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Abstract

The short-lived radionuclide 53Mn decays to 53Cr providing a relative chronometer for dating the formation of Mn-rich
minerals in meteorites. Secondary ion mass spectrometry (SIMS) has been extensively used for in situ dating of meteoritic
olivine and carbonate by the 53Mn–53Cr system, however a significant analytical challenge has been realising accurate mea-
surements of the Mn/Cr ratio in individual minerals of differing chemical compositions. During SIMS analysis, elements
are ionised with differing efficiencies and standard materials are required to calibrate measured ion intensities in terms of rel-
ative elemental concentrations. The carbonate system presents a particular analytical difficulty since such standards are not
naturally available due to low and variable Cr contents. Here, we utilise ion implantation of Cr into carbonate and other
phases to accurately determine the relative sensitivity factors of Mn/Cr during SIMS analysis. We find significant variations
in Mn/Cr RSF values among different carbonate minerals that depend systematically on chemical composition and we pro-
pose an empirical correction scheme that quantitatively yields an accurate RSF for carbonates of diverse chemical composi-
tions. Correction of SIMS carbonate data for this strong matrix effect may help to reconcile some outstanding problems
regarding the timescales of aqueous alteration processes in carbonaceous chondrites. Mn–Cr ages, revised based our new
understanding of the matrix effect, are, in general, earlier than previously thought and the duration of carbonate formation
is shorter.
� 2016 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Secondary ion mass spectrometry (SIMS, or ion micro-
probe analysis) is a widely used analytical technique for
in situ determination of isotopic ratios and trace element
abundances. SIMS analysis is commonly applied to natural
and synthetic samples at length-scales typically ranging
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from tens of micrometers to sub-micrometer. Compared
to most other mass spectrometry methods, SIMS offers sig-
nificant advantages where high spatial resolution and/or
low blanks are a major priority (see Ireland, 1995, for a
review). However, due to the nature of the sputtering pro-
cess, ion yields in SIMS vary dramatically from one element
to another. Measured ion ratios must therefore be corrected
by a relative sensitivity factor (RSF) in order to compute
accurate inter-element ratios in the sputtered volume of a
given sample. In practical terms, this is addressed by ana-
lysing a standard material under instrumental conditions
as similar to those used for the analysis of the unknown
as is possible to achieve. The standard, whether natural
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or synthetic, must have a known concentration of the ele-
ment of interest and it should be homogeneous at a scale
larger than the scale of analysis. Ideally, it should also have
the same bulk chemical composition and crystallographic
structure as the analyte sample.

For many applications, well characterised minerals are
readily available for use as standards, however, in other
cases it can be nearly impossible to find (or difficult to pro-
duce) materials which are a close match to the analyte. In
such cases, accuracy of analyses can be potentially compro-
mised by uncalibrated differences in the RSF (for a given
element or isotope ratio) between that determined on a
standard and that appropriate for the unknown analyte.
Such differences arise because sputtering and ionisation
yields in SIMS depend on complex interactions of the pri-
mary ion beam with the matrix of the solid sample being
analysed and hence are generically referred to as ‘matrix
effects’.

In this contribution, we focus on a solution to a partic-
ularly troublesome matrix effect that has vexed an impor-
tant SIMS application: the use of the short-lived

radionuclide 53Mn (half-life of 3.7 Ma, Honda and
Imamura, 1971) as a chronometer for dating the formation
of carbonate minerals in the early Solar System (Endress
et al., 1994, 1996; Hutcheon et al., 1998; Hoppe et al.,
2007; de Leuw et al., 2009; Petitat et al., 2011; Fujiya
et al., 2012, 2013; Jilly et al., 2013). In general, the analyt-
ical requirement for determining the former abundance of
any short-lived (now-extinct) radionuclide in an early Solar
System object is the demonstration of a spatial correlation
of excesses of the daughter isotope with the parent to
daughter elemental ratio (see McKeegan and Davis, 2003

for a discussion). Because 53Mn decays to 53Cr, the infer-

ence of the initial 53Mn abundance in a carbonate mineral
is based on the slope of the correlation between the
53Cr=52Cr isotope ratio and the 55Mn=52Cr elemental ratio.
Here we show that SIMS measurements of this elemental
ratio may be inaccurate by up to a factor of two over the
range of carbonate compositions found in meteorites. This
large matrix effect has not been previously documented
because of the lack of availability of carbonate minerals
with known, homogeneously distributed Cr impurities that
can serve as standards. We quantify Mn/Cr RSFs for a
range of carbonate mineral compositions by the method
of ion implantation (Leta and Morrison, 1980; Burnett
et al., 2015) and suggest implications for early Solar System
chronology.

1.1. SIMS Relative sensitivity factors for Mn/Cr ratios

The RSF is defined here as the scaling factor that multi-
plies measured ion ratios to derive relative concentrations:

RSF ¼ Ca=Cb

Ia=Ib
ð1Þ

where the subscripts a and b denote elements a and b,
respectively, and Cx represents the true concentration of
the element and Ix the measured signal intensity during
SIMS analysis. This factor must be measured under the
same conditions as the measurement of the unknowns,
but once determined to sufficient precision it does not need
to be repeated as long as the conditions of analysis are
stable. There were early efforts to theoretically determine
the sensitivities for analyses, however, due to the complex-
ity of the sputtering process, these were found to be less
accurate than empirical determination based on calibrated
standards (Smith and Christie, 1978).

1.2. Previous studies of Mn/Cr RSF for Mn–Cr dating

In order to maximise the isotopic shift due to decay of
the radiogenic parent isotope, materials with very high par-
ent to daughter ratios are chosen for analysis. Thus, for
Mn/Cr dating minerals are chosen which preferentially
incorporate Mn, possibly as a major lattice forming ele-
ment, and exclude Cr from the crystal structure.

Numerous studies have examined the Mn/Cr chronolo-
gies of meteoritic olivine (Glavin et al., 2004; Sugiura et al.,
2005; Ito and Ganguly, 2006; Matzel et al., 2009; McKibbin
et al., 2013a,b) and carbonate (Endress et al., 1994, 1996;
Hutcheon et al., 1998; Hoppe et al., 2007; de Leuw et al.,
2009; Petitat et al., 2011; Fujiya et al., 2012, 2013; Jilly
et al., 2013). These studies provide a good illustration of
the problems associated with RSF calibration and the dif-
ferent approaches employed to obtain relative Mn/Cr
chronologies.

Although use of theMn/Cr chronometer inmeteoritic oli-
vine has a long history (e.g., Hutcheon et al., 1998) a system-
atic investigation of the Mn/Cr RSF in olivine has been
undertaken only recently (Matzel et al., 2009; McKibbin
et al., 2013b). McKibbin et al. (2013b) investigated the vari-
ation in Mn/Cr RSF in olivine using the SHRIMP-RG
(Ireland et al., 2008) by analysing Mn/Cr ratios in different
olivines ranging from forsteritic to more fayalitic composi-
tions. Interestingly, McKibbin et al. (2013b) and Doyle
et al. (2016) found significant variation in the Mn/Cr RSF,
up to �50%, between different compositions of olivine. This
underlines the importance of systematically investigating the
variation in the Mn/Cr RSF in meteoritic carbonates, which
generally exhibit more compositional complexity than does
the Fe-Mg solid solution series in olivine. Unfortunately,
for the reasons discussed below, appropriate natural stan-
dards do not exist and synthesis of carbonates with uniform
Cr contents is difficult so the approach of McKibbin et al. is
not generally viable for carbonates.

1.3. Mn/Cr RSF in carbonates

Some carbonates preferentially incorporate Mn as a
matrix element at percent levels, while excluding Cr to only
trace amounts, resulting in Mn/Cr ratios that can reach the
106 range. This magnitude of parent/daughter ratios yields
large anomalies in the Cr isotope composition meaning that

the age, or (53Mn=55Mn0) ratio, can generally be determined
very precisely by SIMS.

Hoppe et al. (2007) attempted to determine the Mn/Cr
RSF by direct measurement of carbonates, and while the
Cr concentration could be precisely determined by bulk
methods, individual carbonate grains were found to be
highly heterogeneous on the scale of a few microns when
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examined by SIMS, leading to a significant imprecision and
potential inaccuracy in the resulting RSF. Thus, determin-
ing a Mn/Cr ratio that is appropriate for SIMS corrections
by a bulk method is extremely challenging because of the
low and highly heterogeneous Cr concentration of available
carbonates (e.g., Hoppe et al., 2007). This means that the
imprecision and potential inaccuracy in determining RSF
values can mask potential systematic uncertainties due to
matrix effects. Regardless of the precision achieved for an
isochron measured on a series of grains of a given carbon-
ate mineral, even if they vary widely in Mn/Cr ratios, unless
the RSF is accurately known, the ages deduced from these
isotopes may be systematically incorrect.

More significantly though, there may be variations in
the matrix effect between carbonates of different bulk com-
position. This would mean that currently only ages from
carbonates with the same bulk composition could be con-
sidered together. Because of the lack of suitable carbonate
standards from which to determine a RSF, many previous
studies used the Mn/Cr RSF determined from silicate stan-
dards (principally olivine) to estimate that of carbonate.
Clearly, the use of a single RSF to correct Mn/Cr matrix
effects not only ignores the possibility of a different matrix
effect between carbonates and silicate, but also variation in
RSF between carbonates of different compositions. This
problem was appreciated by previous investigators (e.g.,
Endress et al., 1996; Hutcheon et al., 1998), but it was
hoped that matrix effects between olivine and carbonate
would be relatively small (tens of percent at most) and con-
stant among carbonates of various composition. If the lat-
ter condition applied, then it was reasoned that all
carbonate ages might be inaccurate relative to silicate ages
by some fixed factor, but among carbonates the timescales
deduced would have relative accuracy. That is, carbonates
of different compositions would have ages that were inaccu-
rate by the same scaling factor (e.g., Petitat et al., 2011).
Documented variations in the Mn/Cr RSF between differ-
ent carbonate compositions would therefore call into ques-
tion the accuracy of such ages.

2. RELATIVE SENSITIVITY FACTORS BY ION

IMPLANTATION

The fundamental requirement for any standard useful
for SIMS is that abundances of the elements in question
be known as a function of spatial coordinate. For major
elements (e.g., Mn), concentrations and possible zonation
can be determined by electron microprobe methods, how-
ever, this is typically not possible for Cr in carbonates
because of detection limits. Thus, what is required is a suite
of samples with known, homogeneously distributed Cr con-
centrations. Such samples can be readily produced by the
method of ion implantation (Zinner and Walker, 1975;
Leta and Morrison, 1980; Burnett et al., 2015). In effect,
ion implantation is analogous to isotope dilution for deter-
mining concentrations (Inghram, 1954). A series of sample
materials can be implanted simultaneously which results in
a single concentration for the implant. The major require-
ments with this approach are that the concentration of
the implanted isotope must be significantly greater than
the natural impurity levels in the standard material and
the implant fluence must be accurately known, otherwise
the errors will propagate directly into the RSF determina-
tion. Here we review some factors to consider in optimising
the accuracy and utility of this method of standard
development.

2.1. Choosing the optimum implant characteristics

There are several considerations when choosing the
conditions under which the implant will be made. The
first is which isotope to implant. From an analytical per-
spective it is preferable to implant a minor isotope
because the precision of a background subtraction based
the natural isotopic composition is thereby enhanced.
However, for certain elements it is difficult to obtain
an ion beam of high enough intensity to make ion
implantation practical, meaning that a minor isotope
may make the implant prohibitively time consuming
(and thus expensive). However, implanting a major iso-
tope, for which it is easier to achieve the required flu-
ence, does not produce a net advantage because the
required fluence also increases by the same fraction as
the increase in the implanting signal in order to over-
come the naturally occurring background abundance of
the implanted isotope. Therefore, the most important
consideration when choosing the implanted isotope is
that it not be significantly interfered by unresolvable iso-
baric interferences during SIMS analysis.

The next considerations are the conditions of the
implant itself: What energy should be used? What fluence
is required to achieve the required precision? The energy
of the implanted ions is an important factor because this
controls the depth of the implant distribution. If the energy
is too low, and the implant peak is in the top �50 nm of the
sample, then contamination from the surface will likely
interfere with, and possibly swamp, the measured implant
profile. On the other hand, if the energy is too high the peak
of measured implant profile will be very deep, >800 nm,
resulting in an impractically long SIMS measurements.
The depth of the implant peak can be chosen by modelling
the implantation process for different ion energies by using
the SRIM-2003 code (Ziegler, 2004). The energy of the
implanted ion beam will be constrained by the energy limits
of the implanting instrument. If the limit is too low doubly
charged ions may be considered, however, the ion source
brightness may be lower resulting in an excessively long
implantation time.

Two considerations apply when choosing the desired flu-
ence. Firstly, the peak of the implant should be at least an
order of magnitude above the natural concentration of the
element in the materials of interest. This is required in order
to completely overprint the naturally abundance of the ele-
ment of interest which may be heterogeneous and could
otherwise disturb the implant measurement. This method
will achieve the best results when applied to materials with
very low abundances of the element of interest. Secondly, it
is also important to independently calibrate the implant flu-
ence because the ion implanting instruments have low mass
resolution so minor interferences can affect the dose mea-
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sured during the implant such that the nominal fluence can
only be considered 10–20% accurate (Heber et al., 2014;
Burnett et al., 2015). The fluence of the implant can be cali-
brated by comparison with a standard of known concentration
and ideally ought to exceed this concentration by a factor of 2
to 10 to enable good precision during SIMS analysis.

2.2. Determining the implanted fluence

Following the approach of Leta and Morrison (1980),
consider two sputtered regions, j and k, of the same mineral
which have different, but homogeneous, concentrations of
an element. As the concentrations are different, the mea-
sured count rates will be different. However, ratio of the
count rate (I) over the concentration (C) will be equal.

Ij
Cj

¼ Ik
Ck

ð2Þ

If instead of a single homogeneous concentration, one of
the regions were an implant, the concentration and result-
ing intensity would change continuously through the
implant profile. The profile will grow to a maximum and
then decay to the natural background level of the material.
The integrated counts over an implant profile can be con-
sidered equivalent to the counts over a hypothetical region
of constant concentration, Ai = Ahe as seen in Fig. 1. There-
fore, these two regions may be compared as before in the
homogeneous case, see Fig. 1.

As the fluence of the implant (F) is the number of atoms
implanted per square cm, the concentration of the hypo-
thetical region, and so the implant, is equal to

Ci or he ¼ F
D
; ð3Þ

where D is the total depth of the analysis, and the intensity
the hypothetical region will yield is given by

I i or he ¼ Ai

t
; ð4Þ
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Fig. 1. Schematic diagram of an implant profile in a glass with a
known concentration of the element of interest. Ib is the intensity of
the background, Cb is the concentration of the background, Ai is
the integrated area of the implant profile, Ahe is a hypothetical
region with the same area integrated implant profile, Ihe is the
intensity of a hypothetical region with the same area as the implant
profile, Che is the concentration of a hypothetical region with the
same area as the implant profile.
where t is the total time of the analysis. Substituting Eqs.
(3) and (4) into Eq. (2), and rearranging, the fluence of
the implant can be determined by

F ¼ CbDAi

Ibt
: ð5Þ

Note that if the daughter element has more than one iso-
tope the concentration Cb, or Ib, must be normalised for its
isotopic abundance.

Once the implant fluence has been independently cali-
brated it is possible to determine the RSF of any material
that was implanted during the same implanting session,
and so with the same fluence, as the standard material.

2.3. Determining the RSF of an unknown material

The RSF of an unknown sample may be determined
using the same principles. Taking Eq. (1) we can replace
the term for the true concentration of the daughter (Cd)
with Eq. (3) and the term for the count rate of the ion probe
measurement (Id) with Eq. (4). After simplifying this yields

RSF ¼ CpDAi

IpFt
: ð6Þ

Note that if the parent element has more than one iso-
tope the concentration Cp, or Ip, must be normalised for
its isotopic abundance.
2.4. Effects of implanting on crystal structure

One of the concerns of using an ion implanting technique
to investigate matrix effects is that the ion implanting itself
may change the RSF for a given material. In principle, this
may occur either by changing the composition or structure
of the mineral. However, assuming that the implant is depos-
ited in the top 250 nm of the carbonate, the fluence that is
used in our implantation experiments amounts to an addition
of �50 ppm averaged over the entire implant depth. Even if
the entire fluence were deposited in only the top 50 nm the
concentration would not exceed 250 ppm. Because this repre-
sents such a small change in the matrix, we can assume that
any effect on the RSF from the implant due to alteration of
the matrix composition is negligible.

A further concern could, in principle, be that the
implantation process may alter the matrix effect of the min-
erals by disrupting the crystal structure. It is helpful here to
illustrate just how low the intensity of the implanting ion
beam is. During every second of the 30–60 min ion probe
analysis, under typical running conditions, the fluence of
the primary beam is �30–40 times higher than the total flu-
ence of the implant.

3. METHODS

3.1. Samples and standards

The ultimate aim of this work is to investigate the vari-
ation in RSF of a range of carbonate minerals in order to
determine the accuracy of Mn/Cr ages of carbonates from
primitive meteorites. The meteoritic samples have a wide
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range of compositions (Endress et al., 1996) covering dolo-
mites (CaMg[CO3]2) and breunnerites ([Mg,Fe]CO3), see
Fig. 2. We have chosen a suite of carbonate standards that
span the entire compositional range of the major carbon-
ates. Manganese–Cr data for two of these breunnerites
from the CI chondrite Orgueil are reported below.

The end-member carbonate compositions which we
implanted were calcite, dolomite, siderite, magnesite, rho-
docrosite and ankerite, see Fig. 2. We attempted to directly
measure the breunnerite RSF, however, the breunnerite
grains that were implanted were very small and due to
instrumental limitations in the size of the primary beam
are not reported in this study. In addition, we implanted
San Carlos olivine for comparison with the carbonates
and the NIST standard glasses SRM 610, SRM 612 and
SRM 614 for calibrating the implant fluence.

3.2. Ion implantation

The standards were mounted in 1 inch diameter epoxy
mounts. The mounts were polished for ion probe analysis
by using SiC and diamond polishing cloths and finally
1 lm Al2O3. The standard mounts were then coated with
�15 nm of carbon to avoid charging during ion implanta-
tion. These mounts were fixed on a Si wafer (10 cm in diam-
eter) using carbon tape and graphite paint. Several Si wafer
chips were fixed at the same height as carbonate and glass
mounts spread over a larger area of the implant target.
The Si wafer chips were subsequently examined to estimate
the homogeneity of the implant as described below.

The Si wafer, with the carbonate and silicate standards
and Si wafer chips attached, was then implanted with a

185 keV 52Crþ ion beam. The beam was rastered over a
12 � 12 cm grid exceeding the area of the wafer surface.
Faraday cups located at the four corners of the rastered area
monitored the implant dose and homogeneity. The nominal

implanted fluence was 4� 1013 cm�2. The implanting was
carried out by CuttingEdge Ions, Anaheim California.

3.3. Secondary ion mass spectrometry

Ion implanted standards were analysed using the
CAMECA IMS 1270 at UCLA. Depth profiles were
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Fig. 2. Ternary diagrams showing the compositions of the implanted carb
primitive meteorites. Note that for some minerals, where the major cation
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measured in both the NIST glasses, to calibrate the implant
fluence, and the carbonates to determine the range of Mn/
Cr RSFs according to the methods described above. After
ion implantation the samples were gold coated and sput-
tered with a 22.5 keV O� primary ion beam. In order to
minimise impact energy and therefore improve depth reso-
lution, we investigated use of an O�

2 primary ion beam. This
primary beam yielded a 60% higher intensity (cps�nA�1)
Cr+ secondary ion beam than O� did under identical instru-
mental conditions and so was used for all analyses. Primary
beam currents ranged from �2 to 10 nA. The primary beam
was tuned to a �20 lm spot and was rastered over a
�100 lm by �100 lm area of each implanted sample. A
rectangular field aperture was inserted into an imaged field
plane to restrict transmitted ions to the central 20 by 20 lm.
The exact raster and field aperture size varied slightly
between analytical sessions based on the conditions of the
primary beam but the relative sizes were kept constant from
one sample to another and between analytical sessions. Sec-
ondary ions were collected with both an electron multiplier
(EM) for the implant profile and trace elements and Fara-
day cup (FC) for matrix elements. The EM and FC were
inter-calibrated by measurement of a single ion beam tuned

to 0:5� 106 cps cps and 1� 106 cps. The deadtime correc-
tion of the EM was adjusted by the duty cycle of the raster
which was determined by measuring the beam with the
dynamic transfer lens of the instrument set to transmit
the entire beam through the field aperture or only the ana-
lytical area of interest.

We examined the energy distributions of Mn and Cr and
found there was no discernible offset between them. In
order to minimise the chances of a difference in energy dis-
tribution inducing a matrix effect, a wide energy window of
50 eV was set and sample charging was monitored every 10
measurement cycles (�3–4 min), adjusting the accelerating
voltage as needed to keep the initial kinetic energy of trans-
mitted secondary ions as constant as possible.

The samples and standards were sputtered through the
peak of the profile until the signal had decayed and reached
a stable background, see Fig. 3. The time that this required
varied significantly from session to session and mineral to
mineral, ranging from 45 min to 3 h, though most depth
profiles concluded within 1–1.5 h.
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Two breunnerite grains from the primitive carbonaceous
chondrite Orgueil were analysed with almost identical ana-
lytical parameters. The most significant difference was the
use of a spot rather than a raster, the implications of this
for the instrumental RSF are discussed in Section 5.3. Cor-
rections for instrumental mass dependent fractionation in
Cr isotopes were made by sample standard bracketing using
San Carlos Olivine and NIST glasses 610 and 612. Potential
for inaccuracy in the measured ratios resulting from statis-
tical bias due to low denominator count rates (Ogliore
et al., 2011; Coath et al., 2013) was examined. Correction
using the ratio of sums method (Ogliore et al., 2011) and
the method of Coath et al. (2013) were found to yield iden-
tical result within error.

3.4. Electron microprobe analysis

Major element compositions of the carbonates and oli-
vine were determined using the UCLA JEOL JXA-8200
Superprobe. Samples were analysed using a 15 kV acceler-
ating potential and 10 nA beam defocused to a 10 lm spot
to limit sample damage. The measurement counting times
were 20 s with a 5 s background measurement. An in-
house rhodocrosite standard was used for MnO and stan-
dards from the Smithsonian National Museum of Natural
History were used for Ca (calcite), Fe (siderite) and Mg
(dolomite). Standard ZAF corrections were used to obtain
cation abundances and CO3 anion contents were calculated
by difference.

3.5. Depth measurements

It is important to accurately know the ion probe raster
pit depths in order to determine either the fluence of the
implant or the RSF of carbonates, see Section 2 and Eqs.
(5) and (6). The depths were determined using a Bruker
DektakXT stylus profilometer at the Molecular Materials
Research Center, Caltech. The instrument has a vertical res-
olution of 0.1 nm and was calibrated with certified step
height standards before and after every analytical session.
Slight deviation from the certified values (�1%) was
observed in the step height standard data. This deviation
was never outside error of the certified values, however, it
was consistently in the same direction for all step height
standards which is extremely unlikely to occur due to
chance. The deviation was corrected in the unknowns with
a linear interpolation through the step height standard
data. Based on a pooled dataset of every analysis of step
height standards and unknown SIMS pits the external
reproducibility is estimated to be 4.2% at 2 standard devia-
tions (2 S.D.) for a single analysis. Unknowns were mea-
sured between 2 and 9 times. Depth measurements were
also made by using a ADE Phase Shift MicroXAM Optical
interferometer, however, for some samples this method
proved unreliable due to the difference in reflectivity
between the pit depth and the gold coated surface. No
depth measurements determined using the MicroXAM
were used for the RSF analyses reported here.

4. RESULTS

4.1. Implant fluence

The NIST standard glass SRM 612 with a chromium
concentration of 36.26 ± 1.16 ppm (Jochum et al., 2011)
was used to calibrate the fluence of the implant (note in
their paper Jochum et al. report uncertainty as the relative
standard deviation in percent, here we have converted this
into 2 SD absolute error). This standard was chosen
because it has the appropriate concentration relative to that
of the implant; the peak of the implant is �10 times higher
than the background signal. This glass was measured six
times under the conditions described above and yielded
an average value of 4.31 ± 0.09 � 1013 cm�2 (±2.1% 2 stan-
dard errors (2 S.E.)) for the fluence. We estimate the overall
uncertainty by summing in quadrature the analytical repro-
ducibility with the contribution due to the uncertainty in
the NIST glass concentration; the propagated errors yield

a final uncertainty of 0:16� 1013 (3.8%). The calibrated
value is approximately 8% higher than the nominal
implanted fluence given by the ion implanter. This discrep-
ancy is somewhat puzzling. Ion implanting offers significant
challenges for accurate fluence determination, however,
where errors occur it is typical for implanted fluences to



Table 1
Table showing the measured and predicted RSF and compositions major elements (wt.% of total cations) of a range of carbonates and San
Carlos Olivine.

Measured Predicted CaO 2se MgO 2se MnO 2se FeO 2se

RSF 2se RSF 2se

Ank 0.69 0.03 0.78 0.06 50.92 0.64 17.19 1.46 1.77 0.60 30.12 1.55
Cal 1.16 0.20 1.03 0.14 99.13 0.19 0.48 0.06 0.13 0.07 0.25 0.17
Dol 0.74 0.04 0.89 0.07 54.83 0.41 32.58 0.34 0.68 0.13 11.92 0.45
Mag 0.81 0.08 0.85 0.05 1.69 0.81 95.08 1.00 0.25 0.09 2.99 0.37
Ol 0.91 0.06 0.78 0.05 0.12 0.05 84.75 0.26 0.21 0.03 14.92 0.25
Rho 0.25 0.02 0.25 0.02 8.35 1.28 2.61 0.13 86.40 1.28 2.64 0.20
Sid 0.39 0.07 0.36 0.07 0.62 0.29 4.56 0.49 5.84 0.40 88.98 0.58
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be too low rather than too high. This is because an interfer-
ence in the implanting ion beam will increase the apparent
dose causing the integrated current to be reached too soon.
A fluence that is too high suggests that either the currents
measured by the Faraday cups were not calibrated accu-
rately, or when the beam was rastered across the sample
it did not fully enter the Faraday cups. Both of these would
act to reduce the apparent dose, and so increase the time
exposure to achieve the desired nominal fluence. Regardless
of the reason for the discrepancy, the fluence of the implant
has been independently calibrated by measurement of the
SRM 612 NIST glass standard and so this can have no
effect on the Mn/Cr RSFs determined in this work. More-
over, the homogeneity of the implant was measured by
examining the Si wafer chips and showed that the implant
is homogeneous to within 1.8% across the entire implanted
area, which is less than the analytical uncertainties on the
fluence or RSF measurements.

4.2. Variation in the Mn/Cr RSF in carbonates

Our depth profiles reveal significant variation in the Mn/
Cr RSF in the implanted carbonate standards, see Table 1
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and Fig. 4. As can be seen in Fig. 4, these RSF results
broadly correlate with the composition of the carbonates
as indicated by the FeO +MnO content. A similar, though
positive, correlation is observed between CaO + MgO vs.
RSF, though it is not clear to what extent this is simply
due to the decreasing Fe and Mn concentrations (or vice

versa). The measured Mn/Cr RSFs extend considerably
below 1 with the lowest value being found in the samples
which have the highest concentrations of Fe and Mn, the
siderite and the rhodocrosite. The samples with intermedi-
ate concentrations of Fe and Mn, for example dolomite
and ankerite, show RSF values between �0.7 and 0.8,
respectively. Calcite has the lowest concentration of FeO
+ MnO and, somewhat surprisingly, has a Mn/Cr RSF
greater than 1. The correlation of the RSF with composi-
tion is not perfect, and its range from �0.3 to �1.2 is large
and denotes a very significant matrix effect.
4.3. Uncertainties on RSF measurements

The reported Mn/Cr RSFs are the product of several
different measurements including: the depth profile of the
52Cr implant fluence, the calibration of the implanted
52Cr, the depth measurement of the ion probe pit and the
electron probe measurement of the Mn concentration. All
of these measurements have associated uncertainties that
must be propagated into the final RSF uncertainty. The
external reproducibility of an RSF measurement has been
estimated as 7% from a pooled dataset of repeat measure-
ments of the ankerite, dolomite and siderite using a method
described by Steele et al. (2011). This was summed in
quadrature with the other measurement errors that con-
tribute to the overall uncertainty. In this way an individual
uncertainty for each measurement of an RSF was pro-
duced. The Mn/Cr RSF and analytical uncertainty for each
carbonate and the olivine were then determined as the
weighted mean of repeat measurements and its associated
uncertainty. Finally these were combined with the error
contribution from the fluence measurement to yield a final
uncertainty including all contributions.

4.4. Comparison to previous data

There are two reasons for comparing our new RSF data
with previously determined Mn/Cr RSFs. Firstly, we want
to assess the agreement of our study with previous work on
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similar materials. The second reason is that we have mea-
sured a wider range of samples than has previously been
possible and our new data may have implications for previ-
ously published Mn/Cr ages which we discuss below.

Only two of the minerals that we have measured, calcite
and olivine, have been previously analysed in other studies.
The most widely studied mineral is olivine; many investiga-
tors have used San Carlos olivine when determining a Mn/
Cr RSF. In a recent study, McKibbin et al. (2013b) have
shown the true complexity of this endeavour by demon-
strating that there is significant variation in the RSF of oli-
vine depending on composition along the Mg–Fe solid
solution. Interestingly, in common with this study,
McKibbin et al. (2013b) also observe a relationship between
the Mn/Cr RSF and the Fe concentration. Previously
reported values for the Mn/Cr RSF of San Carlos olivine
are summarised in Fig. 5. As can be seen in this figure there
is significant variation outside of analytical error.

Two of the data, at the high and low extreme values,
may not be directly comparable with the remaining major-
ity of the data. The majority of the instruments used were
variations of the CAMECA ion probes. However, the data
reported by McKibbin et al. (2013b) were collected with the
SHRIMP-RG, which has somewhat different impact geom-
etry and transmission characteristics to the CAMECA
instruments. In addition, the highest RSF is that reported
by Jogo et al. (2009) who analysed high energy ions (offset
voltage of 100 V), whereas the rest of the data represent
0.4 0.8 1.2 1.6
Mn/Cr RSF (True/SIMS)

This Study

Mckibbin et al.

Sugiura et al.

Jogo et al.

Hoppe et al.

Hutcheon et al.

Jilly et al.

Petitat et al.

Doyle et al.

Fig. 5. Figure summarising literature data for the Mn/Cr RSF of
San Carlos olivine. Data from Hutcheon et al. (1998), Hoppe et al.
(2007), Jogo et al. (2009), Petitat et al. (2009), Sugiura et al. (2010),
McKibbin et al. (2013b), Jilly et al. (2014), Doyle et al. (2016).
Note. Hoppe et al. (2007) did not give an uncertainty on their RSF
and Hutcheon et al. (1998) did not state if they used the measured/
true or true/measured definition of the RSF so both are plotted.
only measurements of secondary ions sputtered with low
initial kinetic energies.

Even excluding these extreme data, which represent dis-
tinct analytical conditions, there still exists significant vari-
ation (�30%) outside analytical uncertainties. This could be
explained as being due to the range of different instruments
and specific analytical conditions used among the various
studies. On average, San Carlos olivine, when analysed with
a forward geometry CAMECA ion probe with minimal
energy filtering, yields an RSF of around 1. The RSF we
measure for San Carlos olivine (0.91 ± 0.06) is on the lower
side of those reported in the literature, however, small dif-
ferences might be expected between instruments. Thus, by
comparison with these observations from olivine, the range
of RSF values we observe in carbonates is striking since
these were measured by one technique, on one instrument,
under the same analytical conditions.

The other mineral that has been previously studied by
multiple laboratories is calcite. The calcite grown by
Sugiura et al. (2010) has also been measured by Jilly et al.
(2014). While Sugiura et al. (2010) investigated the Mn/Cr
RSF using the CAMECA NanoSIMS, Jilly et al. (2014)
used a CAMECA ims 1280, a similar instrument to the
one used in this study. The two studies yielded similar
results 1.27 ± 0.08 (Sugiura et al., 2010) and 1.41 ± 0.32
(Jilly et al., 2014). It must be noted that Jilly et al. (2014)
measured profiles across the calcite using an electron probe
and found the Mn and Cr concentrations to be higher in the
centre. Though the measured Mn/Cr ratio did not show the
same trend, both the Mn/Cr ratio and the RSF varied out-
side analytical uncertainties. The error reported by Jilly
et al. (2014) is the standard deviation of this variation.
The calcite Mn/Cr RSF determined by Jilly et al. (2014)
and Sugiura et al. (2010) is within error of the value deter-
mined by our ion implantation method, 1.16 ± 0.20. Thus,
our results for the Mn/Cr RSF for the two minerals (San
Carlos olivine and calcite) which have been previously
reported are broadly consistent with literature values.

The second reason to compare our results with previous
data is to see if our new results are within the range of RSFs
previously applied to carbonates. The range of relative sen-
sitivity factors previously used for correcting the Mn/Cr
matrix effect in carbonates is shown by the grey area in
Fig. 4. Almost all of our data fall outside the range of pre-
viously used RSFs, though of course we have measured the
RSF of a much larger range of carbonate minerals than pre-
vious studies. This range in RSFs has significant implica-
tions for the Mn/Cr ages obtained by these studies, see
Section 5.5 below for a discussion.

4.5. Mn/Cr data for meteoritic carbonates

To illustrate the process and the effect of the correction
we present Mn/Cr ages for two breunnerites from the prim-
itive carbonaceous chondritic meteorite Orgueil, see Table 2
and Fig. 6. The data were collected under identical analyti-
cal conditions to the depth profiles with the exception that a
raster was not used (due to the small grain size). The data
have been corrected for the matrix effect by using the olivine
RSF of 0.91 ± 0.06 and RSFs estimated from Eq. (7), 0.55



Table 2
Mn/Cr data for breunnerites from Orgueil. The data are presented corrected for the Mn/Cr matrix effect using an RSF from olivine and one
estimated for the breunnerite composition based on Eq. (7). Uncertainties from the RSF correction have been propagated into the
uncertainties from the measurement. Also shown is the correlation coefficient (q) between the errors in 55Mn=52Cr and 53Cr=52Cr. Errors are
2r and represent the internal error or the external error, whichever is larger.

Sample 55Mn=52Cr Ol RSF 2se 55Mn=52Cr Carb RSF 2se 53Cr=52Cr 2se q 1=52Cr 2se

Breun-25-1 1120 88 736 56 0.11342 0.00100 �0.07 1:32� 10�5 8:71� 10�7

Breun-25-2 1013 80 666 51 0.11402 0.00100 0.08 1:34� 10�4 1:05� 10�5

Breun-25-3 1543 121 1014 77 0.11522 0.00102 0.28 2:01� 10�4 1:00� 10�5

Breun-25-4 1320 103 868 66 0.11361 0.00100 �0.27 1:43� 10�4 4:08� 10�6

Breun-25-5 1922 151 1264 96 0.11490 0.00101 �0.04 2:14� 10�4 6:22� 10�6

Breun-25-6 2072 171 1362 109 0.11673 0.00103 0.42 2:19� 10�4 1:41� 10�5

Breun-25-7 4511 354 2966 226 0.12010 0.00119 0.27 4:85� 10�4 2:10� 10�5

Breun-25-8 1531 120 1006 77 0.11437 0.00101 0.46 1:74� 10�4 8:02� 10�6

Breun-25-9 1343 105 883 67 0.11377 0.00100 0.12 2:85� 10�4 5:52� 10�6

Breun-25-10 2230 305 1466 198 0.11647 0.00413 0.27 3:36� 10�4 3:94� 10�5

Breun-33-1 22,530 7589 13,561 4568 0.18343 0.01900 0.96 1:36� 10�3 4:17� 10�4

Breun-33-2 461 121 278 73 0.11388 0.00811 0.30 3:26� 10�5 8:09� 10�6

Breun-33-3 68,218 16,717 41,061 10,062 0.35767 0.02546 0.93 2:78� 10�3 1:49� 10�4

Breun-33-4 52,195 12,791 31,416 7699 0.26946 0.03132 0.99 2:26� 10�3 3:82� 10�4
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± 0.08 for Breun-33 and 0.60 ± 0.04 for Breun-25, see Sec-
tion 5.2. As can be seen from Fig. 6 there is a significant
change in the slope of the isochron. The data for Breun-25

are shifted from an age 6:6þ1:2
�1:0 Ma after CAI based on the

olivine RSF to 4:4þ1:2
�1:0 Ma corrected using the breunnerite

RSF. Though the 2 standard deviation (s.d.) errors overlap,
largely due to the significant analytical uncertainty for Mn/
Cr measurement of this carbonate, this represents a shift of
>2r in the age. The data for Breun-33 are more precise and
yield a better resolved shift. Using the olivine RSF the data

yield 4:0þ0:5
�0:5 Ma after formation of CAIs, whereas with the

breunnerite RSF calculated using Eq. (7) the data yield an

age of 1:8þ0:5
�0:5 Ma. Due to the more precise isochron, primar-

ily due to the large range in Mn/Cr ratio, this produces a
well-resolved change of >4.5r. These ages, and those in
Fig. 9, are anchored to the D’Orbigney angrite by
207Pb–206Pb age 4563.37 ± 0.25 Ma from Brennecka and
Wadhwa (2012) and the Mn/Cr data from McKibbin

et al. (2015) that yield ð53Mn=55MnÞ0 ¼ 3:54� 018� 10�6.
Importantly, Brennecka and Wadhwa (2012) directly
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Fig. 6. Mn/Cr data for breunnerites from Orgueil (mount 2). The data are
olivine (stars) and one estimated for the breunnerite composition based o
using the breunnerite RSF yield older ages by 2–3 Ma.
measured the U isotope composition of D’Orbigney and
so the Pb–Pb age for D’Orbigney has been corrected for U
isotope fractionation. The age of CAI formation was esti-
mated from the two studies which have published U-
corrected Pb–Pb ages of CAI (Amelin et al., 2010;
Connelly et al., 2012) as 4567.30 ± 0.16 (Connelly et al.,
2012). Implicit in this anchoring process is an estimate of

the ð53Mn=55MnÞ0 of the Solar System which yields

7:4� 10�6 which is within the range of recent previous esti-

mates (6:28� 10�6 to 9:1� 10�6 Trinquier et al., 2008;
Nyquist et al., 2009, respectively). The implications of these
data for early Solar System chronology and aqueous alter-
ation on the CI parent body are discussed below, see
Section 5.5.

Also included in Table 2 are 1=52Cr data. These may be
used to examine to what extent the correlations are con-
trolled by variation in Mn or Cr concentration. In both

cases the correlation between 53Cr=52Cr and 55Mn=52Cr is

better than the correlation between 53Cr=52Cr and 1=52Cr
(Breun-25 MSWD = 1.42 and 5.28 while Breun-33
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presented corrected for the Mn/Cr matrix effect using an RSF from
n Eq. (7) (circles). The data corrected for the Mn/Cr matrix effect
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MSWD = 2.90 and 4.83). It is clear, however, that the Cr
concentration plays the dominant role in controlling the

variation of the 55Mn=52Cr, but this is not unexpected.
Manganese is a matrix element in breunerite and so is rela-
tively homogeneous in concentration. Chromium on the
other hand is excluded from the crystal structure and
known to by highly heterogeneous Hoppe et al., 2007.

Therefore, the variation in the 55Mn=52Cr is controlled pri-
marily by regions with anomalously high Cr. It must be
remembered that this in no way precludes in situ decay, it
simply does not prove that the correlations are not mixing
lines.

5. DISCUSSION

5.1. Variation in RSF

We observe a systematic and large variation in the Mn/
Cr RSF of carbonates from �0.3 for rhodocrosite and side-
rite to 1.2 for calcite. This is reminiscent of the range in
Mn/Cr RSF found in olivine by McKibbin et al. (2013b),
although larger by a factor of 2. As noted by McKibbin
et al. (2013b), and supported by all the olivine data sum-
marised above, when similar analytical conditions are used,
minerals of similar chemical composition have Mn/Cr
RSFs that are comparable, even if measured on different
instruments. All data in this study were taken on the same
instrument using similar conditions, however, we did con-
duct a series of tests to investigate the effects of varying ana-
lytical conditions on the Mn/Cr RSF values. Tuning to
higher mass-resolving power and employing oxygen flood-
ing yielded essentially no variation in measured Mn/Cr
RSFs. We conclude that the most likely explanation for
the variation in measured Mn/Cr RSF is due to differences
in the surface chemistry of each sample occurring during
the sputtering process. This conclusion is supported by
the correlation between the measured RSF and the chemi-
cal composition of the carbonate minerals (Fig. 4). Though
it is not clear exactly what chemical processes, or character-
istics, are controlling the change in RSF, the involvement of
Fe suggests it could be related to the conductivity of the
minerals. In support of this hypothesis we note a correla-
tion between the resistivity (the reciprocal of conductivity)
and the measured Mn/Cr RSF (Fig. 7). Although intrigu-
ing, this relationship is difficult to investigate further due
to the lack of published resistivity data for the full range
of minerals for which Mn/Cr RSF values have been
measured.

The correlation with resistivity potentially raises a con-
cern that our results were somehow perturbed by the min-
erals with higher resistivity (e.g., calcite) charging more
during ion implantation and, thus, receiving a lower
implant dose than more conductive minerals (e.g., siderite).
However, this goes counter to the observations and is unli-
kely for several reasons. Firstly, we note that our measured
RSF for calcite is within error of those previously deter-
mined by other studies (e.g., Sugiura et al., 2010; Jilly
et al., 2014), strongly suggesting that they received the same
fluence as the standard glass. Secondly, the samples and
standards were carefully carbon coated and each mount
was grounded with carbon tape and paint to the Si wafer
in order to minimise charging. Finally, if the fluence used
to determine the RSF (as calibrated in the glass) was lower
than the actual implanted fluence, as would be the case for a
more conductive mineral, this would lead to an erroneously
high RSF (Eq. (6)). For these reasons we are confident that
the calibrated fluence is appropriate for all implanted
standards.

5.2. Predicting the appropriate RSF for an unknown

carbonate

We conclude that the variations we observe in RSF are
due to a systematic matrix effect with mineral chemistry.
This means it should be possible to find a method to correct
for variations in mineral matrix so as to predict the appro-
priate RSF to use for a given carbonate sample. This will
avoid having to directly determine the RSF on a standard
of exactly the same composition, which in many cases is
not available. Our purely empirical approach has the
advantage that the composition of a carbonate mineral
may be easily and accurately determined by electron probe.
While the relationship we observe between the measured
RSF and the Fe + Mn concentration is significant, the cor-
relation is not perfect. Therefore, we sought a better way to
accurately predict the Mn/Cr RSF for the full range of car-
bonate compositions.

One method to improve the empirical correlation
between the RSF and the proxy for matrix is to vary the
coefficients which describe the weighting of the chemical
components. Simply adding the concentrations of Mn and
Fe weights them equally. We used the linear model fitting
package lm of the R statistical programming language
(Core Team, 2013; Chambers, 1992; Wilkinson and
Rogers, 1973) to examine the effects of varying the weights
on the different matrix elements in carbonates on the corre-
lation with measured RSF. The results of this process yield,
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Predicted RSF ¼ �0:0017 � ½MgO� þ �0:0088 � ½MnO�
þ �0:0069 � ½FeO� þ 1:0358; ð7Þ

where [MgO], [MnO] and [FeO] are the concentrations in
wt.% of total cations.

After finding the combination which gave the best fit, a
Monte Carlo simulation was made to estimate the uncer-
tainty on the predicted RSF using the new weights. These
predicted RSFs and their uncertainties are given in Table 1
and plotted in Fig. 8. The same process may be used to esti-
mate the RSF of an unknown based on the MgO, MnO and
FeO concentrations and their uncertainties.

5.3. RSF future directions

We now turn to two questions regarding application of
the empirical calibration that we have found in this exper-
iment: (1) what future SIMS studies are needed to test
how robust are the Mn/Cr matrix effects? and (2) is it pos-
sible to correct previous Mn/Cr data for matrix effects?
Regarding the first, the best approach would be to repeat
the method we have described here with a variety of SIMS
instruments to investigate how consistent the matrix effect
shifts are in carbonates measured by different instruments
and under different tuning conditions. We would be inter-
ested in collaborating on such projects and can provide
implanted samples. A key question is whether the relative
matrix effect we observe between two carbonates is con-
stant, even if absolute RSF values are shifted, when using
a different instrument or analytical setups.

Based on the currently available data, this seems to be
the case. For example, Doyle et al. (2016) investigated the
effects of different tuning parameters, such as spot size
and primary beam intensity, on the RSF in olivine. They
found that there was a small effect on RSF induced by dif-
ferent tuning parameters but that the dominant control on
variation in RSFs was differences in mineral chemistry.
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Fig. 8. Figure showing the correlation of the measured RSF versus
the predicted RSF from Eq. (7). These data show good correlation
close to unity with a slope of 0.97 ± 0.06.
Moreover, two recent studies have determined the RSF of
calcite; using a rastered beam, Sugiura et al. (2010) found
an RSF = 1.26 ± 0.08, whereas using a spot analysis, Jilly
et al. (2014) found an RSF = 1.41 ± 0.32. Importantly,
these are within error of each other, and of our estimate
(1.16 ± 0.20), suggesting that differences between spot and
raster mode analyses are of secondary importance. Doyle
et al. also concluded that the relative changes in RSF
between different mineral compositions were constant but
that they may be shifted by a small amount in an absolute
sense by tuning conditions.

Having said this, the variation in RSF observed in San
Carlos by different studies across a wide variety of instru-
ments is small by comparison to the matrix effects observed
between carbonates. This suggests that while the RSFs we
have measured are likely not absolute, they may accurately
describe relative variation in the matrix effect between dif-
ferent carbonates. Therefore, the relationship we describe
in RSFs may be applied to other studies by normalising
the relative deviation to a common sample, e.g., the widely
available San Carlos olivine, to adjust the relative variation
to the absolute matrix effect of each individual instrument
and set of tuning conditions. Future studies can use the
relationship we describe here to estimate the RSF of
unknowns.

For comparison with literature data an isochron may be
corrected directly since any change in the Mn/Cr ratio,
caused by changes in the RSF, will have a proportional
effect on the slope. For example, if the Mn/Cr ratio is
halved by a change in the RSF the slope of the isochron will
become steeper by a factor of two. We can correct literature
data for the variation we observe between different carbon-
ate minerals using the relation

ð53Mn=55MnÞcorrected¼ð53Mn=55MnÞoriginal�
RSForiginalmaterial

RSFtruematerial

:

ð8Þ
For example, if the original study determined an RSF

using olivine and reported data for a dolomite, the slope
should be multiplied by 0.91/0.74 = 1.23, resulting in a
23% steeper isochron. The resulting ages will only be an
estimate of the true ages since there may be subtle varia-
tions between instrument and tuning conditions, however,
it is likely that the general variation in RSF between differ-
ent minerals will remain.

5.4. Outstanding problems with the Mn/Cr system

By accurately correcting the matrix effect more accurate
relative ages may be achieved for different carbonate miner-
als. However, the accuracy of absolute Mn/Cr ages is also
reliant on the accuracy and precision of several other mea-
surements. Firstly, there are uncertainties associated with
the anchoring of the relative Mn-Cr system to an absolute
chronometer. This is normally achieved using a precisely

determined 207Pb–206Pb age for an angrite for which the
Mn-Cr age has also been determined.

Another consideration is the accuracy of the 53Mn half-
life. Several recent studies have significantly revised the
half-lives of two important early Solar System short-lived
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radionuclide, 60Fe (1.5 (Kutschera et al., 1984) to 2.6 Ma

(Rugel et al., 2009)) and 146Sm (103 Ma (Friedman et al.,
1966; Meissner et al., 1987) to 68 Ma (Kinoshita et al.,

2012). A more recent measurement of the 53Mn half-life
placed it a 3.00 ± 0.15 Ma (Yoneda et al., 2002) which is
shorter than the previous estimate of 3.7 ± 0.37 (Honda
and Imamura, 1971). These changes highlight the need to
reassess these important natural constants.

5.5. Implications for early Solar System chronology and

parent body processes

The finding of a large matrix effect on the Mn/Cr RSF
of carbonates has implications for early Solar System
chronology and the aqueous alteration history of Solar
System bodies. We have demonstrated this with our new
data for two breunnerite grains from the CI Orgueil;
accurate correction for the Mn/Cr matrix effect shifts
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Fig. 9. Figure showing Mn/Cr ages after CAI formation for meteorit
Hutcheon et al., 1999; Hoppe et al., 2007; Petitat et al., 2009; Petitat et al.,
data are presented as originally reported (a) and corrected (b) for the o
dolomites and breunnerites are shifted to older ages whereas calcite yield
the formation ages of two breunnerite grains from the
CI chondrite Orgueil to significantly earlier times. To
illustrate the potential significance of accurately correcting
for the matrix effect, we consider previously published
Mn/Cr data that used RSF values determined from sili-
cate and carbonate minerals and adjust those data accord-
ing to Eq. (8). Depending on the carbonate mineral, and
the material used in the original study for matrix correc-
tion (usually San Carlos olivine), relative ages may get
older, younger or stay the same (Fig. 9). Clearly, these
data are only schematic and not a substitute for new data
which accurately correct for the matrix effect under given
analytical conditions. However, they demonstrate the
likely shifts in the carbonate formation ages due to the
matrix effect and may present a more reliable overall pic-
ture of secondary carbonate formation on meteorite par-
ent asteroids than the scenarios that were previously
based on incorrect RSF values.
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ic carbonates from the literature (Hutcheon and Phinney, 1996;
2011; Jilly et al., 2014; Fujiya et al., 2012, 2013, and this study). The
bserved variation in Mn/Cr matrix effect using Eq. (8). Data for
younger ages.



R.C.J. Steele et al. /Geochimica et Cosmochimica Acta 201 (2017) 245–259 257
There are several interesting features of the corrected
data (Fig. 9) which may offer solutions to previous prob-
lems. Firstly, the spread of carbonate formation ages is sig-
nificantly reduced, from �9 Ma to �5 Ma and the ages are
significantly closer to the start of the Solar System (forma-
tion of CAIs). These earlier ages are more compatible with
formation by aqueous alteration with fluids produced from

heating by 26Al on a small parent body. Secondly, the dis-
tribution of formation ages of dolomite and breunnerite
grains overlap significantly whereas previously, when
matrix effects between these carbonates were not under-
stood, it appeared that there was a gap or lull in carbonate
formation between the early dolomite and later breunnerite
populations (Petitat et al., 2009). The implications of car-
bonate formation for the timescales of accretion of car-
bonaceous chondrite parent bodies were examined by
Fujiya et al. (2012) and Fujiya et al. (2013). Based on their
models, the revised narrower range of carbonate formation
ages suggests either lower water ice content or smaller aster-
oidal radii of �30 km for the meteorite parent bodies. The
size constraint of the body on which the carbonates formed
may be relaxed somewhat if the body incorporated lower

amounts of 26Al due to heterogeneous 26Al=27Al.

6. CONCLUSIONS

We used ion implantation to quantify the SIMS matrix
effects on the Mn/Cr RSF in carbonate of varying compo-
sition. Measured RSFs can be determined by an empirical
calibration with carbonate major element chemistry. This
correlation may be used to predict the RSF of unknown
samples thereby removing the need to directly measure
the RSF in every sample of interest. The relationship we
describe in Eq. 7 may be used to estimate the RSF of
unknowns in other studies when adjusted by normalisation
to a common sample, e.g., San Carlos olivine.

The RSFs predicted for dolomite and breunnerite are
less than 1, and fall outside the range previously used for
correcting the measured Mn/Cr ratios. This suggests that
the Mn/Cr ages previously determined for meteoritic dolo-
mites and breunnerites are likely not accurate and should
be adjusted by 3–5 Ma to older ages, while the formation
ages of meteoritic calcite may move to younger ages by
�2 Ma. Of course new measurements are required which
accurately correct for the Mn/Cr RSF in a specific instru-
ment under constant analytical conditions. Because the
adjustment is greater for breunnerite than dolomite, previ-
ous suggestions of a gap in formation times require recon-
sideration. The shifts in the carbonate ages that are
suggested by corrections for the matrix effect that we docu-

ment here, makes it more likely that short-lived 26Al can
serve as the primary heat source for early aqueous alter-
ation events that precipitated carbonates on the parent
asteroids of CI carbonaceous chondrites.
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