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Introduction: We apply high-resolution 26Al-
26Mg chronometry to primitive meteorites of various 
oxidation states. The objective is to test the 
hypothesis that the fluctuating redox states of the 
protoplanetary disk were governed by radial transport 
of water ice and organic materials, evaporating, 
respectively, after crossing the snowline and tarline 
in the solar nebula. The chronology of redox state 
changes in the solar nebula may provide constraints 
on the formation timescale of giant planets like 
Jupiter, as their formation will prevent the rapid 
migration of materials from the outer disk.  

Observational and Theoretical Context: Proto-
planetary disks evolve over their lifetimes. Mass is 
transferred through the disk and accreted onto the 
central star at rates up to 10-6 solar masses per year. 
The rate progressively decreases to 10-10 solar masses 
per year over timescales of ~10 Ma [1], as the disk 
cools and becomes less massive. The transport of 
solids and gaseous molecules by advection, diffusion, 
and gas drag changes the physical and chemical 
structure of the disk as it evolves [2,3].  

Recent theoretical studies suggest that the inner 
solar nebula became enriched in H2O, and thus more 
oxidized, by inward transport and sublimation of 
water ice crossing the snowline at around 3 AU [2]. 
Dust particles in circumstellar orbit migrate inward 
faster than gas. Meter-sized bodies achieve maximum 
inward radial drift velocities. Transport of H2O in the 
early stages of disk evolution was dominated by the 
coagulation of icy dust particles in the outer disk into 
meter-sized rubble that then moved rapidly inward. 
The disk immediately inside the snowline became 
enriched in water vapor. Over time, the influx of icy 
bodies from the outer regions of the disk diminished, 
due to the depletion of dust particles and meter-sized 
“fast drifters”, as well as to the rapid formation of 
larger planetesimals and planets in the outer disk 
regions. Diffusion became a dominant mechanism at 
this stage, with H2O vapor carried outward, where it 
condensed. The concentration of water vapor in the 
inner disk thus decreased over time [3]. 

Primitive chondrites must have witnessed these 
processes and may hold key clues to the details of 
protoplanetary chemistry. Redox conditions in the 
inner solar nebula are preserved in the mineralogy 
and O-isotopic compositions of primitive chondrite 
components such as calcium-aluminum-rich 
inclusions (CAIs) and chondrules. CAIs appear to 
have formed in an 16O-rich nebular gas under 

relatively reducing conditions, while most chondrules 
originated in an 16O-poor nebular gas under oxidizing 
conditions [4]. Chondrules from enstatite chondrites, 
which must have formed in reducing conditions, are a 
notable exception. The redox states of chondrite 
groups vary, more reduced groups tend to have 
higher Si/Mg ratio [5,6]. These meteoritical records 
need to be reconciled with a coherent physical model 
for protoplanetary disk formation consistent with 
astrophysical observations. 

Water Transport and Giant Planet Formation: 
The fluctuating redox conditions due to changes in 
H2O concentration during the evolution of 
protoplanetary disk inside the snowline can be 
examined using primitive meteorites. We apply high 
resolution 26Al-26Mg chronometry to refractory 
inclusions (CAIs) and chondrules from primitive 
meteorites of different oxidation states to establish 
chronological records of the redox state changes in 
the early solar nebula. To the first order, 26Al, like 
other short-lived chronometers, appears to be 
uniformly distributed in the solar nebula and it is 
widely used as a high-resolution relative chronometer 
in the early solar system [7,8]. Our analyses will be 
performed on whole CAIs and whole chondrules 
from carbonaceous, ordinary, and enstatite 
chondrites.  By analyzing whole CAIs/chondrules 
rather than their mineral constituents, we characterize 
the primary Al/Mg fractionation events related with 
the formation of CAIs and chondrules and minimize 
the effects of internal redistribution of Al and Mg 
related to secondary processes [9,7]. 

26Al-26Mg Chronometry: We have developed 
high precision mass spectrometry techniques for Mg 
isotopes using a Nu-Plasma High Resolution multi-
collector inductively coupled mass spectrometer 
(MC-ICP-MS) at UC Davis. We are able to measure 
26Mg/24Mg isotopic ratio with a precision of 5 ppm 
reported as 2σm, (Fig. 1), comparable in methodology 
and precision with recently reported Mg isotope 
measurements [7]. This precision enables us to 
investigate the relative chronology of chondrules 
with 27Al/24Mg <0.5 with a temporal resolution of 
better than 500 kyrs. 

Our chemical procedures allow us to reproducibly 
separate and purify Mg with >95% yield in silicate 
rock samples. Analyses of two international standards 
(DSM-3 and Cambridge-1) demonstrate excellent 
reproducibility of both differences in 25Mg/24Mg and 
26Mg/24Mg within the reported error (Fig. 2). Thus, 
we can measure mass dependent stable isotope 
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fractionation of Mg isotopes. The Mg isotope 
fractionation reflecting partial pressure change of Mg 
can be accompanied by a rise in fO2 [11,12].  

 
Fig. 1. Reproducibility of 26Mg/24Mg ratio within 

5ppm (0.05ε) reported as 2σm is achievable. 
 

 
 

Fig. 2. Differences in 26Mg/24Mg and 25Mg/24Mg 
between two international standards (DSM-3 and 
Cambridge-1) are reproduced within the reported 
error. Blue square is the nominal value reported by 
[10]. Red dots are our measurements. 

 
 
Fig. 3. Fractionation-corrected 26Mg/24Mg ratios. 

Four-sets of measurements were taken, with each set 
in the sequence of DSM-3 (dark blue diamond), 
Bjurbole Chondrule #7 (red square), and BIR-1 basalt 
standard (light blue circle). Data points to the far-
right are averages for terrestrial samples and Bjurbole 
Chondrule #7, respectively. 

We have processed ten chondrules from Bjurbole 
through column chemistry and are in the process of 
completing high precision isotopic measurements. 
One chondrule has 26Mg deficit (-57±14ppm) 
compared with terrestrial Mg standard (DSM-3) and 
chemically purified Mg from BIR-1 (USGS 
standard), as shown in Fig. 3. 

Negative ε26Mg for a Bjurbole Chondrule #7 
appears to be consistent with the negative intercept of 
a high precision 26Al-26Mg fossil isochron for CAIs 
[7,13] and 26Mg deficit observed in differentiated 
meteorites [14]. It may suggest that Bjurbole 
chondrule #7, or its precursor, could have formed as 
early as CAIs. Alternatively, the negative ε26Mg may 
be a preserved nucleosynthetic signature, similar to 
those observed in FUN CAIs [15] and in some Allende 
chondrules [16]. 

Ultimately, the objective of this study is to link 
the chronology of redox state changes in the solar 
nebula with the formation timescale of giant planets 
like Jupiter, as its formation will prevent and 
consume the rapid migrators from outside the 
snowline. This may in turn provide diagnostic 
constraints on the ongoing current debate about giant 
planet formation mechanism (gravitational disk 
instability model [17], requiring rapid formation 
within a few thousand years vs. core accretion 
models [18], which requires lengthy formation over 
many million years). 
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