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Abstract—The 2°Al-?°Mg systems of five ferromagnesian chondrules from the least metamorphosed ordi-
nary chondrite Semarkona (LL3.0) were studied using a secondary ion mass spectrometer. Their glass or
plagioclase portions contain excesses®fg, and in two chondrules th&Mg excesses are well correlated

with 27Al/?*Mg, which demonstrates the in-situ decay’®l. The initial 2°Al/2’Al ratios in these chondrules
obtained from the slope of isochrons show a narrow range of betwieh( © and 9x 10~°, indicating their

short formation duration of less than 1 My. If the solar nebula was initially homogeneous in Al isotopes, the
chondrule formation ages are2 My younger than those of CAls. Our results based on the study of the least
metamorphosed UOC are consistent with the previous studies on Al-rich chondrules that the chondrule
formation started at least 2 My after CAls. Alternatively, the older records before 2 My were erased by
chondrule recycling process. It further suggests that the young apparent ages %3My after CAls) for
chondrules in type 3.4 UOCs are due to the disturbance ¢le>*Mg system, possibly during parent body
metamorphism. The result is not consistent with the extended nebular time scaieMy and the chondrule
formation by planetary processes. The Ni isotopic analysis of the FeO-rich olivines in a type Il chondrule in
Semarkona did not show any detectable ex€&84sin spite of their high Fe/Ni ratios. The upper limit of the

initial ®°FeP®Fe ratio of the solar system was estimated to be3M~7, which is consistent with the previous
estimate (0.2-1.% 10 ’) from eucrites. This result confirms that tF#Ni excess previously observed from

CAls was not due to the decay of the short-lived nucfitiee, but a Ni isotopic anomaly of nucleosynthetic
origin. Copyright © 2000 Elsevier Science Ltd

1. INTRODUCTION types (Hutcheon et al., 1994; Hutcheon and Jones, 1995; Rus-
sell et al., 1996; 1997). The maximum heating temperature in
the parent body is estimated to be less than 260°C for Se-
markona (Alexander et al., 1989), while it is as high as 400°C
for subtype 3.4 UOCs (Sears et al., 1991). The evidence of
aqueous alteration was found in Semarkona from the matrix
phases (Alexander et al., 1989) and from radial pyroxene and

tance, the data on the formation age of chondrules is scarce cryptocrystalline chondrules (Grossman et al., 2000). However,

because of the absence of samples having adequate concentral® effectdofdaquet?us alllteratlo\r]w appealrsgtg be Fscarﬁg and they
tion of elements for precise age determination. Although the are regarded to be primary (Jones, a). For this reason,

26A1-28Mg system is a useful tool, low abundance of Al and Semarkona is the most likely meteorite in which chondrules

high abundance of Mg in common ferromagnesian chondrules may preserve the undisturb&fAI-*Mg system since their
hamper age determinations. Exceptions are Al-rich chondrules formation in the solar nebulg. . SOn -
(Hutcheon and Jones, 1995; Russell et al., 1996; 1997) and an The second purpose of this work "_Q‘ to apP'y ﬁ?é.e—. NI .
igneous clast chondrule (Hutcheon and Hutchison, 1989), s_y_stemto_chondr_ule chronology. I_ron |_samajor cat_lon in mafic
which make up only less than 1% of all chondrules. Therefore, silicate minerals in chondrules with high Fe/Ni ratios, so that

60y 60 [; H H H
age determination of common chondrules is expected to give us €~ Fe— Ni system can .\l/)%eo applied to a majority of chon-
important information. drules. The existence of live’Fe (half-life of 1.5 My) in the

We have started a systematic search for exéstg in early solar system was confirmeq from the analyses of_ t_h_ree
common chondrules from Semarkona (LL3.0). Unequilibrated EUCTites (Shukolyukov and Lugmair, 1993a; 1993b). The initial
ordinary chondrites (UOCs) are divided into subtypes from 3.0 - F&/°Fe ratio of the solar system was estimated to be 1.6
to 3.9 based on the thermoluminescence sensitivity (Sears et al,0-5) X 10~° from the ®Ni excess found in CAls (Birck and
1980), which can be used as an index of the effect of thermal Lugmair, 1988). This estimate agrees with ff€e production
metamorphism. Semarkona is classified as 3.0, the least equil-PY tyPe Il super nova which might have triggered the formation
ibrated ordinary chondrite, while previous chondrule data are ©f the solar system (Wasserburg et al., 1998). However, this

mostly obtained from subtype 3.4 UOCs or higher petrologic €stimation was not obtained on the basis e *Ni iso-
chron plot, but from a model calculation using i excess

and Ni content that were measured in the CAl sample and a
*Author to whom correspondence should be addressed typical Fe concentration in coarse grained CAls. Shukolyukov
(noriko@gsj.go.jp). and Lugmair (1993a) suggested that fii excess observed
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The origin of chondrules, particularly the heating mecha-
nism, has been one of the most intensively debated subjects in
planetary science since the early 1960s (Wood, 1962). The
heating mechanism is related to the thermal evolution of the
solar nebula, and thus the determination of the timing of the
heating event(s) is crucial to their origin. Despite this impor-
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in CAls could be the isotopic anomaly from the nucleosynthetic
origin. Using the®Ni excesses in bulk eucrites, the initial
5%FePSFe ratio of the solar system was estimated to be (0.2—
1.9) X 10~ 7 (Shukolyukov and Lugmair, 1996), which is much
lower than the result from CAl analyses. Fe-bearing minerals
are rare in CAls and many of them are of secondary origin (e.g.,
Fuchs, 1971; Wark and Lovering, 1977; Allen et al., 1978).
Therefore, the accuratt’FeP°Fe ratio at the time of CAl
formation is very difficult to obtain from the analyses of the
59Fe-%%Ni system in CAls. Our goal is to deteffNi excess
from ferromagnesian chondrules in Semarkona in order to
estimate th€°FeP°Fe ratio in the early solar system.

2. ANALYTICAL PROCEDURES
2.1. Electron Microprobe Analyses

We have examined the textures and chemical compositions of oli-
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(EM) with pulse-counting mode for intensities less thax 3L0° cps

and Faraday cup foi’Al ions higher than 3x 10° cps. The EM dead

time was estimated in each series of analyses using terrestrial standards
by a similar procedure described in Kita et al. (1998). In the analyses
made in March and June 1998, the dead time was estimated to be 20 ns
for analyses of standards using At primary beam. However, for the
analyses using om homogeneous primary beam in November, 1998
and January, 1999, the dead time was estimated to be 27 and 37 ns,
respectively. In the previous studies on isotopic analyses of various
elements in our laboratory, the EM dead time was always nearly 20 ns
with a few ns uncertainty (Kita et al., 1998; Morishita et al., 1998). We
do not know the reason for this long dead time in the analyses using 5
wm primary ion beam. Because the secondary ion optics of the IMS-
1270 is designed to focus sample image on the first dynode of the
electron multiplier, there may be a certain effect of exposing intense
secondary ions on a limited area on the first dynode. Nevertheless, the
effect of dead time variation is negligibly small for most analyses in
chondrules with 5um beam size because of I6Mg ion intensities
(maximum 0.2%. shift for 16 cps count rate). The measuréMg/

2Mg ratios were corrected for mass fractionation using the measured

vine, pyroxene, plagioclase and glass in more than 40 chondrules in a 25\1g/24\g ratios by the following equation:

polished thin section of Semarkona (USNM 1805-9) using a SEM-
EDX (JEOL JSM-6400 SEM with Philips PV9900 EDS). Quantitative

analyses of major elements in minerals and glasses were performed (

using an electron microprobe (JEOL JXA-8800R Superprobe) at ac-
celerating voltage of 15 keV with a beam diameter @fr2 and a beam
current of 12 nA for minerals and 3 nA for glasses. The counting time

*Mg/l*Mg). = (**Mg/**Mg),./ ((*Mgl**Mg) ./ (*Mg/l*Mg).e?, (1)

where °Mg/?“Mg), is the normalized value of 0.12663 from Catan
zaro et al. (1966). The measuréd\Mg/>“Mg) ratios in both standards

was 20 s for both mineral and glass analyses. Data were reduced withand samples do not fractionate more than 1% from the normalization

the Bence and Albee correction method.

2.2. SIMS Analyses

The Mg and Ni isotopic analysis was performed using a secondary
ion mass spectrometer (SIMS) Cameca IMS-1270 at the Geological
Survey of Japan (GSJ). The primary ion of Qvas used with an
accelerating voltage of 23 kVV{13 kV at the ion source an¢t10 kV
at the sample). We did not use Qorimary ion that is commonly used
for SIMS Mg and Ni isotopic analyses, because we found that the
secondary ionization efficiency of both Mg and Ni increased twice as
much by using @ primary ion than O primary ion. Compared to O
ion, sputtering rate for © ion increases by the factor of/2, while
secondary ion intensity increases by the factor of 3 for Mg and factor
of 4 for Ni. As a result, @ primary ions produce more Mg and Ni
secondary ions by the factor of 2 and 3 for Mg and Ni, respectively,
from a unit volume of samples. For both Mg and Ni isotopic analyses,

the ion image of the sample surface was transferred 200 times to the
field aperture plane that locates before the electric static analyzer. In

this condition, the width of the secondary ions at the entrance slit plane
is ~100 um, comparable to the entrance slit widths of @ and 75
um for the analytical conditions with mass resolution power of 3500

and 4500, respectively. As a result, the transmission of the secondary

ions was more than 70% in the present study.

2.2.1. Mg isotopic analyses of plagioclase and glass

value, so that choice of fractionation law does not cause any significant
difference for the correctediMg/?*Mg) ratios. The mean value of the
normalized®®Mg/?“Mg ratios for terrestrial standards obtained by using

a single Faraday Cup detector was 0.139 328.000039, which is in
agreement with the literature data (Catanzaro et al., 1966). The repeated
analyses of glass and plagioclase standards using EM detector (both 10
um and 5um beam analyses; Table 2) well agree with the value
obtained from Faraday cup detector.

Relative sensitivity factor of?(Al/?*Mg) was estimated for terres
trial glass and plagioclase standards. The relative sensitivity factors
among geological glass standards (Stoll and Jochum, 1999) with var-
ious chemical compositions (basalt, andesite, ryolite) agree within 5%,
and those between An95 and An60 plagioclase standards agree within
10% (Mostefaoui, unpublished data). Therefore, for all the glass and
plagioclase data in chondrules, tiéAl/?“Mg) ratios were corrected
using the sensitivity factors of basalt glass standard (fused glass from
JB1la geological standard) and average plagioclase standards (An95 and
An60) analyses, respectively, with applying 10% error for the correc-
tion. The sensitivity factor for more Na-rich plagioclaseAn 30) is
assumed to be 20% because we do not measure plagioclase standards
with higher albite compositions.

In many cases, sputtering Ca-pyroxene microcrystallites in the mes-
ostasis caused high Mg ion intensity and low Al/Mg ratio. Therefore, it
was necessary to avoid sputtering of Ca-pyroxene during analyses. We
applied two different methods to locate primary ion beam to the area
with high Al/Mg ratio. In the earlier series of analyses, a direct ion

In order to analyze small areas in mesostasis in chondrules, the sizeiMage was obtained using the ion-microscope mode before each anal-

of primary ion spot was set between 3 anddfi, corresponding to ion
intensity between 5 and 200 pA. In the early stage of this work, a

ysis in order to select the best position with a high Al/Mg ratio. The
mesostasis area was sputtered withudd primary ion beam and the

shaped primary beam with homogeneous ion density was achieved onlyShapes of the Ca-pyroxene microcrystallitzes in a Zr?esostasis were
for 10 um size, and the smaller beam size was achieved by focusing the Observed with spatial resolution ofiim in the**Mg and®Al second

primary beam with gausian ion density distribution. Therefore, the

ary ion images. The primary ion beam was then focused gm3or 5

flat-bottom sputtered crater on the sample surface was obtained only for #m to sputter the narrow area to get a hffAl/>“Mg secondary ion

10 um beam size. At the later stage of this work, we replaced the
primary beam aperture from a diameter of &t to a diameter of 20
um, so that the primary beam size was reduced to approximaieiy 5
without losing the homogeneity of the ion density.

The mass resolution was set to 3500 in order to separate‘Mgid
Ca'* interference from Mg isotopes. In this condition, we could

intensity ratio for the isotopic analysis. In the later series of analyses
with 5 um homogeneous primary beam, we sputtered several positions
of the sample near the high Al/Mg region for a short time and observed
27Al and 2*Mg ion intensities. The automated program was used for
analyzing many positions by moving the sample stage every 10-15
wm. Spots with higrt’Al/2Mg ratio were then selected and examined

achieve the transmission of secondary ion to be better than 80%, which by the direct ion imaging before isotopic analyses, in order to confirm

is similar to the typical condition of the U-Pb dating of zircon for the
IMS-1270. The secondary ion intensities“6Mg and?’Al were 16—
10° cps and 18-10" cps, respectively, during the analyses of chon

the absence of tiny high-Mg phases in the observed area. The removal
of C-coating was minimized in the latter method, which has an advan-
tage of avoiding any surface charging problems and reducing the

drules. Secondary ions were detected by using the electron multiplier ionization of Mg from surrounding Mg-rich phases.
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2.2.2. Mg isotopic analyses of olivines and pyroxenes

The Mg isotopic ratios of Mg-rich phases were measured with multi-
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so that the Al/Mg ratios are as high as 50 to 200. Many of them
show a complex structure of microcrystallites in the scale of

collection system using three Faraday cups, which was lately equipped /€SS than a fewum, which are too fine to be avoided in the

with IMS-1270 at GSJ. The three isotopes of Mg were detected
simultaneously using three faraday cups with resisters &¢ Q0for
2"Mg and 13*Q for *®Mg and ?®Mg. Faraday cup background was

measured before and after each measurement. The primary ion beam

size was 10um with 0.2-0.4 nA intensity. The Mg secondary ion
intensity was between & 10" and 6 X 10° cps. The mean value of
(**Mg/>*Mg), ratios of terrestrial olivine standards was slightly devi
ated from the literature value—0.5%0) with the reproducibility of
0.2%0. Although amplifiers of multicollectors are calibrated using the
reference current in the revel of 1 there is a small but detectable
discrimination for the measured isotopic ratios. Therefore, all the
multicollector results were corrected for this discrimination by assum-
ing that the mean value ofMg/>*Mg), of terrestrial standards is the
same as the literature value.

2.2.3. %Fe-5%Ni analyses

The Ni isotopic analyses were performed for CH4, which has large
FeO-rich olivine phenocrysts. The details of the analytical conditions
and calibration for matrix effects are described in Kita et al. (1998). In
order to separate molecular interference of CaO, apdn®iss resolu
tion was set to 4500. The tailing of Ni and Fe hydrides was much less
than 0.1%o. at the center of the Ni isotope mass spectrums. In this work,
analytical conditions were modified as follows: (1) Thg @rimary ion
was used instead of Oion for better ionization efficiency. (2) The
diameter of the primary ion was reduced to L8 with intensity
between 0.5 and 1.5 nA. (3) The width of secondary ion at the entrance
slit plane was reduced fromy200 um to ~100 um by changing the
magnification of the ion image between sample surface to field aperture
plane from 100 times to 200 times. As a result, we improved the total
transmission from 25% to 70% and the ionization efficiency 5 times
higher than before. The typical seconddfi ion intensity for CH4
olivine with 50 ppm Ni content was X 10° cps/nA. The measured
(°°Ni/5*Ni) ratios were corrected for dead time of the detector and the
instrumental mass fractionation by applying normalization to the liter-
ature value of Ni/*Ni) = 3.1760 (Birck and Lugmair, 1988). The
permil deviation of correctec®{Ni/®Ni) from the literature value of
23.100 (Birck and Lugmair, 1988) is expressedsééNi). The mean
value of 8(°°Ni) of 15 analyses of terrestrial olivine standard was
—0.12 = 0.29%.. The measured Fe/Ni ratios were corrected for SIMS
relative sensitivity factor between Fe and Ni which is obtained from
terrestrial olivine standards (Fo89, Fo70, and Fo60) with known Ni
concentrations (Kita et al., 1998).

3. RESULTS AND DISCUSSION
3.1. Sample Descriptions

Most of these chondrules in the Semarkona thin section were
common ferromagnesian chondrules that show typical porphy-
ritic texture and composed of olivine and pyroxene grains with
approximately chondritic bulk chemical compositions. They
are usually classified into FeO-poor (or Mg-rich; type 1) and
FeO-rich (type II) groups based on the molar FeO/(MgO

SIMS analysis with 3—um spot. We selected two chondrules
that contain Ca—pyroxene free glass area larger than SIMS spot
(=10 um) for the Al-Mg study. Three other chondrules having
interstitial plagioclase (10—2Qm) were also selected for the
Al-Mg study. A list of analyzed chondrules with their repre-
sentative mineral compositions is given in Table 1. Chondrules
CH4 and CH36 are FeO-rich porphyritic olivine—pyroxene
chondrules (type II), CH3 is a FeO-poor porphyritic olivine—
pyroxene chondrule (type 1), CH23 is a FeO-rich nonporphy-
ritic olivine—pyroxene chondrule (type lll), and CH60 is a
fragment of a FeO-rich porphyritic pyroxene chondrule (type
II). Back scattered electron images of these chondrules are
shown in Fig. 1. The contents of plagioclase and/or glass in
these chondrules are 5-15%, so that theyQjlcontents are
less than 5%. Therefore, these chondrules are not Al-rich
chondrules, but common ferromagnesian chondrules.

CH4 and CH36 are similar to typical type Il chondrules that
were described by Jones (1990; 1996a). They contain glassy
mesostasis with abundant Ca—pyroxene microcrystallites. Oli-
vine phenocrysts in CH4 are large-100 um) and show
normal zoning in the core (Fe= 88—83) with higher FeO
contents at the rim (Fe= 75). Low Ca pyroxene phenocrysts
are smaller than olivine and zoned (En77—83, Ws= 1-5).
CH36 is rich in pyroxene with complex zoning (En75—80).

In glassy mesostasis, some areas are free from Ca—pyroxene
microcrystallites in a scale of larger than 10On. Chemical
compositions of these areas are rich in Si®,0,, and NgO
(66—70% SiQ, 17-20% ALO,, and 2—8% NgO) and depleted

in CaO K2%) and MgO €0.5%). The SIMS Al-Mg analyses
were done for these areas which show high Al/Mg ratieSQ).

An example of the analyzed area in chondrule mesostasis is
shown in Fig. 2.

A type | chondrule CH3 is slightly different from typical
type | chondrules described by Jones and Scott (1989) and
Jones (1994). The low Ca pyroxene phenocrysts have magne-
sian cores [molar MgO/(Fe@ MgQO) ~ 0.97] and are sur-
rounded by low Ca and high Al pyroxene (85 ~10%). The
mesostasis consists of anhedral Ca pyroxene with higAl
contents (8—17%) and plagioclase that is nearly pure anorthite.
Plagioclase contains a significant amount of fine grained inclu-
sions of possible Ca pyroxene.

In a nonporphyritic chondrule CH23, coarse olivine and low
Ca-pyroxene grains are FeO-rich and show weak zoning{Fo
81-83, En= 83-76 Wo= 2-5). Nearly pure anorthite and
minor Ca—pyroxene (We- 16—-35) occur as interstitial phases.
Because of its nonporphyritic texture and low alkali contents,

FeO) ratios of olivine and pyroxene; 0-10% for type | and CH23 appears to be similar to a noritic clast chondrule 1805-5
>10% for type Il (Scott and Taylor, 1983). In the previous CC1 in Semarkona studied by Hutcheon and Hutchison (1989).
26A1-2°Mg studies on chondrules (Hutcheon and Jones, 1995; Although they discussed the origin of CC1 as an igneous rock
Russell et al., 1996; 1997), calcic plagioclase in Al-rich chon- derived from a differentiated planetary body, its bulk chemical
drules was the major target to detéfMg excess. Ferromag composition is chondritic (Hutcheon and Hutchison, 1989).
nesian chondrule glasses usually contain significant amount of This sample can be a chondrule without common texture.
MgO (1-10 wt.%), so that their Al/Mg ratios are usually less Therefore, hereafter we assume that both CH23 and CC1 are
than 10 in spite of their high AD; contents (10—-30 wt.%). minor types of ferromagnesian chondrules, but not a fragment
Some porphyritic chondrules contain abundant Ca-pyroxene in of igneous rocks formed in a differentiated parent body.

the mesostasis as microcrystallites and the surrounding glasses The chondrule CH60 may be a fragment of type Il pyroxene
are enriched in AlO; (10—20%) and depleted in MgQ<(%) chondrule, but it is not similar to typical type Il chondrules
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Table 1. Selected EPMA analyses (wt.%) of minerals in chondrules from Semarkona (LL3.0).

Sample/mineral Si® TiO, Al,O; Cr,O4 FeO MnO MgO Ca0O N©O K,0 Total Compositioft
CH4 (Type Il POP)
Olivine 38,59 0.01 0.01 051 1523 0.40 45.40 0.09 0.02 0.00 100.26 Fo84
Olivine 38.06 0.00 0.00 0.63 1877 053 4201 0.15 0.04 0.01 100.21 Fo80
Pyroxene 5439 0.05 0.27 0.98 12.97 0.58 30.05 095 0.03 0.00 100.27 Wo2 En79 Fs19
Glass 68.90 0.19 19.48 0.03 1.08 0.04 0.22 0.43 846 0.37 99.22
CH36 (Type Il POP)
Olivine 37.60 0.00 0.01 050 2192 059 3885 0.11 0.02 0.00 99.61 Fo76
Pyroxene 5422 0.03 0.28 0.90 1547 0.64 27.67 0.94 0.06 0.00 100.21 Wo2 En75 Fs23
Ca-pyroxene 50.95 0.29 1.21 1.68 13.87 0.68 13.62 1556 056 0.02 98.45 Wo034 En42 Fs24
Glass 66.47  0.49 17.53 0.01 6.23 0.15 0.34 0.84 237 0.96 95.37
CH3 (Type | POP)
Olivine 4095 0.00 0.02 041 340 0.07 55.17 0.15 0.00 0.00 100.17 Fo97
Pyroxene 56.41 0.22 210 0.69 214 0.02 36.28 1.79 0.01 0.00 99.67  Wo3 En94 Fs3

Al-pyroxene 5138 0.60 9.0 072 272 0.06 3236 294 001 0.00  99.89 W06 En90 Fs4
Ca-pyroxene  46.75 110 1253 090 133 008 1553 2198 001 001 10020 Wo34 En48 Fs2 Tschi5
Plagioclase 4400 000 3445 002 033 003 055 1943 0.03 000  98.84 An99.7

CH23 (Type IlI)

Olivine 38.66 0.06 0.05 062 1646 0.33 43.17 0.20 0.02 0.00 99.49 Fo82
Pyroxene 5496 0.06 097 1.04 1059 0.24 30.90 1.15 0.00 0.00 99.90 Wo2 En82 Fs16
Pyroxene 52.74 0.45 331 144 1198 0.38 27.48 2.65 0.00 0.00 100.44 Wo5 En76 Fs19

Ca-pyroxene 50.55 0.83 3.52 1.30 7.77 0.33 17.79 16.95 0.01 0.01 99.06 Wo035 En52 Fs13
Plagioclase 46.22 0.05 32.18 0.05 0.71 0.04 0.89 19.14 0.00 0.02 99.29 An 99.9
CH®60 (Type Il PP)

Olivine 38.78 0.02 0.00 055 1394 0.74 45.65 0.17 0.01 0.00 99.85 Fo85

Pyroxene 55,59  0.00 0.17 0.65 7.99 046 34.39 0.15 0.02 0.00 99.43 Wo0 En88 Fs12
Pyroxene 55.06 0.12 0.87 1.10 9.45 0.85 31.19 1.23 0.01 o0.01 99.88 Wo2 En84 Fsl4
Pyroxene 5498 0.10 094 114 9.84 093 30.08 2.61 0.04 0.00 100.65 Wo5 En80 Fs15

Plagioclase 58.85 0.09 24.02 0.00 0.68 0.03 0.19 7.08 749 0.20 98.63 An34 Ab65 Orl

@ Composition of minerals are expressed as Fo /81Q,) for olivine, Wo (CaSiQ), En (MgSiQ,), Fs (FeSiQ), and Tsch(CaAISi, O;) for
pyroxene, and An(CaAS8i,Og), Ab(NaAlSi,Og), and Or(KAISOg) for plagioclase.
b Chondrule CH60 is a fragmented chondrule.

described by Jones (1996a). Pyroxene phenocrysts are zoneatontaining high Mg contents surfaced as the samples were
(0-8 Wo, 88-74 En, and 12-17 Fs) and sometime contain sputtered deeper. For this reason, only a single measurement
smaller grains of olivine (Fo~ 85). The interstitial phase  with a relatively high?Al/?*Mg ratio was available for this

contains albitic plagioclase (An28-An34), minor Sifich sample. Mg isotopic compositions of olivine and pyroxene
glass, metal-sulfide nodule, and fine grained Ca pyroxene were normal within an error of 0.2%.. The measuré¥g/

included in plagioclase. The chemical composition of Sifoh 2%Mg ratios in chondrules did not differ more than 1% from the
glass is very similar to glassy mesostasis in CH4. literature value (0.12663) and agree within 5%. from each

Electron microprobe analyses of the chondrule glasses gen-terrestrial standard samples (i.e., olivine, glass, and plagioclase
erally have oxide sums close to 100%, suggesting they do not standards).

contain significant amounts of hydrous phases that might be  For CH4 and CH36, several data points with variGaal/
derived from aqueous alteration. Therefore, the secondary ef-24\\q ratios were obtained and these data show a linear corre
fect due to the aqueous alteration is most likely did not play a |ation between the?’Al/2*Mg and 2°Mg/2%Mg ratios (Fig.
significant roll and, thus, we will not further discuss it. 3A,B). This is the first clear evidence for the former presence

of live-2°Al at the time of formation of FeO-rich porphyritic
3.2. The Al-Mg System of Semarkona Chondules (type 1) chondrules. The initiaf°Al/27Al ratio at the time of

The results of the isotope analyses are presented in Table 2,formation of each chondrule, here after denoted 3sI(*"Al).,
and the2°Al-2%Mg isochron diagrams are shown in Fig. 3. Was estimated from the slope of the isochron by the least square

Most of the analyzed areas have fal/2*Mg ratios between fitting of the data. These results fall in a narrow range between

50 and 200. All the chondrules show clear exces&®bfg up 6 X 10 °and 9x 10 ° There is no significant difference

to 12%o. Because of low primary intensities with a.fh beam among chondrules with different FeO contents of olivine and
size, the low secondary Mg ion intensities resulted in relatively Pyroxene and alkali contents of mesostasis.

large errors. However, a sm beam size was not always small Assuming that theé°Al was homogeneously distributed in
enough to avoid Ca-pyroxene microcrystallites in the mesosta- the early solar system, the small differences among the esti-
sis of CH4 and CH36 (type Il chondrules), so th@® beam mated?®Al/“Al ratios of chondrules reflect small variations in

size was used in these cases. For CH23, arbbeam size was  their formation time. The reference time € 0) is chosen to
applied to the plagioclase grains because of the large grain size.be the time of CAI formation with thé°Al/2”Al ratio of 4.5 X

For many of the analyzed areas in this sample,tid/2*“Mg 10~ % (from the peak value of type B1 CAls; MacPherson et al.,
ratios decreased during the analysis because tiny inclusions1995). The formation ages of five chondrules relative to CAls
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Fig. 1. Ferromagnesian chondrules from Semarkona
(LL3.0) USNM 1805-9. Minerals and glass are shown by
the following symbols; O (olivine), P (low-Ca pyroxene),
CP (high-Ca pyroxene), PL (plagioclase), G (glass), and M
(metal-sulfide nodule). (A) A FeO-rich porphyritic olivine
pyroxene chondrule (type Il POP), CH4. (B) A FeO-rich
porphyritic olivine pyroxene chondrule (type Il POP),
CH36. (C) A FeO-poor porphyritic olivine pyroxene chon-
drule (type | POP), CH3. (D) A FeO-rich nonporphylitic
olivine pyroxene chondrule (type Ill), CH23. (E) A frag-
ment of FeO-rich porphyritic pyroxene chondrule (type II,
PP), CH60. A metal-sulfide nodule-60 um) is observed
at the center which is surrounded by albitic plagioclase.
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Table 2. Results of Mg isotopic analyses of Semarkona chondtules.
Beam
Samplé Phase size  27Al/?*Mg° (®*Mg/**Mg) 2
Chondrules
CH4
-1 Glass 3um 99 0.14083*+ 0.00098
-2 Glass 3um 41 0.13936+ 0.00097
—-3-1 Glass um 208 0.14125+ 0.00054
—-3-2 Glass um 181 0.14112+ 0.00057
-3-3 Glass um 139 0.14038+ 0.00047
—-3-4 Glass um 123 0.14033+ 0.00044
—4 Olivine  10um = 0.139330+ 0.000026
CH36
-1 Glass 3um 44 0.13966+ 0.00058
-2 Glass 3um 115 0.1407G+ 0.00110
-3 Glass Sum 45 0.13948+ 0.00027
—4 Glass S5um 48 0.13978+ 0.00031
-5 Glass Sum 96 0.14012+ 0.00040
-6 Glass S5um 282 0.1410%1 0.00068
-7 Olivine  10um = 0.139340+ 0.000026
CH3
-1 An100 5um 67 0.14016+ 0.00049
-2 An100 5um 81 0.13985*+ 0.00046
-3 An100 5um 61 0.13992+ 0.00034
Fig. 2. A mesostasis area of CH4. Olivine and pyroxene phenocrysts -4 An100 S5um 59 0.13968+ 0.00034
are set in glassy mesostasis. Fine Ca-pyroxene microcrystallites are -5 Olivine  10pm = 0.139291* 0.000054
scattered in the glass, which are seen as bright fine fibers in dark glass. CH23
The examples of SIMS spot sizes (3 angdrs diameters) are shown as -1 An100  10um 39 0.13969+ 0.00020
white dots, which avoids sputtering Ca-pyroxene microcrystallites. CH76%) Olivine  10um = 0.139328+ 0.000026
-1 An30 5um 152 0.14012+ 0.00048
-2 An30 S5um 85 0.13990+ 0.00036

are calculated to be nearly 2 My young, between 1.7 and 2.2
My (Fig. 3). Therefore, the Semarkona ferromagnesian chon-
drules formed over a narrow time range of less than 1 My.

-3 Pyroxene 1Qum = 0.139335*= 0.000026

Average of standards

ot ol 2671727 FC single 0.139328& 0.000039

3.3. The Variation of the Initial “°Al/<‘Al Among UOC EM 1998 June 0.13935 0.000060

Chondrules EM 1998 Nov. 0.13935% 0.000044

- S EM 1999 Jan. 0.139312 0.000058

Our results are compared in Fig. 4 to the data for. individual FC mult® 1999 0.139417+ 0.000054
chondrules from Semarkona (Hutcheon and Hutchison, 1989)  pay

and the other unequilibrated ordinary chondrites (Russell et al., FC mult® 2000 0.139384+ 0.000026

1996; 1997). The clast chondrule from Semarkona 1805-5 CC1 _ Feb.
i . P
(H'thCheon and l—|6utch_|sor.1, 1989) shows an inifgAl/>7Al 2 Errors equated with data arer2rror (95% confidence).
ratio of 7.7x 10 Wh'Ch IS very Clos.e to our results. .There. ® The numbers after chondrule names indicate individual SIMS spot
fore, ferromagnesian chondrules in Semarkona including numbers. The third spot from CH4 was measured four times with
1805-5 CC1 show similaf°Al/?”Al ratios, but their chemical ~ increasing depth. _
compositions, mineralogy, and texture vary. The molar FeO/ CT:‘]& analyt'%alzgf,m;s OFI(AV 24’|V|9) fatl?]S were 1|gf’/t_) for glass and
0 P 0 anorthosite, an % for plagioclase with more albitic composition.

(MgO +_FeO)_/9 of olivine gnd pyroxenes Vary from 3 10 25%, dData are corrected for mass fractionation during the SIMS analy
and the interstitial phases include,®,, Na,0O, SiO,-rich glass ses.
and plagioclase either nearly pure anorthitic or more albitic ~ ¢A small amount of discrimination was observed for the multicol
composition. Such variations indicate that these chondrules lector data compared to both the literature (0.139 32) and FC single
were derived from different precursor materials and experi- collector. Olivine and pyroxene data were corrected for this discrimi-

. . " . . . . nation.
enced different physical conditions during their formation (in
terms of heating temperature, volatile loss, oxygen fugacity,

and cooling rate). Therefore, it is likely that various types of o .
chondrules formed within a short time. morphism in their parent body (Russell et al., 1996; 1997;

The initial 28Al/27Al ratios of chondrules obtained from the ~ LaTourrette and Wasserburg, 1998). Type 3.4 UOC chondrites

other UOCs (Russell et al., 1996; 1997) are equal to or lower like Chainpur might be heated up to a temperature of 400°C in
than those of Semarkona. Most of lower initf4Al/27Al ratios their parent body (Sears et al., 1991). The Mg self-diffusion in

were obtained from plagioclase bearing chondrules in Chainpur anorthite crystal at this temperature is too slow to reset the
LL3.4 chondrite. Previous authors interpreted these lower ini- “°Al-**Mg system, as discussed by LaTourrette and Wasser
tial 2°Al/27Al ratios either by younger age of formation or by  burg (1998). Therefore, the younger chondrule ages of Chain-
resetting prior to incorporation in the parent body, but not by pur Al-rich chondrules cannot be explained by the parent body
the disturbance of°Al-2®°Mg system during the thermal meta ~ metamorphism, if the self-diffusion of Mg isotopes between




26Al in Semarkona ferromagnesian chondrules 3919

T T T T 0.1400 T T T
°142[ A[CH4 (Type Il E D] cH23 (Type IIl)
I ] 26A127A]) = 6
2 o} o 0-13981( Al/2 AI)O_(Q.OZ;_rS.O)MC')_.___,..
K- ? ATCA| =17+ 05 MY'._..-'
§ Q
o o 0.1396f e
= omop e g O s
o E S e ey I
0139 (26AI27Al)=(9.0+1.6)x10-6 | 01B04f oo e 1
ATgy = 1.70 £329 My
1 1 1 1 01392 1 1 1 1
0 50 100 150 200 250 0 10 20 30 40 50
0.143 T T T I T 0.141 T T T -
[B]CH36 (Type 1) 'E |[cH60 (Type Il fragment)
0.142
o T o
=t =
< e <
§ o otaty e Ny
> N e T Y S 0.140f
= ) e, p=
[ N P N ©
N 0.140 S L o .
"""" A LT (2612 AL =(5.742.6)x1078 |
0.139 ATep=2.0%53 My ATy = 2.2+ 8‘1 My
1 L 1 1 1 ! 0.139 1 1 1
0 50 100 150 200 250 300 0 50 100 150 200
0.141
g CH3 (Type'l) ' ' 27A124Mg
o -(26AI/27AI)0=(86?3.1 paod | :
§§ AToa=17%g3 My | 1 T
> ot40F T
s Sl O~ eV
[ e e < B R
O e e © = s
0.139 1 L L 1
20 40 60 80 100
27AI/24Mg

Fig. 3. The®®Al-2®Mg isochron plots for individual chondrules from Semarkona (LL3.0). The irtfial/?“Al isotopic
ratio of each chondrule?fAl/27Al),, was calculated from the slope of the isochron by the least square fitting (using the
program made by Ludwig, 1989). The error bars equated to dataragg@. The isochron with the corresponding &rror
limits for its slope are shown as solid and dashed lines, respectively. The relative age after CAl formation is calculated as
AT = In{(?°Al/?7Al) /4.5 X 107%}/In(2) X 0.73 My. (A) CH4, (B) CH36, (C) CH3, (D) CH23, (E) CH60.

anorthite and Mg-bearing minerals is the only process to reset metamorphism, even between subtypes 3.0 and 3.4. The pro-
the 2°Al-?°Mg isotope system. portion of chondrules with anorthite- and quartz- normative
Our new results of Semarkona chondrules showing system- mesostasis decreases from type 3.0 to 3.4 and the chondrule
atically higher initial?®Al/?“Al than Chainpur chondrules sug mesostasis becomes more closed to albitic composition and
gest that the thermal metamorphism might affect fial— homogenized for higher petrologic types. Therefore,#d—
26Mg system even for type 3.4 chondrites. There are many lines 2®Mg system in type 3.4 UOCs chondrules could be disturbed
of evidence for the open system behavior of chemical elements by elemental mobilization of Mg during the metamorphism,
in chondrules by the thermal metamorphism of UOC. McCoy et such as Mg loss from Si- and Al-rich glass and calcic plagio-
al. (1991) showed that the Fe—Mg exchange process amongclase to olivine and pyroxenes. Indeed, the Al-rich chondrules
mafic silicates is evident for subtype 3.3, and only Semarkona with younger ages show higffAl/>*Mg ratios between 200
preserved the original Fe and Mg distribution before the meta- and 650, while those in older chondrules are less than 100
morphism started. They observed that the degree of recrystal- (Srinivasan et al., 1996; Russell et al., 1996; 1997). The py-
lization in chondrule mesostasis increases with petrologic sub- roxene included in glass in Chainpur 1251-16-3 chondrule is
types, from rarely recrystallized Semarkona (LL3.0) to mostly reported to show the exce$3Vig in spite of its low?”Al/*Mg
recrystallized Parnallee (LL3.6). From the cathodolumines- (Russell et al., 1997). These data indicate that the loss of Mg
cence study of UOC chondrules, Sears et al. (1992) found that from Al-rich phases without homogenizing Mg isotopes, pos-
the chemical compositions of chondrule mesostasis have sibly by the chemical diffusion of Mg between Fe and/or Ca
changed from the original composition during the thermal that is usually orders of magnitude faster than the self-diffu-
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chondrule was in a closed system during the thermal metamor-
phism, the fact that the*Mn—>3Cr data of chondrules lie on the
single isochron may indicate their formation in a narrow time
scale. Then, it will be consistent with our results of the short
duration 1 My) of chondrule formation.

3.4. The®°Fe-*Ni System in CH4 and the Initial ®°Fe
Abundance in the Solar System

The Ni contents in CH4 olivines were as low as 45 ppm,
resulted in the Fe/Ni ratios as high as 2,400. However, we do
not observe any resolvabféNi excess. The mean value of all
the analyses (20 data) wa¢°°Ni) = —0.05 + 0.99%o. The
upper limit of the®°FeF°Fe at the time of the CH4 formation is
estimated to be 1.4 10 7 with the mear®Fef°Ni ratio of
6,640 in olivines. Using the upper limit of the age of CH4 (1.90
My after CAls), we obtain the upper limit 5PFeP°Fe < 3.4 X

Fig. 4. The initial °Al/2’Al ratios of UOC chondrules and their e ) :
relative formation ages to the CA1 formation. The data are shown in the 10 _at the t'r_ne Qf CA' formation. ) o
order of increasing metamorphic grades of host meteorites. The number ~ This value is significantly lower than the estimate®GFe/
in the parentheses after sample names indicate the source of the5%Fe = (1.6 + 0.5) X 10 ° from an Allende CAI (Birck and
published data as follows; (1) Hutcheon and Hutchison (1989), (2) | ygmair, 1988), but consistent with the recent estimate of

Hutcheon and Jones (1995), (3) Russell et al. (1996), and (4) Russell et - .
al. (1997). Inman is a breccia containing both LL3.3 and LL3.6. These (0.2-1.9) X 10" * (Shukolyukov and Lugmair, 1996) from

meteorites belong to the LL-group UOC, except for Moorabie which €ucrites. The apparefitNi excess found in CAls is probably
belongs to the L-group. Symbols indicate the chondrule chemical due to an isotopic anomaly of the nucleosynthetic origin, as

composition and the analyzed Al-bearing phases. The Al-rich chon- suggested by Shukolyukov and Lugmair (1993a). If the initial

drules are shown by open symbols, type | chondrules by shadowed 60

symbols, type Il chondrules by filled symbols, and type Il chondrules
by crossed symbols. The Al-bearing phase of each chondrule is indi-

FeP°Fe ratio of the solar system was as low ax610 @
which is the best estimate of Shukolyukov and Lugmair (1996),

cated by squares for plagioclase and by circles for glass. The data the®Ni excess in CH4 olivine is only 0.2%o, which is too small

presented as the upper limits of the inii&Al/ 27Al ratios are shown by

symbols with arrows. Semarkona ferromagnesian chondrules indicate
the narrow range of the formation time (shown as the shadowed area)

compared to the chondrules from type 3.4 UOCs.

sion. Further investigations for type 3.4 UOC chondrules are
required to clarify the effect of the thermal metamorphism on
the 2°Al-2®Mg system.

Two Al-rich chondrules with high?®Al/27Al ratios, Inman

to be resolved using the present SIMS technique.

The ®°Fe abundance in the initial solar system is related to
the production of this nuclide in the stellar source. If the
formation of the solar system was triggered by the single type
Il super nova, thé°FePSFe ratio of the initial solar system is
estimated to be between>3 10 7 and 1x 10 > (Wasserburg
et al.,, 1998). Both our present result and the estimate by
Shukolyukov and Lugmair (1996) indicate that the inifigfFe/
S8Fe ratio of the solar system is much less than that produced

5652-1-1 and Chainpur 1251-3-1 (Russell et al., 1996), are a by type Il super nova and may be consistent with the produc-

good indicator for formation of Al-rich chondrules contempo-

tion from AGB stars (Wasserburg et al., 1994). Therefore, our

rary with ferromagnesian chondrules. It should be emphasized result does not support the idea of formation of the solar system

that the Al-Mg study of ferromagnesian chondrules in this
work strengthened the fact that the init@Al/27Al ratios of
chondrules are at least five times lower than that of CAls. It
corresponds to the formation age of chondrute@ My
younger than CAls if the difference is converted to the time
difference.

Recent ®*Mn->3Cr studies on the individual Chainpur
(LL3.4) and Bishunpur (LL3.1) chondrules indicate the chon-
drule formation~6 My after CAls (Nyquist et al., 1997; 1999),
which is comparable to the young&Al ages in type 3.4 UOC
chondrules. However, the interpretation of #i#%n—>3Cr data
needs some considerations. First, if tiér abundance in CAls
is anomalous due to the nucleosynthetic origin (Lugmair and
Shukolyukov, 1998), the time difference 6f6 My between
chondrules and CAls is erroneous. Second >fwn->3Cr data

by the super nova trigger.

3.5. Implication to Chondrule Formation

Here, we assume that the variation of the inifigdl/2"Al
ratios in meteoritic samples represent the difference in their
formation ages. There are various models for chondrule forma-
tion, which are basically divided into three: (1) remelting of
dust in the solar nebula, (2) planetary processes, and (3) direct
condensation. Although the recent models for liquid condensa-
tion (Yoneda and Grossman, 1995; Ebel and Grossman, 2000)
indicate the possibility that chondrules could form by conden-
sation in the solar nebula, presence of relict grains (Nagahara,
1981; Jones, 1996b) implies that the chondrules formed by the
melting of solid precursors. Russell et al. (1996) suggested an

were obtained as bulk chondrule isochron that corresponds to extended nebular time scale o5 My on the basis that both

the time of the Mn/Cr fractionation among chondrules (or their
precursors), while thé%Al-2*Mg internal isochron indicates

the time of the last melting event or metamorphism for each
chondrule. If the bulk Mn/Cr ratios and Cr isotopes in each

28Mg excess bearing arfdMg excess free chondrules exists in

the same chondrite. At the same time, there is increasing
evidence that the geological activities on asteroidal sized plan-
etary bodies started as early as 3 My after CAl formation. For
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example, thermal metamorphism of the ordinary chondrite par- isotopes (Shukolyukov and Lugmair, 1993a; Lugmair and
ent bodies started at least 3—6 My after CAls (Zinner and Shukolyukov, 1988). The I-Xe system in the CAls seems to be
Gopel, 1992; Gpel et al., 1994). Th&*Mn->Cr system of affected by secondary processes in parent bodies (Swindle et
HED meteorites indicates that the fractionation process in the al., 1988). The U-Pb dating of chondrules is technically diffi-
HED parent body mantle took place within a few million years cult because of low U contents. The recent finding of former
after CAls (Lugmair and Shukolyukov, 1998). Those evidence presence of live*'Ca in the solar system (Srinivasan et al.,
indicate that the meteorite parent bodies formed even earlier 1994) suggests that the comparison of #%al-*°Mg and

than 3 My after CAls, so that the chondrule formation was “*Ca-**K systems may clarify the problem of the isotopic
simultaneous with planetary formation, if younger ages ob- heterogeneity of the short lived nuclides. However, the half-life
tained by Russell et al. (1996; 1997) were the real formation of “'Ca is only 0.1 My, which is too short to examine the time
ages of chondrules. This caused Sears (1998) and Hewins et aldifference in the range of several millions of years.

(1998) to consider that th&Al ages as young as 5 My after
CAls are the evidence of chondrule formation through plane-
tary processes. In the present study, the time of chondrule
formation was found to be nearly 2 My after CAls, which does The following conclusions were obtained from the SIRf&I—

not reach 5 My after CAls when planetary processes undoubt- 2®Mg and °Fe-*°Ni analyses of the ferromagnesian chondrules
edly had started. Although it is possible that the earliest plan- from the least equilibrated ordinary chondrite Semarkona (LL3.0).
etary process started as early as 2 My after CAls and chon- (1) The study of high Al/Mg glass and plagioclase in com-
drules formed on the pre-existing parent bodies, there is no mon chondrules has revealed the presence of excesses radio-
direct evidence for the planetary process occurred at 2 My after genic 2°Mg. Two chondrules show well-definetfAl-2®Mg

CAls. For this reason, our results rather support the remelting isochrons, which is the first evidence of former presence of the

4. CONCLUSIONS

model in the solar nebula.

Absence of chondrules with ages much older than 2 My
indicates that chondrule formation did not start fe2 My after
CAls formation. There are few examples of CAls inside ferro-

live-2Al in type 1l chondrules.

(2) The estimated®Al/>"Al ratios at the time of chondrule
formation are between & 10 ° and 9x 106 The values
obtained from various types of chondrules agree within the

magnesian chondrules, but no chondrule is included in CAls uncertainties, indicating that various types of chondrules
(McSween, 1977), which is consistent with the result$% formed within a short duration of time less than 1 My. Assum-
chronology of CAls and chondrules. Five chondrules studied ing the homogeneous distribution of Al isotopes in the early
here show various chemical composition and petrologic tex- solar system, chondrule formation occurred 2 My after CAIl
ture, indicating that they represent majority of chondrules in formation. If chondrule formation started earlier, absence of

Semarkona.
Alternatively, the older records of chondrule formation were

older chondrules indicates that the old records were erased by
the chondrule recycling process.

overprinted by those of the last heating processes. Presence of (3) The initial 2°Al/2”Al ratios of Semarkona chondrules are

relict grains in many chondrules (Nagahara, 1981; Jones,

higher than those of many Al-rich chondrules in UOCs with

1996b) is interpreted to represent the formation of chondrules higher petrologic subtype (Russell et al., 1996; 1997), suggest-

by remelting of earlier generation of chondrules. If many chon-
drules experienced the final remelting at nearly 2 My, it may be
difficult to find chondrules with old ages even though the
chondrule formation started much earlier than 2 My. During
this process, it is possible that old CAls might be consumed,
resulted in low abundance of CAls in ordinary chondrites
(~10% for CO and CV and less than 1% for ordinary chon-

ing that the latter younge Al ages would be apparent due to
disturbance during the parent body metamorphism. The present
results are not in agreement with the previous work that indi-
cated the extended nebular time scale-&f My and chondrule
formation by the planetary processes.

(4) The Ni isotopic analyses of olivines in a type Il chondrule
in Semarkona do not show any detectaBsli excess. The

drites). For this reason, though our results suggest the shortupper limit of ®°FeP®Fe ratio of the initial solar system is

duration of chondrule formation, we need much more data
including chondrules from other chondrite groups to clarify if
there is any chondrules with older ages or not.

Finally, the obtained formation time relative to CAls is based
on the assumption that tf&Al was homogeneously distributed
in the early solar system. However, there is a possibility that the
initial relative abundance of°Al in CAls was significantly
higher than that of ordinary chondrites. Then, the direct chro-
nological use of thé®Al/2”Al ratios in CAls and ferromagne
sian chondrules is not justified. The assumption on &t
isotopic homogeneity should be tested by the multiple dating
systems. However, at the present, it is very difficult to detect
the formation time interval of 2 My between CAls and chon-
drules by other dating methods. An application of ffisin—
53Cr and ®%Fe-*°Ni systems for studies of CAls has serious
difficulties because of the presence of pre-solar Cr and Ni

estimated to be 3.4 1077, which is significantly lower than
the earlier estimate derived from CAls, but agrees with the
estimate of (0.2-1.9X 10~ 7 from eucrite samples (Shukely
ukov and Lugmair, 1996).

For future 2°Al-*°Mg studies on chondrule formation pro
cesses, its relationship to the CAI formation, and life time of
the solar nebula, detailed studies on a variety of chondrules
should focus on samples from the least metamorphosed chon-
drites like Semarkona.
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