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Abstract–Solar wind Fe and Mg fluences (atoms/cm2) were measured from Genesis collectors.
Fe and Mg have similar first ionization potentials and solar wind Fe/Mg should equal the
solar ratio. Solar wind Fe/Mg is a more valid measure of solar composition than CI chondrites
and can be measured more accurately than spectroscopic photospheric abundances. Mg and
Fe fluences analyzed in four laboratories give satisfactory agreement. Si and diamond-like
carbon collector fluences agree for both elements. The Mg and Fe fluences are 1.731� 0.073
× 1012 and 1.366� 0.058 × 1012 atoms/cm2. All plausible sources of errors down to the 1%
level are documented. Our value for the solar system Fe/Mg, 0.789� 0.048 agrees within 1
sigma errors with CI chondrites, spectroscopic photospheric abundances, and with the solar
wind data from the ACE spacecraft. CI samples from asteroid Ryugu give Fe/Mg in
agreement with Genesis and meteoritic CI samples despite very small sample sizes. The higher
accuracy of the Genesis solar Fe/Mg permits a comparison with chondritic Fe/Mg at the 10%
level. Intermeteorite Fe/Mg averages differ among the main C chondrite groups but are
within, or very close to, the �1 sigma Genesis solar Fe/Mg.

INTRODUCTION

Solar elemental abundances are important to
planetary science. Most models assume that, except for He
and Li, the elemental composition of the solar
photosphere is equal to that of the solar nebula from
which planetary materials formed; for elemental
abundances, there is no confirmed contradictory evidence.
Adopted solar abundances for nonvolatile elements are

based on analyses of photospheric absorption lines or by
proxy from Ivuna type (CI) carbonaceous chondrites. The
Genesis spacecraft collected and returned samples of
the solar wind (SW) for laboratory analyses
(Burnett, 2013; Burnett et al., 2019). Elemental and
isotopic abundances of SW captured by Genesis have been
successfully measured despite the crash of the re-entry
capsule. The goal of Genesis is, whenever possible, to use
SW composition to determine the average solar isotopic
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and elemental compositions at levels of precision required
for 21st-century planetary science. The quantitative goals
for Genesis elemental analyses are to improve solar
abundances by a factor of 3 from photosphere
spectroscopic values.

The solar photosphere is the outer portion of the Sun
from which visible light escapes. Except for D, 3He, and
Li, compositional changes due to thermonuclear reactions
have not affected the photosphere. Despite major
improvements, spectroscopic measurements of the
photosphere (e.g., Asplund et al., 2021) do not have
the element coverage and accuracy needed for many
cosmochemical applications. As a proxy for solar
composition, planetary scientists use analyses of CI
chondrites (e.g., Lodders, 2021; Palme et al., 2014).
CI chondrites are, moreover, very complicated rocks (e.g.,
McSween, 1993) with many opportunities for elemental
fractionation during their formation processes. Thus, CI
abundances are a valid representation of solar composition
only to the extent that they agree with the spectroscopic
abundances. The true uncertainties in adopted abundances
are not the high analytical accuracy of the CI analyses but
the larger uncertainties in the spectroscopic measurements.

Differences in CI-normalized abundances among C
chondrite groups (as well as among H chondrites, which
have similar major element composition) can be both
small, around 10% or less for some elements (Palme
et al., 2015), and large, factors of 2–3 for volatile elements
(Palme et al., 2014). In the case of factors of 2–3
differences, 10%–20% errors in the adopted nebular
elemental reference abundances may not significantly
impede interpretations, but the spectroscopic
photospheric abundances of many volatile trace elements
have much larger errors. Genesis solar wind abundances
are potentially more valid than CI abundances and more
accurate than spectroscopic photospheric abundances.

For Genesis SW elemental abundances, Mg is the
logical reference element. The Mg fluence (atoms/cm2) is
high and can be analyzed accurately by many techniques.
Although Mg-normalized abundances are available for
seven elements from Heber et al. (2021), these do not
include Fe. Here, we report analyses of Fe/Mg; the fluence
ratio is shown to be equal to the solar abundance ratio. Fe
is an important rock-forming element and of high
cosmochemical importance. The high Genesis Fe fluence
enables accurate fluences, and an accurate Fe/Mg ratio,
allowing for close comparisons with other measurements
of meteoritic and solar Fe/Mg.

ANALYTICAL METHODS

Solar wind Mg analyses were made using the ASU 6f,
the CIW 6f, the Caltech 7f, and the UCLA 1270 Cameca
secondary ion mass spectrometry (SIMS) instruments. For

both Mg and Fe, two collector materials were used: silicon
(Si) and diamond-like carbon on silicon (DLC) (Jurewicz
et al., 2003). All samples analyzed were bulk solar wind
(Burnett, 2013).

Implanted SW depths are shallow (<1 micron). All
analyses were performed using SIMS front side depth
profiling on a small area (square rasters 100–200
microns on a side), starting at the SW collection surface,
and sputtering into the sample. Accordingly, surface
contamination is an issue. Ideally, contaminating films
needed to be removed, and particulates either removed
or avoided. Before allocation, at the JSC Genesis
Curatorial Facility, samples underwent megasonic
cleaning in ultra-high purity water to remove loose
particulates: This is very effective at removing dust from
the Genesis re-entry crash. Variable cleaning procedures
were used (Burnett et al., 2019, p. 1107), with varying
degrees of effectiveness, but, with the exception of
sample 60490 (discussed below), none of these removed
any of the implanted solar wind. Occasionally, for Mg
profiles in Si, a distorted depth profile would be
measured and rejected under the assumption that a
submicron particulate was accidentally incorporated into
the analyzed area. The rejection rate varied with both
collector type and sample but was generally less than 1
per five analyses.

Mg and Fe were analyzed as positive secondary ions.
Analysis conditions changed with time and with material
being analyzed as we improved our methods. An O2

+

primary beam (5 kV or 8 kV impact energy) was always
used because of the higher depth resolution compared to
that for O� and, more importantly, because of smaller
transients in the near surface region. Transients are the
time for both sputtering rate and counting rates to reach
sputtering steady state. Electron multiplier (EM) pulse
counting detectors were used to count solar wind ions
and 12C+ matrix ions from DLC. For silicon collectors,
28Si matrix ion currents were measured with a Faraday
Cup (FC). Sputtering rates were generally 0.1–0.5 nm/sec
using 20–100 nA primary currents. As discussed below,
for the analysis of Si collectors leaking or “bleeding” O2

into the analysis chamber was found to reduce transients
for the Si matrix. Sufficient mass resolving power was
used to cleanly resolve 24Mg+ from C2

+.
After exploration of appropriate run conditions,

analytical protocols were standardized and maintained in
all analyses to maximize reproducibility. In most cases,
samples were analyzed in the center hole of the same
1-hole mount with no gaps or broken edges showing, and
all analyses were taken at least 1.5 mm away from the
ridge interface of sample and holder. Multiple profiles
were obtained per analysis session with flight sample
analyses usually bracketed between reference ion-implant
standard analyses.

2 D. S. Burnett et al.
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Quantifying SW Depth Profiles

The usual materials science approach (Wilson
et al., 1989) for obtaining fluences of an implanted trace
isotope, i (e.g., 25Mg or 54Fe), by depth profiling in a
collector composed of an element with a matrix isotope,
m where m is 28Si or 12C, is based on the RSF (relative
sensitivity factor):

ni xð Þ=RSF� Ci xð Þ=Cmf g (1)

where ni(x) is the concentration (SW atoms/cc) of atom
i as a function of depth x, and C is the
background-corrected counting rate of i, which for solar
wind ions is also a function of depth. Cm is the matrix
ion counting rate (28Si or 12C).

The fluence of i is the depth integral:

fluence i atoms=cm2
� �

=
Z

ni xð Þdx½ �

=RSF

Z
Ci xð Þ=Cm½ �dx

(2a)

or, since the data are determined as a time sequence,
Equation (2a) is equivalent to:

fluence=RSF�
Z

Ci xð Þ=Cm½ �� S dt (2b)

Instrument conditions were tuned to maintain a
constant sputtering rate, S= dx/dt. S is determined as
crater depth/total run time where the crater depth is
measured by profilometry. Depth integrals are
determined from the surface to a depth where the
implant concentration becomes negligible. Since the
same instrument was used for measuring pit depths on
sample and standard, only the precision of the pit
depth measurement contributes to the fluence error.
Replicate analyses of pits give a reproducibility of
about 1%.

When samples and standards are measured as close
in time as possible, the above equations simplify to:

SW fluence= implant std fluence� SW depth integral=½
standard depth integral� (3)

SW fluences were calculated relative to implant
standards, using Equations (2a) or (3) with the RSF
obtained from the same equation applied to a measured
depth profile from an implant standard with known
fluence. The implant standard is usually an unflown
control sample of flight material implanted with a

known fluence of a minor isotope of the SW element of
interest. Although the solar wind ions were counted
with an EM, and the matrix element usually with an
FC, an FC to EM intercalibration is not necessary
because reference implants and SW were measured
under the same conditions; therefore, the scaling factor
cancels. For Mg analyses, implanted 25Mg was used to
obtain the RSF, and then, the solar wind fluence was
determined from the 24Mg depth profile measured in
the flown samples. For the case of Fe, 54Fe or 56Fe
implants were used, with solar wind 56Fe profiles
measured in the flown collectors.

RESULTS

Detailed documentation of fluence measurements
and associated errors are given in supporting online
appendices. More complete documentation, especially on
how errors were estimated, is available in expanded
versions of these appendices from D. Burnett or A.
Jurewicz. Appendix A gives a table of contents
(Appendix List).

External Versus Internal Standards

Materials science depth profiling is based on
“external standardization” in which an implant standard
is a separate sample, analyzed separately (Wilson
et al., 1989). A derived externally standardized solar wind
(SW) fluence is thus based on the measurement of
separate depth profiles from the Genesis sample and from
the implant standard, ideally measured under exactly the
same analytical conditions. Greater accuracy was
obtained by implanting 25Mg or 54Fe directly into flight
samples, creating a “flight implant internal standard” so
that fluences are derived from a single depth profile.
Fluences derived from both external and internal
standardization are reported here.

MG

Mg Implant Standards

The nominal standard implant fluences reported by
the vendor are not sufficiently accurate for Genesis
applications (Heber et al., 2014). Independent calibration
of the implant fluence is required, but this is feasible.
Table 5 in Burnett et al. (2015) shows that five different
Mg implants have been calibrated with differences of up
to 24% below the nominal fluences. All solar wind Mg
and Fe fluences reported here are based on calibrated
implants; a list is given in Appendix B.

The solar system Fe/Mg ratio 3
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Mg Fluences from Si Collectors (Appendix C)

Depth Profiles
Figure 1 shows a typical 24Mg counting rate depth

profile. The decreasing Mg ion intensity from the surface
is a mixture of transient behavior and ion-beam-mixed
surface contamination. The minimum in the profile
around 10 nm represents the transition from a decreasing
contamination profile to an increasing SW profile. The
SW profile peaks at about 20 nm and drops off relatively
slowly with depth until reaching the background level
beyond 400 nm. Overall signal to background is excellent.
At any one instant, the SW has a constant speed, but over
the course of the 27-month Genesis exposure, the speed
of the SW plasma cloud varies, causing implantation
depth variations resulting in a broad implantation profile
because implantation depth depends on ion energy. The
breadth is a convolution of the intrinsic dispersion in
stopping depths at constant velocity and spread due to
variation in SW speed. Beyond around 200 nm, the
profile is exponential, which can be used to make a small
“tail correction” for the unanalyzed deep tail of the SW
profile beyond 400 nm.

In general, for all depth profiles, the first portion of the
depth profile is not measured quantitatively because
of transients and surface contamination. The “main” part

of the depth integral has a lower limit (“start main depth”)
at depths significantly greater than when steady state
sputtering has been achieved and well into the rising part
of the profile where contamination should be negligible.
Surface corrections from the surface to the start main
depth are made by fitting the portions of the measured
profiles more shallow than the peak to a theoretical depth
profile based on the SRIM software (Ziegler et al., 2010).
The total depth integral is the sum of surface + main + tail
integrals. Errors from the surface and tail corrections have
been assessed in detail (see Appendices). Surface
corrections and errors are comparable for Mg and Fe, so
no significant bias in the Fe/Mg ratio from different
amounts of contamination is present.

As an internal standard, flight sample 60341 was
implanted with 9.17� 0.38 × 1011/cm2 25Mg ions at
100 keV. The 60341 25Mg implant fluence was calibrated
by intercomparing profiles from a piece of flight spare Si
K7A (co-implanted along with 60341) with Si sample
CZ4A. In turn, CZ4A was co-implanted with an NIST 617
glass of known Mg concentration (Burnett et al., 2015).
SIMS analysis of the implant profile in the NIST glass
established the 25Mg implant fluence of CZ4A as
2.63� 0.08× 1013/cm2. In this bootstrapping manner, a
series of implant standards were generated based on the
well-calibrated NIST glass. The 60341 25Mg implant
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FIGURE 1. Typical solar wind 24Mg depth profile in Si collector. The first 10 nm is unusable because of surface contamination
and transients. Background is reached beyond 400 nm. Signal to noise is excellent. An accurate Mg solar wind fluence is given by
the depth integral of the background-corrected 28Si-normalized 24Mg counting rate.

4 D. S. Burnett et al.
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energy and fluence were chosen to give a depth profile
deeper than, but with a similar fluence as expected for SW
24Mg. A summary of implant standards used is given in
Appendix B.

Figure 2 shows measured depth profiles for
implanted 25Mg and SW 24Mg in 60341. The implant
25Mg ion beam was extracted, and mass analyzed from an
ion source using terrestrial Mg (24Mg/25Mg= 7.9), but
the “accidental” implanted impurity 24Mg is small:
24Mg/25Mg= 1.88 × 10�3. Given the relative implant and
solar wind fluences and depth distributions, the
contribution of the laboratory implanted 24Mg to
the 60341 solar wind 24Mg is negligible and has been
ignored. However, as can be seen in Figure 2, there is a
significant contribution of solar wind 25Mg to the
measured implant 25Mg profile causing the flat part of
the profile nearer to the surface than 100 nm. Accurate
corrections for the SW “contamination” of the measured
25Mg implant standard profile can be made based on the
measured 24Mg profile, giving the corrected 25Mg implant
profile in Figure 2 (Appendix C).

Depth Integrals
At depths greater than about 13 nm, the

background-corrected 24Mg profile is pure SW. From the
surface to about 13 nm, the measured 24Mg is a mixture
of SW and contamination distorted by transient effects.
A surface correction is required for this portion of the
profile (Appendix C).

Primary ion currents were very stable during internal
standard profile measurements. Here, the SW 24Mg
fluence is simply the implant fluence times the ratio of the
solar wind 24Mg and implant 25Mg counting rate depth
integrals plus a small instrumental mass fractionation
(IMF) correction estimated as �1.0� 0.5%/amu based on
analyses of silicate materials, where the minus sign means
light isotope enrichment. In all cases, for both implant
standard and SW, the total integral is the sum of three
parts: surface + “main”+ tail. For the best (internally
standardized) profiles, the main part is greater than 90%
of the total. For all Mg profiles accepted for a fluence
calculation, the fraction of the total integral represented by
the clean main portion ranges from 83% to 94%.

The SW 24Mg surface correction integral in the first
10–15 nm (Appendix C) amounts to 6%–8% of the total
60341 fluences. The tail correction for the unmeasured
deep part (“tail”) of the 60341 24Mg profiles is small
(0.2%–0.4%). Similar surface and tail corrections for the
25Mg implant depth profiles are more complicated, but
these are small sources of error; the corrections to the
25Mg depth integral are approximately 0.6%–0.8% for
the surface and 1.7%–1.9% for the implant tail
(Table C3).

Mg Fluences
Figure 3 displays individual profile Mg fluence

analyses arranged sequentially according to date of
analysis in what can be regarded as a “learning curve”.

Depth (nm)

(c
ps

)

24Mg
25Mg measured
25Mg implant

0 100 200 300 400 500

10

100

1000

FIGURE 2. Measured counting rate 24Mg and 25Mg depth profiles from an 25Mg implant into sample 60341. The measured
24Mg profle is shown as diamonds. Implant 24Mg is negligible. The measured 25Mg profile (dots) requires correction for solar
wind 25Mg, but this can be accurately made, as shown in the derived 25Mg implant profile (triangles).

The solar system Fe/Mg ratio 5
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Initially, externally standardized fluences gave poor
reproducibility, both for implant standards and for solar
wind Mg profiles. Part of this was lack of standardization
of analytical conditions, but for reasons not completely
understood, the greatest improvement in reproducibility
occurred when we incorporated the O2 flooding in the
analyses. All fluences on Figure 3 are based on calibrated
implants.

Fluences from the three 60341 internal standard
profiles are in excellent agreement (Table 1) with a
standard deviation of 0.6%. The precision of the internal
standard fluences is 3.1%, with error bars comparable to
the size of the symbol in Figure 3.

External standard analyses with O2 flooding were
made in three sessions (A, B, C) earlier than the internal
standard analyses (Table C). These were not made under
the standardized conditions later adopted, and fluences
have larger errors, order 10%. As Figure 3 and Table 1
show, the measured fluences for three of the four profiles
agree within 1 sigma errors with the more precise fluence
determined from the internal standard analyses. The
fourth is low by 2 sigma.

A large number of sources of error at the percent
level have been studied in some detail. Table C4 gives a
detailed breakdown of the sources of error for the
internal standard analyses.

Mg Fluence from Si collectors, Summary
Table 1 is the total summary of the adopted

individual profile solar wind Mg fluence data. To make
the appropriate comparisons, error bars are precision,
omitting common sources of error to all data, for

example, the Mg concentration of the primary NIST
standard. For Si collectors, we adopt the average 60341
internal standard fluences as the final Mg fluences from Si
collectors: 1.698� 0.053 × 1012 atoms/cm2 (precision).
We do not adopt an error of the mean because of the
possibility of unrecognized errors.

Our frontside Si collector fluences agree with the
backside Si Mg fluence of Heber et al. (2021) (Table 1).

Mg Fluence from Diamond-Like-C (DLC) Collectors

The calculation of solar wind Mg fluences from 24Mg
SIMS depth profiles in DLC is basically the same as
described in the above Mg Fluences from Si Collectors
Section and Appendix C for Si collectors; however, there
are significant differences in detail. Complete descriptions
of the data processing are given in Appendices D1 and D2.
Figure 4 shows the DLC learning curve analogous to Si
collectors (Figure 3). Measured external standard fluences
showed lot of scatter initially until we learned how to
standardize conditions to obtain more reproducible results.
In several of the early analysis sessions, the agreement in
replicate solar wind analyses is good, but the large error
bars reflect irreproducibility with the measured implant

1

1.5

2

2.5

3

3.5

4

M
g 

flu
en

ce
 (1

012
/c

m
2 )

Analysis Date

No O2 Bleed
O2 Bleed, External Std.
O2 Bleed, Internal Std.

Silicon

FIGURE 3. “Learning curve” for Mg. Fluence reproducibility
was poor before use of O2 gas bleed, but good results were
obtained after use, for both internal and external standardized
profiles. Error bars (1 sigma) are precision. Errors common to
all points are not included. Three externally standardized
profile analytical sessions are shown (A, B, C. Appendix C,
Table C1).

TABLE 1. Genesis solar wind Mg fluences.a

Mg fluence Errorb

Si collectors

Internal Standardc

60341–01 1.700 0.061
60341–02 1.687 0.061
60341–03 1.706 0.062

External Standardd

A 20732–1-5 1.60 0.15
B 20732–1-1 1.43 0.16

B 20732–1-2 1.73 0.19
C 20733–1-2 1.79 0.19
Heber et al., 2021e 1.761 0.044
DLC collectors

Internal Standardc

60246–2 1.702 0.071
60246–3 1.768 0.057

External Standardd

E Average 20732–2f 1.734 0.059
D 60065 averageg 1.86 0.28
aUnits of 1012 atoms/cm2.
bSources of error common to all analyses omitted. See text Adopted

Solar Wind Mg Fluence Section.
cEstimated average precision of single profile (Table C4).
dLetters refer to analysis sessions (Appendix C for Si; Figure 4 for

DLC).
eCorrection and error added for effect of H on Mg sensitivity (Section

C7).
fAverage of 11 analyses (Jurewicz et al., 2021; Appendix D1).
gAverage of three profiles (Table D2-2-4).

6 D. S. Burnett et al.
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standards. The irreproducibility can be understood by
variations in DLC conductivity (Jurewicz et al., 2021, fig. 6
discussion). All fluences in Figure 4 are based on calibrated
implants, but as with Figure 3, we have not made a major
effort to understand the scatter in the early data. We only
use the results of the final 3 sessions: the internal standard,
and external standard sessions D and E. Sessions D and E
analyses were made using highly controlled analytical
conditions with all analyses being made in the same sample
mount. Session E is discussed in detail in Appendix D1.
The 60246 internal standard and session D are in
Appendix D2. Figure 4 shows that the session D and,
especially, session E analyses have less scatter than the
analyses prior to the flight implant internal standard. The
error bars (1 sigma) in Figure 4 are the relative precision of
the different analyses shown; sources of error common to
all points in the figure are not included.

20732–2 Session E
The smaller errors in the 20732–2 analyses are due to

a major effort to understand the effects of DLC
inhomogeneity (Jurewicz et al., 2017, 2020, 2021) which
resulted in reproducible fluences for the Session E
20732–2 data: (1) Variations in the implant standard
depth integrals (i.e., sensitivity factors) were found to be
correlated with C2/C matrix ion intensity variations. This
correlation, coupled with the measured C2/C of the
20732–2 profiles, gave accurate sensitivity factors. (2) By
using a calibrated two isotope (25Mg+ 26Mg) implant
standard, large, and somewhat variable, instrumental
mass fractionation (circa 40 permil/amu) was
demonstrated. (3) The implant standard has a previously
unrecognized, relatively deep, 24Mg contamination
profile. Accurate surface corrections were possible for the
20732–2 solar wind profiles (Section D1-9) based on

theoretical SRIM profiles (Olinger et al., 2018; Ziegler
et al., 2010).

The 20732–2 session E data are independently
processed here (Appendix D1) using similar, but not exactly
the same, procedures as Jurewicz et al. (2021). The
individual profile fluences (Table D1-4) are in excellent
agreement. The average of nine profiles is given in Table 1.

The good SRIM fits to the 20732–2 DLC solar wind
profiles are illustrated in Figure D1-8. Unlike Si, SRIM
gives excellent fits to both the implant standard and solar
wind profiles.

Internal Standard 60246
DLC sample 60246 was implanted together

with 60341 Si, with 25Mg at a deeper depth, but with
a comparable fluence as the SW depth profiles
(Figure D2-1-1). Fluence calculations (Appendix D2-1)
are essentially the same as the internal standard Si depth
profiles (Figure 2). Corrections for implant 24Mg are
negligible, but small corrections to the 25Mg implant by
solar wind 25Mg are required. The internally standardized
analyses minimize fluence errors from DLC
inhomogeneity. The implant 25Mg was deliberately made
much deeper than the solar wind 24Mg. However, C2/C is
observed to be uniform in a given profile, although
variable among profiles separated by a few hundred
microns, implying that sensitivity factors are constant in
any one profile.

Fluences from two 60246 profiles agree within errors,
differing by 3.9%. The average 60246 fluence is
1.735� 0.047 × 1012 atoms/cm2.

External Standard 60065 (session D)
These analyses were done under tightly controlled

analytical conditions (Appendix D2-2), but C2/C
measurements were not made; thus, fluence errors are
large due to DLC inhomogeneities. Session D data
are not used in the final value for the solar wind Mg
fluence. Three profiles were measured with fluences (in
units of 1012atoms/cm2) ranging from 1.66 to 2.01
(Table D2-2-4; Figure 4), but 1 sigma error bars overlap
and each fluence agrees within errors of that for internal
standard 60246. The average 60065 fluence is given in
Table 1.

DLC Solar Wind Mg Fluence
Summarizing: the work of Jurewicz et al. (2017) and

Jurewicz et al. (2021) has demonstrated that the DLC
SIMS sensitivity factor variations (�10%–15% based on
60065. Appendix D2-2) can be corrected based
on measured C2/C matrix counting rate ratios. Good
precision is obtained for 11 external standard profiles for
sample 20732–2 (Figure 4; Tables 1 and D1-4). Use of an
25Mg implant internal standard also compensates for
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Average from Si

FIGURE 4. “Learning curve” for diamond-like C (DLC)
collectors. Initially, reproducibility was poor, until control of
DLC inhomogeneities was established (Jurewicz et al., 2021).
Error bars (1 sigma) are precision. Errors common to all
points are not included.
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sensitivity variations, and agreement well within errors is
found for samples 60246 (internal standard) and 20732–2
(Table 1).

Adopted Solar Wind Mg Fluence

DLC profiles are better than Si (Figures C1 and C5).
The solar wind can be measured closer to the surface
because of less surface contamination. Transients prior to
the onset of steady-state sputtering are minor for DLC,
whereas these are quite important for Si. Despite deeper
contamination profiles (Figure D1-4), the surface
corrections to the DLC solar wind 24Mg depth integrals
are smaller (0.9%–2.6% Table D1-4) for DLC than for
the Si (6%–8%; Table C2); this in part reflects the much
deeper transient depth for Mg in Si than in DLC. There is
also some redistribution of Mg (radiation-enhanced
segregation; Section C4) in the solar wind Mg depth
profile in Si, but there is no evidence that the
depth integral is significantly affected.

The 60246 DLC and 60341 Si collector (Appendix C)
internal standard samples have a common source of error
in the K7A implant fluence; neglecting this, the
appropriate error in for the 60341 fluence is 2.8%
(average fluence error 0.048; section C12) which is
equivalent to 3.3% (Table D2-1-6) for 60246 (average
fluence error 0.57). In 1e12 units, the average fluence
difference between 60341 and 60246 is 0.037. The
predicted fluence error difference is 0.074 significantly
higher. The average Si-DLC Mg fluence difference is
2.2%. This is the highest precision comparison possible
between Si and DLC Mg fluences with present data.

In units of 1012 atoms/cm2, our average adopted
fluence from the 60341 Si internal standard Si is
1.698� 0.061 (the agreement among the 60341 fluences
is anomalously small; we adopt an error of 3.1%; Section
C9). The 60341 fluence agrees with the backside depth
profiling analysis of Heber et al. (2021) 1.761� 0.044.
For DLC, omitting 60065, the average of 60246 and
20732–2 is 1.735.(Table 1). The overall average fluence is
1.731 × 1012 atoms/cm2 for these three results. How to
propagate the adopted errors is actually not important
because previously neglected common sources of error to
Table 1 are more important: 3.5% for the Mg
concentration of our NIST glass primary standard
(Burnett et al., 2015) and 1.5% for the calibration of our
CZ4 primary implant standard. The standard deviation
of the above three fluences is 1.8%. The (rms) c 4.2%.

Adopted bulk solar wind Mg fluence: 1.731�0.073 ×
1012 atoms/cm2.

General Comment on Errors
As illustrated by the above, we base our final adopted

errors on the reproducibility of fluences from focused

studies on different collector materials or different
approaches (e.g., internal/external standard). However, in
all cases, we have checked to see that the assigned error
from a given study is consistent with the estimated
analytical errors and made adjustments if necessary (e.g.,
in the 60341 analyses). Detailed analytical error budgets
are given for Mg at the end of Appendices C, D1, and D2-
1 and for Fe in Appendices G1, G2, and G3.

FE

Fe Implant Standards

As with Mg, solar wind Fe fluences have been
measured using both internal and external
standardization. All SW data were processed as
matrix-normalized 56Fe profiles. As shown in Figure G2-
1, two flight samples of Si and diamond-like-C (DLC),
along with control samples and the NIST 617 glass
primary standard, were co-implanted with a nominal 1012

atoms/cm2 of 54Fe. A major simplification is that several
tests have shown that the implants from Kroko Inc have
no measurable inhomogeneities. (<1% in the most
precise study of Fe implant sample KB). Thus, all
samples on Figure G2-1 have the same implant fluence.
The Fe concentration of our NIST 617 glass wafers was
independently measured by isotope dilution and solution
ICPMS by Humayun at 10.3� 0.1 ppm.

SIMS analyses of the NIST 617 glass to calibrate the
25Mg implant fluence presented no problems (Burnett
et al., 2015); however, for Fe, problems arose. Fourteen
useful profiles were obtained in three separate analysis
sessions. A fluence of 5.57� 0.17 × 1011 54Fe atoms/cm2 is
obtained, although four profiles were rejected
(Appendix E). As confirmation, a completely independent
calibration of the flight implant was carried out based on
Si implant sample KB calibrated by Rutherford
backscattering at 5.00� 0.05 × 1015 56Fe atoms/cm2 as a
primary standard. As described in Appendix F, flight
implant Si control sample CZC was in turn calibrated
relative to KB by two different methods: (A) a two-step
calibration using an intermediate implant of 3.4 ×
1014/cm2 and (B) calibrating the 54Fe impurity in KB and
calibrating CZC directly relative to it. The A and B
pathways agree with a fluence of 5.54� 0.12 × 1011 54Fe
atoms/cm2 which agrees within errors with the fluence
measured from the implanted 617 glass (Figure F5).

Fe fluences from Si collectors

(Appendix G1). Seven 56Fe/28Si depth profiles from
flight implant sample 60331 were measured in two
analytical sessions. Mass scans verified that 56Fe was
cleanly resolved from Si2 (nominal mass resolving power

8 D. S. Burnett et al.
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(MRP) 3000–4000). Figure 5 shows a typical measured
cps56/28Si profile with good signal/noise and well-defined
background as well as adequate resolution of SW 56Fe
from contamination and transients (0–20 nm).
56Fe impurities from the 54Fe implant are insignificant,
but an approximately 10% correction is required for the
flight implant 54Fe due to SW 54Fe (Figure G1-2). As
with the same correction to the 25Mg flight implant
(Figure 2), errors from this correction are small.

As with Mg (Depth Integrals Section), the
background-corrected 56Fe/28Si and 54Fe/28Si integrals
are divided into a surface, main, and tail parts. The
surface correction is based on fitting the portion of
the profile at depths shallower than the peak to a
theoretical SRIM profile (e.g., Figures G1-3 and G1-4).
Tail refers to the small deep portion of the SW profile
unresolved from background. Detailed error analysis for
each profile is made with fluence precision ranging from
3.5% to 7.0%.

Figure 6 shows that the individual 60331 profiles all
agree with an average value of 1.364 × 1012 Fe atoms/cm2

with a 1 sigma standard deviation of 2.2%.

Fe fluences from DLC collectors (Appendix G2)

As with Mg (Figure 4), our initial attempts to
measure the SW Fe fluence in DLC collectors showed a

lot of scatter due to DLC inhomogeneties (Jurewicz
et al., 2021), but precise Mg fluences are obtained with
the internal standard implant procedure. Eleven SW 56Fe
profiles from DLC samples 60337 and 60246 implanted
with 54Fe were processed using the same basic procedures
as for Fe in Si collectors (Fe Fluences from Si Collectors
Section). The results are given in Figure 7 and Table G2-

Depth (nm)
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FIGURE 5. 28Si-normalized solar wind 56Fe depth profile in Si. Initial contamination and transients less than for Mg (Figure 1).
Background reached beyond 500 nm. Fe fluence based on background-corrected depth integral.
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FIGURE 6. The Fe fluences from seven profiles of Genesis Si
sample 60331 agree the average value (dashed) within the 1
sigma error bars of the individual analyses. Fe fluences are
calculated from the measured 56Fe fluences using the
terrestrial 56Fe isotopic abundance
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3. Within these errors, all profiles except one agree with
the average Fe fluence of 1.406 � 0.078 × 1012 atoms/cm2

(Figure 7).

Fe Fluence Summary

Table 2 summarizes the adopted Fe fluence data
from the internal standard Si and DLC analyses along
with the fluence based on external standard analyses of
Sample 64090 (Appendix G3). Errors in Table 2 include
the errors from the implant standards thus are our
estimate of the accuracy of the measured fluences. As
discussed in detail in Appendix G3, the three 64090
profiles are of good quality and fluences agree within the
individually estimated errors for individual profiles
(Figure G3-8). The standard deviation of the three 64,090
profiles (4.0%) is intermediate between the internal
standard Si (2.9%) and DLC (5.6%). For comparison
with 64090, (in 1012 units), we adopt 1.385� 0.059 as the
internal standard Si and DLC average. (Here, the error is
the Si-DLC average error.) Relative to the formal error in
the difference (0.081), the 64090 fluence is lower than the
internal standard by 10.7%, 1.7 sigma, marginally
significant. The 60490 sample was cleaned with aqua
regia with no obvious surface damage, but other flight Si
samples were extensively damaged by this treatment.

Sample 60490 appears to have some surface loss from the
aqua regia treatment (Appendix G3) but the adopted
fluence and error allow for this. Nevertheless, the
possibility of Fe leaching by aqua regia cannot be
ruled out.

External standard Mg fluences were not used in
arriving at a final Mg fluence, but errors were large
(Table 1). That is not the case for Fe from 64090. Other
than the possibility of SW Fe leaching by aqua regia,
there is no basis for rejecting the 64090 fluence. A
weighted fluence by inverse errors of individual profiles
assigns more certainty to the individual profile error
estimates than is deserved; however, adopting a fluence
weighted by the number of profiles measured seems
appropriate and this has been adopted. We adopt the
average of Table 2 errors (0.058, 4.2%). This error
includes the 64,090 fluence at 2 sigma.

Bulk solar wind Fe fluence: 1.366�0.058×1012

atoms/cm2

DISCUSSION

Solar System Fe/Mg

The interpretable quantity from our Genesis analyses
is the bulk solar wind atomic Fe/Mg. Combining the
above Fe and Mg fluences:

Bulk SW Fe/Mg: 0.789�0.048.
where the 1 sigma uncertainty (6.0%) is the rms

average of the percentage Fe (4.3%) and Mg (4.2%)
fluence errors.

Fractionation of the solar wind is primarily between
high and low first ionization potential (FIP) elements
(e.g., Heber et al., 2021; Laming et al., 2017).
Fractionation among low FIP (<9 eV) elements is
smaller, possibly absent (Heber et al., 2021; Jurewicz
et al., 2024; Rieck et al., 2021), but in any case, the FIP
for Fe (7.90 eV) and Mg (7.64 eV) are close implying that
the measured SW Fe/Mg can be equated with the average
solar and thus with the solar system ratio.

Comparison with Photospheric and CI Abundances

Figure 8 shows that the Fe/Mg ratio derived from
Genesis samples agrees with these other sources of
average solar system Fe/Mg within the quoted 1 sigma
errors. Following the arguments in the Introduction, the
present uncertainty in the validity of the CI Fe/Mg as
the solar ratio is not the high accuracy of the analyses
(4.1%; Lodders, 2021) but the 11.5% error (Asplund
et al., 2021) in the spectroscopic ratio. There is also a
lower limit to the validity of CI abundances set by
sampling errors and interlaboratory biases
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FIGURE 7. Fe solar wind fluence in units of 1012 Fe atoms/
cm2 based on DLC collectors. With one exception, the
fluences from 11 profiles agree with the average value (dashed)
within the 1 sigma error bars of the individual profiles.

TABLE 2. Genesis solar wind Fe fluence summary.a

Fe fluence Errorb No. of profiles

Internal Standard Sic 1.364 0.041 7
Internal Standard DLCd 1.406 0.078 11
External Standard Sie 1.251 0.055 3
aUnits of 1012 atoms/cm2.
bOne sigma accuracy estimate; errors of implant standard included.
cSample 60331 (see Appendix G1 for individual profile results).
dSamples 60337 and 60246 (see Appendix G2 for individual profile

results).
eSample 60490 (see Appendix G3 for individual profile results).
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(Observational Limits on CI Abundance Validity:
Comparison with Ryugu Section). The Genesis Fe/Mg
decreases the uncertainty by a factor of about 2 (to 6%).
Lodders regards photospheric spectroscopic abundances
as generally uncertain to 20%, but we respect the quoted
errors of Asplund et al.

Comparison with ACE/SWICS Fe/Mg

Pilleri et al. (2015) reprocessed solar wind abundance
data from the SWICS instrument on the ACE spacecraft
to match the Genesis collection time interval (The time
interval is potentially important as SW abundances could
potentially vary with different parts of the solar cycle;
however, for low FIP elements, there is no evidence of
this at present). Pilleri et al. report abundances relative to
Mg and relative to the photosphere spectroscopic Fe/Mg.
For completeness, we convert their abundances to the
Asplund et al.’s (2021) Fe/Mg ratio of 0.813, instead of
the 0.794 used by Pilleri et al., although this makes
negligible difference. The SWICS bulk solar wind
Fe/Mg= 1.00� 0.21 is 26% higher (1.2 sigma) than the
Genesis ratio. SWICS Fe/Mg ratios for the Genesis SW
regimes (Burnett, 2013) are all higher than the Asplund
et al.’s 0.813, but not outside of error limits. The SWICS
Fe/Mg for the Genesis period low speed (L) (Interstream)
regime is significantly higher than the Genesis period high
speed (H) (Coronal hole) solar wind by 19%. Pilleri et al.
interpret this and an overall speed dependence of Fe/Mg,
as evidence that solar wind elemental fractionations are
not determined by FIP alone. This is important because it
would significantly complicate the interpretations of this
paper. However, the 19% is surprising because the
regime, Mg-normalized abundances for Ca, Al, and Na
are agree to within 2% precision for all three of the
Genesis regime samples (Heber et al., 2021). The 19%

L/H Fe difference can be tested by Genesis regime sample
analysis.

Observational Limits on CI Abundance Validity:

Comparison with Ryugu

The CI abundance uncertainties, set by sampling and
interlaboratory bias (e.g. Palme et al., 2014), are unlikely
to be improved (at least for Fe and Mg) by new/better
analytical techniques. As emphasized by Palme
et al. (2014), the present CI abundances are based on the
average of a large number of analyses, but from only two
meteorites, Orgueil and Ivuna. The best constraint on CI
sampling errors comes from Barrat et al. (2012) who
document significant variations. Rejecting one outlier
sample, 19/46 elements have ≥5% differences for
gram-sized samples from six different large Orgueil
stones.

The validity of CI abundances can be tested by new
samples, but the Earth’s atmosphere presents a significant
barrier for recovery of friable CI meteorites.
Carbonaceous asteroidal sample returns offer a new
dimension.

The returned samples from asteroid Ryugu are
CI-like material. Independent elemental analyses of
different samples are available from Yokoyama
et al. (2022) and Nakamura et al. (2022). There is a
general consensus (e.g., Alfing et al., 2019; Barrat
et al., 2012; Morlock et al., 2006; Palme et al., 2014) that
gram-sized samples of CI are required to get a
representative average; consequently, allocation of
sufficiently large Ryugu samples for bulk analysis to
obtain significant constraints on the validity of CI
abundances should not be possible, given the 5.4 g sample
returned. The Ryugu data suggest otherwise. The
Hayabusa 2 mission collected two samples (TD1 and
TD2) separated by 100’ s of meters on Ryugu; these are
equivalent to two separate CI samples, except for the
important distinction that they are known to come from
the same asteroid. Yokoyama et al. analyzed
approximately 25 mg samples from each site. Nakamura
et al. made separate analyses of 16 sub-mg samples, a
total mass of 4.4 mg. The atomic Fe/Mg for Yokoyama
et al. (0.819� 6% TD1-TD2 difference) and Nakamura
et al. (0.813� 8% TD1-TD2 difference) agree well and
with the data in Figure 8.

A significant difference between Ryugu and classical
CI is the abundances of “coarse” grains (> micron size)
of some minerals. Apatite is especially important as the
host phase of many lithophile elements, and the Ryugu
apatite modal abundances (Nakamura et al) are over an
order of magnitude greater than Orgueil (Alfing
et al., 2019); probably because the Ryugu data have a
lower grain size cutoff (Appendix I).
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FIGURE 8. Comparison of Genesis Fe/Mg with photospheric
spectroscopy (Asplund et al., 2021) and CI carbonaceous
chondrites (Lodders, 2021).

The solar system Fe/Mg ratio 11

 19455100, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

aps.14313 by L
arry N

ittler - A
rizona State U

niversity A
cq , W

iley O
nline L

ibrary on [30/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



We have not made a detailed study of the
published Ryugu elemental analyses; however, the data
suggest a possible significant difference in REE from
that those in CIs. Consequently, in Appendix I, we
have made a close comparison of Ryugu and CI,
summarized in Figure 9 for Mg-normalized abundances
of P, LREE, and HREE. Following Harold Urey, the
Mg normalization minimizes the effects of differences in
water and C concentrations. Interlaboratory bias should
be eliminated in separate TD1 versus TD2 comparisons
for Yokoyama et al. and Nakamura et al. Serious
sampling errors from the small samples analyzed would
produce scatter in Figure 9, but this appears relatively
small. The requirement of gram-sized samples of
Orgueil to get accurate abundances may not apply to
the elements considered here. Or possibly, despite larger
abundances of coarse mineral grains, Ryugu may be
overall more homogeneous. If the Yokoyama data,
based on an order of magnitude larger sample size, are
adopted, the average Mg-normalized Ryugu/CI ratios
are 1.27� 0.11 for P, 1.07� 0.03 for the LREE, and
1.18� 0.05 for the HREE (Table I4), where the errors
are the TDI-TD2 differences from the average. Overall,
the Ryugu results are remarkably consistent, despite the
small samples, especially for the REE.

It is possible that the REE pattern and P abundance
in Ryugu are different from CI. Two independent analyses
(Appendix I) are used for Figure 9 which minimizes the
effect of interlab bias; however, both sets are based on
ICPMS analyses. The Ryugu/CI differences in Figure 9
require confirmation, but these illustrate a major issue.
When two CI-like samples differ significantly, in this case
7%–27%, which is solar?

Comparisons with Chondrite Fe/Mg

Having solar composition for any meteorite is
important, even for a limited group of elements or a
single important ratio like Fe/Mg, because this shows
that at least part of this material has not had significant
fractionation from the average composition of the solar
nebula. Only CIs have near-solar composition for volatile
elements like S (e.g. Palme et al., 2014), but even here, the
qualification “only for non-volatile elements” must be
added with “non-volatile” inferred from the data. With
more valid solar abundances, it is possible to investigate
the issue of whether specific C groups, or individual
meteorites, have solar composition at a higher level of
precision. Identifying those groups or meteorites that do
not have solar composition potentially provides clues to
previously unrecognized or poorly understood nebular
processes and/or structure.

The variations of average C group Mg/Si ratios
(including CI) are remarkably small, only 6% (fig. 1 of
Palme et al., 2015). However, for Fe/Mg, the range
appears larger: 30% (fig. 3 Palme et al., 2015), a variation
significantly larger than the errors in the Genesis Fe/Mg,
which in turn agrees with the CI ratio (Figure 8). We
compare literature whole rock Fe/Mg analyses of
carbonaceous chondrites with the Genesis bounds on the
solar Fe/Mg, a comparison now valid at the ≈10%
accuracy level. Table 3 shows our C chondrite group
averages of Fe/Mg. We restrict the comparison to falls in
order to recognize anomalous meteorites and focus as
much on variations as on group averages. The input data
to Table 3 are individual meteorite Fe/Mg, averaging
data from different laboratories. Details are given in
Appendix J. The intermeteorite % standard deviations
in Table 3 are small, and intergroup differences in Fe/Mg
are clearly resolved with CI>CM ≅C3O>C3V. This
has been noticed before (e.g., Hezel et al., 2018;
Kallemeyn & Wasson, 1981) but not elaborated upon.

The small variations in the C chondrite group
individual meteorite averages indicate homogeneous

Yokoyama et al.
     TD1      TD2
Nakamura et al.
     TD1      TD2
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FIGURE 9. Comparison of Mg-normalized Ryugu/CI
abundances for P, LREE (La, Ce), and HREE (Er, Tm, Yb,
Lu) from Yokoyama et al. (2022) and Nakamura et al. (2022)
and for the two Ryugu sampling sites (TD1 and TD2). Details
in Appendix I. Despite small sample sizes, Ryugu data are
very consistent for the REE. Larger P variations reflect
variations in apatite abundance.

TABLE 3. C chondrite Fe/Mg and variations.

Group
#
falls

Atomic
<Fe/Mg>

Standard
deviation

Standard
deviation (%)

Chondrite

CI 3 0.851 0.011 1.3
CM 10 0.775 0.016 2.1
C3V 4 0.697 0.005 0.7

C3O 5 0.755 0.025 3.3
Genesis
G �
1σ

0.743

G+ 1σ 0.839

12 D. S. Burnett et al.
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parent bodies; this conclusion applies to a major
component (C-type) of the asteroid belt. The Aguas
Zarcas C chondrite breccia appears an exception. It is
possibly of great importance that it contains many
“non-group” C chondrite clasts (Kerrouch et al., 2022).

The CM average and standard deviation in Table 3
exclude Haripura for which a single analysis gives a highly
anomalous Fe/Mg= 1.95 (Table J3). Haripura appears to
be a typical CM (Metzler et al., 1992), but may be worthy
of further attention.

Tables J2 and J3 indicate that C chondrite
interlaboratory bias and sampling errors for Fe/Mg are
small, less than about 5%. The intermeteorite standard
deviations in Table 3 are smaller, suggesting convergence
in the group means.

Comparison of the Genesis 1 sigma limits on solar
Fe/Mg (Table 3) shows CI chondrites at the +1 sigma
limit. All nine CM meteorites (excluding Haripura) have
Fe/Mg within the Genesis 1 sigma range (Table J3). The
five C3O meteorites have Fe/Mg near the Genesis �1
sigma limit and the four C3V meteorites are consistently
below the Genesis �1 sigma limit. If we adopt 2 sigma
standards, all these C chondrites could have solar Fe/Mg.
All C chondrites appear to have the same Mg/Si as well
(e.g., Palme et al., 2014, 2015). Variations in Ca/Si and
Al/Si and presumably other refractory lithophile elements
reflect CAI components (e.g., Palme et al., 2014;
Wasson, 1974, fig. II-2).

Despite complications, meteorites with near solar
Mg, Fe, and Si abundances place a major constraint on
nebular source regions. The small variations in C
chondrite group Fe/Mg probably reflect a small amount
of metal–silicate fractionation, but considering this is
beyond the scope of this paper.

SUMMARY

Solar wind Fe/Mg is a more valid measure of solar
composition than CI chondrites and can be measured
more accurately than spectroscopic photospheric
abundances. Fe is an element of high cosmochemical
importance, with Fe/Mg (as well as oxidation state)
controlling the densities of the terrestrial planets. SIMS
analyses of Mg and Fe fluences made in four different
laboratories and two different Genesis collector materials
give satisfactory agreement. Both Si and diamond-like-C
collectors give high signal to noise depth profiles for Mg
(Figures 1 and C5) and Fe (Figures 5 and G2-3). Si and
DLC fluences agree for both elements. The Mg fluence is
1.731� 0.073 × 1012 atoms/cm2. The Fe fluence
is 1.366� 0.058 × 1012 atoms/cm2. To obtain the highest
accuracy, all plausible sources of error down to the 1%
level were investigated and documented in supporting
online appendices.

Our value for the solar system Fe/Mg atomic ratio,
0.789� 0.048 agrees at 1 sigma with spectroscopic
photospheric abundances with CI chondrite abundances
(Figure 8) and with the solar wind data from the ACE
spacecraft (Comparison with ACE/SWICS Fe/Mg
Section). Following the above arguments, the present
uncertainty in the validity of the CI Fe/Mg is not the high
accuracy of the analyses (4.1%; Lodders, 2021) but the
6% error in the Genesis solar Fe/Mg.

CI-like samples from asteroid Ryugu give Fe/Mg in
agreement with Genesis and meteoritic CI samples,
despite very small sample sizes. Confirmation is
required, but differences in P abundances and REE
patterns between Ryugu and CI (Figure 9) suggest the
possibility of 10%–30% differences. Independently,
depletions of 10%–20% in CI abundances relative to
the photosphere have been documented by Asplund
et al. (2021) and Jurewicz et al. (2024). Element by
element comparisons are required, but 10%–30% limits
to the validity of CI abundances are likely. This level of
uncertainty is acceptable for many applications and CI
composition as a source of solar abundances should
continue to be used, but their limitations should be
recognized.

Regardless of possible Ryugu-CI differences, the true
uncertainty in the validity of CI abundances as average
solar composition is not given by the small analytical or
sampling errors in the CI-like sample data; the ultimate
uncertainty in validity is the errors in the photospheric
abundances.

The higher accuracy of the Genesis solar Fe/Mg
permits a comparison with chondritic Fe/Mg at the 10%
level. Using only data on falls to permit close comparison,
Table 3 shows that intermeteorite Fe/Mg averages differ
for the main C chondrite groups but are all within, or very
close to, the �1 sigma Genesis solar Fe/Mg. Variations in
the individual meteorite Fe/Mg for a single C chondrite
group are small indicating homogeneous parent bodies, at
least for Fe/Mg.
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