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Abstract

Angrite meteorites are suitable for Mn—Cr relative dating (**Mn decays to >*Cr with a half life of 3.7 Myr) using Secondary
Ton Mass Spectrometry (SIMS) because they contain olivine and kirschsteinite with very high >>Mn/>?Cr ratios arising from
very low Cr concentrations. Discrepant Mn—Cr and U-Pb time intervals between the extrusive or ‘quenched’ angrite
D’Orbigny and some slowly cooled or ‘plutonic’ angrites suggests that some have been affected by secondary disturbances,
but this seems to have occurred in quenched rather than in slow-cooled plutonic angrites, where such disturbance or delay
of isotopic closure might be expected. Using SIMS, we investigate the Mn—Cr systematics of quenched angrites to higher pre-
cision than previously achieved by this method and extend our investigation to non-quenched (plutonic or sub-volcanic)
angrites. High values of 3.54 (40.18) x 107° and 3.40 (£0.19) x 10-¢ (2-sigma) are found for the initial 3Mn/>*Mn of the
quenched angrites D’Orbigny and Sahara 99555, which are preserved by Cr-poor olivine and kirschsteinite. The previously
reported initial **Mn/>*Mn value of D’Orbigny obtained from bulk-rock and mineral separates is slightly lower and was prob-
ably controlled by Cr-rich olivine. Results can be interpreted in terms of the diffusivity of Cr in this mineral. Very low Cr
concentrations in Ca-rich olivine and kirschsteinite are probably charge balanced by Al; this substitutes for Si and likely dif-
fuses at a very slow rate because Si is the slowest-diffusing cation in olivine. Diffusion in Cr-rich Mg-Fe olivine is probably
controlled by cation vacancies because of deficiency in charge-balancing Al and is therefore more prone to disturbance. The
higher initial >*Mn/>**Mn found by SIMS for extrusive angrites is more likely to reflect closure of Cr in kirschsteinite at the
time of crystallisation, simultaneous with closure of U-Pb and Hf-W isotope systematics for these meteorites obtained from
pyroxenes. For the younger angrites Northwest Africa (NWA) 4590 and 4801 we have found initial >*Mn/>*Mn values which
are consistent with more precise work, at 0.90 (£0.4) x 107 and 0.13 (+1.1) x 107° respectively. Our work shows that SIMS
can usefully constrain and distinguish the ages of angrites of different petrologic groups. In reviewing the petrology of
angrites, we suggest that NWA 2999, 4590, and 4801 underwent a secondary partial melting and Cr (+/—Pb) disturbance
event that the sub-volcanic Lewis Cliff 86010, and perhaps the plutonic Angra dos Reis, did not. With our higher initial
3Mn/>*Mn for D’Orbigny and Sahara 99555 as well as previous data, a combined quenched angrite initial >*Mn/>*Mn of
3.47 (£0.12) x 107° (2-sigma, MSWD 1.00) yields consistent Mn—Cr and U—Pb intervals between these angrites and Lewis
Cliff 86010. Discrepant Mn—Cr timescales for other plutonic and sub-volcanic angrites represents resetting during the

* Corresponding author at: Research School of Earth Sciences, Bldg 61, Mills Rd, Acton 0200, Canberra, ACT, Australia. Tel.: +32 2629
1418; fax: +61 2 629 3391.
E-mail addresses: seann.mckibbin@gmail.com (S.J. McKibbin), trevor.ireland@anu.edu.au (T.R. Ireland), yuri.amelin@anu.edu.au
(Y. Amelin), peter.holden@anu.edu.au (P. Holden).

http://dx.doi.org/10.1016/j.gca.2015.02.019
0016-7037/© 2015 Elsevier Ltd. All rights reserved.


http://dx.doi.org/10.1016/j.gca.2015.02.019
mailto:seann.mckibbin@gmail.com
mailto:trevor.ireland@anu.edu.au
mailto:yuri.amelin@anu.edu.au
mailto:peter.holden@anu.edu.au
http://dx.doi.org/10.1016/j.gca.2015.02.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2015.02.019&domain=pdf

14 S.J. McKibbin et al./ Geochimica et Cosmochimica Acta 157 (2015) 13-27

secondary partial melting event at ~4557.2 Ma and indicates a relative order of disturbance of isotope systems: Mn—Cr in
olivine before U-Pb in pyroxene, with Hf~W in pyroxene being the most resistant.

© 2015 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Angrites are evolved magmatic achondrite meteorites
characterised by sub-basaltic SiO,, a high CaO and FeO
content (Mittlefehldt and Lindstrom, 1990; Mittlefehldt
et al., 2002) with the latter reflecting a generally high oxida-
tion state (approximately one log-unit above the iron-wus-
tite oxygen fugacity buffer: Brett et al., 1977; McKay et al.,
1994; Wadhwa, 2008) and a depletion of the alkali elements
Na,O and K,O (Warren and Kallemeyn, 1995). While
angrites are texturally diverse, some fall into a closely inter-
related fine- to coarse-grained subgroup with strong crystal
zoning often referred to as ‘quenched’, with bulk composi-
tions controlled by olivine addition or removal and which
crystallised from very similar magmas (Floss et al., 2003;
Mikouchi et al., 2004). Their tightly grouped, unresolved
ages obtained with multiple isotopic chronometers
(Nyquist et al., 2003; Amelin, 2008a,b; Connelly et al.,
2008; Spivak-Birndorf et al., 2009; Kleine et al., 2012) indi-
cate that they may have been part of the same magmatic
system. Other angrites are petrographically distinct in hav-
ing equilibrated textures (Prinz et al., 1977; Treiman, 1989;
Irving and Kuehner, 2007) and discrete, homogeneous oli-
vine compositions often exhibiting exsolution lamellae of
components either higher or lower in Ca (Mikouchi et al.,
1995; McKay et al.,, 1998; Kuehner and Irving, 2007).
These specimens do not seem to be so closely related to
the quenched group or to each other, and multiple parent
magmas are required to explain their compositions
(Crozaz and McKay, 1990; Mittlefehldt et al., 2002). It is
these characteristics, as well as their clearly resolved age dif-
ferences (Brennecka and Wadhwa, 2012 recalculated after
Amelin, 2008a; Kleine et al., 2012) that have led to the
assignment of such angrites to a separate ‘plutonic’ group-
ing. The distinctive angrite geochemistry common to both
quenched and plutonic angrites is suggestive of an origin
in a single magmatic parent body, and this is supported
by their oxygen isotopic compositions, which are related
by mass-dependent fractionation processes (Greenwood
et al., 2005).

The distinctive geochemistry of angrites is reflected in a
unique mineralogical assemblage which make them suitable
for dating using multiple isotopic decay schemes, especially
the extant U-Pb system for which absolute ages can be
obtained (Amelin, 2008a,b; Brennecka and Wadhwa,
2012), and the short-lived (now extinct) systems Mn-Cr
(Lugmair and Shukolyukov, 1998; Glavin et al., 2004)
and Hf-W (Kleine et al., 2012) with half lives of 3.7 and
8.9 Myr respectively (Honda and Imamura, 1971;
Vockenhuber et al., 2004). The relatively large range of ages
presented by angrites also provides an unparalleled oppor-
tunity for comparison and intercalibration of these dating
systems. Comparison of Hf~W and U-Pb data has shown

that angrite ages in these systems are generally consistent,
with an interval of ~7 Myr having passed between crystalli-
sation of the older quenched angrite D’Orbigny and iso-
topic closure in the youngest plutonic angrite Angra dos
Reis (Kleine et al., 2012). However, the Mn—Cr timescale
(recorded by Cr-isotope variations due to decay of **Mn
to >*Cr during the early history of the Solar System) is less
well understood because of disagreement with the other iso-
tope chronometers over the age interval between quenched
angrites and one or more of the plutonic angrites (Amelin,
2008a). This implies that Mn—Cr ages are potentially low
for the former or high for the latter, and could reflect slow
cooling or secondary thermal resetting.

The history recorded by these meteorites over a very ear-
ly period of Solar System and planetesimal evolution
(4563.44+0.3 to 4556.6 0.3 Ma; Brennecka and
Wadhwa, 2012) and their diverse geological origins there-
fore allow testing of the processes which affect diffusive clo-
sure of isotope systems in their respective mineral hosts.
The Secondary Ion Mass Spectrometry (SIMS) analytical
approach is useful for obtaining Mn—Cr ages for strongly
zoned olivine and kirschsteinite in angrites (Sugiura et al.,
2005) and can potentially unravel some of the microscale
complexities in the Mn—Cr systematics of these meteorites.
Additionally, because it involves minimal sample consump-
tion, SIMS is suited to analysis of rare or small angrites
when other techniques might be impractical. In this paper,
we present SIMS Mn-Cr investigations of compositionally
zoned olivine from the two largest quenched angrites
D’Orbigny and Sahara 99555, and extend this approach
to the more analytically challenging plutonic angrites
Northwest Africa (NWA) 4590 and 4801 which contain
unzoned olivine. This SIMS study was conducted in parallel
with a Multi-Collector Inductively-Coupled-Plasma Mass-
Spectrometry (MC-ICP-MS) study of the Mn—Cr chronol-
ogy of these same angrites (Yin et al., 2009).

2. METHODS
2.1. ‘Quenched’ angrites D’Orbigny and Sahara 99555

To obtain Mn—Cr ages, complementary >>Cr/>>Cr and
3Mn/**Cr information on a suite of co-genetic samples of
the same age are required. In this SIMS study, the target
materials are olivine grains analysed either in-situ in pol-
ished sections or as individual grains polished to expose
their interiors. Chips of D’Orbigny and Sahara 99555 were
obtained from the same specimens of these meteorites pre-
viously analysed by Amelin (2008a,b). They were mounted
in epoxy and polished along with San Carlos olivine and
synthetic olivine reference materials Mi6, Mil3 and Mil4
which were produced using experimental petrology tech-
niques (McKibbin et al., 2013a). These olivines were also
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(a) D'Orbigny BSE 4%

(b) D'Orbigny Mn/Cr _

Fig. 1. Electron microprobe images of polished section of the quenched angrite D’Orbigny. (a) Back-scatter electron (BSE) image.
Dark = anorthite; mid-tones = pyroxenes and Mg-Fe olivine cores; bright = Ca-rich olivine and kirschsteinite rims. (b) Mn/Cr elemental

map. (c¢) Mn elemental map. (d) Cr elemental map.

used by McKibbin et al. (2013b) during work on the
University of Tokyo piece of D’Orbigny previously anal-
ysed by Sugiura et al. (2005). Elemental mapping was
undertaken on selected areas for Mn and Cr, combined
with Back Scatter Electron (BSE) imaging to identify
appropriate SIMS targets. X-ray elemental mapping was
performed with a Cameca SX100 electron microprobe at
the Research School of Earth Sciences, Australian
National University and BSE imaging was performed on
the same instrument or on a JEOL6400 Scanning
Electron Microscope at the Centre for Advanced
Microscopy at the Australian National University. In
BSE images of D’Orbigny (Fig. la), medium and high
intensities correspond to Mg—Fe and Fe—Ca olivine respec-
tively, with midtones also representing pyroxene and dark
areas representing anorthite. Our elemental maps show that
the Mn/Cr ratio is clearly highest in olivine (Fig. 1b), with
the Mg—Fe and Fe—Ca varieties having low and high values
for this variable respectively, and therefore offering a wide
range of Mn/Cr for in-situ SIMS analysis (Sugiura et al.,
2005; McKibbin et al., 2013b). Mn/Cr ratio varies because
of zoning in both elements. Mn in olivine is present at mod-
erate concentrations in olivine cores, with higher Mn visible
in discrete rims (Fig. 1c); this corresponds to a change in
concentration by a factor of ~2-3 (~0.3-0.8 wt.% MnO;
Mittlefehldt et al., 2002). D’Orbigny olivine is generally
low in Cr (Fig. 1d); from dedicated electron probe micro-
analysis, Mittlefehldt et al. (2002) found Cr,Oj3 to be pre-
sent at the level of ~0.04 wt.% in olivine cores and below
detection limits in olivine rims. Pyroxene and small spinels

are the main hosts of Cr, with strong zoning present in the
former (Fig. 1d).

Sensitive High-mass-Resolution Ion Micro Probe
Reverse Geometry (SHRIMP-RG) was used for in-situ
measurement of isotopic ratios in D’Orbigny and Sahara
99555. Suitable areas ~20-30 um in diameter were sput-
tered by a ~2-5nA O; primary ion beam (default
SHRIMP operating conditions). Masses >2Cr", 3*Cr" and
3Mn™" were measured by adjusting the strength of the mag-
net and directing the ion beams sequentially into an elec-
tron multiplier. Mass resolution was adjusted to m/Am
~5000-6000 (10% peak height) by use of a source slit
(350 um) and collector slit (350-500 pm) to resolve molecu-
lar interferences. The count rate for >>Mn™ was kept below
~1 Mcps to minimise wear on the electron multiplier. Data
collected over 10 magnet cycles (less than ~1000 s depend-
ing on setup conditions) were used in the ratio calculation
in order to standardise temporal changes in observed
SMn /2 Cr" associated with downhole effects as sputtering
proceeded (discussed in McKibbin et al., 2013b).

SIMS data were reduced according to the “first ratio esti-
mator’ method (Ogliore et al., 2011), which we have earlier
referred to as ‘Ratio of Total Counts’ (McKibbin et al.,
2013b), involving summing all data for each isotope from
an analysis (**Cr*, >>Mn™), and dividing by the sum of cor-
responding data for the normalising isotope for that analy-
sis (**Cr™). Internal spot-specific errors were calculated as
the standard error on the mean of sub-ratios determined
for each magnet cycle within a single analytical spot.
Instrumental mass fractionation (IMF) on Cr isotopes



16 S.J. McKibbin et al./ Geochimica et Cosmochimica Acta 157 (2015) 13-27

was corrected by sample-standard bracketing with San
Carlos olivine and a two-isotope correction procedure
(33Cr/**Cr), assuming a ‘terrestrial’ value of 0.1134 for this
reference material. Over six analytical sessions working on
quenched angrites, we observed standard deviations of 3.5—
8.2 permil on >*Cr/>*Cr for reference grains.

The inter-element ratio *>Mn"/>Cr" has been shown to
be susceptible to matrix effects in compositionally zoned
olivine, predominantly the fayalite (Fe) content of olivine
(McKibbin et al., 2013a) and was corrected by Mn—Cr rela-
tive sensitivity factors (RSF values). These have been deter-
mined by

RSF = (*Mn/*Cr),,omc/(C°Mn* /ZCr")SIMS

and we use the same values of (**Mn/>?Cr),omic for our ref-
erence materials Mi6, Mil3 and Mil4 as reported in
McKibbin et al. (2013b). The values for (SSMn+/52Cr+)SIMS
were obtained under the same conditions as during the ana-
lytical sessions (including the same primary ion species) in
which analyses of D’Orbigny and Sahara 99555 were made.
As discussed in McKibbin et al. (2013b), the synthetic olivine
compositions do not correspond precisely with the composi-
tion of the volume sampled during SIMS analysis of angrite
olivine; further, zoning in angrite olivine could easily intro-
duce percent-level bias to the final >*Mn/>*Cr values.
Therefore, in conjunction with the RSF values calculated
for synthetic olivines in the current investigation, we have
followed the methodology of McKibbin et al. (2013b) in
determining olivine compositions at each SIMS crater using
defocused quantitative SEM analysis and applied a least-
squares mixing routine to find unique RSF values for each
SIMS analysis as a function of the three chemical compo-
nents in angrite olivine.

The slope of a regression of Mn/*’Cr and >*Cr/>*Cr
data for olivine grains from each meteorite gives the abun-
dance of the radioactive isotope >>Mn with respect to the
stable isotope *>Mn at the time of isotopic closure or crys-
tallisation, which we refer to as the initial >>Mn/>*Mn for
the meteorite. Similarly, regressions can be made for data
on olivine from multiple meteorites or on bulk-rock data
for several meteorites, in order to investigate the initial
3Mn/**Mn at the time of different fractionation events.
All regressions were performed with the inverse-error
weighting of points ‘Model 1’ function of Isoplot Ex. ver-
sion 3.50 (Ludwig, 2006).

2.2. ‘Plutonic’ angrites NWA 4590 and 4801

Single mineral grains and grain aggregates of plutonic
angrites NWA 4590 and 4801 were taken from the same
specimens of these meteorites as analysed by Amelin and
Irving (2007) and Amelin et al. (2011). Olivine was hand-
picked and mounted along with mineral standards in
epoxy. BSE imaging was undertaken to locate exsolution
domains in olivine and kirschsteinite from NWA 4590
(Kuehner and Irving, 2007), which were the SIMS analyti-
cal targets, as well as mineral inclusions in olivine from
NWA 4801, which were avoided.

Since plutonic angrites have, relative to the quenched
angrites, lower initial >*Mn/>*Mn and olivine with generally

lower Mn/Cr (Lugmair and Shukolyukov, 1998; Glavin
et al., 2004; Sugiura et al., 2005), we also present a variant
of our method that is intended to achieve precision on Cr-
isotopic analyses at the level of a few permil. Olivine and
kirschsteinite from plutonic angrites were analysed by
SHRIMP-IT and SHRIMP-RG. In order to achieve higher
count rates and higher precision, these analyses were con-
ducted using a mixed composition (O~, O, and trace
NO3) primary beam to increase currents to ~17-53 nA
while still sputtering relatively small (~30 micron) areas
of the samples. Mass resolution was adjusted to m/Am
~5000-6000 or better (10% peak height) by use of source
and collector slits (350 um and 350-500 pm respectively
for SHRIMP-RG; 80 and 100 um respectively for
SHRIMP-II). An electron multiplier was used to collect
32Cr* on both instruments. Because of high primary sput-
tering beam currents, all beams were correspondingly more
intense and the *Mn™ beam was too strong to be measured
with an electron multiplier. >>Mn™ was instead measured
with a Faraday cup simultaneously with >*Cr™ in the elec-
tron multiplier (SHRIMP-II multi-collector) or at another
magnet setting and with deflection away from the electron
multiplier and into the Faraday cup (SHRIMP-RG).
3Crt was collected with the electron multiplier at another
magnet setting on both instruments. Because of downhole
variation in RSF during sputtering of each point (discussed
in McKibbin et al., 2013b), a split run table was often
employed, with the inter-element ratio >>Mn"/°*Cr" being
measured first, followed by >*Crt/>?Crt.

As for the quenched angrites, data reduction was con-
ducted using the Ratio of Total Counts method and errors
as the standard deviation of sub-ratios comprising each
analysis. For San Carlos olivine, we again assumed a terres-
trial *>Cr/>>Cr of 0.1134 for the external IMF correction,
finding standard deviations on this ratio of 0.6-4.3 permil
over seven analytical sessions. The RSF values of the syn-
thetic olivines were determined as for the quenched
angrites, using the (5 Mn/? 2Cr)ammiC for our reference mate-
rials Mi6, Mil3 and Mil4 from McKibbin et al. (2013b).
Values of (3*Mn"/>2Cr)gims for reference materials were
obtained under the same conditions and during the same
analytical sessions as the analyses of NWA 4590 and 4801
olivine, with an unfiltered intense primary sputtering beam.
The RSF mixing model was again applied; however,
because olivine from plutonic angrites is not zoned, we used
three discrete compositions and determined only three RSF
values: one each for olivine and kirschsteinite from NWA
4590, and one for olivine from NWA 4801.

3. RESULTS
3.1. ‘Quenched’ angrites D’Orbigny and Sahara 99555

The RSF values we have calculated for our three syn-
thetic olivine reference materials for use during analysis
with filtered (O3) and unfiltered (predominantly O> and
O7) primary beams are below unity, and an increase in
RSF occurs with increasing fayalite content. This is in
accord with previous work on these materials (McKibbin
et al., 2013b). RSF details are summarised in Table 1.
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Table 1

Summary of relative sensitivity factors (RSF) for synthetic olivines
used in this study (Fo, Fa, La and (“SSMn/ﬁCr)awmiC from
McKibbin et al., 2013b).

Synthetic olivine Mi6 Mil3 Mil4
Fo 0.5975 0.0472 0.0509
Fa 0.4021 0.7545 0.6147
La 0.0004 0.1982 0.3344
(3*Mn/*2Cr) aiomic 56.2 91.6 122.4
1 std. dev. 1.6 2.2 2.5
n 14 25 23
Filtered O3 primary beam for ‘quenched’ angrites
(PMn+/Cr+)sivs 95.1 111.5 183.1
1 std. dev. 6.1 7.7 11.8
n 28 40 46
RSF 0.590 0.822 0.668
1-sigma 0.042 0.060 0.045
Unfiltered O3, O~ primary beam for ‘plutonic’ angrites
(3Mn+/7Cr+)sivs 90.6 119.5 177.9
1 std. dev. 4.3 7.8 8.2
n 17 9 9
RSF 0.620 0.766 0.688
1-sigma 0.035 0.053 0.035
Monticellite N 4] [ [ Kirschsteinite
MgCaSiO.,//\ 4590‘ FeCaSiO,

a D'Orbigny
0 Sahara 99555
o 'Plutonic' NWA...

a Synthetic olivine
with RSF values

a
MiG: 0-590 +/-0.042
© 0.620 +/-0.035| 4801 L B8 v
— v » ®oag/a00 A 4590

A3 A2 A2
Forsterite Fayalite
Mg.SiO, Fe,SiO,

Fig. 2. Olivine ternary diagram illustrating the compositions of:
synthetic olivine reference materials Mi6, Mil3 and Mil4; olivine
corresponding to sputtered volumes during SIMS analysis of
quenched angrites D’Orbigny and Sahara 99555, and plutonic
angrites NWA 4590 and 4801. Synthetic olivines are labelled with
RSF values for SIMS analytical sessions using a filtered primary
beam (quenched angrites) and unfiltered primary beam (plutonic
angrites).

Olivine compositions for the areas sputtered during SIMS
analyses of D’Orbigny, Sahara 99555, NWA 4590 and
NWA 4801 (Fig. 2; Electronic Appendix 1) are in general
agreement with  previously reported compositions
(Mittlefehldt et al., 2002; Kuehner and Irving, 2007;
Irving and Kuehner, 2007): Mg-rich olivine at ~Fosq ¢
has the lowest Ca content, and Fe-rich olivine is progres-
sively more enriched in Ca towards the kirschsteinite end-
member. This is clearly seen in quenched angrite olivine
which has a continuum of compositions. A couple of
Sahara 99555 points with intermediate compositions at
~Fo;6 Fags Lag (i.e. containing higher Ca for their Mg-
and Fe-contents) may represent analytical mixtures of high-
and low-Ca components that were not resolved by the poor
spatial resolution of our defocused SEM analysis, which
was intended to obtain an average composition for each

sputtered area (Section 2.1). Plutonic angrites contain oli-
vine of discrete compositions: olivine in NWA 4590 has
exsolved into fayalitic and kirschsteinitic components, while
NWA 4801 olivine is similar to that in the cores of the
quenched angrites at ~Foss.

Mn-Cr systematics obtained by SIMS reflect these
diverse major element compositions for quenched angrites
(Fig. 3 and Electronic Appendix 1; because Mn/Cr data
for these angrites cover many orders of magnitude, we have
used logarithmic axes for these meteorites). In D’Orbigny
and Sahara 99555, >*Mn/>>Cr ranges from lowest values
of ~15-25 in olivine cores, to several million in Fe- and
Ca-rich rims. In NWA 4590, >>Mn/>?Cr is observed at two
discrete values of ~400-900 for olivine, and ~2000-4000
for kirschsteinite exsolution lamellae. Olivine in NWA
4801 has a much smaller range of ~150-700, representing
grain-to-grain variation. Cr-isotopic compositions are well
correlated with Mn/Cr ratios in D’Orbigny, Sahara 99555
and NWA 4590. The initial >*Cr/>*Cr (given by the intercept
of the regression through >>Mn/*?Cr and **Cr/**Cr data) for
D’Orbigny is 0.11325 (40.00041; consistent with our
assumed terrestrial value of 0.1134), and the initial
3Mn/>*Mn is 3.54 (£0.18) x 107¢ (2-sigma, MSWD 0.74).
Sahara 99555 is indistinguishable, at initial *Cr/>’Cr of
0.11369 (40.00049; also consistent with terrestrial) and ini-
tial ¥*Mn/>>Mn of 3.40 (£0.19) x 10~® (2-sigma, MSWD
1.4). Isochron results are summarised in Table 2.

3.2. ‘Plutonic’ angrites NWA 4590 and 4801

At the better precision achieved during SIMS analysis
with an unfiltered primary ion beam, different values of
3Crt/?2Crt were resolved in each of the three synthetic
olivines and the natural San Carlos and NWA meteoritic
olivines. The raw >Cr"/°>Cr* from one of our SHRIMP
II analytical sessions (uncorrected for IMF) are presented
in Fig. 4 to illustrate this offset between samples (data given
in Electronic Appendix 2). The variation might reflect a
matrix effect of some kind, however, it is clear from
Fig. 4 that it is not easily related to major element compo-
sition and that a relatively large residual discrepancy
remains between olivine from NWA 4801 and Mi6
(~10 permil) or San Carlos (~15-20 permil). This was
observed on both SHRIMP-RG and SHRIMP-II; such
effects were not detected during our earlier investigation
of D’Orbigny, which achieved precision on the initial
3Cr/>>Cr of ~4 permil (McKibbin et al., 2013b), nor was
it observed in this study on D’Orbigny and Sahara 99555.
This matrix effect may represent a susceptibility of
SHRIMP-geometry ion probes to unrecognised structural
peculiarities of plutonic angrite (and other terrestrial and
synthetic) olivines. Rather than attempt to correct for poor-
ly understood effects, existing convention has been followed
(e.g. Hutcheon et al., 1998; Hua et al., 2005; Hsu, 2005;
Jogo et al., 2009; McKibbin et al., 2013b) and the external
correction for IMF of Cr-isotopes has been carried out
against San Carlos olivine. Because the residual IMF uni-
formly shifts 3Cr/*’Cr to higher values, it does not seem
to have affected the slope of the isochrons; useful initial
3Mn/>*Mn constraints were still obtained.
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Fig. 3. SIMS Mn-Cr fossil isochrons for quenched angrites D’Orbigny and Sahara 99555. All data are shown in the main figures; in
subfigures, the areas near the >Cr/>Cr intercepts are shown. Both axes are logarithmic in the main figures and linear in subfigures. Error

intervals are presented at the 2-sigma level.

Table 2

Summary of angrite initial >*Cr/>*Cr and **Mn/**Mn obtained by SIMS. Errors are 2-sigma except for the initial >*Mn/>**Mn value for NWA

4801 which is presented at the 95% confidence level.

Meteorite Initial >*Cr/**Cr Error Initial >*Mn/>*Mn Error MSWD
D’Orbigny 0.11325 0.00041 3.54 x 107° 0.18 x 107° 0.74
Sahara 99555 0.11369 0.00049 3.40 x 107° 0.19 x 107 1.4
NWA 4590 0.11465 0.00079 0.90 x 10~° 0.4 x 10°° 1.5
NWA 4801 0.11478 0.00037 0.13 x 107 1.1 x10°° 34
0.112 from the olivine in this meteorite. No correlation was
| observed between the inter-element ratio and isotopic com-
- NWA 4801 (~Foss) I position of this meteorite; the initial 3Mn/>*Mn is 0.13
i I = (£1.1) x 107® (95% confidence, MSWD 3.4). Isochron
0111 results for plutonic angrites are illustrated in Fig. 5 and
5 W Mi6(-Foy) " summarised along with quenched angrites in Table 2.
a:,: Mi14 " o .
4 (low-Ca Ks) 4. DISCUSSION
SR TN T T
| B San Carlos (~Fog) 4.1. Tnitial >*Mn/**Mn of quenched angrites
Mi13
0400 {hiafGa Fa) , , , In terms of relative ages, we have found D’Orbigny and
0 5 10 15 20 Sahara 99555 to be unresolved from each other with similar

Point #

Fig. 4. Raw SIMS ¥Cr'/?Cr" (uncorrected for IMF) for
synthetic, natural terrestrial, and plutonic angrite olivine. Error
bars are 1-sigma. Dotted lines indicate the inverse-error weighted
means of San Carlos and Mi6 olivine.

The effect is a potentially higher initial >*Cr/>*Cr for
NWA 4590 of 0.11465 (£0.00079, near to the limit of ter-
restrial). Regression of Cr-isotopic data with Mn/Cr data
gives an initial >*Mn/>*Mn of 0.90 (£0.4) x 10~° (2-sigma,
MSWD 1.5) for this meteorite. For NWA 4801, because of
our decision not to correct for the matrix effect, we have
found a supra-terrestrial initial *Cr/>’Cr of 0.11478
(£0.00037) due to clear resolution of San Carlos olivine

initial >*Mn/>Mn values for both meteorites, in accord
with previous SIMS work on their Mn-Cr systematics
(Sugiura et al., 2005). However, our initial >*Mn/>>Mn val-
ues are more precise, with relative errors of 5.1% and 5.6%
respectively (at 95% confidence level and including full
error estimates for RSF). This compares with their 2-sigma
‘error-2’ results (which includes a single systematic error
estimate on the RSF), which are precise to a level of 8.5%
and 13.1% respectively. Our results constrain the Mn—Cr
age difference between these two meteorites to
0.22 +0.40 Myr, which is an improvement over the
0.04 4+ 0.83 Myr obtained by Sugiura et al. (2005).

In absolute terms, our initial >>Mn/>*Mn values of 3.54
(+0.18) x 107 and 3.40 (+0.19) x 10~ for the quenched
angrites D’Orbigny and Sahara 99555 are in agreement
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Fig. 5. SIMS Mn-—Cr fossil isochrons for plutonic angrites NWA 4590 and NWA 4801. Errors are 2-sigma except for the initial >*Mn/>*Mn

for NWA 4801, which is presented at the 95% confidence level.

with our revised value found for the University of Tokyo
chip of D’Orbigny (3.44 (£0.29) x 1075 McKibbin et al.,
2013b), which used the same analytical method, including
the same reference materials. Increased precision on the ini-
tial >*Mn/>*Mn for D’Orbigny allows us to investigate
potential discrepancy between SIMS and previous
Thermal Ionisation Mass Spectrometry (TIMS) data. The
new value for the University of Tokyo chip (McKibbin
et al, 2013b) was consistent with the best initial
3Mn/>*Mn of 3.24 (+0.04) x 10~ found for D’Orbigny
by Glavin et al. (2004) using TIMS. It was distinctly higher
than the SIMS value of 2.84 (£0.24) x 10~° from Sugiura
et al. (2005), as well as the TIMS value of 2.83
(£0.25) x 107° from Nyquist et al. (2003). At the higher
precision we have obtained here, our D’Orbigny initial
3Mn/>*Mn value of 3.54 (£0.18) x 107° is resolved from
the precise value of Glavin et al. (2004) for this meteorite.
This is the case even if the stated error in that study only
represents a 1-sigma interval (regression of their data using
the Isoplot Ex. Model 1 regression yields an initial
3Mn/>*Mn of 3.23 (+0.08) x 10~° (2-sigma level, MSWD
3.3)). Hence we have another possible discrepancy between
SIMS and TIMS values for D’Orbigny, with a higher SIMS
value now apparent at the ~5% level.

Such a discrepancy is too large to represent a reasonable
cosmogenic effect on Cr isotopes due to the short exposure
histories of these meteorites, resulting in small isotopic
effects (~parts per 10% Leya et al., 2003). They are very
unlikely to be observable by SIMS and probably represent
either analytical artifacts or a mineralogical effect. To eval-
uate possible discrepancies between SIMS and TIMS data,
we now compare initial >*Mn/>*Mn values of the quenched
angrites D’Orbigny and Sahara 99555 with their RSF val-
ues. For each meteorite, an ‘effective’ RSF can be calculated
from the ratio of the initial >*Mn/>*Mn (i.e. our final, pre-
ferred values for initial >*Mn/>*Mn, which were found by
regression of Cr-isotope and (>*Mn/>*Cr)omic data) to
the apparent initial >*Mn/>*Mn regressed from Cr-isotope
and (**Mn"/**)Cr)gims data before application of any

5.0x10%
e iMisTe
A5XA0TF e eFog D'Orbigny
S 3 (this study)
c . Mi14 Sub-..
..? 5 T~ cale. Ks ! ..
f 40x10%r T e Sahara 99555
= -\ /(this study)
3 [
£ 3sx100
£ Glavin et al. (2004; TIMS) Lo
McKibbin
3.0x10°| etal. (2013b) Mi13 “--. ]
) Ca-rich Fa
Sugiura
et al. (2005)
2.5x10%
0.55 0.6 0.65 0.7 0.75 0.8 0.85

Relative Sensitivity Factor (RSF)

Fig. 6. Change of initial >*Mn/>**Mn with relative sensitivity factor
(RSF) for the results of this study for D’Orbigny and Sahara 99555
olivine-kirschsteinite compared with our reference materials and
with previous studies. The 2-sigma error interval for our Sahara
99555 result is extrapolated across the RSF range; it is slightly
larger than (although similar to) that of D’Orbigny. For compar-
ison, confidence-limits on the high-precision Thermal Ionisation
Mass Spectrometry (TIMS) determination of Glavin et al. (2004)
are given as horizontal lines, as well as the Secondary Ion Mass
Spectrometry (SIMS) studies of Sugiura et al. (2005) and
McKibbin et al. (2013b) with their effective RSF values.

RSF. These effective RSF values will be similar to the mean
or median of all RSF values used for each meteorite, but
will also take into account the inverse-error weightings on
each point applied by the Isoplot Ex. Model 1 regression.
The apparent initial >*Mn/>>Mn, before RSF, for our deter-
minations of D’Orbigny and Sahara 99555 are 2.69 (+0.14)
and 2.69 (£0.23) x 10~° respectively, giving effective RSF
values of 0.759 and 0.791. For Sugiura et al. (2005), the
effective RSF is simply their reported RSF, since only a sin-
gle value was used in that study (0.62; because their
D’Orbigny result is more than twice as precise as their
Sahara 99555 result, we will consider only the former).
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These data are presented in Fig. 6, along with errors on the
TIMS value of Glavin et al. (2004) represented by horizon-
tal lines. The change in initial >*Mn/>*Mn with RSF is given
by dotted lines for our Sahara 99555 result (for which the
error envelope is slightly larger than that of D’Orbigny).

From our definition of RSF (Section 2.1) and from
Fig. 6, it can be seen that use of higher RSF values in the
mixing model would decrease the discrepancy, and move
our initial >*Mn/>>Mn for D’Orbigny to lower values.
Systematic bias of our D’Orbigny effective RSF to values
only a few percent lower could be an explanation for our
finding, as might be illustrated by the location of Sahara
99555, at higher effective RSF and lower initial
3Mn/>*Mn, consistent with the TIMS result. However, in
the current study, the RSF values we have found for Mi6,
Mil3 and Mil4 using a filtered beam (0.590, 0.822 and
0.668 respectively) are already ~7-10% higher than for
(McKibbin et al. (2013b); 0.552, 0.752 and 0.610 respective-
ly). Arbitrary application of those lower RSF values would
therefore increase the discrepancy. In our earlier study in
which we developed the method for matrix-matched RSF
values (McKibbin et al., 2013a), higher RSF values were
indeed observed for the Fe-Mg olivine (~Fogy, which
included Mi6: RSF 0.62-0.63) and the ‘low-Ca kirschstei-
nite’, which included Mil4 (RSF 0.71), but a lower RSF
was found for the ‘high-Ca fayalite’, which included Mil3
(RSF 0.75-0.77). It is therefore not clear whether such bias-
es could resolve the discrepancy.

Regression of the new D’Orbigny data along with other
samples does not change the initial >*Mn/>>Mn much.
Inclusion of data from McKibbin et al. (2013b) for the
University of Tokyo piece (giving 3.51 (+0.16) x 107¢;
MSWD 0.71), a combined D’Orbigny—Sahara 99555 regres-
sion of the data for both meteorites in this study (3.48
(£0.13) x 1075 MSWD 1.11), or all three together (3.47
(£0.12) x 1075 MSWD 1.00) all yield values clearly above
that of Glavin et al. (2004). We have not resolved a differ-
ence between Sahara 99555 and the Glavin et al. (2004) val-
ue for D’Orbigny, which could be taken as support for the
TIMS result, and is consistent with the strong dependence
of accurate initial >*Mn/>>Mn ratios on accurate RSF.
However, the very good combined regression and the geo-
chemical and petrological similarity of these meteorites sug-
gests that a slightly higher initial **Mn/>>Mn for these
meteorites bears geological meaning. These values are in
agreement with the bulk-rock angrite Mn-Cr isochron
reported by Shukolyukov and Lugmair (2007) of 3.40
(40.14) x 1075, and could be further evidence that crystalli-
sation and cooling to diffusive closure of first-generation
angrites occurred very shortly after differentiation of the
angrite parent body, or contemporaneously with it, given
our analytical uncertainties. In the next sections, we will
explore potential mechanisms and implications of isotopic
disturbance in D’Orbigny and other angrites.

4.2. Charge balancing of Cr in olivine and diffusive closure
We have made new determinations of the initial

3Mn/>*Mn of quenched angrites, finding a difference of
~9% and a discrepancy (on the basis of 95% confidence

limits) of ~2-3% between our SIMS result for D’Orbigny
and the TIMS result of Glavin et al. (2004). Because
unrecognised analytical biases only marginally explain this
discrepancy, we will consider geochemical and miner-
alogical effects at the different levels of sampling (SIMS
spot vs. whole mineral grains extracted for TIMS), and
their possible influence on the isochron slope. All the
SIMS Mn-Cr regressions for ‘quenched’ angrites are con-
trolled largely by kirschsteinite and/or olivine with a con-
siderable kirschsteinite component, with >>Mn/>>Cr > 103,
In contrast, the regression of Glavin et al. (2004) is con-
trolled by a combination of glass, total rock, and various
olivine types with relatively low >>Mn/>>Cr ratios of ~5—
30, which from comparison with our analyses (Electronic
Appendix 1) indicates that this olivine has an average com-
position of ~Fogy. The difference between the new SIMS
and the TIMS initial **Mn/>**Mn values (assuming that
both values are accurate within their stated uncertainties)
implies that diffusive closure of Cr was reached in Ca-rich
olivine and kirschsteinite 0.47 4+ 0.28 Myr before Mg-Fe
olivine, or that secondary disturbance occurred in the latter.
Ca-rich olivine and kirschsteinite in ‘quenched’ angrites is
interstitial to other minerals or exists as rims on Mg—Fe oli-
vine, and is one of the final crystallisation products of the
angrite melt (Mittlefehldt et al., 2002; Kurat et al., 2004).
Very Mg-rich ‘xenolithic’ olivine in angrites (up to ~Fogs)
is suggested to have been inherited from another part of
the angrite parent body, and therefore to be older than
the angrite groundmass (Mikouchi et al., 2011a) but this
cannot be the case for small interstitial crystals or olivine
rims. In the event of slow cooling or other later thermal dis-
turbance, it might be expected that such thin rims and small
interstitial crystals would be the most likely part of the rock
to be affected, and that a lower initial >*Mn/>>Mn would be
found by SIMS analysis.

An investigation of charge-balancing and diffusion
mechanisms for Cr in olivine provides a potential explana-
tion. Cr is sensitive to oxygen fugacity and exists in silicate
minerals as either Cr?t or Cr’" (e.g. Papike et al., 2005;
Mallmann and O’Neill, 2009), with the latter likely
dominating in angrites because of their high redox state
(Brett et al., 1977; McKay et al., 1994).

Cr’" substitutes for divalent Mg, Fe and Ca in the octa-
hedral sites of olivine and maintains charge balance either
by coupled substitution with another non-divalent element
(Papike et al., 2005) or by a site vacancy. The preferred
charge-balancing partner at low pressure is AI*" (Taura
et al., 1998) with the substitution proceeding according to
ViMgVHCIVIALIR*O,. In Ca-rich olivine and kirschstei-
nite in D’Orbigny, because of very low Cr content, Al is
generally present in excess of charge balancing require-
ments, with Mittlefehldt et al. (2002) reporting 0.014-0.06
wt.% Al,O; and maximum Cr,03 contents of 0.004 wt.%
(Kurat et al., 2004 report a single composition with sub-e-
qual Al,O3 and Cr,05 of 0.05 and 0.04 wt.% respectively).
In contrast, Mg—Fe olivine shows more variable behaviour,
with Kurat et al. (2004) reporting two olivines with Al/Cr
ratios below unity (their ‘Mega’ and ‘Rim’ samples) and
one above (‘Core’), while Mittlefehldt et al. (2002) reports
olivine with Fogy and sub-equal Al,O; and Cr,O;5 of 0.07
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and 0.043 wt.% respectively. This indicates that Ca-rich oli-
vine and kirschsteinite with very low Cr concentrations (the
main target of SIMS analysis) have excess of charge-balanc-
ing Al. In Cr-rich Mg-Fe olivine, the situation is often or
generally reversed, with a vacancy mechanism occurring
to greater or lesser degrees because of Al deficiency, and,
in fact, because of deficiency in most other potentially triva-
lent trace elements as well (e.g. Ti, V, and Sc).

From elemental mapping of olivine in the more reduced
pallasite meteorites (McKibbin et al., 2013c), a surplus of
Cr involves some participation in charge-balancing with
Al but leaves a potentially divalent component free to dif-
fuse. In that study, Cr records some older features also pre-
served by slowly diffusing trivalent Al, as well as more
recent diffusion profiles also recorded by fast diffusing diva-
lent Ni and Co. In contrast, a very small amount of oxi-
dised Cr*", as occurs in angrite kirschsteinite, would
imply that its residence in the crystal is controlled by Al.
Excess Al can charge balance itself by occupying both octa-
hedral and tetrahedral sites according to
MgVHAPHYVIARPYO?* (Evans et al., 2008); on the other
hand, Cr*" does not occupy the tetrahedral site (Burns,
1975) and presumably cannot charge balance itself in this
manner. With trace amounts of Cr substituted into Ca-rich
olivine and kirschsteinite according to
ViMgVUICHAHIVIARYQ,, the diffusion of Cr is also likely
to be reliant on Al, which can be very slow (Spandler and
O’Neill, 2010). High concentrations of Cr*" in more Mg-
and Fe-rich angrite olivine is likely to be charge balanced
by vacancies because of the deficiency in other trivalent
cations. In this situation, the diffusion of Cr is likely to be
faster. Thus, there is a crystal-chemical basis to expect that
high-Ca olivine and kirschsteinite with Al > Cr might be
closed to Cr diffusion while Mg—Fe olivine with Al < Cr
is not, and that the former could be more resistant to ther-
mal disturbance than the latter.

Though there is no obvious petrologic evidence for a late
disturbance in quenched angrites, conflicting results have
been presented for Sm-Nd by Tonui et al. (2003) and
Sanborn et al. (2011). Further studies of anorthite may shed
light on the situation, because of its sensitivity to resetting
of Mg isotopes and as suggested by these studies possibly
also Nd isotopes. If the diffusivity of vacancy-mediated
Cr** in Mg-Fe olivine is similar to divalent cations such
as Mg, Fe, Ca and Ni, as has been shown to be possible
under certain experimental conditions involving Al < Cr
(Spandler and O’Neill, 2010), then slight disturbance of oli-
vine could occur during more moderate or severe distur-
bance of anorthite. For example, at near-solidus
temperatures, the diffusivity of Mg in plagioclase or anor-
thite (Latourrette and Wasserburg, 1998; Faak et al.,
2013) is probably 1-2 orders of magnitude faster than that
of divalent elements in olivine (e.g. Petry et al., 2004;
Spandler and O’Neill, 2010), 3-4 orders of magnitude faster
than Cr in olivine (as a mixture of divalent and trivalent Cr;
Ito and Ganguly, 2006), and more than 8 orders of magni-
tude faster than Si in olivine (Dohmen et al., 2002). Trace
elements substituting into the olivine tetrahedral site, such
as Al, probably diffuse slowly in a manner similar to Si.
Because of the likely charge-balancing interactions between

slow-diffusing Al and trivalent Cr in Ca-rich olivine and
kirschsteinite, we suggest that the Mn-Cr systematics of
D’Orbigny and Sahara 99555 have been better preserved
by these phases because they have Al > Cr. The potential
sensitivity of anorthite to disturbance suggests that further
study of this mineral, particularly utilising the AI-Mg and
Sm-Nd systems and addressing microscale distribution of
these elements, might indicate whether, and to what level,
D’Orbigny and other angrites have been disturbed.

4.3. Petrology and initial >*Mn/>*Mn of plutonic angrites

For most of the younger ‘plutonic’ angrites, there is
clear petrographic and geochemical evidence for slower
cooling and in some, late thermal or melting events. The
Lewis Cliff (LEW) 86010 and NWA 4590 angrites contain
chemically zoned pyroxenes, with clear Mg-rich cores and
irregular zoning in the former, but also contain composi-
tionally homogeneous olivine with exsolved kirschsteinite
lamellae of discrete compositions, in strong contrast to
the zoned olivine in quenched angrites (Goodrich, 1988;
McKay et al., 1988; Kuehner and Irving, 2007). This
requires a relatively slow-cooling environment, with quanti-
tative estimation of cooling rates from subtle Ca-zoning
adjacent to kirschsteinite lamellac in LEW 86010 indicating
that most of the exsolution took place below 1273 K, and
cooling to ambient temperature occurred over ~10-
250 years at a depth of <100 m (McKay et al., 1998).
While homogeneous olivine compositions clearly indicate
slower cooling than the quenched angrites, for the purposes
of isotopic dating, the plutonic angrite LEW 86010 is in fact
just as suitable for a chronological ‘anchor’ as the older
angrites D’Orbigny, Sahara 99555 and their relatives.
Considering the estimated cooling rates, rather than repre-
senting a truly deep-seated plutonic angrite, LEW 86010
might be better thought of as a ‘sub-volcanic’ rock.

The textural and crystal-chemical similarity of NWA
4590 to LEW 86010 are consistent with a comparable
fast-cooling history for the former. Cooling rate estimates
have been undertaken on the lamellae in NWA 4590, find-
ing that this meteorite cooled ~10 times slower than LEW
86010, corresponding to a depth of ~240 m (Mikouchi
et al., 2011b); this also implies effectively instantaneous clo-
sure of relevant short-lived nuclide decay systems.
However, other petrologic evidence indicates that NWA
4950 is not as pristine as LEW 86010. Kuehner and
Irving (2007) observed grain-boundary glasses with a com-
position intermediate to anorthite and ulvdspinel, together
with secondary kirschsteinite, clinopyroxene and olivine.
This glass was reported to crosscut kirschsteinite lamellae,
and was interpreted to be a product of decompression melt-
ing during exhumation. However, such an interpretation
seems in conflict with the considerable cooling required to
intersect the olivine-kirschsteinite solvus (Mukhopadhyay
and Lindsley, 1983) before melting; return to the solidus
via re-heating, without the involvement of pressure, might
be a simpler explanation. Further evidence for disturbance
in NWA 4590 comes from distinct U-Pb ages for phos-
phates, which closed to Pb diffusion 0.55 4+ 0.29 My after
Pb in pyroxenes (Amelin et al., 2011; Amelin and Sapah,
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2012; assuming the same 23°U/?*®U for each phase). This
was interpreted to reflect slow cooling in a plutonic envi-
ronment with an inferred cooling rate of several hundred
K per Myr. Alternately, NWA 4590 phosphates could date
the secondary partial melting event which resulted in the
formation of glass, or could represent a disturbed age, espe-
cially considering that P is one of the first elements to be
mobilised during eutectic partial melting of phosphate-
bearing silicate rocks (Yamaguchi et al., 2013). Again,
rather than representing a truly ‘plutonic’ angrite, the zon-
ing in pyroxene and exsolution lamellae in olivine suggests
that NWA 4590 is similar to LEW 86010 in having formed
in a sub-volcanic environment, perhaps cooling over less
than a few thousand years. Additionally, NWA 4590 may
record a secondary melting event resulting in low-degree
eutectic partial melting and resetting of U-Pb systematics
in phosphates ~0.5 Myr after crystallisation.

Other angrites do seem to be genuinely slow-cooled plu-
tonic rocks. The lack of chemical variation in both pyrox-
ene and olivine from Angra dos Reis, NWA 2999, and
NWA 4801 (Prinz et al., 1977; Kuehner et al., 20006;
Irving and Kuehner, 2007) indicates much lower cooling
rates than LEW 86010 and NWA 4590, or possibly much
longer secondary thermal perturbations. Additionally, the
anhedral texture of NWA 4801 has been interpreted as
reflecting a history of high-temperature annealing (Irving
and Kuehner, 2007). As for NWA 4590, unusual features
of secondary origin are also present in NWA 2999 including
radial symplectic pyroxene-spinel intergrowths between
anorthite and olivine porphyroclasts, and anorthite coronas
on spinel grains in contact with pyroxene (Kuehner et al.,
2006). No such features have been reported in Angra dos
Reis or NWA 4801.

Our SIMS investigation of the initial >*Mn/>**Mn of plu-
tonic angrites has yielded values of 0.90 (+0.4) x 107 and
<1.23 x 107° for NWA 4590 and 4801 respectively. These
are in agreement with higher precision MC-ICP-MS and
TIMS work on these meteorites which found 1.01
(£0.12) x 1075 (Yin et al., 2009) and 1.00 (£0.07) x 10~°
respectively (Shukolyukov et al., 2009). They are similar
to the slightly higher value of 1.25 (4+0.07) x 107® for
LEW 86010 and the less precise values of 1.1
(£0.4) x 10°® for Angra dos Reis (Lugmair and
Shukolyukov, 1998) and 1.28 (40.23) x 107% for NWA
2999 (Shukolyukov and Lugmair, 2008). While our results
are not sufficiently precise to resolve these fine-scale initial
53Mn/>*Mn variations in these meteorites, our method pro-
vides an efficient alternative to bulk techniques in determin-
ing approximate initial >*Mn/>*Mn values and is capable of
clearly resolving first-generation quenched angrites from
later generation plutonic or sub-volcanic angrites. To
resolve angrite initial >>Mn/>>Mn from zero using SIMS,
a mineral with high Mn/Cr such as kirschsteinite is
required; in the absence of such a phase, only upper limits
on initial >*Mn/>*Mn can reasonably be achieved. If, in the
future, new plutonic ‘mini-angrites’ were to be discovered
(e.g. of a size comparable to the quenched angrite LEW
87051 at 0.6 g; McKay et al., 1990), SIMS will be able to
provide useful initial **Mn/>>Mn values. Some issues
remain with initial 3Cr/*Cr of plutonic angrites due to

the poorly understood matrix effect we chose not to correct
for (Section 3 and Fig. 4), especially for the higher precision
measurements on NWA 4801, and might be related to
excess scatter we obtained for this meteorite (MSWD 3.4).

In our previous study of D’Orbigny, we presented a
comparison of the initial **Mn/>>Mn of non-quenched
angrites with their pyroxene U-Pb ages (Fig. 9 in
McKibbin et al.,, 2013b) in which it can be seen that
LEW 86010 has, for a U-Pb age similar to that of NWA
4590 and 4801, a distinctly higher initial >*Mn/>**Mn. Use
of more precise phosphate U-Pb ages for NWA 4590
instead of pyroxene ages do not bring this meteorite closer
to an initial >*Mn/>*Mn and U-Pb evolution line passing
through LEW 86010, since they are only ~0.5 Myr younger
(Amelin et al., 2011; Amelin and Sapah, 2012). The initial
3Mn/>*Mn ratios of the non-quenched angrites are con-
trolled by various mineral phases: olivine for LEW 86010;
olivine and pyroxene for NWA 4590; pyroxene for NWA
4801 (referred to originally as ‘olivine’ but with a much low-
er >Mn/>*Cr ratio than we have found); and total rock/sili-
cate components for NWA 2999 (Lugmair and
Shukolyukov, 1998; Yin et al., 2009; Shukolyukov et al.,
2009; Shukolyukov and Lugmair, 2008 respectively).

In light of the petrology of these meteorites, which indi-
cate that the latter three were disturbed by a secondary
melting or slow cooling event resulting in annealed textures,
secondary glasses, symplectic pyroxene-spinel intergrowths,
and anorthite coronas on spinel grains, it seems that the
higher initial **Mn/**Mn of LEW 86010 could reflect its
pristine nature and it might be a better sample of the late
isotopic evolution of the angrite parent body. The difference
in initial >*Mn/>*Mn between this meteorite and our SIMS
value for Ca-rich olivine and kirschsteinite in D’Orbigny
corresponds to 5.62 +0.48 Myr; in agreement with the
U-Pb age difference of 5.86 +0.19 Myr (Amelin, 2008a).
This resolves a previous discrepancy between Mn—Cr and
U-Pb timescales in angrites, with the difference between
the initial **Mn/*Mn values for LEW 86010 (Lugmair
and Shukolyukov, 1998) and D’Orbigny as found by
Glavin et al. (2004) representing only 5.14 & 0.39 Myr. As
discussed in Section 4.2, the discrepancy could reflect dis-
turbance of Cr-rich Mg-Fe olivine in D’Orbigny while
radiogenic Cr in Ca-rich olivine and kirschsteinite was bet-
ter retained due to charge balancing with Al.

With this view that the high SIMS initial >*Mn/>*Mn
values for quenched angrite olivine-kirschsteinite are more
likely to correspond to crystallisation ages and hence to
U-Pb ages obtained from pyroxenes for these meteorites,
such an anchor point can be used to construct a Mn—-Cr
and U-Pb (as well as Hf~W) history for the angrite parent
body. Taking meteorite petrology and indicators of isotopic
disturbance into account, and guided by the observation
that of the non-quenched angrites, only LEW 86010 is like-
ly to have Mn-Cr and U-Pb systematics which closed
simultaneously (and for which data of high enough preci-
sion are available), an improved geological history can be
drafted. The most robust interpretation of the Mn—Cr sys-
tematics of quenched angrites is likely to be based on the
combined D’Orbigny—Sahara 99555 isochron, including
points from McKibbin et al. (2013b), which gives an initial
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Fig. 7. Mn-Cr, U-Pb and Hf-W timescales for angrite meteorites. Relative chronometers are anchored to combined ‘quenched angrite’
isochrons. Two errors are presented for relative chronometers: the smaller indicating purely analytical errors for comparison within a single
isotope system; the larger including analytical error for the anchor of that decay system, error on the relative chronometer half-life, and error
on the absolute U-Pb age of the anchor. Original Mn—Cr data from: Lugmair and Shukolyukov (1998), Glavin et al. (2004), Shukolyukov and
Lugmair (2008), Shukolyukov et al. (2009), Yin et al. (2009); and this study. Original U-Pb-Pb data from: Amelin and Irving (2007), Amelin
(2008a), Connelly et al. (2008), Amelin et al. (2011), Amelin and Sapah (2012), Brennecka and Wadhwa (2012). Original Hf-W data from:
Kleine et al. (2012). The data and are summarised in Electronic Appendix 3).

S3Mn/>*Mn  of 347 (£0.12) x 107° (MSWD  1.00)
(Section 4.1). An equivalent isochron for the Hf~W system
was determined by Kleine et al. (2012) using D’Orbigny and
Sahara 99555 data, at initial 'SHf/"°Hf of 6.99
(£0.11) x 107°. These can be anchored to the mean of
D’Orbigny and Sahara 99555 U-Pb ages at
4563.46 4+ 0.13 (Connelly et al., 2008; Amelin, 2008a), cor-
rected for the angrite >**U/**U composition (Brennecka
and Wadhwa, 2012). We have not included the error on
the 2*8U/?* U ratio in the error propagation since U-iso-
topes were probably homogenised during planetary differ-
entiation. In Fig. 7, we plot U-Pb ages with Mn-Cr and
Hf-W ages calculated relative to this anchor.

Two types of errors are shown in Fig. 7, with the smaller
representing purely analytical errors on short-lived isotope
ages (for comparison within a single isotope system, e.g.
between D’Orbigny Mn-Cr data obtained by SIMS and
TIMS), and the larger the total propagated error including
errors on the anchor initial >*Mn/>*Mn or '$?Hf/'®°HI, as
well as error on the U-Pb age of the anchor, and error
on the half-lives of >*Mn and '$?Hf. For >>Mn, we use a
half-life of 3.76 + 0.24 Myr, which represents an inverse-er-
ror weighted mean of the values reported by Matsuda et al.
(1971); 2.9+1.2Myr, Honda and Imamura (1971);
3.7+ 0.4 Myr), Woelfle et al. (1973); 3.9 + 0.6 Myr, Herr
et al. (1972); 3.8 £ 0.7 Myr, and Heimann et al. (1974);
3.85 + 0.4 Myr. It should be noted that the weighted mean
is rather insensitive to which or how many of these studies
are included in the calculation, and the influence on angrite
chronology is subtle. For '8?Hf we use the precise value of
8.90 £ 0.17 Myr from Vockenhuber et al. (2004). As expect-
ed from the petrologic investigations, LEW 86010 exhibits
consistent U-Pb pyroxene, Hf-W pyroxene, and Mn-Cr
olivine ages when the latter are anchored to the combined
quenched-angrite age. All isotope systems are also in

agreement for Angra dos Reis, although in this case the
poorer reported precision for Mn—Cr in silicate, U-Pb in
phosphate, and Hf-W in pyroxene makes these ages insen-
sitive to possible disturbances. Other non-quenched angrite
ages exhibit varying levels of discrepancy. The Mn—Cr total
rock/silicate age for NWA 2999 is clearly younger than U-
Pb and Hf-W pyroxene ages for this meteorite. In NWA
4590, there is potentially better agreement of olivine-pyrox-
ene Mn—Cr with phosphate U-Pb than with pyroxene U-
Pb. Hf-W in pyroxene also seems to indicate dispersion
in this meteorite, since it is higher than phosphate ages
and perhaps only marginally in agreement with Mn—Cr.
NWA 4801 also exhibits discordance, although here dis-
crepancy between U-Pb and Hf-W ages is prominent, with
the former in better agreement with Mn—Cr and the latter
recording an older age. The general trend of discordance
indicates that Mn—Cer in silicates (i.e. pyroxene—olivine mix-
tures) is more easily reset than U-Pb in pyroxenes. This is
in agreement with current understanding of the diffusivities
of Cr in olivine and Pb in pyroxene (reviewed in Amelin,
2008a). U-Pb in phosphates may be reset at an intermediate
stage, as implied by the agreement between U-Pb and Hf-
W ages for pyroxene in NWA 4590 but younger ages for the
phosphates. Hf~W in pyroxene may be the most resistant,
with ages in agreement with U-Pb in pyroxene in all cases
except for NWA 4801, in which it is older.

Discordance in NWA 2999 and NWA 4801, as well as
potentially better agreement between Mn-Cr in silicates
and U-Pb in phosphates for NWA 4590, are suggestive
of a secondary event which set the Mn—Cr systematics at
some time after U-Pb and/or Hf-W closure in pyroxenes.
The possible match between Mn—Cr in silicates and U-Pb
in phosphates for NWA 4590 is consistent with this event
being the partial melting that resulted in symplectite and
coronal features in these meteorites. Two end-member
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scenarios can be considered to interpret such age differ-
ences: (1) If this disturbance resulted in complete resetting
of Mn-Cr systematics in olivine and pyroxene, as seems
possible for a low-degree partial melting event, then after
decay of **Mn the observed initial *Mn/>**Mn of these
meteorites would record the timing of the disturbance
directly; (2) If the disturbance did not reset the Mn—Cr sys-
tematics at all, then the initial >>Mn/>*Mn should record the
same age as U-Pb or Hf-W in pyroxene as though nothing
occurred, i.e. with the same outcome as for LEW 86010. An
intermediate situation would involve partial resetting of
Mn-Cr (and perhaps U-Pb) systematics, which would after
decay of **Mn yield an intermediate initial >>Mn/>>Mn and
give only an upper limit on the age of the disturbance. Such
a disturbance might have occurred very much later. The
low U-Pb age of NWA 4801 pyroxene, and an intermediate
U-Pb age of NWA 4590 phosphates, may indicate a similar
situation for this isotope system. Nevertheless, the general
agreement between the Mn—Cr ages of NWA 4590, NWA
2999, and NWA 4801 implies complete resetting of Cr-iso-
topes in these rocks, as well as partial disturbance of phos-
phate U-Pb in the former and partial or complete
disturbance of pyroxene U-Pb in the latter. These charac-
teristics seem to date the same partial melting and distur-
bance event which occurred at ~4557.2 Ma.

It is important to note that even if our high initial
3Mn/>*Mn for the quenched angrite, D’Orbigny, can be
attributed to analytical bias, then the history we have out-
lined is not particularly affected because it relies on high-
precision data for the non-quenched angrites, and incorpo-
rates important petrologic observations about them. It is,
however, clear from Fig. 7 that data for Angra dos Reis
are especially limiting, and if they could be improved then
the history presented here could be precisely tested.
Additionally, some limitation is imposed by the knowledge
of the >*Mn half life, which if better constrained would
slightly improve the situation for the more precisely deter-
mined angrite Mn—Cr ages.

In analysing such a planetary history, it is important to
recognise two different but complementary philosophical
approaches used to develop short-lived isotope chronolo-
gies. Selection of an appropriate anchor point for the
Mn-Cr and Hf-W relative histories can be attempted on
the basis of data obtained from a single (or combined)
meteoritic sample, as is the case here; alternately, it can
be achieved by regression of data from two isotope systems
for many meteorites (as in Kleine et al., 2012). The former
involves selection of an isotopically representative sample
and identifies whether other samples are consistent with
the evolution of that source, while the second seeks overall
consistency and averages out many geological effects. For
example, one could, within errors, shift the entire Mn—Cr
timescale in Fig. 7 upwards to achieve better concordance
for NWA 4590 and NWA 4801 (as would be the case if
the initial >*Mn/>*Mn for D’Orbigny from Glavin et al.,
2004 was used as the anchor), but after a certain point, dis-
crepancy with LEW 86010 would appear. Similarly, the Hf-
W timescale could be shifted downwards to achieve better
agreement for these meteorites, but discrepancy would soon

be observed in Sahara 99555. Guided by the petrology of
these rocks, it should be possible to come to a geologically
reasoned best-fit, rather than a solution driven by a search
for consistency which may not actually exist. In doing so,
and obviously with recognition of and careful correction
for laboratory biases, the resolution of inconsistency
between chronometers yields geological information. This
kind of information, including the timing of differentiation,
crystallisation, diffusive isotopic closure, secondary partial
melting, and other disturbances, is an important goal of
extant- and extinct-nuclide investigations of early Solar
System rocks.

5. CONCLUSIONS

Re-investigation of angrite Mn—Cr systematics using
SIMS at higher precision than previously achieved by this
method has found values for the initial **Mn/>*Mn of
quenched angrites that are higher than obtained by TIMS
(Glavin et al, 2004), at 3.47 (£0.12) x 10~ (2-sigma,
MSWD 1.00) for a combined D’Orbigny—Sahara 99555 iso-
chron, including some previous SIMS data (McKibbin
et al., 2013Db). In our investigation, the slopes of Mn—Cr iso-
chrons are controlled by Ca-rich olivine or kirschsteinite,
whereas in TIMS work the isochrons are generally con-
trolled by Mg-Fe olivine, pyroxene, or mixtures. Cr’" in
the octahedral site in Ca-rich olivine or kirschsteinite is
probably charge-balanced by A’ in the tetrahedral site.
Since tetrahedrally sited cations such as Si and probably
Al are the slowest-diffusing species in olivine, we suggest
that an excess of Al (Cr < Al) enabling charge-balancing
of Cr will lead to very low diffusivities for the latter, with
a higher effective closure temperature and greater resistance
to thermal resetting. Cr in Mg-Fe olivine is present in
excess relative to Al (Cr> Al), and diffusion is probably
vacancy-mediated and therefore relatively fast. SIMS ana-
lysis might therefore have identified a Cr-component more
likely to have been set at the time of crystallisation, and
which can be used as an alternate Mn-Cr anchor for
inter-comparison with U-Pb and Hf-W timescales. Our
value for the initial >*Mn/>>Mn of quenched angrites is in
agreement with the bulk-rock Mn-Cr fossil isochron
obtained for these meteorites (Shukolyukov and Lugmair,
2007) implying rapid cooling of extrusive crust immediately
after mantle-crust differentiation in the angrite parent body.
Our value also resolves some outstanding discrepancies
between Mn-Cr, U-Pb and Hf-W timescales, indicates a
relative disturbance order (Mn—Cr in olivine before U-Pb
in pyroxene, with Hf-W in pyroxene being the most resis-
tant), and is more consistent with the geologic history of
quenched and non-quenched angrites as inferred from pet-
rographic investigations. Extension of SIMS analysis to the
plutonic angrites brings microscale Mn—Cr investigations to
these meteorites for the first time, allowing for the possi-
bility of age investigations on plutonic ‘mini-angrites’ in
the event they are found. For SIMS analysis, kirschsteinite
is required to obtain Mn—Cr isochrons with slopes resolved
from zero, but useful upper limits can be obtained even
without analysis of this mineral.
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