
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	https://www.researchgate.net/publication/272423965

Isotopic	mass	fractionation	laws	for
magnesium	and	their	effects	on	26Al-26Mg
systematics	in	Solar	System	materials

Article		in		Geochimica	et	Cosmochimica	Acta	·	February	2015

DOI:	10.1016/j.gca.2015.01.034

CITATIONS

5

READS

100

6	authors,	including:

Philip	E.	Janney

University	of	Cape	Town

114	PUBLICATIONS			2,645	CITATIONS			

SEE	PROFILE

Meenakshi	Wadhwa

Arizona	State	University

292	PUBLICATIONS			4,177	CITATIONS			

SEE	PROFILE

All	content	following	this	page	was	uploaded	by	Philip	E.	Janney	on	20	February	2015.

The	user	has	requested	enhancement	of	the	downloaded	file.	All	in-text	references	underlined	in	blue	are	added	to	the	original	document
and	are	linked	to	publications	on	ResearchGate,	letting	you	access	and	read	them	immediately.

https://www.researchgate.net/publication/272423965_Isotopic_mass_fractionation_laws_for_magnesium_and_their_effects_on_26Al-26Mg_systematics_in_Solar_System_materials?enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/272423965_Isotopic_mass_fractionation_laws_for_magnesium_and_their_effects_on_26Al-26Mg_systematics_in_Solar_System_materials?enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Philip_Janney?enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Philip_Janney?enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Cape_Town?enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Philip_Janney?enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Meenakshi_Wadhwa?enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Meenakshi_Wadhwa?enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Arizona_State_University?enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Meenakshi_Wadhwa?enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Philip_Janney?enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Accepted Manuscript

Isotopic mass fractionation laws for magnesium and their effects on 26Al-26Mg

systematics in solar system materials

Andrew M. Davis, Frank M. Richter, Ruslan A. Mendybaev, Philip E. Janney,

Meenakshi Wadhwa, Kevin D. McKeegan

PII: S0016-7037(15)00070-8

DOI: http://dx.doi.org/10.1016/j.gca.2015.01.034

Reference: GCA 9122

To appear in: Geochimica et Cosmochimica Acta

Received Date: 3 July 2014

Accepted Date: 27 January 2015

Please cite this article as: Davis, A.M., Richter, F.M., Mendybaev, R.A., Janney, P.E., Wadhwa, M., McKeegan,

K.D., Isotopic mass fractionation laws for magnesium and their effects on 26Al-26Mg systematics in solar system

materials, Geochimica et Cosmochimica Acta (2015), doi: http://dx.doi.org/10.1016/j.gca.2015.01.034

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers

we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and

review of the resulting proof before it is published in its final form. Please note that during the production process

errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

http://dx.doi.org/10.1016/j.gca.2015.01.034
http://dx.doi.org/http://dx.doi.org/10.1016/j.gca.2015.01.034


  

 1

Isotopic mass fractionation laws for magnesium and their effects 1 

on 26Al-26Mg systematics in solar system materials 2 

Andrew M. Davis1,2,3, Frank M. Richter1,3, Ruslan A. Mendybaev1,3, Philip E. Janney1,4,* , 3 
Meenakshi Wadhwa1,4,§ , and Kevin D. McKeegan5 4 

1Chicago Center for Cosmochemistry, 2Enrico Fermi Institute, 3Department of the Geophysical 5 
Sciences, The University of Chicago, Chicago, Il 60637 (a-davis@uchicago.edu) 6 

4Department of Geology, The Field Museum, Chicago, IL 60605. 7 
5Department of Earth and Space Sciences, University of California, Los Angeles, CA 90095 8 

*Present address: Department of Geological Sciences, University of Cape Town, Rondebosch 9 
7701, South Africa. 10 

§Present address: Center for Meteorite Studies, School of Earth and Space Exploration, Arizona 11 
State University, Tempe, AZ 85287 12 

 13 

ABSTRACT 14 

Magnesium isotope ratios are known to vary in solar system objects due to the effects of 26Al 15 
decay to 26Mg and mass dependent fractionation, but anomalies of nucleosynthetic origin must 16 
also be considered. In order to infer the amount of enhancement of 26Mg/24Mg due to 26Al decay 17 
or to resolve small nucleogenetic anomalies, the exact relationship between 26Mg/24Mg and 18 
25Mg/24Mg ratios due to mass-dependent fractionation, the mass-fractionation “law”, must be 19 
accurately known so that the 25Mg/24Mg ratio can be used to correct the 26Mg/24Mg ratio for mass 20 
fractionation. Mass-dependent fractionation in mass spectrometers is reasonably well character-21 
ized, but not necessarily fully understood. It follows a simple power fractionation law, some-22 
times referred to as the “exponential law”. In contrast, mass fractionation in nature, in particular 23 
that due to high temperature evaporation that likely caused the relatively large effects observed 24 
in calcium-, aluminum-rich inclusions (CAIs), is reasonably well understood, but mass-25 
fractionation laws for magnesium have not been explored in detail. The magnesium isotopic 26 
compositions of CAI-like evaporation residues produced in a vacuum furnace indicate that the 27 
slope on a log 25Mg/24Mg vs. log 26Mg/24Mg plot is ~0.5128, and different from those predicted 28 
by any of the commonly used mass-fractionation laws. Evaporation experiments on forsterite-29 
rich bulk compositions give exactly the same slope, indicating that the measured mass-30 
fractionation law for evaporation of magnesium is applicable to a wide range of bulk composi-31 
tions. We discuss mass-fractionation laws and the implications of the measured fractionation be-32 
havior of magnesium isotopes for 26Al-26Mg chronology. 33 

1. INTRODUCTION 34 

Excess 26Mg from the decay of 26Al was discovered in 1976, by thermal ionization mass 35 
spectrometry (TIMS) of mineral separates from a calcium-, aluminum-rich inclusion from the 36 
Allende CV3 chondrite (Lee et al., 1976). Since that time, the 26Al-26Mg system has been of 37 
great interest because of its potential for precise early solar system chronology. Until the 21st 38 
century, all of the data were generated by secondary ion mass spectrometry (SIMS) or TIMS us-39 
ing single-collector instruments; the data that most precisely defined the early solar system 40 
26Al/27Al ratio were largely based on SIMS analyses of CAI minerals with high Al/Mg ratios. 41 

These studies established a “canonical” value of ~5×10–5 for the solar system (see review by 42 
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MacPherson et al., 1995). In the last decade, multicollector inductively coupled plasma mass 43 
spectrometry (MC-ICPMS) and multicollector secondary ion mass spectrometry (MC-SIMS) 44 
have made possible much higher precision magnesium isotopic analyses that provide chronolog-45 
ically useful data on low-Al/Mg phases in CAIs and in chondrules, and now allow study of the 46 
evolution of initial 26Mg/24Mg ratios (e.g., Villeneuve et al., 2009; MacPherson et al., 2012; 47 
Mishra and Chaussidon, 2014; see Davis and McKeegan, 2014, for a review).  48 

Magnesium has three isotopes, 24, 25 and 26, which were apparently very well mixed in ear-49 
ly solar system materials. Mass-independent isotopic anomalies can be difficult to recognize in 50 
magnesium, because of the decay of 26Al. Except for demonstrably presolar grains (Zinner, 51 
2014), there are no objects reported with large 26Mg excesses unsupported by high Al/Mg ratios, 52 
but there are some CAIs with 26Mg deficits of up to 5 ‰ that appear to be unrelated to the 26Al-53 
26Mg system. Such anomalies have been found only in rare platy crystals of hibonite in CM 54 
chondrites (Ireland et al., 1991; Liu et al., 2009), the FUN inclusion EK1-4-1 (Wasserburg et al., 55 
1977), and possibly the CAI Egg-3 (Wasserburg et al., 2012; see below). Magnesium isotope 56 
anomalies were reported in several other FUN inclusions, but these are likely the result of appli-57 
cation of inappropriate mass fractionation laws; we address this issue below. Thus, it is generally 58 
considered that magnesium isotope ratios in normal solar system objects vary only due to the ef-59 
fects of 26Al decay to 26Mg and mass-dependent fractionation. In order to infer the amount of en-60 
hancement of 26Mg/24Mg due to 26Al decay, the exact relationship between 26Mg/24Mg and 61 
25Mg/24Mg ratios due to mass-dependent fractionation must be known so that the 25Mg/24Mg ra-62 
tio can be used to correct the 26Mg/24Mg ratio for mass fractionation. 63 

Mass-dependent fractionation can occur: (1) in nature; (2) during elemental separation and 64 
purification from synthetic and natural materials for isotopic analysis; and (3) in mass spec-65 
trometers. It is the first process that we are concerned with here. We cannot unambiguously 66 
prove how CAIs came to have mass-fractionated magnesium. However, the fact that the magne-67 
sium isotopic compositions of large igneous CAIs from CV chondrites are almost always heavy 68 
and, when silicon is measured, correlated with heavy silicon isotopic compositions (Clayton et 69 
al., 1988; Shahar and Young, 2007; Grossman et al., 2008; Larsen et al., 2011; Kita et al., 2012; 70 
MacPherson et al., 2012; Wasserburg et al., 2012; Bullock et al., 2013) is a strong indication that 71 
the process involved evaporation from a melt (Davis et al., 1990). Evaporation residues similarly 72 
enriched in the heavy isotopes of magnesium and silicon have been produced in laboratory ex-73 
periments where CAI-like liquids were evaporated (Richter et al., 2002, 2007; Knight et al., 74 
2009b; Mendybaev et al., 2013). Mass fractionation can also occur when magnesium is incom-75 
pletely collected from ion exchange columns during chemical separation and purification, but 76 
most workers go to great lengths to prevent this effect. Mass spectrometers typically mass-77 
fractionate magnesium (and other elements) relative to their true composition. Instrumental mass 78 
fractionation is especially prominent in ICPMS instruments, where effects for magnesium are 79 
typically 80–100 ‰ amu–1. However, during solution ICPMS, samples and standards are all pre-80 
sent in the same purified chemical form and instrumental mass fractionation is normalized away 81 
by sample-standard bracketing. In SIMS, mass fractionation can occur during sputtering and 82 
within the mass spectrometer; in laser ablation ICPMS, mass fractionation can occur during laser 83 
ablation and transport into the plasma torch, in addition to the fractionation within the ICP mass 84 
spectrometer. However, in both in situ techniques, mineral standards of similar chemical compo-85 
sition and known magnesium isotopic compositions are analyzed under the same experimental 86 
conditions as the samples, thereby normalizing the measured isotopic compositions and correct-87 
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ing the instrumental mass fractionation. Although this method of “sample-standard bracketing” is 88 
not as well controlled as that practiced in solution ICPMS measurements, nevertheless when 89 
standards are run frequently, high reproducibility can result in high precision MC-SIMS and LA-90 
MC-ICPMS measurements. 91 

There has been a great deal of attention paid to isotopic fractionation effects in mass spec-92 
trometers, initially in TIMS, and later in MC-ICPMS and MC-SIMS, and a number of different 93 
fractionation “laws” have been derived (e.g., Schramm et al., 1970; Russell et al., 1978; Esat, 94 
1984; Hart and Zindler, 1989; Habfast, 1998; Maréchal et al., 1999; Albarède et al., 2004; 95 
Albarède and Beard, 2004; Villeneuve et al., 2009; Bizzarro et al., 2011; Luu et al., 2013). Less 96 
attention has been paid to the fractionation laws appropriate in nature, with the exceptions of the 97 
Young et al. (2002) exploration of kinetic and equilibrium laws, and of measurements of calcium 98 
and titanium fractionation during evaporation (Zhang et al., 2014). Coarse-grained igneous CAIs, 99 
where most 26Al-26Mg studies are done, typically have mass-fractionation effects of a few ‰ 100 
amu–1 and a subset of these, the so-called FUN inclusions (named for their Fractionation and Un-101 
identified Nuclear isotopic effects, Wasserburg et al., 1977), can have effects of a few tens of ‰ 102 
amu–1. It is thought that these fractionation effects are caused by the kinetic isotope effect operat-103 
ing during high temperature evaporation of CAI precursors (e.g., Clayton et al., 1984; Grossman 104 
et al., 2000). Given the high precision currently achievable in magnesium isotope measurements, 105 
the law used to correct CAI data for natural mass fractionation effects can significantly affect the 106 
inferred amount of radiogenic 26Mg, especially in cases where the degree of mass fractionation is 107 
large and/or the Al/Mg in the phase analyzed is relatively low. A variety of fractionation laws 108 
have been used to correct magnesium isotopic data. We review these laws, determine the law 109 
appropriate for magnesium from laboratory evaporation of melts of CAI composition, and exam-110 
ine the consequences for 26Al-26Mg chronology and for magnesium isotope anomalies in FUN 111 
CAIs. 112 

2. MASS-FRACTIONATION LAWS 113 

Mass-fractionation laws have been of considerable interest to analysts for many years, be-114 
cause the isotope ratios measured in mass spectrometers almost always differ from the true rati-115 
os. As there are a number of mass-fractionating processes that can occur in mass spectrometers 116 
(such as evaporation from a TIMS filament, diffusion within the residue on the TIMS filament, a 117 
variety of effects related to the interface between the 1 atm argon plasma source and the high 118 
vacuum of ICP mass spectrometers (Andrén et al., 2004), ionization during sputtering in SIMS, 119 
occultation of ion beams on slits within mass spectrometers, etc.), the primary approach has been 120 
to fit simple mathematical functions to data on standards for which there are variations in mass-121 
dependent fractionation with time or with instrumental conditions. The laws that have been used 122 
to describe mass spectrometer behavior are typically not meant to convey physical understand-123 
ing; instead, they are intended to provide a simple algorithm by which mass spectrometer data 124 
can be corrected for instrumental fractionation effects. The most widely used such law is the ex-125 
ponential law, which Russell et al. (1978) found best explained variations in calcium isotopic 126 
composition measured on standards in a TIMS, but a number of other laws have been proposed 127 
and used. Mass-fractionation laws governing magnesium isotopic fractionation in nature have 128 
been considered and relationships for equilibrium and kinetic fractionation have been proposed 129 
(Young et al., 2002; Young and Galy, 2004). 130 

https://www.researchgate.net/publication/236161600_The_Isotope_Geochemistry_and_Cosmochemistry_of_Magnesium?el=1_x_8&enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ==
https://www.researchgate.net/publication/222828491_Kinetic_and_equilibrium_mass-dependent_isotope_fractionation_laws_in_Nature_and_their_geochemical_and_cosmochemical_significance?el=1_x_8&enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ==
https://www.researchgate.net/publication/255745946_Sources_of_mass_bias_and_isotope_ratio_variation_in_multi-collector_ICP-MS_Optimization_of_instrumental_parameters_based_on_experimental_observations?el=1_x_8&enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ==
https://www.researchgate.net/publication/222227173_Ca_isotope_fractionation_on_the_Earth_and_other_Solar_System_materials?el=1_x_8&enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ==
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The exact masses of the three stable magnesium isotopes are 23.985041698 ± 0.000000014, 131 

24.985836976 ± 0.000000050, and 25.982592968 ± 0.000000031 amu on the 12C ≡ 12 scale 132 

(Wang et al., 2012; note that the rounded version of the data table is found in this reference and 133 
the full, unrounded version can be found at http://amdc.impcas.ac.cn). These are atomic masses, 134 
and singly charged ions would differ in mass from these values by the mass of the electron 135 
(0.00055 amu). Such small mass differences do not matter when comparing mass fractionation 136 
processes in mass spectrometers, where singly charged ions are used, and nature, where neutral 137 
atoms predominate. However the differences between the exact masses and integer mass num-138 
bers do matter, at least to 0.001 amu, when dealing with fractionation laws at the precision cur-139 
rently attainable for magnesium isotopic measurements. 140 

It is common to express magnesium isotope ratios using the familiar delta notation, 141 

 δ 25 Mg =

25 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
samp

25 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
std

−1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

×1000; (1) 142 

δ26Mg is similarly defined. Bizzarro et al. (2011) and subsequent papers from that group report 143 

µ25Mg and µ26Mg values, which are defined similarly to δ25Mg and δ26Mg, but the last factor is 144 

106 rather than 1000. The standard now used in most ICPMS laboratories is DSM3, a solution 145 
made from pure magnesium from the Dead Sea Magnesium Company (Galy et al., 2003) that is 146 
close to average inner solar system magnesium isotopic composition. Several studies based on 147 
large numbers of chondrites and ocean island basalts, midocean ridge basalts, and mantle 148 
peridotites (Handler et al., 2009; Teng et al., 2010; Bourdon et al., 2010) have shown that the 149 
bulk silicate Earth has chondritic magnesium isotopic composition. All of these studies give 150 
compositions within error of one another; as an example, the DSM3-normalized values given by 151 

Teng et al. (2010) are δ25Mg = –0.13±0.04‰ and δ26Mg = –0.25±0.07‰ for the bulk silicate 152 

Earth and δ25Mg = –0.15 ±0.04‰ and δ26Mg = –0.28±0.06‰ for chondrites. A study by 153 

Chakrabarti and Jacobsen (2010) also shows that the bulk silicate Earth has chondritic magnesi-154 
um isotopic composition, but the values they report for both the Earth and chondrites are 155 
isotopically lighter than those of other recent studies by 0.16 ‰ amu–1. For SIMS, natural, 156 
unzoned minerals and glasses from high temperature terrestrial rocks are used and assumed to be 157 
of the same isotopic composition as the bulk silicate Earth and chondrites. 158 

On three-isotope plots of δ25Mg vs. δ26Mg, mass-fractionation laws that depend linearly on 159 

mass difference, as well as mixtures between any pair of compositions, form straight lines. How-160 
ever, many mass-dependent isotopic fractionation processes operate in an exponential manner 161 

and therefore result in curves on a δ25Mg vs. δ26Mg plot. Hulston and Thode (1965) proposed the 162 

use of a three-isotope plot in which the logarithms of isotope ratios are plotted against one anoth-163 

er. They introduced the δ´ notation, which was adopted by Young et al. (2002) and Young and 164 

Galy (2004) for magnesium isotopes and is now widely used: 165 

https://www.researchgate.net/publication/222908062_Chondritic_Mg_isotope_composition_of_the_Earth?el=1_x_8&enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ==
https://www.researchgate.net/publication/229398712_Magnesium_stable_isotope_composition_of_Earth's_upper_mantle?el=1_x_8&enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ==


  

 5

 δ 25 M ′g = 1000 × ln

25 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
samp

25 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
std

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

. (2) 166 

δ26Mg´ is similarly defined. It is easy to convert δ´ and δ values back and forth: 167 

 δ 25M ′g = 1000 × ln
δ 25Mg

1000
+1

⎛

⎝⎜
⎞

⎠⎟
 (3) 168 

or 169 

 

 

δ 25 Mg = 1000 × e
δ 25 M ′g

1000 −1
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

. (4) 170 

δ- and δ´-values are very close to one another for small δ values. Exponential processes, includ-171 

ing exponential, kinetic, equilibrium, and power fractionation laws, as well as Rayleigh fraction-172 

ation, plot as straight lines on δ25Mg´ vs. δ26Mg´ plots, whereas linear fractionation laws and 173 

two-component mixtures lie along curves. 174 

Whether plotted on δ25Mg vs. δ26Mg or δ25Mg´ vs. δ26Mg´ plots, all mass fractionation laws 175 

lie along approximately linear arrays with a slope of about one-half (Fig. 1). It is difficult to dis-176 
tinguish the various laws on such plots, so it is useful to choose one law as a standard of refer-177 

ence and plot differences in δ26Mg or δ26Mg´ between each law and the reference law vs. δ25Mg´ 178 

(or δ25Mg).  179 

The most commonly used fractionation correction for high-precision analyses is the “expo-180 
nential” law first proposed by Russell et al. (1978) Hart and Zindler (1989). This was the simple 181 
mathematical form that best described variations in isotopic composition from repeated meas-182 
urements of a calcium standard with a TIMS as calcium evaporated from the filament (Russell et 183 
al., 1978; Hart and Zindler, 1989). This law was also found to adequately describe the behavior 184 
of sulfur (Papineau et al., 2005), calcium (Lundberg et al., 1994), and titanium (Fahey et al., 185 
1987a) by SIMS. For magnesium, the exponential law is expressed as, 186 

 

25Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
samp

25Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
std

=
m25

m24

⎛

⎝⎜
⎞

⎠⎟

φ

 (5) 187 

and δ26Mg*, which is the δ26Mg value corrected for mass fractionation, is given by 188 
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 δ 26 Mg* =

26 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
samp

m26

m24

⎛
⎝⎜

⎞
⎠⎟

−φ

26 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
std

−1

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥

×1000 , (6) 189 

where the constants m24, m25 and m26 are the exact masses of the magnesium isotopes. The pa-190 

rameter ϕ (called β in Russell et al., 1978, but renamed to avoid confusion as β is used later for 191 

another purpose in this paper) was calculated from Eq. 5 and applied to Eq. 6. On a plot of 192 

δ25Mg´ vs. δ26Mg´ (Fig. 1), the ϕ values are specific to individual points on a line whose slope is 193 

given by ln(m25/m24)/ln(m26/m24) = 0.51101. This law is widely used in TIMS and MC-ICPMS 194 
and is frequently built into the manufacturer’s data collection software. For CAI magnesium iso-195 
topic data, it is commonly used to correct for natural mass fractionation effects (e.g., Bizzarro et 196 
al., 2004; Jacobsen et al., 2008; Larsen et al., 2011). It should be emphasized that the exponential 197 
law has no theoretical basis; it is a simple mathematical function that, perhaps fortuitously, does 198 
a good job of describing the mass fractionation that occurs in many mass spectrometers. It also 199 
turns out that a perhaps oversimplified model of kinetic isotope fractionation gives the same 200 
mathematical relationship (Young et al., 2002; see below). 201 

Since the exponential law is so widely used, we have chosen to take it as the standard of ref-202 

erence to compare with other fractionation laws. In Fig. 2, the differences between δ26Mg calcu-203 

lated from various laws and δ26Mg calculated from the exponential law are plotted vs. δ25Mg. 204 

The first paper reporting high-precision measurements of magnesium isotopic compositions 205 
of extraterrestrial materials, Schramm et al. (1970), made use of the following law to correct for 206 
mass fractionation: 207 

 
25Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
true

=

25Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
meas

1− ε
 (7) 208 

and 209 

  
26 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
true

=

26 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
meas

1− ε( )2
, (8) 210 

with δ26Mg* calculated from (26Mg/24Mg)true and substituting the Catanzaro et al. (1966) value 211 

for terrestrial 25Mg/24Mg for (25Mg/24Mg)true. This law gives a slope of 0.5000 on a plot of 212 

δ25Mg´ vs. δ26Mg´ (Fig. 1) and gives δ26Mg* values that are higher than those given by the ex-213 

ponential law by ~0.044 ‰ per 1 ‰ of δ25Mg (Fig. 2). This law was used by the Caltech group 214 

until the late 1970s (e.g., Lee and Papanastassiou, 1974; Lee et al., 1976; Wasserburg et al., 215 
1977; Esat et al., 1978; Esat et al., 1979). Within the precision of the measurements, this law was 216 
adequate for normal CAIs, but may be problematic for FUN CAIs with large mass-fractionation 217 
effects (see below). Interestingly, Bizzarro et al. (2011) found that drift of magnesium isotopic 218 
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data on DSM3 within analytical sessions on their MC-ICPMS lies along a line of slope 219 

0.5001±0.0012 on a plot of δ25Mg´ vs. δ26Mg´, which is quite close to the ’70s Caltech law. 220 

Russell et al. (1978) introduced a slightly different law they called the “power” law, which 221 
was more simply expressed by Esat (1984) and Hart and Zindler (1989). This law does not fit 222 
TIMS data for calcium isotopes well, but is among the mass-fractionation laws commonly dis-223 
cussed. Stated for magnesium, it is 224 

 

26 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
true

26 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
meas

=

25 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
true

25 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
meas

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

m26−m24

m25−m24

. (9) 225 

This law gives a slope of (m25–m24)/(m26–m24) = 0.50101 on a plot of δ25Mg´ vs. δ26Mg´ (Fig. 1) 226 

and gives δ26Mg* values that are higher than those given by the exponential law by ~0.040 ‰ 227 

per 1 ‰ of δ25Mg (Fig. 2). Note that for the power law, use of integer mass numbers of the mag-228 

nesium isotopes (rather than exact masses), gives β = 0.50000, the slope obtained in Eqs. 7 and 8 229 
and used in ’70s Caltech law. 230 

The simplest law used for correction of mass fractionation data is the “linear” law: 231 

 δ 26 Mg* = δ 26 Mgmeas − δ 25Mgmeas / 0.5. (10) 232 

This law was commonly used for SIMS data on high Al/Mg phases prior to the high precision 233 

era. For typical precision of 1–2 ‰ and δ25Mg ≤ 70 ‰ (even FUN CAIs have δ25Mg ≤ 35 ‰), 234 

this law is not significantly different from the exponential law (Fig. 2). At low values of δ25Mg, 235 

it gives results quite close to the power law, but it curves towards the exponential fractionation 236 

law, eventually crossing it at δ25Mg = 47 ‰. Hutcheon (1982) expressed the linear fractionation 237 

law in a different way: 238 

 
26 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
corr

=
26 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
meas

+ 1

0.454

25Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
std

−
25Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
meas

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
, (11) 239 

where “corr” indicates the fractionation-corrected ratio, “meas” indicates ratios measured on un-240 
known samples, and “std” indicates the terrestrial 25Mg/24Mg ratio, 0.12663 (Catanzaro et al., 241 
1966). Although Hutcheon (1982) determined the slope of 0.454 from a plot of 25Mg/24Mg vs. 242 
26Mg/24Mg for terrestrial standards measured by SIMS, this slope corresponds to a slope of ex-243 

actly 0.5 on a plot of δ25Mg vs. δ26Mg. 244 

Closely related laws, 245 

 δ 26 Mg* = δ 26 Mgmeas − δ 25Mgmeas / θ, (12) 246 

have been applied to MC-ICPMS data, where θ is the slope for a variety of measurements of ter-247 

restrial samples on a δ25Mg vs. δ26Mg plot, with θ = 0.5163 (Galy et al., 2000) and θ = 0.5189 248 

(Galy et al., 2004). The latter value gives a fractionation law that is quite close to equilibrium 249 
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fractionation (see below; Fig. 2) for low values of δ25Mg, which is perhaps not surprising for ter-250 

restrial samples, but curves away from other laws sharply with higher δ25Mg.  251 

Young et al. (2002) and Young and Galy (2004) have discussed equilibrium and kinetic mass 252 
dependent isotopic fractionation laws for magnesium. Fractionation factors for the magnesium 253 
isotopes can be defined: 254 

 κ25/24 =

25 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
a

25Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
b

  and κ26/24 =

26 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
a

26 Mg
24 Mg

⎛

⎝⎜
⎞

⎠⎟
b

, (13a,b) 255 

where a and b refer to different phases or conditions. An equilibrium isotopic fractionation law 256 
has been derived for sulfur (Huston and Thode, 1965) and oxygen (Matsuhisa et al., 1978). 257 
Young et al. (2002) gave an expression for equilibrium fractionation, which Young and Galy 258 
(2004) used for equilibrium fractionation of magnesium isotopes: 259 

 
lnκ25/24

lnκ26/24

=

1
m24

− 1
m25

⎛
⎝⎜

⎞
⎠⎟

1
m24

− 1
m26

⎛
⎝⎜

⎞
⎠⎟

 

 

, (14) 260 

where m24, m25 and m26 are the exact masses of the magnesium isotopes. Young and Galy (2004) 261 
rearranged this expression to give 262 

 κ25/24 = κ26/24
β , (15) 263 

where 264 

 β =

1
m24

− 1
m25

⎛
⎝⎜

⎞
⎠⎟

1
m24

− 1
m26

⎛
⎝⎜

⎞
⎠⎟

. (16) 265 

This equation for equilibrium isotopic fractionation gives a slope of β = 0.52100 on a plot of 266 

δ25Mg′ vs. δ26Mg′ (Fig. 1) and gives δ26Mg* values that are higher than those given by the ex-267 

ponential law by ~0.038 ‰ per 1 ‰ of δ25Mg (Fig. 2). 268 

Young et al. (2002) also proposed an expression for kinetic isotope fractionation, for which 269 

 β =
ln

m24

m25

⎛
⎝⎜

⎞
⎠⎟

ln
m24

m26

⎛
⎝⎜

⎞
⎠⎟

 (17) 270 

is used in Eq. 15. Equation 17 is exactly the same as the one used to calculate the slope of the 271 

exponential law on a plot of δ25Mg′ vs. δ26Mg′. In the case of kinetic fractionation, use of the 272 
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exact masses of the magnesium isotopes may represent the maximum value of β, because molec-273 

ular masses should be used for transport processes involving molecules. However, reduced 274 
masses should be used for cases where the rate-limiting step involves vibrations in a condensed 275 

phase. Since reduced masses are always lower than atomic masses, this would increase β above 276 

the value calculated from atomic masses. Using the masses of the magnesium isotopes, since sil-277 
icate melts evaporate magnesium as Mg atoms (Nichols et al., 1995; Wang et al., 1999, 2001), 278 

the Young and Galy (2004) kinetic law gives a slope of β = 0.51101 on a plot of δ25Mg′ vs. 279 

δ26Mg′, exactly the same as the exponential law. Using molecular or reduced masses would give 280 

lower and higher values of the slope, respectively. Young et al. (2002) stated that the kinetic and 281 
equilibrium laws gave slopes of 0.510 and 0.520. These values are 0.001 lower than the values 282 
we give, because they used the mass numbers, A, of the magnesium isotopes, rather than the ex-283 
act masses. Bizzarro et al. (2011) wrote that the kinetic law can be expressed as a form of Eq. 12, 284 

 μ 26 Mg* = μ 26 Mg − μ 25 Mg / 0.511  (their Eq. 3), (18) 285 
but this is obviously incorrect and it is clear from subsequent publications that they did not use 286 
this law. Luu et al. (2013) wrote a similar equation early in their paper but used a correct equa-287 
tion later in their paper. 288 

Evaporation of silicate and CAI-like melts yields data that are well described by the Rayleigh 289 
fractionation law (e.g., Davis et al., 1990; Wang et al., 2001; Richter et al., 2002; Richter et al., 290 
2007; Mendybaev et al., 2013). This law applies to situations where the residue is continuously 291 
well mixed during evaporation and recondensation is negligible. Such a situation can be achieved 292 
in a well-designed laboratory experiment. Rayleigh fractionation also applies in nature, where 293 
many CAIs appear to have experienced evaporative mass loss while molten (Grossman et al., 294 
2000; Richter et al., 2002; Richter et al., 2007; Grossman et al., 2008) under conditions where 295 
the surrounding gas pressure was sufficiently low such that recondensation was negligible and 296 
where diffusion in the melt was sufficiently fast to keep the residue effectively homogeneous. 297 

The following form of the Rayleigh equation describes fractionation of a pair of isotopes: 298 

 
Rij

Rij,0

=
N j

N j,0

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

αij−1

 

 

, (19) 299 

where species i is 25Mg or 26Mg, species j is 24Mg, Rij = 25Mg/24Mg or 26Mg/24Mg, Rij,0 is the 300 
same ratio initially present, Nj is the amount of 24Mg remaining, Nj,0 is the amount of 24Mg ini-301 

tially present, and αij is the ratio of the fluxes of the two isotopes away from the surface (see 302 

Richter, 2004, for a derivation and discussion of the conditions required for this equation to be 303 

applied to evaporation residues). The kinetic isotope fractionation factor αij is given by 304 

γ i / γ j( ) m j / mi
, where γi and γj are the sticking coefficients of each isotope, a measure of the 305 

kinetic hindrance of evaporation, and mi and mj are the masses of the dominant gas species that 306 
would be in equilibrium with the melt, which in the case of magnesium are Mg atoms (Wang et 307 
al., 1999; Grossman et al., 2000). It has often been assumed that the kinetic hindrance of evapo-308 

ration is the same for all isotopes of an element, so γi = γj and α ij = m j / mi
  (e.g., Grossman et 309 

al., 2000, 2002). In their review of the 26Al-26Mg record in the solar system, MacPherson et al. 310 
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(1995) discussed fractionation laws as applied to magnesium, noted the inadequacy of the linear 311 
fractionation law commonly used at that time, and suggested that since Rayleigh fractionation of 312 
Mg atoms described fractionations in FUN inclusions fairly well, this law should be used to cor-313 

rect CAI data. We use the term “ideal” Rayleigh law, where αij is calculated from the exact 314 

masses of the magnesium isotopes and equal sticking coefficients are assumed for all isotopes, γi 315 

= γj. The ideal Rayleigh law gives a slope of β = 0.51600 on a plot of δ25Mg´ vs. δ26Mg´ (Fig. 1) 316 

and gives δ26Mg* values that are higher than those given by the exponential law by ~0.019 ‰ 317 

per 1 ‰ of δ25Mg (Fig. 2).  318 

As Richter et al. (2002, 2007) and Knight et al. (2009) have shown, the ideal Rayleigh law 319 
does not accurately describe the mass fractionation behavior during evaporation of CAI melts, at 320 

least for magnesium and silicon, because the measured αij values are closer to 1 than is predicted 321 

by the ideal Rayleigh law. We now explore the consequences of measured αij values for the mass 322 

fractionation law. Rather than γ i / γ j( ) m j / mi
, as above, the flux ratios αij can be expressed as 323 

functions of the mass ratios of the isotopes, 324 

 α ij =
m j

mi

⎛

⎝
⎜

⎞

⎠
⎟

ξ

,

 

 (20) 325 

in order to take into account any differences in the kinetic hindrances γi among the isotopes. If 326 

we write Eq. 20 for the 25Mg/24Mg and 26Mg/24Mg ratios, take the natural logarithm of each, and 327 
divide the expression for 25Mg/24Mg by the one for 26Mg/24Mg, we come up with the following 328 

expression for the slope of the δ25Mg´ vs. δ26Mg´ plot, 329 

  
δ 25 M ′g

δ 26 M ′g
=

α25,24 −1

α26,24 −1
=

m24

m25

⎛
⎝⎜

⎞
⎠⎟

ξ

−1

m24

m26

⎛
⎝⎜

⎞
⎠⎟

ξ

−1.

 (21) 330 

By parameterizing αij in this way, we are assuming that the sticking coefficients γi are different 331 

for different isotopes and that they are related to one another by some power of the ratio of iso-332 

tope masses. For the ideal Rayleigh law, ξ = 0.5, and the slope on the δ25Mg´ vs. δ26Mg´ plot is 333 

0.51600, as above. However, Richter et al. (2007) measured α25,24 values as a function of tem-334 

perature over the range 1600–1900°C and extrapolated to the value expected for CAI evapora-335 

tion, near the liquidus at ~1400°C. Using their average α25,24 value over all experiments, 336 

0.98704±0.00025, we calculate a ξ value of 0.316 and predict that the slope (β) on the δ25Mg´ vs. 337 

δ26Mg´ plot will be 0.51420±0.00006. Using their extrapolated value (0.99100) for an assumed 338 

CAI evaporation temperature of 1400°C, we predict a β value of 0.51322. 339 
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Maréchal et al. (1999) describe a generalized power law as a convenient way to represent a 340 
number of exponential-type fractionation laws; Wombacher and Rehkämper (2003) explicitly 341 

give the value for β in Eq. 15 for various laws. For magnesium, the value of β is given by 342 

 β =
m24

n − m25
n

m24
n − m26

n
, (22) 343 

where the m values are the exact masses of the magnesium isotopes. For the equilibrium law, n = 344 
–1 (β = 0.52100; see Eq. 16); for the power law, n = 1 (β = 0.50101; see the exponent in Eq. 9); 345 
the kinetic or exponential law is approached as n approaches 0 and a value of n = 10–6 (β = 346 
0.51101) effectively represents this law; and the ideal Rayleigh law corresponds to n = –0.5 (β = 347 

0.51600; rearrange the right side of Eq. 21 with ξ = 0.5). Note that for the power law, with n = 1 348 

and integer mass numbers of the magnesium isotopes (rather than exact masses), β = 0.50000, 349 
the slope obtained in Eqs. 7 and 8 and used in ‘70s Caltech law. 350 

The different fractionation laws are compared in Fig. 2, where deviations from the exponen-351 

tial law are plotted vs. δ25Mg. Note that all of the power-type laws give lines that are very slight-352 

ly curved, because differences in δ26Mg (not δ26Mg′) are plotted vs. δ25Mg (not δ25Mg′). It can 353 

be seen that for typical δ25Mg values for CAIs of 5–10 ‰, the different laws will give δ26Mg* 354 

values that differ by of several tenths of a ‰, variations that are significantly larger than the cur-355 
rently achievable precision of a few thousandths of a ‰ (e.g., Villeneuve et al., 2009; Bizzarro et 356 
al., 2011; Larsen et al., 2011; Olsen et al., 2013), which makes application of the most accurate 357 
and appropriate fractionation law all the more critical. As we will see in the next section, magne-358 
sium isotopic fractionation of residues from vacuum evaporation of melts of CAI composition is 359 
best described by a measured Rayleigh fractionation law that does not match any of the laws dis-360 
cussed above. 361 

3. EXPERIMENTS 362 

Richter et al. (2007) reported results of a series of vacuum evaporation experiments on melts 363 
of Type B CAI bulk composition that determined the relationship between degree of magnesium 364 
loss and magnesium isotopic composition. We will use data from the same experiments to exam-365 
ine mass fractionation laws. Magnesium isotopic compositions were measured by solution MC-366 

ICPMS. Richter et al. (2007) only reported data for δ25Mg; we report δ26Mg and compare the 367 

results with the fractionation laws discussed above. Davis et al. (2005) examined mass fractiona-368 
tion laws using preliminary data. The data reported here are more complete, but do not alter the 369 
main conclusion that the observed fractionation effects can be described by the generalized pow-370 
er law with a fractionation behavior intermediate between those that have been suggested as rep-371 
resenting kinetic and equilibrium fractionation laws and different from the ideal Rayleigh law. 372 

In the experiments of Richter et al. (2007), samples with an initial bulk composition of 11.5 373 
wt% MgO, 46.0 wt% SiO2, 19.4 wt% Al2O3 and 23.1 wt% CaO were evaporated in a vacuum 374 
furnace at temperatures of 1600 to 1900°C for a variety of run times that led to magnesium loss-375 
es of ~0 to ~99 %. The starting composition is similar to that expected if Type B CAIs typical of 376 
CV chondrites had lost a few tens of percent of their initial MgO and SiO2 contents. Each residue 377 
quenched to a glass and was split. Half was mounted in epoxy and polished and the chemical 378 
composition was measured by energy-dispersive x-ray microanalysis with a scanning electron 379 
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microscope and the other half was crushed, dissolved in HF-HNO3, and purified by cation ex-380 
change chromatography (Richter et al., 2007). Isotopic compositions were measured by sample-381 
standard bracketing by using a Micromass IsoProbe MC-ICPMS at the Field Museum of Natural 382 
History. The running standards for isotopic measurements were the NIST magnesium solution 383 
SRM 980 from 2002 to mid-2004 and DSM3 from mid-2004 through 2006, but we restrict our-384 
selves to the DSM3-normalized data, because of instrument instability problems in earlier data 385 
that are described in detail by Richter et al. (2007). Of the samples reported by Richter et al. 386 
(2007), only one, R2-16, was bracketed with SRM 980, not DSM3. Although there is nothing 387 
anomalous about that sample compared to others in the Richter et al. (2007), we do not include it 388 
in our data set for reasons of consistency. Isotope ratios are reported relative to the isotopic com-389 
position of R-13, a “zero-time” sample that was heated to 1800°C in the vacuum furnace and 390 
immediately quenched to a glass. This sample was determined to have the same chemical com-391 
position as the starting material and to be chemically uniform. The isotopic composition of R-13 392 
was measured in every session where other evaporation residue samples were analyzed.  393 

4. RESULTS 394 

On the DSM3 scale, the magnesium isotopic composition of the zero-time sample, R-13, is 395 

δ25Mg = –1.785 ± 0.014 ‰ and δ26Mg = –3.520 ± 0.026 ‰ (2σ standard error), based on 34 396 

analyses; errors in δ25Mg and δ26Mg are correlated, with a correlation coefficient of 0.754. There 397 

are two ways to normalize data for evaporation residues to those in the starting material, repre-398 
sented by sample R-13: (1) normalize to the average value for R-13 measured on the same day as 399 
the evaporation residue in question, which we refer to “locally” normalized data; and (2) normal-400 
ize to the grand average of all DSM3-normalized data for R-13, which we refer to as “globally” 401 
normalized data. The data reported in Richter et al. (2007) were normalized by the first method, 402 
i.e., locally normalized. We report data normalized by both methods, but use the globally nor-403 

malized data because they show less scatter on a plot of δ25Mg´ vs. δ26Mg´. The external repro-404 

ducibility, based on the standard deviation of 34 measurements of R-13 relative to DSM3 over 405 

the period of the measurements reported here, was 0.17 ‰ for δ25Mg and 0.30 ‰ for δ26Mg (2σ 406 

standard deviation). In their Table 1, Richter et al. (2007) reported the standard error of 3 to 8 407 
measurements on each sample solution bracketed by standards, with the measurements of each 408 
sample made on one or two days. Here, we follow the practice of Knight et al. (2009b) and com-409 
pare the standard error with the external reproducibility divided by the square root of the number 410 

of analyses and report the larger of the two (usually the latter). All uncertainties are 2σ. Table 1 411 

gives δ25Mg and δ26Mg normalized locally and globally to R-13, via 412 

 δ 25MgR13
samp = δ 25MgDSM3

samp + δ 25MgR13
DSM3 + 0.001× δ 25MgDSM3

samp × δ 25MgR13
DSM3   (23) 413 

and similarly for δ 26 MgR13
samp (after Eq. 3 of Young and Galy, 2004). Note that the δ 25MgR13

samp 414 

values are slightly different from the values in Table 1 of Richter et al. (2007), because the last 415 
term of Eq. 23 was not taken into account in that work. The effect is small, in that the data of 416 
Richter et al. (2007) are lower by 0 to 0.09 ‰, and does not affect the conclusions of that work. 417 

The magnesium isotopic data for CAI evaporation residues are shown in Fig. 3, a plot of 418 

δ25Mg´ vs. δ26Mg´. The locally and globally normalized data are indistinguishable on this plot, 419 

but it can be seen that the data plot close to the Rayleigh and exponential fractionation lines and 420 
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are discernibly off the power, equilibrium, and linear fractionation lines. A weighted regression 421 

(IsoPlot Model 1, Ludwig, 2003) of the locally normalized data give a value of β of 422 

0.51332±0.00058 (2σ) with MSWD (mean square weighted deviation) = 1.09; globally normal-423 

ized data gives β = 0.51279±0.00058 with MSWD = 0.48. The comparison with fractionation 424 

laws is easier to see in Fig. 4, a plot of the difference between the measured δ26Mg and that cal-425 

culated from δ25Mg using the exponential law vs. δ25Mg. The globally normalized data show 426 

significantly less scatter than the locally normalized data and are plotted in Fig. 4. We will 427 
henceforth discuss only the globally normalized data. The reason that the uncertainties in the 428 
slopes calculated from IsoPlot are the same for the globally and locally normalized data, is that 429 
they are dominated by the uncertainties in the individual data points, not the scatter in those data 430 
points. This difference is clear in the MSWD values. The globally normalized data are clearly 431 
superior and the low MSWD suggests that uncertainties on individual data points are likely over-432 
estimated. We also tried an orthogonal distance regression of both data sets, which minimizes the 433 
distance of each point orthogonal to the regression line, but does not assume any uncertainty in 434 
the individual data points, nor does it weight them. Using this approach, the locally and globally 435 

normalized data give β values of 0.51343±0.00034 and 0.51288±0.00022, respectively, which 436 

reflect the increased scatter of the locally normalized data. We adopt the IsoPlot Model 1 437 

weighted regression of the globally normalized data, β = 0.51279±0.00058. 438 

The slope for the evaporation experiments based on globally normalized data, 439 
0.51279±0.00058, is slightly lower than the value based on preliminary data, 0.51400±0.00024 440 
(Davis et al., 2005) and the value predicted from the Richter et al. (2007) experiments, above, 441 
0.51420. The uncertainty is also somewhat larger, because Davis et al. (2005) based their uncer-442 
tainties on reproducibility of each sample rather than the overall external reproducibility. The 443 
experimentally determined slope is intermediate between those predicted by the exponential 444 
(0.51101) fractionation laws and the ideal Rayleigh (0.51600) fractionation law and is signifi-445 
cantly different from that predicted by equilibrium mass fractionation (0.52100) (Fig. 4). In 446 
terms of the generalized power law, the best-fit value for the parameter n in Eq. 22 is –0.178 447 
±0.058, calculated for the globally normalized data, is between the values for the exponential 448 
(approaching 0) and the ideal Rayleigh laws (–0.5) and is significantly different from the value 449 
for the equilibrium law (–1). 450 

Richter et al. (2007) showed that αij values are temperature dependent, so by using the pa-451 

rameterization in Eq. 21, we would expect that β values are also temperature dependent. We cal-452 

culated weighted regressions of δ25Mg´ vs. δ26Mg´ for evaporation experiments at each tempera-453 

ture from 1600 to 1900°C. All agree within error, but are permissive of a temperature effect. In 454 
order to be sure of a measurable temperature effect, higher precision isotopic analyses or exper-455 

iments covering a greater range of temperatures are needed. If β values are temperature depend-456 

ent, this adds uncertainty to correction for mass fractionation of data for 26Al-26Mg dating, be-457 
cause one cannot be sure of evaporation temperatures in nature. We expect that normal CAIs 458 
evaporate somewhere near the liquidus temperature of ~1400°C, but FUN inclusions with for-459 
sterite-rich initial compositions could evaporate at 1800–1900°C (Mendybaev et al., 2013). We 460 
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return to this issue later when we compare magnesium isotopic data of FUN evaporation experi-461 
ments of Mendybaev et al. (2013). 462 

Since publication of the preliminary data of Davis et al. (2005), several laboratories have 463 
adopted a power law with an exponent of 0.514. The final measured value given in this work is 464 
close to this value, but more accurate, as it is based on additional data. We recommend that mag-465 
nesium isotopic compositions in CAIs and other extraterrestrial materials where evaporative 466 

mass fractionation has played a role to be corrected using β = 0.5128. We caution that there 467 

could be an evaporation temperature dependence of this β value, but the current data are not suf-468 

ficiently precise to determine the temperature effect. 469 

5. TESTS OF MASS FRACTIONATION LAWS FOR MAGNESIUM 470 

It is rather difficult to find a natural example with which to rigorously test mass fractionation 471 
laws for magnesium. Most phases in CAIs have nonzero Al/Mg ratios, so differences in mass 472 
fractionation laws can be confused by the presence of radiogenic 26Mg. 473 

Fortunately there is one CAI that is appropriate for this test, the unusual forsterite-rich CAI 474 
Vigarano 1623-5, which is a FUN inclusion (Davis et al., 1991; Loss et al., 1994). Vigarano 475 

1623-5 has a bulk δ25Mg of 30.0 ± 1.3 ‰ (Loss et al., 1994) and abundant forsterite; the forster-476 

ite has a 27Al/24Mg ratio of 0.0011 (Davis et al., 1991). If this CAI had the canonical 26Al/27Al 477 

ratio of 5.2×10–5 (Jacobsen et al., 2008), this would have been sufficient to raise the δ26Mg value 478 

of forsterite by a completely negligible 0.0004 ‰ (=0.4 ppm) following forsterite crystallization. 479 
The bulk composition of Vigarano 1623-5 has a 27Al/24Mg ratio of 0.128. Even if the CAI initial-480 
ly had the canonical early solar system 26Al/27Al and crystallized after decay of 26Al, 481 

rehomogenizing its magnesium isotopic composition, forsterite would still have a δ26Mg value 482 

increased by only 0.047 ‰. Thus, because of the high mass fractionation due to evaporative loss 483 
of magnesium and the relative insignificance of radiogenic 26Mg in the forsterite, this CAI pro-484 
vides a rare opportunity to test the mass dependence of the natural “experiment” of evaporation 485 
in the solar nebula. 486 

McKeegan et al. (2005) measured the magnesium isotopic compositions of forsterite and 487 
other phases in Vigarano 1623-5 by MC-SIMS using the UCLA Cameca ims-1270 ion micro-488 
probe with terrestrial olivine, pyroxene and spinel used as standards. The degree of magnesium 489 
isotopic mass fractionation exhibits a significant spread from one forsterite grain to another, like-490 
ly because the CAI started crystallizing while it was still evaporating, a property of many FUN 491 
CAIs (Krot et al., 2008, 2010, 2014). A regression (IsoPlot Model 1, Ludwig, 2003) through only 492 

the forsterite data gives a slope of 0.5125±0.0094 and an intercept of –0.105±0.900 ‰ (2σ; 493 

MSWD = 0.14) on a plot of δ25Mg´ vs. δ26Mg´ (Fig. 3). The low value for MSWD for this fit 494 

indicates that uncertainties are overestimated. This is not surprising, given that uncertainties in 495 

δ25Mg and δ26Mg are correlated. An orthogonal distance regression without weighting the data 496 

(corresponding to IsoPlot Model 2, Ludwig, 2003) gives a slope of 0.5121±0.0036 and an inter-497 

cept of –0.080±0.360 ‰ (2σ). The value of β inferred from Vigarano 1623-5 forsterite is within 498 

uncertainty of the measured value, 0.51279±0.00058, but it is also within error of the exponential 499 

law value of 0.51101. Although the data of McKeegan et al. (2005) have typical 2σ uncertainties 500 

https://www.researchgate.net/publication/230993272_Oxygen_Isotopic_Composition_of_the_Sun_and_Mean_Oxygen_Isotopic_Composition_of_the_Protosolar_Silicate_Dust_Evidence_from_Refractory_Inclusions?el=1_x_8&enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ==
https://www.researchgate.net/publication/252530292_In_Situ_Investigation_of_Mg_Isotope_Compositions_in_a_FUN_Inclusion?el=1_x_8&enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ==
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of 0.18, 0.33, and 0.18 ‰ for δ25Mg, δ26Mg, and δ26Mg*, respectively, higher precision will be 501 

necessary to distinguish between the exponential law and the β = 0.5128 law. 502 

Olsen et al. (2013) measured the magnesium isotopic composition of chondrules from the 503 
Hammadah al Hamra CB chondrite and found variations in µ25Mg covering a range of about 400 504 
ppm. These variations correlate with Al/Mg ratio, consistent with volatility fractionation. Since 505 
this meteorite formed relatively late in solar nebular history, nearly 5 Ma after CAI formation, 506 
Olsen et al. (2013) showed that little variation in µ26Mg* from decay of 26Al should occur over 507 
the range of Al/Mg ratios they measured. They corrected their data using the exponential law and 508 
found a correlation between µ26Mg* and µ25Mg, which they attributed to application of an inap-509 
propriate mass fractionation law to volatility fractionated materials. They found that the variation 510 

in µ26Mg* was minimized with an exponential law with β = 0.5142, which is very close to the 511 

preliminary value of 0.514 reported by Davis et al. (2005); their data would also fit well with β = 512 

0.5128 that we report here. 513 

There is another set of evaporation experiments to compare with. Mendybaev et al. (2013) 514 
evaporated a series of forsterite-rich compositions with the goal of simulating the chemical and 515 
oxygen, magnesium, and silicon isotopic compositions of two FUN CAIs with large natural mass 516 
fractionation effects, Allende C1, and Vigarano 1623-5. They evaporated two compositions, 517 
FUN1, which when evaporated results in chemical composition and magnesium and silicon iso-518 
topic compositions close to those of 1623-5, and FUN2, an initial composition similar in chemi-519 
cal composition to 1623-5, which when evaporated results in chemical composition and magne-520 
sium and silicon isotopic compositions close to those of C1. These compositions are much more 521 
magnesium- and silicon-rich than the CAI compositions we report here. The high liquidus tem-522 
peratures of these melts dictated that all experiments be run at 1900°C. The experiments were 523 
run in the same vacuum furnace as the CAI experiment reported here. Mendybaev et al. (2013) 524 
measured magnesium isotopic compositions by solution MC-ICPMS using the same Micromass 525 
IsoProbe instrument used for the data reported here, but after the instrument had been moved 526 
from the Field Museum to the University of Chicago. They also reported data collected by laser 527 
ablation MC-ICPMS using a Thermo Scientific Neptune instrument at the University of Arizona. 528 
We normalized their solution ICPMS data to their starting composition for plotting in Fig. 4. The 529 

FUN data give a slope in near perfect agreement with the CAI experiments, giving β =0.51276 530 

±0.00064. Their laser ablation data have larger uncertainties and give β = 0.51177±0.00333, 531 

which are in agreement with the other experimental data, but also permissive of the exponential 532 
law (Fig. 4). 533 

6. MASS-FRACTIONATION LAWS AND THE 26Al-26Mg SYSTEM 534 

We have shown that evaporation of CAI-like and forsterite-rich melts produces residues that 535 
display a mass-fractionation law for magnesium that is different from any of the laws commonly 536 

used to correct data for mass fractionation. We now explore the effects of using the β = 0.5128 537 

fractionation law on some notable 26Al-26Mg isochron data published over the last few years. The 538 
key fact is that the mass-fractionation correction depends only on the degree of mass fractiona-539 

tion, δ25Mg, not on the 27Al/24Mg ratio. Most igneous CAIs have uniformly heavy δ25Mg in all 540 

https://www.researchgate.net/publication/257211545_Magnesium_isotope_evidence_for_single_stage_formation_of_CB_chondrules_by_colliding_planetesimals?el=1_x_8&enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ==
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phases in their interiors and δ25Mg values approaching 0 within ~100 µm of their rims (Fahey et 541 

al., 1987b; Simon et al., 2005; Knight et al., 2009a; Bullock et al., 2013), so their bulk composi-542 
tions are dominated by the interior. Thus, the choice of mass fractionation laws affects the 543 

δ26Mg* value of all phases within a single CAI by a similar amount. The end result is that when 544 

data from minerals from a single CAI are plotted on an isochron diagram with δ26Mg* vs. 545 
27Al/24Mg, changing the fractionation law changes the intercept of an internal isochron, but not 546 
the slope. The intercepts of internal isochrons have taken on increasing importance now that ana-547 

lytical techniques allow enough precision to measure the 0.038 ‰ evolution of δ26Mg from the 548 

initial solar system value to the present day value (Villeneuve et al., 2009; Jacobsen et al., 2008; 549 
Larsen et al., 2011), although there are disagreements on the interpretation of small differences 550 

in δ26Mg among solar system materials. On the other hand, several recent investigations (Galy et 551 

al., 2004; Bizzarro et al., 2004, 2005; Young et al., 2005; Thrane et al., 2006; Jacobsen et al., 552 
2008; Larsen et al., 2011) have studied isochrons based on analyses of bulk CAIs. In this case, 553 
the choice of fractionation law can move individual data points up or down on an isochron dia-554 

gram depending on their specific δ25Mg values. In principle, this will change both the slope and 555 

intercept, but the degree to which it will affect the isochron and the goodness-of-fit of the data to 556 
a single isochron will depend on the magnitude of the fractionation differences amongst individ-557 
ual CAIs and the fractionation law used. 558 

The equation governing the 26Al-26Mg system is 559 
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, (24) 560 

where 26Mg/24Mg is the ratio measured today, (26Mg/24Mg)0 is the initial ratio established at the 561 
last time the object was isotopically homogenized, 27Al/24Mg is the ratio measured today, and 562 
(26Al/27Al)0 was the ratio at the last time the object was homogenized. Data are plotted in an 563 
isochron diagram of 26Mg/24Mg vs. 27Al/24Mg. If the system is well-behaved, a regression line is 564 
fit to the data and (26Mg/24Mg)0 is the intercept and (26Al/27Al)0 is the slope. Mass-dependent 565 
fractionation of magnesium can affect 26Mg/24Mg and (26Mg/24Mg)0, so it is necessary to correct 566 
each measured 26Mg/24Mg by normalizing the corresponding measured 25Mg/24Mg ratio to the 567 
chondritic 25Mg/24Mg ratio of 0.12663 (Catanzaro et al., 1966; or to the more precise recently 568 
measured value of Bizzarro et al., 2011, 0.126896±0.000025) and using a mass-fractionation law 569 
to relate fractionation in 26Mg/24Mg to that in 25Mg/24Mg. This gives unfractionated ratios, 570 
(26Mg/24Mg)uf and changes the governing equation to: 571 
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(26Mg/24Mg)uf can also be expressed in terms of the δ26Mg* value, using 573 
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In calculating δ26Mg*, it is tempting to simply use δ´ values in place of δ values (as is done 575 

by Young et al., 2005, and Wasserburg et al., 2012), as they are easily corrected for fractionation 576 
using exponential-type fractionation laws, but 577 

 δ 26 Mg* = δ 26 M ′g
meas

−
δ 25 M ′g

meas

β
 (27) 578 

can give significantly incorrect values for δ26Mg*. It is necessary to convert δ values to δ´ val-579 

ues, make the fractionation correction, convert back to δ values, and then calculate δ26Mg* using 580 

δ26Mg* = δ26Mgmeas – δ26Mgcorr. Using the exponential correction methods, this can be ex-581 

pressed as: 582 

 δ 26 Mg* = δ 26 Mgmeas − 1+
δ 25 Mgmeas

1000

⎛

⎝⎜
⎞

⎠⎟

1
β

−1

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

×1000 , (28) 583 

where we recommend using β=0.5128. 584 

Use of Eq. 27 gives lower or higher δ26Mg* values than Eq. 28, depending primarily on the 585 

magnitude of δ25Mg and the sign and magnitude of δ26Mg*, and there is only a slight depend-586 

ence on β; for positive δ26Mg*, Eq. 27 gives lower δ26Mg* values than Eq. 28. Eq. 27 can give 587 

values that are incorrect by amounts that are much larger than current analytical uncertainties. 588 

7. IMPLICATIONS FOR 26Al IN THE SOLAR SYSTEM 589 

The first hint that CAIs formed with an initial 26Al/27Al ratio significantly above the canoni-590 

cal value of ~5×10–5 (MacPherson et al., 1995) was a model isochron, a line between the bulk 591 

composition of an Allende CAI and normal isotopic composition, which gave (26Al/27Al)0 = 592 

(6.24±0.23) ×10–5 (Galy et al., 2000). Those authors used a linear fractionation correction, Eq. 593 

12, with θ = 0.5163. Correcting their data using the β = 0.5128 law in Eq. 28 gives (26Al/27Al)0 = 594 

(5.91±0.22) ×10–5, ~5 % lower than the value they reported, but still higher than the ‘canonical’ 595 

value of (5.23±0.13)×10–5 reported by Jacobsen et al. (2008). 596 

Young et al. (2005) presented solution measurements on three whole rock CAIs and laser ab-597 
lation MC-ICPMS data for about 300 spots on eight CAIs from CV chondrites. The three whole 598 
rock samples define an apparent isochron with a slope corresponding to (26Al/27Al)0 = 599 

(7.0±1.3)×10–5 and an intercept of δ26Mg0 = –0.1±0.2 ‰. They also found that many of the spot 600 

analyses plotted to the 26Mg-rich side of the canonical (26Al/27Al)0 isochron at ~5×10–5 and 601 

coined the term “supracanonical” to describe the higher inferred 26Al/27Al ratios. This initiated a 602 
debate that persisted for several years about whether supracanonical 26Al/27Al ratios were real. 603 

Young et al. (2005) used Eq. 27 with β = 0.521 (the value for equilibrium fractionation) to cor-604 

rect their data for mass fractionation. Using Eq. 28 rather than Eq. 27 to correct for mass frac-605 

tionation with β = 0.521, the inferred (26Al/27Al)0 increases to (7.1±1.3)×10–5 and using β = 606 

https://www.researchgate.net/publication/234228960_The_distribution_of_aluminum-26_in_the_early_Solar_System_-_A_reappraisal?el=1_x_8&enrichId=rgreq-42c021a13a930fc893b6b251f2d5bcd4-XXX&enrichSource=Y292ZXJQYWdlOzI3MjQyMzk2NTtBUzoxOTg4NjYxMjIwODg0NDhAMTQyNDQyNDc4NjA4MQ==
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0.5128 rather than β = 0.521 lowers it to (6.5±1.3)×10–5. The laser ablation spots on eight CAIs 607 

show a range of isotopic composition, with inferred (26Al/27Al)0 as high as 7.0×10–5, however 608 

with use of Eq. 27 and β =0.521, all the laser ablation data yield (26Al/27Al)0 = (5.56±0.13)×10–5. 609 

If Eq. 28 is used instead of Eq. 27 to correct for mass fractionation with β = 0.521, the inferred 610 

(26Al/27Al)0 increases to (5.63±0.13)×10–5 but using β = 0.5128 rather than β = 0.521 lowers it to 611 

(5.46±0.13)×10–5. The effect of using the correct fractionation correction equation is to slightly 612 

increase inferred (26Al/27Al)0 ratios, and use of the experimentally derived β value for CAI evap-613 

oration lowers the ratios, but not by enough to make the apparent supracanonical (26Al/27Al)0 ra-614 

tios become canonical (all errors are 2σ). 615 

Bizzarro et al. (2004) reported a slope corresponding to (26Al/27Al)0 = (5.25±0.10) ×10–5 616 

based on MC-ICPMS measurements of large chips of CAIs and amoeboid olivine aggregates 617 
(AOAs). Bizzarro et al. (2005) published revised 27Al/24Mg ratios for these samples, because of a 618 
computational error, which led to a revised slope corresponding to (26Al/27Al)0 = (5.83±0.11) 619 

×10–5. Thrane et al. (2006) reported data on additional CAIs and combined their data with 620 

Bizzarro et al. (2004, 2005) to provide a very precise slope corresponding to (26Al/27Al)0 = 621 

(5.85±0.05) ×10–5, which appeared to confirm supracanonical 26Al/27Al ratios. All of these data 622 

were corrected for mass fractionation by using the exponential law. Subsequent isochrons based 623 
on several bulk CAIs by Jacobsen et al. (2008) and Larsen et al. (2011) give lower (26Al/27Al)0 624 
values, making it likely that the earlier data of Bizzarro et al. (2004, 2005) and Thrane et al. 625 
(2006) are incorrect, most likely in the Al/Mg ratios, so we will not attempt to address the effects 626 
of fractionation law corrections for those earlier works. 627 

Jacobsen et al. (2008) measured magnesium isotopic compositions and Al/Mg ratios on six 628 
whole-rock CAIs and three microdrilled CAI samples, all from the Allende CV3 chondrite. They 629 

reported an isochron slope corresponding to (26Al/27Al)0 = (5.23±0.13)×10–5 with δ26Mg0 = 630 

–0.040±0.029 ‰, using an exponential law with β = 0.511, and recommended this as the early 631 

solar system (26Al/27Al)0 value. They also separated minerals from three of the CAIs and com-632 

bined the mineral-separate and whole-rock data to evaluate the effect of different values of β for 633 

exponential fractionation laws. They found that using the exponential (β = 0.511), experimental 634 

(β = 0.514), and equilibrium (β = 0.521) values gave (26Al/27Al)0 values of (5.11±0.14)×10–5, 635 

(5.18±0.20)×10–5, and (5.31±0.35)×10–5, respectively. They argued that since the exponential 636 

law gave the most precise fit, it must be correct (i.e., best reproduced isotopic fractionation of 637 
natural samples). However, just because the slope derived is more precise with an exponential 638 
law is not sufficient evidence to conclude that the exponential value must be correct. There are 639 
still relatively few data points and there could be a real spread in the timing of Al/Mg fractiona-640 
tion of whole CAIs. Furthermore, data on mineral separates and whole rocks are combined but 641 
these can be dating different events. For example, whole rock values can record the time of ma-642 
jor Al/Mg fractionation of bulk CAIs or their progenitors, whereas mineral separates or individu-643 
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al mineral analyses can record the time of last melting. Recent high-precision data on Vigarano 644 
CAIs indicates that these times are not the same: the evidence suggests that the major Al/Mg 645 
fractionation event that led to evaporative mass fractionation of most normal CAIs occurred ap-646 

proximately at the time of canonical (26Al/27Al)0 = 5.2×10–5, whereas melting and crystallization 647 

events affecting individual CAIs began at this time, but continued for ~0.7 Ma (MacPherson et 648 
al., 2012). In a supplement to their paper, Jacobsen et al. (2008) evaluated the effect of changing 649 

β on the whole-rock CAI data alone. For β = 0.511, 0.514, and 0.521, they found (26Al/27Al)0 650 

ratios of (5.23±0.14)×10–5, (5.19±0.12)×10–5, and (4.81±0.30)×10–5, with initial magnesium iso-651 

topic compositions, δ26Mg0, of –0.040±0.029, –0.001±0.031, and 0.156±0.087 ‰, respectively. 652 

Here, the preliminary experimentally determined value of β = 0.514 (Davis et al., 2005) gives the 653 

most precise slope and β = 0.511 and β = 0.514 give intercepts within error of the initial magne-654 

sium isotopic composition calculated from the present day terrestrial value, δ26Mg = 0, and 655 

(26Al/27Al)0 = (5.19±0.12)×10–5: δ26Mg0 = –0.038±0.001 ‰. Unfortunately, none of the tests Ja-656 

cobsen et al. did with different fractionation laws can be reevaluated here, because their data ta-657 

ble contains only 27Al/24Mg and δ26Mg*; δ25Mg and δ26Mg are also needed to test fractionation 658 

laws. Jacobsen et al. (2008) used Eq. 28 to correct for mass fractionation. 659 

Wasserburg et al. (2012) studied 26Al-26Mg systematics by solution MC-ICPMS in several 660 
physically separated fractions of the Allende CAI Egg-3, for which a 26Al-26Mg isochron with an 661 

intercept of δ26Mg0 = ~–1 ‰ was reported by Esat et al. (1980). They found that the intercept 662 

was still negative, but smaller: δ26Mg0 = ~–0.127±0.032 ‰. They also evaluated the effect of 663 

mass fractionation laws on the goodness of fit of the Egg-3 isochron with a plot of MSWD vs. β. 664 

Wasserburg et al. (2012) write that they reduced the data for Egg-3 using the exponential law (β 665 

= 0.511). Careful comparison of their δ25Mg, δ26Mg, and δ26Mg* data shows that they used Eq. 666 

27 rather than Eq. 28. For Egg-3, they found that the minimum MSWD was at β = 0.511. We 667 

recalculated δ26Mg* from their δ25Mg and δ26Mg values using Eq. 28 and found that the mini-668 

mum MSWD remained at β = 0.511. Wasserburg et al. also discarded one of their data points as 669 

an outlier, although there was no reason offered for discarding the data point beyond it being an 670 

outlier. If this data point is included, the minimum MSWD moved to β = 0.516, a significant 671 

shift, where the intercept of the isochron changes to δ26Mg0 = –0.018±0.031 ‰. The MSWD vs. 672 

β curves are fairly broad and certainly permissive of β = 0.5128. We consider the Egg-3 data of 673 

Wasserburg et al. (2012) to be entirely consistent with our experimentally measured β value. We 674 

were unable to reproduce Wasserburg et al.’s calculations on the data of Jacobsen et al. (2008), 675 

because δ26Mg was not reported in the latter publication. 676 
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Larsen et al. (2011) reported a new isochron based on whole rock CAIs and amoeboid olivine 677 

aggregates from the Efremovka CV3 chondrite that give (26Al/27Al)0 = (5.25±0.02)×10–5, in ex-678 

cellent agreement with Jacobsen et al. (2008), and δ26Mg0 = –0.0159 ±0.0014 ‰, barely within 679 

uncertainty of the Jacobsen et al. value and clearly different from the expected early solar system 680 

value of –0.038 ‰ (Villeneuve et al., 2009). Larsen et al. used the exponential law, β = 0.511, to 681 

correct their data for mass fractionation. They noted that their data disagreed with that of 682 
Bizzarro et al. (2005) and Thrane et al. (2006), but did not offer an explanation of why the earlier 683 
data were incorrect. 684 

Although the apparent agreement with Jacobsen et al. (2008) would seem to settle the ques-685 
tion of initial 26Al/27Al ratio of the solar system, some issues arise when the Larsen et al. (2011) 686 
data are examined in detail. In their Table 1, they give values for µ25Mg, µ26Mg, and µ26Mg*. A 687 
problem arises when these data are tested against fractionation laws: application of the exponen-688 
tial law to their µ25Mg and µ26Mg data calculated using Eq. 28 should match the µ26Mg* given in 689 
their data table, within uncertainties. Instead, all of these calculated µ26Mg* values are lower 690 
than the values in their data table, by 2.2 to 36 ppm, which is outside their quoted errors of 2–4 691 
ppm. If instead, one uses the flawed Eq. 27, calculated µ26Mg* values are closer to those in the 692 
data table, but are still lower by 4–10 ppm. On the other hand, use of Eq. 18 gives µ26Mg* values 693 
that are higher than those in the data table by 4 to 172 ppm, so it is unlikely that this demonstra-694 

bly incorrect equation was used by Larsen et al. (2011). One can also solve Eq. 28 for β, express-695 

ing it in terms of µ-values: 696 

 β =
ln

μ 25 Mg

106
+1

⎛
⎝⎜

⎞
⎠⎟

ln
μ 26 Mg − μ 26 Mg *

106
+1

⎛
⎝⎜

⎞
⎠⎟  

. (29) 697 

For the CAIs and AOAs that comprise the Larsen et al. (2011) isochron and have significant 698 

mass-fractionation effects (µ25Mg >1000 ppm or µ25Mg <–1000 ppm), the calculated β values 699 

range from 0.5099 to 0.5127, which is a significant range for such high precision data. 700 

We would like to understand the effect of β values on the Larsen et al. (2011) isochron and 701 

will consider two possibilities. (1) Perhaps most likely, is that Larsen et al. (2011) do an expo-702 
nential-law correction on every measured isotope ratio and report the average of these values in 703 
their Table 1. In this case, uncertainties in µ26Mg* are smaller than those in µ25Mg and µ26Mg, 704 
because of correlated errors in the latter µ-values (as the 24Mg signal is the denominator in both 705 
isotope ratios). In this case, one should ignore the reported µ26Mg values and calculate new ones 706 
from µ25Mg and µ26Mg* using the exponential law. If this is correct, we remain puzzled by the 707 
fact that Eq. 28 gives calculated µ26Mg* values that are consistently slightly lower than those 708 
reported in Table 1 of Larsen et al. (2011): we might expect some variation, but with some high 709 
and some lower than the reported values. (2) We disregard the reported µ26Mg* values and ac-710 
cept the reported µ25Mg and µ26Mg values and calculate new µ26Mg* values using Eq. 28 and 711 

appropriate β values. The issue here is that the uncertainties in the new µ26Mg* values will be 712 

much larger than those reported by Larsen et al. (2011) because of propagation of the larger un-713 
certainties in µ25Mg and µ26Mg. 714 
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We used IsoPlot (Ludwig, 2003) to fit isochrons. IsoPlot Model 1 is a regression that weights 715 
each point by its uncertainty in 27Al/24Al and µ26Mg* and reports the Mean Square Weighted 716 
Deviation (MSWD). When MSWD is statistically significantly above 1, IsoPlot recommends 717 
using Model 2, which does not weight the individual points, but minimizes the distance of each 718 
point orthogonal to the regression line. Using the 27Al/24Al and µ26Mg* data in Table 1 of Larsen 719 
et al. (2011) and IsoPlot Model 1, we calculate a slope corresponding to (26Al/27Al)0 = 720 

(5.253±0.018)×10–5 and an intercept of µ26Mg0 = –16.0±1.2 ppm, with MSWD = 1.3, very close 721 

to the values in their paper. Any differences are likely due to rounding errors or a slightly differ-722 
ent value assumed for the terrestrial 26Mg/24Mg ratio. If we ignore the reported µ26Mg values and 723 

calculate new ones from µ25Mg and µ26Mg* using the exponential law, then apply our β = 724 

0.5128 fractionation law, IsoPlot Model 1 gives a slope corresponding to (26Al/27Al)0 = 725 

(5.45±0.18)×10–5 and an intercept of µ26Mg0 = –27±12 ppm, with MSWD = 66, indicating a 726 

poor fit. The reason for the deterioration in the fit compared to β = 0.511 is that some CAIs are 727 

isotopically light and others are isotopically heavy, so changes in β move µ26Mg* in opposite 728 

directions. If we ignore the reported µ26Mg* values and calculate new ones from µ25Mg and 729 

µ26Mg using β = 0.511, we obtain a slope corresponding to (26Al/27Al)0 = (5.277±0.095)×10–5 730 

and an intercept of µ26Mg0 = –8±14 ppm, with MSWD = 0.51, using Model 1. The uncertainties 731 
in the slope and intercept are larger because the uncertainties in µ26Mg* are propagated from 732 

those in µ25Mg and µ26Mg. If we recalculate µ26Mg* from µ25Mg and µ26Mg using our β = 733 

0.5128 fractionation law, IsoPlot Model 1 gives a slope corresponding to (26Al/27Al)0 = 734 

(5.50±0.22)×10–5 and an intercept of µ26Mg0 = –18±46 ppm, with MSWD = 7.9, again indicating 735 

a poor fit. The bottom line is that the values in Table 1 of Larsen et al. (2011) for 27Al/24Al and 736 

µ26Mg* are very sensitive to the fractionation law and values other than β = 0.511 cause the CAI 737 

data points to scatter. If β = 0.5128, as expected for evaporative mass fractionation of magnesi-738 

um, these CAIs are not isochronous. 739 

The Larsen et al. (2011) isochron is also controversial because the intercept of their AOA-740 
CAI isochron is at µ26Mg0 = –15.9±1.4 ppm, whereas the intercept expected from extrapolating 741 
back from the terrestrial µ26Mg value of 0 ppm using the solar system 27Al/24Mg ratio and a 742 

(26Al/27Al)0 ratio of 5.2×10–5 gives an initial µ26Mg0 value of –38 ppm. Larsen et al. (2011) at-743 

tributed this difference to solar nebular heterogeneity of (26Al/27Al)0 or µ26Mg0 or both. 744 
Wasserburg et al. (2012) questioned whether AOAs should be included in the isochron and re-745 
calculated an isochron using the CAI data alone in Larsen et al. (2011), and found an intercept of 746 
µ26Mg0 = –30±40 ppm, which is in agreement with the intercept of the Jacobsen et al. (2008) 747 
isochron  748 
(–40±29 ppm) and with the extrapolated terrestrial value of –38 ppm. 749 

8. FUN CAIS 750 

Among FUN CAIs, Allende EK1-4-1 and C1 have reported δ26Mg* values of ~–3.7 and 751 

~–1.8 ‰, respectively. C1 was measured several times (Lee and Papanastassiou, 1974; Lee et al., 752 

1976; Wasserburg et al., 1977; Esat et al., 1978) and consistently gave negative δ26Mg*, howev-753 
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er all the data were corrected for mass fractionation using the ’70s Caltech law (β = 0.500). The 754 

methodology was established by Lee and Papanastassiou (1974) who explicitly describe this law 755 
for fractionation correction. When the 1970s Caltech data are reprocessed according to our rec-756 

ommended fractionation law (β = 0.5128), EK1-4-1 is left with a smaller δ26Mg* anomaly 757 

(–2.8 ‰) and the one for C1 is only –0.2±0.3 ‰. The Vigarano FUN CAI 1623-5 is an isotopic 758 

twin of C1. Our ion microprobe data for 1623-5 suggest a slight positive δ26Mg* when corrected 759 

for mass fractionation with either our recommended fractionation law, β = 0.5128, or the expo-760 

nential law, β = 0.5110 (Fig. 4) and the anomaly in Allende C1 is not resolved with the precision 761 

of the 1970s Caltech data. Thus, the only CAIs with unambiguous negative δ26Mg* anomalies 762 

are EK1-4-1 (Wasserburg et al., 1977) and a few hibonite crystals from CM chondrites (Liu et 763 
al., 2009). 764 

8. CONCLUSIONS 765 

It is now clear that in the new era of high precision magnesium isotopic analysis by 766 

multicollector methods, it is essential to give data on measured δ25Mg and δ26Mg and inferred 767 

δ26Mg*, to explain how uncertainties in data are obtained and what standards are used, and to 768 

state what fractionation law is used to correct data for natural isotopic mass fractionation. When 769 
comparing data between different laboratories, it is highly desirable to use the same mass-770 
fractionation law. This will reduce the potential for disagreements over key issues such as the 771 
value and spatial homogeneity of the initial 26Al/24Mg of the solar system that arise from differ-772 
ent definitions of the parameters necessary to derive a slope on the Al-Mg evolution diagram. 773 
Since the most likely cause of the large mass-fractionation effects in CAIs is evaporation, we 774 

recommend that data be corrected with Eq. 28 by using an exponent of β = 0.5128. We caution 775 

against overinterpretation of very small differences in apparent initial δ26Mg* values of various 776 

refractory phases in meteorites as indicative of large-scale heterogeneities in 26Al/27Al in the so-777 
lar nebula for several reasons: (1) the fractionation law that applies to high-temperature evapora-778 
tion of silicates may be temperature dependent and the evaporation temperature in nature is not 779 

known; (2) there are heterogeneities in the early solar system δ26Mg0 values for a few CAIs 780 

(EK1-4-1 and a few hibonite CAIs) that are currently unexplained. The most robust constraints 781 
on solar system chronology in high-temperature events in the nebula are still best derived from 782 
refractory parent-daughter fractionations and not model evolution curves of less-refractory 783 
daughter elements. 784 
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Table 1. Magnesium isotopic compositions of CAI-like evaporation residues produced in a vac-1006 

uum furnace at 1600–1900°C. Uncertainties are 2σ and are based on the larger of the 1007 

external and internal reproducibility (see text). 1008 

 % Mg evap δ25Mg (‰) δ26Mg (‰) δ25Mg (‰) δ26Mg (‰) 1009 

 “locally” normalized to daily R-13 “globally” normalized to all R-13 1010 

Starting material  1011 

Start 0 0.008 ± 0.097 –0.011 ± 0.175 –0.034 ± 0.097 0.009 ± 0.175 1012 

1900°C 1013 

R3-10 42.59 8.150 ± 0.084 15.948 ± 0.152 8.107 ± 0.084 15.968 ± 0.152 1014 
R3-11 82.61 25.858 ± 0.084 51.042 ± 0.152 25.814 ± 0.084 51.063 ± 0.152 1015 
R3-9 94.99 43.344 ± 0.084 86.169 ± 0.152 43.300 ± 0.084 86.190 ± 0.152 1016 
R3-15 96.15 47.821 ± 0.084 95.296 ± 0.152 47.776 ± 0.084 95.318 ± 0.152 1017 

1800°C 1018 

R13 0 0.000 ± 0.029 0.002 ± 0.052 ≡0.000 ± 0.029 ≡0.000 ± 0.052 1019 

R6 –0.27 0.133 ± 0.084 0.336 ± 0.152 0.209 ± 0.084 0.444 ± 0.152 1020 
R8 7.02 0.938 ± 0.084 1.970 ± 0.152 1.015 ± 0.084 2.083 ± 0.152 1021 
R3 11.47 1.726 ± 0.084 3.304 ± 0.152 1.766 ± 0.084 3.369 ± 0.152 1022 
R9 23.02 3.550 ± 0.084 7.000 ± 0.152 3.632 ± 0.084 7.131 ± 0.152 1023 
R2 33.86 5.503 ± 0.084 10.913 ± 0.152 5.613 ± 0.084 10.983 ± 0.152 1024 
R11 42.23 7.703 ± 0.060 15.065 ± 0.107 7.660 ± 0.060 15.085 ± 0.107 1025 
R7 54.11 10.583 ± 0.064 20.967 ± 0.115 10.685 ± 0.064 21.100 ± 0.115 1026 
R18 71.21 17.062 ± 0.075 33.629 ± 0.136 17.168 ± 0.075 33.854 ± 0.136 1027 
R4 74.94 18.713 ± 0.084 37.128 ± 0.152 18.824 ± 0.084 37.199 ± 0.146 1028 
R2-4 72.82 18.882 ± 0.083 37.236 ± 0.115 18.992 ± 0.084 37.403 ± 0.115 1029 
R3-14 83.41 25.418 ± 0.084 50.126 ± 0.152 25.375 ± 0.084 50.147 ± 0.152 1030 
R2-1 99.12 69.151 ± 0.084 139.006 ± 0.152 69.350 ± 0.084 139.604 ± 0.152 1031 

1700°C 1032 

R2-21 1.39 0.210 ± 0.084 0.466 ± 0.152 0.250 ± 0.084 0.531 ± 0.152 1033 
R2-10 37.93 6.257 ± 0.091 12.092 ± 0.152 6.298 ± 0.091 12.158 ± 0.152 1034 
R2-18 69.97 15.688 ± 0.103 30.783 ± 0.175 15.729 ± 0.097 30.850 ± 0.175 1035 
R2-11 72.47 16.428 ± 0.097 32.563 ± 0.175 16.539 ± 0.097 32.634 ± 0.175 1036 
R2-20 79.81 20.610 ± 0.084 40.665 ± 0.152 20.651 ± 0.084 40.733 ± 0.152 1037 
R2-12 93.35 35.073 ± 0.116 69.587 ± 0.152 35.079 ± 0.116 69.656 ± 0.152 1038 

1600°C 1039 

R3-2 0.00 –0.105 ± 0.084 –0.259 ± 0.152 –0.147 ± 0.084 –0.240 ± 0.152 1040 
R3-1 42.07 6.200 ± 0.084 12.138 ± 0.152 6.157 ± 0.084 12.158 ± 0.152 1041 
R3-19 63.31 11.908 ± 0.084 23.388 ± 0.152 11.949 ± 0.084 23.454 ± 0.152 1042 
R3-20 65.10 12.359 ± 0.084 24.353 ± 0.152 12.399 ± 0.084 24.419 ± 0.152 1043 
R3-18 77.74 17.978 ± 0.084 35.444 ± 0.175 18.019 ± 0.097 35.511 ± 0.175 1044 
R3-4 75.93 19.897 ± 0.084 39.097 ± 0.152 19.854 ± 0.084 39.118 ± 0.152 1045 
R3-8 92.15 32.419 ± 0.084 64.201 ± 0.152 32.375 ± 0.084 64.222 ± 0.152 1046 
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 1049 

Figure 1. The relationship between δ25Mg′ and δ26Mg′ depends on the mass fractionation law 1050 

governing the fractionation. All but the “Linear” lines are straight on this plot. 1051 
1052 
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 1053 
Figure 2. Differences in slope on Fig. 1 can be seen more easily when the differences between 1054 

fractionation laws are plotted vs. degree of mass fractionation, here expressed as 1055 

δ25Mg. On this plot, the Rayleigh, power, exponential, kinetic and equilibrium laws 1056 

are nearly linear and linear fractionation laws show considerable curvature. 1057 
1058 
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 1060 

Figure 3. Relationships between δ25Mg′ and δ26Mg′ measured in evaporation residues and in 1061 

forsterite from the FUN CAI Vigarano 1623-5 are compared with various fractiona-1062 
tion laws. All but the “Linear” lines are straight on this plot. 1063 

1064 



  

 

 34

-0.5

0.0

0.5

1.0

0.5

0.0

-0.5

δ26
M

g m
ea

s 
 –

 δ
26

M
g E

xp
 (

‰
)

-1.0

-0.5

0.0

0.5

0.5

0.0

-0.5

706050403020100

δ
25

Mg (‰)

 Power, β=0.501
 Linear, θ=0.5
 Exponential, β=0.511
 Ideal Rayleigh, β=0.516
 Equilibrium, β=0.521

CAI evap MC-ICPMS: β=0.51279±0.00058, Intercept 0.042±0.046 ‰

Vig 1623-5 Fo MC-SIMS: β=0.5125±0.0094, Intercept 0.21±0.91 ‰

FUN evap MC-ICPMS: β=0.51276±0.00064, Intercept –0.062±0.068 ‰

FUN evap LA-MC-ICPMS, β=0.5118±0.0033, Intercept –0.13±0.26 ‰

 1065 

Figure 4. Differences between mass fractionation laws vs. δ25Mg are plotted for: (1) CAI evap-1066 

oration residues, measured by solution MC-ICPMS; (2) forsterite from the FUN CAI 1067 
Vigarano 1623-5, measured by MC-SIMS; (3) forsterite-rich FUN CAI evaporation 1068 
experiments of Mendybaev et al. (2013), measured by solution MC-ICPMS; and (4) 1069 
forsterite-rich FUN CAI evaporation experiments of Mendybaev et al. (2013), meas-1070 

ured by laser ablation MC-ICPMS. The shading shows the 2σ error bounds for the 1071 

fits through the data in each panel. The Vigarano data are permissive of either the ex-1072 
ponential/kinetic law or the experimentally determined law, but not the equilibrium 1073 
law. The two sets of evaporation experiments, CAI and FUN are in excellent agree-1074 
ment and indicate that the fractionation law is not strongly dependent on melt compo-1075 
sition. 1076 


