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Abstract: Isotopic compositions and concentrations of noble gases were analyses for 1E and
2E samples. Two noble gas mass spectrometry systems were used for the analyses; MS-II for
total melting and stepwise heating experiments on samples weighing 8-32 mg, and MS-I1I for laser
heating using single or several grains weighing 3-40 pg. Our data suggest that the sample 1E has
noble gases similar to those for type 6 ordinary chondrites, while noble gases in 2E resemble those
of carbonaceous chondrite Allende (CV3). Based on the present results we can conclude; 1) for
ordinary chondritic materials several mg of sample is enough to measure all noble gas isotopes, 2)
for surface materials of asteroids which would contain large amounts of implanted solar noble gases,
the analytical technique using laser heating is applicable to samples weighing several u g or less,
3) noble gas isotopic compositions obtained by the technique of single grain analysis can separate
grains of different meteoroids impacted asteroidal surface, and 4) histories of exposure to cosmic-
rays as well as impact degassing for each grain can provide detailed erosion process occurring on
the asteroidal surface.

1. SYSTEMS FOR NOBLE GAS MASS SPECTROMETRY USED IN THIS
STUDY

Two noble gas mass spectrometer systems MS-II and MS-III at the Laboratory for Earth-
quake Chemistry, University of Tokyo have been used for measurement of concentrations and
isotopic compositions of noble gases. As mass spectrometers of the MS-II and MS-III, which
were originally VG5400 (VG Isotech), have been specially modified in our laboratory, we call
them as modified-VG5400. Outlines of the systems MS-II and MS-IIT for noble gas mass spec-
trometry are schematically drawn in Figs. 1 and 2, respectively. The MS-II is used for analysis
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Fig. 4:

of relatively large extraterrestrial samples such as meteorites (>mg), while the MS-IIT is for
smaller extraterrestrial materials such as cosmic dust grains and micrometeorites (< 10 pg)
and terrestrial rock or gas samples.

Since both the systems are principally the same, we describe the MS-III in detail using
Fig. 2. The system is composed of several parts, i.e., a noble gas extraction furnace (Ta-
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oven), Ti-Zr getters (Til and Ti2) and SAES getters (GP1 - GP4) for purification of noble
gases, charcoal traps (CH1 and CH2) and a cryogenic trap (Cryo-trap) for separation among
noble gas elements, standard gas reservoirs (T9 - T13), a ultrahigh vacuum pumping system
using turbomolecular pumps (TMP1 -TMP3) and ion pumps (IP1 - IP2), and the modified-
VG5400 mass spectrometer. All the parts are maintained at pressure lower than 1 x 10~ Torr.
Peak scanning, data acquisition, and calculation of isotopic ratios using the modified-VG5400
are performed by a computer program developed in our laboratory. Block diagram of the
computer controlled system is shown in Fig. 3. Three different types of ion collector of the
mass spectrometer have been improved. Detection limit of Xe isotope is less than 1 x 10715e¢m?
STP using the ion counting system.

For separation of noble gas elements, the Cryo-trap is principally used in this work. Fig.
4 shows release patterns of each noble gas element. Noble gases trapped on the Cryo-trap at
low temperature were successively released by increasing temperature of the trap, and were
measured on the mass spectrometer separately.

2. ANALYTICAL PROCEDURES AND RESULTS
2.1 Total melt and stepwise heating noble gas extraction using MS-II

Samples weighing 8 ~ 32 mg were wrapped in Al-foil (8 gm thick) and installed in a glass
sample holder on the extraction furnace. The extraction and purification line were heated at
about 250°C for almost a day, and the samples at 150°C to degas adsorbed atmospheric noble
gas contamination. During the heating procedure, a Mo crucible of the extraction furnace was
repeatedly heated at about 1900°C for degassing. Noble gas extraction by total melting was
performed on small samples weighing 9.0 mg (1E) and 8.2 mg (2E). Sample was dropped into the
crucible and heated at 1750°C for 10 minutes. Released noble gases were purified by exposing
them on Ti-Zr getters and SAES getters, and separated into four fractions, i.e., He-Ne, Ar, Kr,
and Xe, using a charcoal trap (CH1) and the Cryo-trap, and then introduced into the mass
spectrometer for isotope measurements. Sensitivities and mass discrimination correction factors
of the mass spectrometer were determined by measurements of known amounts of atmospheric
noble gases and?® He/?He standard gas. Blank levels of noble gases were also measured.

Procedures for stepwise heating noble gas extraction were principally the same as those
applied for total melting. Heating temperature of the sample dropped in the crucible was
increased stepwisely, and noble gases released at each temperature were purified and measured
with the same procedures for total melt experiment. The temperatures employed in this work
were 700, 900, 1100, 1300 and 1700°C.

Doubly charged 4°Ar and COjy interfering 2°Ne and ??Ne ions, respectively, were moni-
tored by measuring single charged “Ar and COy before and after the Ne isotopic analysis. Ne
isotopic ratios were calculated by correcting for the doubly charged ions using empirically de-
termined “0Ar?* /40 Ar*and CO%+ /COj ratios. Experimental uncertainties for concentrations
are estimated to be 5-10%, and the errors cited for isotopic ratios are statistical 1o.

Noble gas concentrations and isotopic ratios by total melting and stepwise heating experi-
ments are presented in Tables 1-4. In Table 1, absolute amounts and isotopic ratios of noble
gases released from both blank runs and samples are summarized. Except for “He, blank levels
are less than 10% of the gas amounts from samples, and are negligible in most cases. The
almost constant blank level of “He (5 x 1071 em®STP) is due to atmospheric He permeation
through glass wall of the sample holder. Blank level of *He due to the atmospheric He be-

This document is provided by JAXA.



41

Report on noble gas isotopic compositions of the 1E and 2F samples

T L9T €0 §¢6 1000 TTE0 88 S60°0 ¥0O00 €T60  EIO0 1860 G890°0 200000 69800°0 9  9600°0 00LL <
06°LT 0922 10 6'6e 1000 ©0E0 €99 8PST £000 9980 ¥000  LS9°1 02ce’0 200000 LS%00°0 %1€ 6FS0°0 O0ET cEA
0661 00°L 20 €08 T000 108G 009T ¥66'T S000 0S80 6000 9991 008F°0 ¥0000°0 9680000 OF¥I 1980 00TT gz
€8T ST'v 80 '6ve 1000 86T°0 0LS 6TT0 TOOD  €9S°0 9000 666'C  060L0 TO00D0 961000 0°STE LOVFO 006 cka
PLS  00°€T L'GT 6°086 7000 L1°0  <TL8 8800 €000 ¥IL°0 8000  9%8%F 00050 TO000'0 EIE000  0'L8S EEES'T 00L 0ce gz
Vo0 G600 €0 T'ZIt  go0'0  cee0  9'¢ CE0'0 £00°0  9F60 €000 1980 0.€T°0 ¥0000°0 L82000 TT T£00'0 00LT dt
G0'T €¥C €0 60T €000 1S90 L0T TOT'0 €000 EI60 000  &¥R0 00.£°0 EI00000 99¥10°0 €1  G610°0 00ET gt
080 ¢re 11 9'GIE€  ¢00'0 L1800 90C 9900 €000 OWG0 €000 18870 0612°0 ¥I0000 0SZFO'0 €S  €SZE'0 0011 cas
0s0 1IeT T'8 0869  €00'0 80€0 L'GT L1800 €000  606°0 9000  6E80 02’0 S€000°0 94TL0°0 ¥'0T L8GL°0 006 cas
€80 €L'% 911 9'Ty8 €000 08€0 605 09070 Z00'0 G060 9000  E56°0 021’0 ¥¢000'0 <¢I£90°0 T'9¢ A8LTT 00.L 6°0¢ g
S0°0 600 TT 9'98¢ €000  E6T'0 60 €000 G200 G800 TISO  QI9N 9T00°0 €0000°0 920000 S0 10000 0OLT Aoerg
00 L00 ST 892 €000  S6T°0 S0 TO00 ST0°0  SRO0  ZIS0  TI9E 91000 €0000°0 920000 S0 10000 QOTT Auerg
100 €00 L1 TLL% €000 ©6T0 S0 ©000 0200  0¥Z0  OFF0  0L84 11000 €0000°0 €£0000 %0 10000 00 Hoery
buroay asundayg

09°€T 04791 €0 ¥e¥T 1000 861°0 O'TLT GST'T €000  €9L°0 ¥00'0  GST& 0F¥S"0 01000070 TOSE0Q'0 0°GSE CFIL0 0SiT '8 ac
iTT 9g% S 0'G9¢ €000 0920 ¥EF 6IT0 £00°0 6160 €000 0060 0¥62°0 T1£c000°0 602900 S°GT T¥96°0 0SLT 06 cas
€00 010 1@ 9'98¢  ©000  E6T'0 60 €000 6800 0ST'0  RIE0  68LL ¢100°0 6200000 8610000 €0 100070 0SiI Auwerg
Do 0SLT 10 FpPu gy,

29,01 22,01 29,01 99401 Jur

ey Dlpg 10110 1Yo /1Y, lo110 o/ TVep IWop I¥ge 1011 ON.. /0N, 10410 N, /3Npz 9Ngy 0112 9H,/?H; 3H, 3H, ‘dusy WSy odureg

‘serdures jo

Suryesy osiude)s pue AW [B10} PUR ‘SUILI YUB[] WOI] Pasea[al $9se8 9[qou Jo soryes o1dojosT pue Sjunoure 9IN[osqY T I[qel

This document is provided by JAXA.



Nagao et al.

42

<0 F ozl 81 cg 01 ¥ (3o re30L)
0¥91  SE0T O'SFI ¥861°0 67402 082 TOVT TL9L0 861572 62 FET 6'¥9 9087000 LE0TE T'AR O0SLI z8 HE
ggvl  061% 6742 11080 G0Z0T €€'9% T'IET 28970 19922 98¢ 1% L'¥9 LZSTO0'0  £9G0E V98 Te30T,

£0 F o2 0¥ 911 LT F
91F 005 988 eI1z0 9957 €190 968°T SFI60 009670 8T 10T 60T TEPPOO0 L9 €0 O00LI

10 FOIn 9z ge 1z T
8'L8¢ T'70L 9°GE 02020 0°S50E 8S9°TT S0L'LG 9998°0 £069°T L0°9 08¢ 1001 $19Z000  ¥S9 LT  00€T

z0 Fou ¥ 18 e F
£069 9°T¥8 1°08 00770 T'E86F 18F°T1 ¥¥2'29 $088°0 PI68'T L08 129 S6FL 896000  9SPF €T 001T

80 F ol A £9 I F
g'L8  GITI 8§V ¥861°0 FFOLT LOFT 160°L LSS0 1766°¢ £9°¢ 90°¢ 11'Z% ¢9610000  LIOL €T 006

TLT E 0% £ 8 F (yeoy do3g)
§LLT 9'99% 06101 61LT°0 L'GFTI §6T°0 VBT IFILO ¥028°T 119 64% LC'GT GTIS000  6TEST €28 00L 0'ze ctd

Q1 F g2 1 £ F ¥T T (3o Te30T,)
Gel  Z9g 1.9 9¥98°0 9z.F  B69Y 6T GTE60 11980 108 £€8 £1§ CTr900 2991 T°LOT 0SLL 06 1
ST 168 L'0SE 62570 0z88 61'F ST6 LTE60 9¥580 098 £€¢ §0£ TE£90°0 1891 90T T80T

€0 F 12 9T e ¥ 9 =
160 $'8¢ ¥101 PIPE0 86 0S80 8960 £LV6°0 9958°0 vLY 6V 90F  GLYOOD 12 0T'0 QOAT

£0 F oIe 91 o1 F 61 F
e 9L §T0T ¥659°0 62 GITC L08'€ FEI60 06£8°0 1Z°%1 $6°2T 26'TT 22200 8% £€9°0 00€T

24 F 6T ¥ |85 F a1 F
TFE €99 §91E 907£°0 679 1590 6F0'T LOV60 £168°0 9z'8 LLL FOL 0S9%0°0 181 6%L 0011

8'g F o6l 8T 09 F L8 T
SFT TOF §IEL SFIE0 FIS 680 6ZTT L6060 1628°0 L% LTF 06'C 1192070 T8 ST 006

zEl F 62 15 19 F ¥e ¥ (3eoy dosg)
TG 1'98 ¥°098 94880 0£9T  IEL°0 ¥681 LG06°0 ZI¥60 VIV GLE 06'C  £6890°0 £ST1 ¥4°gL 004 508 a1
/00,01 3/09,_01 8/099,_01 8/29,_01 Ju
MNzer Dpe WVoe/TVop  IWee/TWee Vg, IWep IWoe ONez/Npz  ONzz/Ngz  ®Ngz 2Nz 8Np: °H/°Hp °H, 9H, ‘dud jySem odueg

"Juryesy ssimdejs pue Suryewr (2103 Aq paInsesw soljer o1dojosI pue SUOIJRINULOUO)) 7 J[qRL

This document is provided by JAXA.



Report on noble gas isotopic compositions of the 1E and 2E samples 43

Table 3: Kr isotopic ratios by total melt and stepwise heating.

Sample Temp. "Kr/fKr KK K /MKr BKe/SKr OKr/SKr
1E 700 0.00625 0.0415 0.2011 0.2021 0.3046
(Step heat) Fs 28 + 5 + 41 + 20 + 30
900 0.00722 0.0452 0.2092 0.2130 0.3019

+ 60 =+ 9 =+ 34 + 47 + 68

1100 0.00654 0.0433 0.2044 0.2045 0.3026

+ 41 =+ 10 + 22 + 49 =+ 17

1300 0.00666 0.0429 0.2031 0.2046 0.3015

o 29 + 5 % 24 + 34 =+ 32

1700 0.00624 0.0416 0.2054 0.2014 0.3070

+ 20 + 10 + 42 =+ 45 =+ 67

1E 1750 0.00625 0.0418 0.2035 0.2025 0.3031
(Total melt) + 13 + 6 =+ 34 + 19 + 17
2E 700 0.00605 0.0536 0.2043 0.2027 0.3075
(Step heat) = 16 =+ 8 % 36 + 17 £ 15
900 0.00577 0.0826 0.2107 0.2006 0.3118

2 26 &+ 20 + 29 £ 20 £ 30

1100 0.00610 0.0565 0.2085 0.2025 0.3102

= o4 10 =+ 5 =+ 10 + 8 £ 17

1300 0.00610 0.0460 0.2038 0.2029 0.3102

% 12 &+ 4 + 14 =+ 8§ =+ 10

1700 0.00625 0.0510 0.2065 0.2037 0.3085

p 33 £ 17 + 40 =+ 26 x 41

2E 1750 0.00592 0.0532 0.2061 0.2023 0.3085
(Total melt) + 15 + 4 % 4 + 11 + 16

comes comparable to the He abundance from samples in high temperature fractions of stepwise
heating, e.g., 1300 and 1700°C of the 1E sample.

Isotopic ratios and concentrations of noble gases determined by total melting and stepwise
heating show good agreements among them as shown in Table 2. Exceptions are the differ-
ences between the 1°Ar concentrations. The disagreements are likely due to atmospheric Ar
contamination adsorbed on the samples or due to heterogeneous concentration of potassium in
these samples.

2.2 Laser heating noble gas extraction using MS-III

We tried to measure noble gases in single or several grains picked up from the 1E and 2E
samples. Numbers of grains and weights are listed in Table 5. Because of the low concentrations
of noble gases in 1E (Table 2), 3~7 grains with total weights of 17~41 ug were heated together.
For 2K with relatively high concentrations of noble gases, we challenged to single grain analysis
with weight of about 3 pg. The samples were set in a sample holder made of Ta and stainless
steel with narrow holes of 2 mm in diameter and 5 mm deep. The sample holder was installed
in an ultrahigh vacuum chamber for laser heating, and then preheated at 150°C for 5 days
to eliminate atmospheric contamination. Noble gases were extracted by heating with slightly
defocused Nd-YAG CW laser beam. Output power of the laser gradually increased to melt
the grain(s), which can be observed on a CRT monitor displayed through a CCD camera
and a microscope system. Mass spectrometry of the extracted noble gases were almost the
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Table 5: List of samples measured by laser heating.

Sample Weight (ug) Remarks
1E-1 20.8 7 grains, non-metalic
1E-2 40.9 3 grains, metal
1E-3 17.0 5 crystal grains, orange color
2E-1 2.9 lgrain
2E-2 3.2 lgrain
2E-3 13.0 4 grains

Table 6: KMeasured amounts of noble gases in blank runs and samples, and calculated noble gas con-

centrations.
Sample  Weight  “He 2Ne “SAr PAr ®Kr 13X THe ®Ne FAr PAr ¥Kr BXe
UE Measured amounts in 10712 cc Concentrations in 10~ cc/g

1E-1 20.8 23.0 1.0 1.0 313 0.0033 0.0003 792 26 9.95 4540 0.16 0.02
1E-2 40.9 38.2 0.6 0.8 224 0.0013 0.0004 775 4 1.36 144 0.03 0.01
1E-3 17.0 22.1 1.3 0.7 190 0.0002 0.0003 916 53 N.D. N.D. 0.01 0.02
2E-1 2.9 148.0 0.6 0.7 393 0.0006 N.D. 48300 49 N.D. 60200 0.22 N.D.
2E-2 3.2 86.8 0.8 1.8 259 0.0093 0.0024 25100 109 321 12800 2.91 0.74
2E-3 13.0 3290 1.4 28 444 0.0315 0.0071 24800 77 155 17400 2.43 0.55
Blank1l 7.7 0.5 1.0 285 N.D. N.D.

Blank2 69 04 07 205 N.D. N.D.

Blank3 55 04 07 201 N.D. N.D.

Blank4 6.1 04 06 163 N.D. N.D.

Blank5 6.3 0.4 0.8 237 N.D. N.D.

Average of blank 6.5 04 08 218 «0.0005 <0.0002

Table 7: He, Ne and Ar isotopic ratios by laser heating.

Sample °He/THe error ©Ne/2?Ne error 2| Ne/??Ne error *SAr/*Ar error Ar/*®Ar error

1E-1 0.092 0.011 095 035 0.83 0.07 0.307 0.109 454 135

1E-2 0.065 0.007 1.89 219 1.09 0.16 N.D. N.D.

1E-3 0.110 0.014 1.22 036 0.87 0.04 N.D. N.D.

2E-1 0.0017 0.0002 1.52 1.52 0.92 0.08 N.D. N.D.

2E-2 0.0025 0.0003 420 239 0.55 0.10 0.190 0.016 39 40

2E-3 0.0031 0.0003 340 070 0.70 0.06 0.193 0.007 112 15

Blank1l * 10.79 2.58 0.02 0.02 0.195 0.033 288 7

Blank2 ¥ 945 194 N.D. 0.198 0.025 293 10

Blank3 * 10.16 1.28 0.03 0.03 0.193 0.019 287 14

Blank4 % 10.66  2.53  0.03 0.02 0.211 0.013 294 7

Blank5 i N.D. N.D, 0.184 0.016 283 10
Average of blank 10.3 0.6 0.0256 0.006 0.196 0.021 289 10

* Atmospheric isotopic ratio of 1.4E-6 was assumed for blank correction.
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Table 8: Kr and Xe isotopic ratios by laser heating.

Sample ZKr/*Kr BKr/SKr FKr/SKr  12Xe/™Xe P'Xe/PXe PXe/?Xe PXe/™Xe ¥Xe/32Xe

1E-1 0.22 0.23 0.33 1.32 0.15 0.58 0.13 0.15
+0.04 +0.16 +0.09 +0.85 +0.17 +0.22 +0.13 +0.19

1E-2 N.D. N.D. N.D. 1.05 0.35 1.24 0.61 0.35
+0.40 +0.31 +1.00 +0.31 +0.27

1E-3 N.D. N.D. N.D. 2.09 0.24 1.41 0.23 0.43
+0.93 +0.26 +1.03 +0.34 +0.33

2E-1 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
2E-2 0.32 0.22 0.38 1.64 0.27 0.77 0.44 0.35
+0.31 +0.10 +0.15 +1.06 +0.21 +0.19 +0.12 +0.11

2E-3 0.19 0.21 0.26 1.51 0.27 0.72 0.33 0.30
+0.07 +0.06 +0.08 +0.22 +0.22 +0.13 +0.08 +0.05

same as the procedure for the total melt analysis, though the amounts of noble gases were
much smaller than the other methods described above. In this experiment, five noble gas
elements were separated using the Cryo-trap (Fig. 4) and each element introduced into the
mass spectrometer was measured for isotopic compositions using an ion counting collector.

Measured amounts of noble gases released from the samples and blank levels are compared
in Table 6. As the *He abundances from samples are much larger than the blank level, concen-
tration of He can be determined with relatively high accuracy. Calculated concentrations for
the samples are compatible with those determined by the total melting and stepwise heating
experiments. Abundances of Ne and Ar from the samples, however, are comparable to the
blank levels, resulting in larger uncertainties for calculated concentrations and isotopic ratios
(Table 7). Though blank levels are lower than the amounts of Kr and Xe from samples, ex-
perimental errors for isotopic ratios are large because of the extremely small amounts of these
gases (< 1071 ¢m3 STP).

Though experimental errors are generally large, the obtained results by laser heating resem-
ble the general trends determined by the total melting or stepwise heating experiments using
relatively large sample sizes ( >mg). If we measure samples with abundant noble gases of solar
origin implanted into the grain surface (2-3 orders of magnitude higher than those of the 2E
sample), isotopic compositions of light noble gases He, Ne and Ar would be determined with
much higher accuracy and precision.

3. REMARKS FOR THE 1E AND 2E SAMPLES

Based on the noble gas data obtained in this work, 1E might be produced from some
ordinary chondrites. Low concentration of Xe is compatible with petrologic type of 6. This
was irradiated by cosmic-rays in space as a relatively large object for about 9 Ma. Radiogenic
40Ar concentration of 1E indicates that the parent body was heavily shocked 1 Ga ago.

High concentrations of primordial noble gases suggest that 2E resemble characteristic fea-
tures of carbonaceous chondrites. Radiogenic “He and “°Ar concentrations (10-5ecm3STP/g)
are in the range of unshocked chondrites, indicating old gas retention age (>4 Ga). Observed
excesses in 8°Kr and 82Kr at 900°C of stepwise heating would have been produced by neu-
tron capture reaction on Br and $Br in the meteorite. Production of secondary neutron
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in the meteoroid requires a large preatmospheric body and relatively high concentrations of
volatile elements like halogens. The high concentrations of halogens are confirmed by the high
129X e/132Xe ratio (about 2) in the 2E sample, because about half of 129Xe should be an in situ
decay product from extinct '2°T, Xe-HL is observed in 900°C fraction. Cosmic-ray exposure
age is about 7 Ma. 129Xe/!32Xe ratios up to 2 are commonly observed for bulk CV chondrites.
Primordial Kr and Xe concentrations are in the range for CV3 chondrites. All the noble gas
isotope signatures determined in this study are compatible with reported and our noble gas
data on Allende CV3 chondrite. This strongly suggests that the 2E sample probably comes
from the Allende meteorite.
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