussian peak 
functions, in order to separate the emission lines more 
accurately. The latter may be resolved when a UV la-
ser is used, because shorter wavelength laser pulses 
excavates a sample more cleanly.  

Simulated isochron measurement: Since the 
three samples have similar ages and different K con-
centrations, we should be able to construct a “virtual” 
isochron by plotting the concentrations of K and 40Arrad 
(Fig. 2). The slope of the isochron simulated with our 
experimental data yields 1.34 Ga of age. The data with 
known values yields 1.79 Ga. Such underestimation 
probably results from both overestimation for K and 
underestimation for 40Ar in the biotite data, which have 
large weight for the regression. Nevertheless, a posi-
tive correlation between [K] and [40Arrad] is obvious. 
Although further improvement in the accuracy of our 
measurements is necessary, the data obtained in this 
study demonstrate that our LIBS-QMS method can 
reproduce the trend essential for quantitative isochron-
based age measurements.  
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Fig. 2 Simulated isochron using LIBS-QMS method. 
The red line shows the isochron age of 1.34 Ga., while 
known (blue) values yield 1.79 Ga. Although the data 
in this work do not fully agree with the known values,  
the positive slope suggests isochron measurements are 
possible with the LIBS-QMS method. 
 

Table 1 Summary of the age measurements. 
 

 Hornblende Biotite Plagioclase 
 Measured Known Measured Known Measured Known 
K2O [wt%] 1.13±0.25 1.12 6.9±0.6 8.44 0.96±0.23 1.42 
Volume  [10-5 cm3] 4.3±0.5 - 4.5±0.6 - 2.9±0.4 - 
40Arrad [10-4cm3 STP/g] 1.48±0.5 1.07 6.7±1.1 8.3 1.1±0.2 1.37 
Age [Ga] 2.1±0.3 1.75 1.8±0.2 1.79 2.0±0.3 1.77 
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