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Introduction: The increasingly precise analyses of solar-wind compositions, particularly isotopic ratios obtained
from GENESIS mission samples, has necessitated greater
scrutiny of solar-wind elemental and isotopic fractionations
during ionization and acceleration away from the Sun. For
example, without a good understanding of solar-wind isotopic fractionation, the solar oxygen isotopic composition could
remain imprecise at the tens of permil level even though the
solar wind is measured with an order of magnitude greater
accuracy [e.g., 1]. It has long been known that the solar wind
is elementally fractionated. However, until a decade ago,
except for a slight hint from the Apollo SWC foils [2,3],
there was no evidence for long-term isotopic fractionation in
the solar-wind. Evidence for isotopic fractionation between
the Sun and the solar wind became stronger as a result of
spacecraft observations in the late 1990s [e.g., 4-6]. But
because of large uncertainties, these data were also generally
consistent with no isotopic fractionation.
Light noble gas results from GENESIS samples showed
clearly for the first time that isotopic ratios differ significantly between the two different types of steady-state solar wind
[7], implying that bulk solar-wind is also fractionated relative to the photosphere. While we do not know a priori the
solar isotopic composition of volatile elements, we can perhaps assume that non-volatile elements such as Mg and Si
have the same isotopic composition between the Sun and the
Earth. So a precise isotopic measurement of solar-wind Mg
may determine the solar-wind isotopic fractionation for Mg.
However, extending this isotopic fractionation to other elements with other charge states and masses requires an accurate theoretical model of solar-wind acceleration. In this
presentation we review what is known about elemental fractionation between the photosphere and solar wind, isotopic
fractionation between solar-wind regimes, critical measurements to further constrain these data, and implications for
solar compositions based on long-standing solar-wind measurements.
Characteristics of Solar-Wind Fractionation: A theory
to explain solar-wind fractionation must account for a) a
~50% lower He/H ratio in average solar wind than in the
photosphere, b) a clear positive correlation between solarwind speed and He/H ratio during solar minima [8,9], c)
depletion in the solar wind of elements with a high first ionization time [10], d) depletion of heavy elements most strongly among high-FIP elements in transient coronal mass ejections (CME), and secondly in slow solar wind, relative to fast
wind [7], e) depletion of heavy isotopes in slow solar wind,
but less depletion of heavy isotopes in transient CMEs [7]. A
qualitative picture could be constructed, at least for heavy,
high FIP elements, in which material trapped in magnetic
loops just above the Sun experiences collisional and gravitational-induced depletion of the heavy elements. This material

is most strongly represented in transient CMEs, while slow
solar wind combines some fresh photospheric material with
material that has been trapped in magnetic loops by releasing
it through magnetic reconnection. The fast solar wind emanating from coronal holes is thought to be most representative of the Sun both isotopically and elementally. Qualitatively it is not clear why CMEs, which seem to have the
strongest elemental fractionation, have isotopic ratios in
between slow and fast wind, at least in GENESIS samples
[7].
Solar-Wind Fractionation Theory: A satisfactory
theory for explaining these observations is significantly lacking. Well before GENESIS, measurement of solar-wind isotopic ratios were too imprecise, so until the late 1990s the
theory focused solely on elemental ratios. In addition, estimates of photospheric elemental abundances have changed
by more than 40% over the last twenty years (Fig. 1). Based
on estimates at the time, solar-wind elemental abundances
seemed to be fractionationed by a factor of 4 between low
and high first ionization potential (FIP) elements [14,15].
However, this was in part due to an overestimation of high
FIP elements in the photosphere. The estimated fractionation
has since been reduced. Most FIT theories use a parameter of
first ionization time (FIT), a more descriptive physical quantity, but one whose value depends on assumptions of the UV
flux in the solar environment, the magnitudes of which could
vary significantly both temporally and spatially [e.g.,16].

Fig. 1. Evolution of reported solar abundances derived from
adsorption line strengths for selected elements. Shown are
the ratios of values from Grevesse and Sauval (2002; blue)
and from Asplund et al. (2009; green), both compared to
values reported by Anders and Grevesse (1989) [11-13].
Regardless, it is clear that one element dominates the FIT
fits: Al has a significantly lower FIT than other low-FIP elements (Fig. 2). Giammanco et al. [17] found a significantly
enriched Al abundance in their slow solar wind observations
and were able to fit an empirical trend relating elemental
abundance to FIT values even though an earlier attempt using a larger spread of solar-wind speeds [16] had not found
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Fig. 2. Comparison of calculated first ionization times (FIT)
[17,24,25] with first ionization potential (FIP). Aluminum has a
unique FIT.
this effect. More study is needed to determine under what
conditions the solar-wind elemental fractionation can be
described by an empirical FIT fit.
Isotopic fractionation: Classical FIP/FIT theory does
not result in isotopic fractionation to first order. Indeed, any
isotopic fractionation that does occur must be independent of
the ionization stage. Isotopic ratios are potentially affected
by three processes during residence in the upper solar atmosphere and during acceleration: wave heating, gravitational
settling, and Coulomb drag in which heavy ions are knocked
or ‘dragged’ upward by collisions with protons. A basic
theory of Coulomb drag has been developed [18-21]. Its
application ties isotopic fractionation He/H fractionation.
If one assumes that all of the helium depletion in the solar wind is due to inefficient Coulomb drag, significant isotopic fractionations are inferred between solar wind and the
photosphere, on the order of 60‰ for 18O/16O, and on the
order of 30‰ for 22Ne/20Ne. Fractionation between interstream (slow) and coronal hole (fast) wind predicted by this
model is less than observed between the GENESIS regime
samples [7]. A final solar wind fractionation theory will
probably invoke a combination of physical processes—
ionization, gravity, Coulomb drag, and potentially also wave
heating.
High-priority GENESIS measurements: To help understand isotopic fractionation, the highest priority is to precisely measure the isotopic ratios of at least one non-volatile
element, such as Mg or Si. Assuming that solar composition
is the same as terrestrial (except for 1-3‰/amu gravitational
fractionation in the Sun [20,23]), such a measurement will
provide a tie point which can be used to predict isotopic
fractionation for other elements. Another important parameter is isotopic fractionation of heavy elements, such as Kr
and Xe, observable in GENESIS regime samples. Likewise,
to understand and constrain elemental fractionation, a precise
measurement of the solar-wind Al abundance is needed to
confirm the FIT fit in [17]. It may also be important to make
this measurement in the slow solar-wind regime sample as
well as bulk. Once solar-wind elemental fractionation is better understood, GENESIS and other solar-wind measure-
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ments may be able to constrain solar abundances more accurately than photospheric line observations.
Implications for primitive solar isotopic compositions:
Applying the Coulomb drag isotopic corrections, or even
slightly stronger corrections suggested by the differences in
solar-wind regimes [7], to well-known solar-wind compositions, one arrives at substantially different solar isotopic
compositions. If one also corrects these values for expected
gravitational settling over the lifetime of the Sun [20,23], the
primordial solar 4He/3He increases to > 3000, as already
pointed out [e.g., 6]; 20Ne/22Ne drops to ~13.0, and primordial 36Ar/38Ar drops to ~5.32. One would expect the primitive solar composition to be recognizable elsewhere in the
solar system. For argon phase Q is reasonably close (5.34
[26]). However, there appear to be no primitive Ne components with composition close to that suggested for primitive
solar composition, the closest being Ne-B (20Ne/22Ne = 12.5
[22]), except for the possibility of the jovian atmosphere,
which is not measured accurately for Ne isotopes.
References: [1] McKeegan K.D., Jarzebinski G., Kallio A.P., Mao P.H., Coath
C.D., Kunihiro T., Wiens R., Allton J., Callaway M., Rodriguez M., and Burnett D.S. (2008)
A first look at oxygen in a Genesis Concentrator sample. Lunar Planet. Sci. XXXVIV, The
Lunar and Planetary Institute, Houston, TX. [2] Geiss J., Bühler F., Cerutti H., Eberhardt P.,
Filleux C., Meister J., and Signer P. (2004) The Apollo SWC experiment: Results, conclusions, concsequences. Spa. Sci. Rev. 110, 307-335. [3] Wiens R.C., Bochsler P., Burnett
D.S., Wimmer-Schweingruber R.F. (2004) Solar and solar wind isotopic compositions.
Earth Planet. Sci. Lett. 226, 549-565. [4] Bochsler P., Balsiger H., Bodmer R., Kern O.,
Zurbuchen T., Gloeckler G., Hamilton D.C., Collier M.R., Hovestadt D. (1997) Limits of
the efficiency of isotope fractionation processes in the soalr wind derived from the magnesium isotopic composition as observed with the WIND/MASS experiment. Phys. Chem.
Earth 22, 401-404. [5] Kucharek H., Ipavich F.M., Kallenbach R., Bochsler P., Hovestadt
D., Grünwaldt H., Hilchenbach M., et al. (1997) Magnesium isotope composition in the solar
wind as observed with the MTOF sensor on the CELIAS experiment on board the SOHO
spacecraft. ESA SP-404, 473-476. [6] Geiss J., Gloeckler G. (1998) Abundances of deuterium and helium-3 in the protosolar cloud. Spa. Sci. Rev. 84, 239-250. [7] Heber V.S.,
Wiens R.C., Bochsler P., Wieler R., and Burnett D.S. (2009) Fractionation processes in the
solar wind revealed by noble gases collected by GENESIS regime targets.. Abstract #2503.
Lunar Planet. Sci. XXXIX, The Lunar and Planetary Institute, Houston, TX. [8] Aellig M.R.,
Lazarus A.J., Steinberg J.T. (2001) The solar wind helium abundance: Variation with wind
speed and the solar cycle. Geophys. Res. Lett. 28, 2767-2770. [9] Kasper J.C., Stevens M.L.,
Alzarus A.J., Steinberg J.T., Ogilvie K.W. (2007) Solar wind helium abundance as a function
of speed and heliographic latitude: Variation through a solar cycle. Astrophys. J. 660, 901910. [10] Geiss J. (1982) Processes affecting abundances in the solar wind. Spa. Sci. Rev.
33, 201-217. [11] Anders E. and Grevesse N. (1989) Abundances of the elements: meteoritic
and solar. Geochim. Cosmochim. Acta 53, 197-214. [12] Asplund M., Grevesse N., Sauval
A. J., and Scott P. (2009) The chemical composition of the Sun. Annu. Rev. Astro. Astrophys. 47, 481-522. [13] Grevesse N. and Sauval A.J. (2002) The composition of the solar
photosphere. Adv. Space Res. 30, 3-11. [14] Bochsler P. and Geiss G. (1989) Composition
of the solar wind. In Solar System Plasma Physics, Geophysical Monograph 54 (eds., J.H.
Waite Jr., J.L. Burch, R.L. Moore) 133-141. [15] von Steiger R. and Geiss G. (1989) Supply
of fractionated gases to the corona. Astron. Astrophys. 225, 222-238. [16] Bochsler P.,
Ipavich F.M., Paquette J.A., Weygand J.M., and Wurz P. (2000) Determination of the
abundance of aluminum in the solar wind with SOHO/CELIAS/MTOF. J. Geophys. Res.
105, 12659-12666. [17] Giammanco C., Wurz P., Karrer R. (2008) Minor ion abundances in
the slow solar wind. Astrophys. J. 681, 1703-1707. [18] Geiss, J., Hirt, P., and Leutwyler,
H. (1970) On acceleration and motion of ions in corona and solar wind. Solar Phys. 12, 458483. [19] Bodmer R. and Bochsler P. (1998) Fractionation of minor ions in the solar wind
acceleration process. Phys. Chem. Earth 23, 683-688. [20] Bochsler P. (2000) Abundances
and charge states of particles in the solar wind. Rev. Geophys. 38, 247-266. [21] Bochsler P.
(2007) Minor ions in the solar wind. Astron. Astrophys. Rev. 14, 1-40. [22] Black D.C.
(1972) On the origins of trapped helium, neon, and argon isotopic variations in meteorites-I.
Gas-rich meteorites, lunar soil and breccias. Geochim. Cosmochim. Acta 36, 347-375. [23]
Turcotte, S. and Wimmer-Schweingruber, R. F., 2002. Possible in situ tests of the evolution
of elemental and isotopic abundances in the solar convection zone. J. Geophys. Res. 107.
[24] Marsch E., von Steiger R., and Bochsler P. (1995) Element fractionation by diffusion in
the soalr chromosphere. Astron. Astrophys. 301, 261. [25] Geiss J. (1998) Constraints on the
FIP mechanisms from solar wind abundance data. Spa. Sci. Rev. 85, 241-252. [26] Busemann, H., Baur, H., and Wieler, R. (2000) Primordial noble gases in "phase Q" in carbonaceous and ordinary chondrites studied by close-system stepped etching. Meteoritics &
Planet. Sci. 35, 949-973.

