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DEDICATION

Education, on the other hand, means emancipation. It means light and liberty. It means
the uplifting of the soul of man into the glorious light of truth, the light only by which

men can be free. To deny education to any people is one of the greatest crimes against
human nature. It is to deny them the means of freedom and the rightful pursuit of

happiness, and to defeat the very end of their being. —Frederick Douglass
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ABSTRACT

| carried out a petrologic and Mn-Cr isotopic study of carbonates in the paired CM1
chondrites, ALH 84049 and ALH 84051, in an effort to understand the origin and
chronology of formation of carbonates in the most heavily altered CM chondrites.
Dolomite is strongly compositionally zoned (Ca, Mg, Fe, Mn), indicating very
heterogeneous formation conditions, yet all carbonate Mn-Cr analyses form individual
isochrons. In this study, I also analyzed the Mn-Cr isotope systematics of the CR1
chondrite GRO 95577 and determined that siderite is the youngest secondary mineral yet
observed in carbonaceous chondrites. This has implications for the CR parent body as it
either was large enough to retain heat for long periods of time or was heated by impact
after most aqueous alteration in carbonaceous chondrites had ceased. This study also
presents analyses of carbonates in the same samples (ALH 84049 and GRO 95577) in-
situ for their oxygen, and, in ALH 84049, carbon isotope composition to constrain
aqueous alteration. The results show that multiple generations of carbonates must have
occurred in ALH 84049 from a carbon source with either heterogeneous carbon isotopes
or with changing carbon isotope compositions from ongoing methane formation.
Furthermore, in GRO 95577, the oxygen isotope values suggest that calcite precipitated
before siderite if CR chondrite fluids followed a closed system oxygen isotope evolution
path similar to CM chondrites.

Vi
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CHAPTER 1

Origin and chronology of formation of carbonates in the most heavily altered CM
chondrites

1 ABSTRACT

We have carried out a petrologic and Mn-Cr isotopic study of carbonates in the paired
CM1 chondrites, ALH 84049 and ALH 84051 in an effort to understand the origin and
chronology of formation of carbonates in the most heavily altered CM chondrites. Both
meteorites contain calcite and dolomite grains (grains of both minerals are 10-50um in
size) with morphologies and textural occurrences similar to those described in ALH
84034 and ALH 83100; all four meteorites are paired. In addition, ALH 84051 contains
large (up to 400 um) dolomite aggregates and distinct crosscutting veins of disseminated
dolomite that extend for lengths of up to ~1cm as observed within the thin section.
Almost all dolomite grains in both samples show extensive chemical zoning in CaCOs,
MgCO3, MnCOg, and FeCOs (intragrain variability up to ~5 mol%). This zoning is
patchy and complex; some grains, for example, have Fe-rich cores while the opposite is
observed in other grains. Nevertheless, linear covariance of the major cations indicates
that the carbonates precipitated from a single evolving fluid or dissolution —
reprecipitation buffered fluid. The Mn-Cr isotopic compositions of several dolomite
grains measured by NanoSIMS give a (**Mn/>*>Mn), of (3.35 + 0.74) x 10°® (26) for ALH
84049 and (4.68 + 1.22) x 10°° (26) for ALH 84051.These findings suggest the rapid
chemical evolution of water and that carbonate precipitated within a < 4 million-year
timespan. These ages, along with Mn-Cr carbonate ages previously reported in other
CM1 and CM2 chondrites, are consistent with dolomite precipitation in one event
throughout the CM parent body.

2 INTRODUCTION

Chondritic meteorites record processes that occurred during the earliest stages of
Solar System history. This record extends from the formation of the first solids at high
temperatures to processes where solids interacted with volatile compounds such as water
at low temperatures. The importance of water in the cosmochemical evolution of
chondritic meteorites has been widely recognized, and the effects of the interaction of

aqueous fluids on chondritic meteorites continue to be an important area of research



(Brearley, 2006; Krot et al., 2006; Rubin et al., 2007). During alteration, water reacted
with primary mineral phases and also acted as a mass transfer agent (Brearley, 2006;
Zolensky et al., 2008). Despite efforts to understand the role of water in the alteration of
chondrites, a number of questions remain. These include learning if alteration was a
single event, episodic, or prolonged; how temperature changed during alteration; if
alteration occurred in an open or closed system; and whether brecciation occurred before,
during, or after alteration. Simply put, knowing the mechanisms and timing of water
activity on meteorite parent bodies is essential to establish a full understanding of early
Solar System history.

CM chondrites are composed of chondrules and refractory inclusions that formed
at high temperatures, embedded in a hydrated, fine-grained matrix (Brearley and Jones,
1998). Following the classification scheme of van Schmus and Wood (1967), CM
chondrites range from heterogeneously hydrated (petrologic type 2) to completely
hydrated (petrologic type 1) (Zolensky et al., 1997; Clayton and Mayeda, 1999). CM1
chondrites rank among the most aqueously altered types of chondrites, where almost all
primary phases have been replaced by phyllosilicates, magnetite, carbonates, and other
secondary phases (Browning et al., 1996; Zolensky et al., 1997; Krot et al., 2005; Rubin
etal., 2007).

CM1 chondrites may represent the end of a continuum of progressive alteration
from CM2s to CM1s (e.g., Zolensky et al., 1997; Rubin et al., 2007). This implies a
genetic relationship between the two meteorite subgroups. Botta et al. (2007) used amino
acid abundances to show that CM1 chondrites share more affinities with CM2 chondrites

than with CI1 chondrites. The authors note, however, that CM1 chondrites contain lower



concentrations of amino acids than CM2 chondrites and that one, LAP 02277, has a
unique amino acid profile. Additionally, petrographic, isotopic, and extracted amino-acid
compositional constraints imply that CM1 chondrites experienced a different alteration
history than CM2 chondrites. For example, Zolensky et al. (1997) calculate that CM1
chondrites had water/rock ratios akin to the least-altered CM2s, and stand apart from the
most-altered CM2s. Furthermore, Glavin et al. (2006) note that amino acid profiles in
ALH 83100, which is paired with the chondrites studied here, are “strikingly different”
enough to be consistent with CM1 chondrites being from a different parent body than
CM2 chondrites.

Carbonate mineral populations also reflect a difference between CM1 and CM2
chondrites, both in terms of carbonate type and, potentially, in abundance. The principal
carbonate phases in CM chondrites are calcite and dolomite; minor carbonate phases
include aragonite and breunnerite (Fuchs et al., 1973; Bunch and Chang, 1980; Llorca
and Brearley, 1992; Zolensky et al., 1997; Rubin et al., 2007; Lee et al., 2012). Most CM
chondrites are moderately altered and only contain calcite (Rubin et al., 2007). More
altered CM chondrites have a progressively complicated carbonate mineralogy. For
example, the highly-altered CM2 sample QUE 93005 contains calcite, breunnerite, and
two varieties of dolomite (Lee et al., 2012). In addition, some studies suggest that the
abundance of carbonate minerals in CM2 chondrites increases with their degree of
alteration (Grady et al., 1988; Zolensky et al., 1997). These trends, however, are not
supported by more recent work (Benedix et al., 2003; de Leuw et al., 2010): in particular,
Benedix et al., 2003 note that CO, yields from acid reactions in multiple aliquots of

Murchison (CM2) show significant modal variability within a single meteorite (Benedix



et al., 2003). Reports of possible trends in carbonate abundance with increasing degrees
of alteration, therefore, must be treated with caution.

In this study, we focus on the textural, mineralogic and Mn-Cr isotopic
systematics of carbonates in the paired CM1 chondrites ALH 84049 and ALH 84051 to
constrain the processes and timing of aqueous alteration that have affected the CM1
chondrites. Our goals are (1) to determine the chemical variability in CM1 carbonates and
use these data to constrain the behavior of fluids in the CM1 parent body and (2) to
determine the chronology of carbonate formation. This study builds on previous
carbonate Mn-Cr studies in the CM1 chondrites ALH 84034 and ALH 83100 which are
paired with the samples studied here (Brearley and Hutcheon, 2000; Krot et al., 2006; de
Leuw et al., 2009; Fujiya et al., 2012). CM chondrites are complex breccias that contain
clasts of intimately mixed CM material with different histories (e.g. Metzler et al., 1992).
Therefore, paired samples may superficially appear to share similarities but in detail
consist of a diverse sampling of materials. Although the original spatial relationship
between individual samples in a pairing are unknown, analyzing the set as a whole
provides a more comprehensive view of carbonate history within the CM parent body.

3 SAMPLES AND METHODS

3.1 Samples

Mineralogic, petrographic, and isotopic studies were carried out on two 1-inch
polished petrographic thin sections of CM1 chondrites ALH84049 (weathering grade Ae,
fracturing grade B) and ALH 84051 (weathering grade A/Be, fracturing grade B) (Score
and Lindstrom, 1990). Both are paired with ALH 83100 and were provided by the
Antarctic Meteorite Working Group from the Antarctic Meteorite Collection at NASA

Johnson Space Center. The studied meteorites were listed as CM 1/2 chondrites by Score

4



and Lindstrom (1990). However, Llorca and Brearley (1992) showed that ALH 84034
(also paired with ALH 83100) is completely hydrated and consistent with a CM1
classification. Although rare fragmented olivine grains can be found, out of hundreds of
chondrule pseudomorphs, only two in ALH 84049 and one in ALH 84051 retain original

olivine. Therefore, both ALH 84049 and ALH 84051 can be considered CM1 chondrites.

Rubin et al. (2007) classified CM chondrites according to degree of alteration;
they did not follow the van Schmus and Wood (1967) classification where fully-hydrated
meteorites are designated as petrologic type 1. In the Rubin et al. scheme, hypothetical
petrologic type 3.0 chondrites represent the least altered chondrites and increasing
aqueous alteration is denoted by progressively decreasing numbers. Fully hydrated CMs
are classified as 2.0. Existing CM2 chondrites range from petrologic type 2.1 to 2.6.
Although the Rubin et al. (2007) classification proposes useful criteria for distinguishing
between CM chondrites with different degrees of alteration, we think that the type 1
designation for fully altered chondrites remains useful. Van Schmus and Wood (1967)
define diagnostic properties of type 1 chondrites by ‘their lack of chondrules and high
volatile contents; the meteorite consists wholly of very fine-grained material.” Although
pseudomorphs of relict grains remain in CM1s, large anhydrous grains in chondrules
have now been replaced by serpentines of variable composition. Also, the designation of
completely hydrated chondrites as petrologic type 2.0 chondrites is inconsistent with one
of the major criteria used by van Schmus and Wood (1967); specifically a type 2
chondrite has ‘olivine and pyroxene of widely variable composition.” These phases are

essentially absent in CM1 chondrites. We therefore retain the type 1 designation for the



CM chondrites and follow the original identification and classification of meteorites with

these characteristics by Zolensky et al. (1997).

3.2 Analytical Methods
3.2.1 Petrographic analyses

Petrographic studies to locate and characterize carbonates were carried out by
optical microscopy, scanning electron microscopy (SEM), and electron microprobe
analysis. We created full photographic mosaics of each thin section by optical
microscopy in plane-polarized light, cross-polarized light, and reflected light. To
construct the mosaics, individual images were stitched together using the Hugin
[Sourceforge] panoramic software package. The stitched montages were then pegged in
ArcGIS to a flat-scanned image to remove distortion that may have occurred during
stitching. These images, particularly the cross-polarized images, are useful to identify
carbonate grains. In crossed-polarized light, carbonates have high order birefringence

colors and are far brighter than surrounding phyllosilicates.

After locating carbonates with the optical images, individual grains were
characterized by backscattered electron (BSE) imaging. We used a JEOL 5800LV
scanning electron microscope (SEM), operating in high vacuum mode at an accelerating
voltage of 20 kV. Carbonate phases were identified by qualitative X-ray analyses using
an Oxford Instruments ISIS 200 energy dispersive X-ray (EDS) analysis system.
Cathodoluminescence (CL) images of carbonate grains were also obtained in the SEM
using an Oxford Instruments CL detector. Cathodoluminescence imaging was carried out
at an accelerating voltage of 10kV, at a working distance Z = 15.5 mm, and with a

variable detector gain that depended upon grain response. Due to the slow rate of decay



of cathodoluminscence in carbonates, 1600-t0-3200 us/pixel dwell times were used
during image collection to avoid ghosting in the CL images. The CL response of
carbonate grains is sensitive to subtle compositional variations and is a useful qualitative
technique for identifying fine scale minor and trace element zoning within carbonates

(Brearley, 1998; Brearley et al., 1999).

We determined carbonate modal abundance at a 2 pm pixel resolution using a FEI
Quanta 3D Field Emission Gun SEM/Focused lon Beam (FIB) instrument. Each thin
section was mapped using full X-ray spectral imaging with an EDAX Apollo 40 SDD
EDS. Instrumental operating conditions for the X-ray maps were 30kV accelerating
voltage and a 23 nA beam current, conditions that provided X-ray count rates exceeding
100,000 cps. Dead time was ~30% for ALH 84054 and ~25% for ALH 84049. Each thin
section X-ray map consists of multiple images taken at 165X at 2.2 um/pixel resolution
with an X-ray dwell time of 200 us and 2 frames per X-ray map. For ALH 84049, 56
individual maps were taken and stitched. For ALH 84051, 88 maps were taken and

stitched.

A JEOL 8200 Superprobe Electron Probe Micro-analyzer (EPMA) was used to
create semi-quantitative X-ray maps and spot analyses of individual calcite and dolomite
grains in ALH 84051 and ALH 84049. This instrument is located within the University of
New Mexico EPS/IOM Electron Microbeam Facility and is equipped with five
wavelength dispersive spectrometers (WDS). Standards used for elemental calibration
for the quantitative analyses and X-ray maps were dolomite (Ca, Mg), siderite (Fe),

celestite (Sr), and spessartine (Si, Mn). All X-ray maps and individual quantitative



analyses were performed with a 1-2 um spot size, 20 nA beam current and an

accelerating voltage of 15 kV.

Multiple EPMA spot analyses were performed in each carbonate grain (~1:45
minutes per spot). In ALH 84049, 116 spots from 13 dolomite grains were used after
discarding analyses that overlapped with adjacent phases as indicated by Si contents. Any
analysis with > 1 wt% SiO, was discarded. In ALH 84051, 149 spots from 14 dolomite
and 2 calcite grains were used and 62 spots discarded. The following detection limits
were attained: 0.01wt% (Ca), 0.03wt% (Mg), 0.01 (Fe), 0.01 wt% (Sr), 0.02wt% (Si),

and 0.01wt% (Mn) after ZAF correction.

We found that the analytical conditions for EPMA spot analyses (15 kV, 20 nA)
of dolomite resulted in considerable damage (pits and halos coincident with electron
beam interaction volume damage and carbonate decomposition). We had chosen these
conditions to ensure accurate analyses of Fe and Mn, both elements which are important
to this study. In sample ALH 84051, this electron beam damage affected the later
NanoSIMS analyses, because damaged areas exhibited enhanced sputtering rates possibly
due to decarbonization. Although NanoSIMS-measured Mn/Cr ratios in beam-damaged
regions are within the range of values obtained from adjacent undamaged areas, we chose
to avoid carrying out EPMA spot analyses prior to NanoSIMS studies for ALH 84049.
Instead, a combination of CL imaging and X-ray mapping (25 ms dwell time/pixel) were
used to characterize carbonates before NanoSIMS analyses. Only after NanoSIMS
analysis was completed did we perform the EPMA spot analyses of dolomite in sample

ALH 84049.



X-ray maps of Ca, Mg, Mn, Fe, Sr, and Si were obtained for individual carbonate
grains using WDS spectrometers in order to provide details of the compositional zoning
observed in CL images. Although Si is not present in the carbonate, X-ray maps of Si
were used to determine the locations of inclusions and the edges of carbonate grains. The
combination of CL images and EPMA X-ray maps was used to select grains or large
areas within grains with the highest Mn concentrations for Mn-Cr analyses by

NanoSIMS.

3.2.2 NanoSIMS analyses

Isotopic studies of the dolomite grains were carried out using the NanoSIMS 50 ion
microprobe at Lawrence Livermore National Laboratory (LLNL) during two sessions 8
months apart. Conditions in the primary column changed over time and led to slight
changes in operating conditions between the two sessions. During the first session,
secondary ion images were collected by rastering a 90 pA'®O” beam over 15-50
um?areas. Positive secondary ions were acquired by combining multicollection with
magnetic field peak-jumping: In one magnetic field, five electron multipliers collected
2Mg*, 28sit, “Ca’, *2Cr*, and *°Mn* counts, and then the field parameters were changed
to collect *Cr* and *°Fe*. Measured secondary ion intensities were next corrected for
background and counting-system dead time. The corrected >>Mn/**Cr ratios were
converted to atomic ratios using a relative sensitivity factor of 1.12 determined from
repeated measurements of San Carlos olivine standard. A mass resolving power of ~3600

was attained during the analysis of three dolomite grains in ALH 84051 in this session.

Because the primary beam ion optics had deteriorated slightly, for the second

session a lower primary beam current of 70 pA was used to attain a measured beam size
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of 400-500 nm. The same ion species were measured, with similar corrections, and the
relative sensitivity factor was calculated to be 1.08. The calculated mass resolving power
was ~3600, sufficient to resolve potential interferences. This session included two
replicate analyses of areas analyzed in the prior session, four additional dolomite grains

from ALH 84051, and seven from ALH 84049.

Isochrons were constructed by plotting measured *>Mn/°*Cr vs. **Cr/*°Cr. We used
Williamson weighted least-square methodology to determine regressions (in both x and y
axis) in the NanoSIMS data (e.g. Ogren and Norton, 1992). The L’Image software
package (written by L. Nittler) was used to view isotope ratio images, define regions of
interest (ROIs), and quantify data within these ROIs. As data were obtained in raster
mode, ROIs were determined graphically (using L’Image) by binning different >Mn/*%Cr
values. For example, the examined area of grain 13-b2 of ALH 84049 was divided into
four ROISs, the first with >**Mn/*°Cr ranging from 0 to 5000, the second from 5000 to
10000, the third from 10000 to 15000 and the fourth encompassed all data greater than
15000, which in this case averaged about 40000 (see Table 1 in the Results). ROIs with
small areas contain fewer counts and therefore also have higher errors, which explain
larger errors reported for the higher *>Mn/°?Cr ratio ROls. The software allowed data
from sub-micrometer inclusions to be excluded, which removed high Cr areas and
increased the observed spread in >>Mn/°Cr ratios. The approach using the NanoSIMS
and L’Image to determine ROIs allows us to select a very wide range of Mn/Cr ratios,
much larger than with conventional SIMS, and this is an advantage of the NanoSIMS

technique.
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Grains were selected for NanoSIMS analysis based on several criteria. Large grains
were preferred (>50 um) as they provided more area to analyze and were easier to locate.
We chose grains that had a range of Mn concentrations (zoning) which could allow a
large spread in Mn/Cr ratios. We also sampled carbonates with different morphologies or
from different textural environments for comparison. In ALH 84051, three vein
carbonates, 2 carbonate aggregates, and 2 matrix carbonates were analyzed. In ALH
84049, only matrix dolomite grains were analyzed; no veins or aggregate dolomites were
observed in this sample. Examples of grain environments and morphologies are shown in

the Results section.

4 RESULTS

4.1 General Petrography

Almost all of the original phases in chondrules in both ALH 84049 and ALH
84051 have been replaced by alteration minerals. In plane polarized light, both meteorites
are a distinct pale green color that is consistent with a high abundance of serpentine.
Numerous spherical to irregular-shaped objects up to a millimeter in size consisting
predominantly of serpentine are distributed throughout both thin sections. In the X-ray
maps shown in Figures 1a and 1b, these are clearly visible as light green (high Mg)
objects. These objects resemble chondrules that have been pseudomorphed into
secondary phases, as originally suggested by Llorca and Brearley (1992) and Zolensky et
al. (1997). Figures 2a and b show BSE images of two of these chondrule pseudomorphs
in which the outlines of pseudomorphed crystals, probably olivine, up to 250 um in size
are clearly defined. Fine-grained rims on individual chondrules, a distinct feature of CM2
chondrites, are rare.
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Not all chondrules or chondrule fragments have been replaced, however. Rare,
large (up to 200 um in diameter) fragments of isolated olivine grains are dispersed
through ALH 84049 and ALH 84051. X-ray map pixel counting indicates that forsteritic
olivine abundances are 0.12 vol% in ALH 84049 and 0.07 vol % in ALH 84051. No
detectable pyroxene was found in either meteorite. Many olivine grains show partial
dissolution and subsequent replacement (Figs. 2c and 2d). Furthermore, ALH84049 also
contains several large forsteritic olivine grains (e.g., Fig. 2c) surrounding a central region
of serpentine and carbonate which may represent altered mesostasis glass. The BSE
image of the chondrule in Figure 2c also shows two distinct serpentine compositions
indicated by different Z-contrast. The darker gray (lower Z) serpentine may represent
alteration of the forsterite. Embedded within the darker serpentine are smaller olivine
grains that show evidence of partially pseudomorphic replacement around their
peripheries. The olivine grains shown in Figures 2c and 2d may represent clasts
introduced by regolith gardening.

Mineral compositions abundances change with proximity to the dolomite vein in
ALH 84051. For example, in Figure l1a it is apparent that serpentine minerals adjacent to
the dolomite veins are lower in Fe and higher in Mg than the general matrix. Forsterite is
generally constrained to the upper third of the ALH 84051 thin section. The upper box in
Figure 1a contains 0.60 vol% calcite, 0.63 vol% dolomite, and 0.39 vol% forsterite, while
the average modal abundance of minerals in ALH 84051 is 0.3 vol% calcite, 1.4 vol%
dolomite, and 0.07 vol% forsterite. Differences in carbonate and olivine abundance,

however, could arise due to heterogeneous mineral distribution independent of proximity
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to veins. Carbonates and olivine in ALH 84049, distant from dolomite veins, are

distributed randomly.

Although chondrule pseudomorphs are distinctive in thin section, both meteorites
are dominated by matrix. Rather than the opaque matrix often seen in CM2 chondrites,
the matrix consists of translucent to transparent secondary phyllosilicates with opaque
sulfide minerals. These secondary minerals are relatively coarse-grained (typically <5um
in diameter) which allows some light transmission through the slides; CM2 matrix
serpentine grains typically are 10-100 nm diameter (Barber, 1981). Although we have not
focused our analyses on the matrix mineralogy of either meteorite, our observations are
consistent with those of Zolensky et al. (1997) who reported that the matrix mineralogy
of CM1 meteorites is dominated by secondary serpentine with lower abundances of
pentlandite, pyrrhotite, magnetite, and carbonate. Embedded within the matrix are 20 —
50 um diameter aggregates of serpentine. These aggregates are rimmed by a thin (1-2
um) high atomic number layer that has EDS spectra consistent with Fe-rich serpentine.
Locally these rimmed objects may abut one another and form a honeycomb or mudcrack-
like texture (Figs. 2d and 3a).

4.2 Carbonate Petrography

Here we summarize our observations on the occurrence and texture of carbonate
grains in ALH 84049 and ALH 84051. We assume that the Ca-carbonate is probably
calcite, although compositional data alone cannot differentiate calcite from the
polymorphic phases vaterite or aragonite. Lee and Ellen (2008) note that aragonite is a
minor phase in the CM2 chondrite Murray. Dolomite and calcite modal abundances

measured from X-ray maps of ALH 84049 using the FEI FEGSEM are 0.8 vol% and 0.9
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vol%, respectively. Carbonate modal abundances for ALH 84051, also determined using

FEI FEGSEM combined X-ray maps, are 1.4 vol% dolomite and 0.3 vol% calcite.

Backscattered electron images of representative carbonate grains are shown in
Figures 2d, 3, and 4. Most individual calcite and dolomite grains are 20-50 pm in size
and are distributed randomly throughout the matrix. In both ALH 84049 and ALH 84051,
calcite and dolomite occur predominantly within the matrix, the exception being two
dolomite grains within a partially-replaced chondrule fragment (Fig. 2c) and one (Fig. 3b)
that may represent a replaced CAl or chondrule. Calcite and dolomite grains are usually
separate, but there are rare cases where calcite lies in contact with dolomite (e.g., Fig.
4c). Carbonate grains have angular-to-subrounded morphologies, may show partial
development of crystal facets, and commonly exhibit well-developed cleavages (Figs. 3
and 4). Some carbonate grains, however, show corroded or embayed margins, a feature
that is more common in calcite (e.g., Fig. 4f). In addition, many dolomite grains contain
distinct zones with submicron sized pores (e.g., Fig. 3b), some of which may follow
cleavage traces. Unlike carbonates in CM2 chondrites, no rims of tochilinite/cronstedtite

occur on any carbonate grain in either meteorite.

In addition to individual carbonate grains, ALH 84051 contains discontinuous
dolomite veins that span the width of the section (Fig. 1a). One vein is ~0.5 cm long;
another vein is ~0.9 cm long. Individual grains that constitute the veins are similar to
dolomite matrix grains described above: 20-50 um diameters with angular-to-subrounded
morphologies. In some areas, such as that shown in Figure 3c, individual grains are
arranged contiguously. Disseminated veins like that in Figure 3d, however, are more
typical. X-ray maps of the entire thin section (Fig. 1a) show that serpentine adjacent to
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these veins has lower Mg and higher Fe contents than typical matrix serpentine up to 2
mm in width. This is the first time that large-scale dolomite veining has been noted in a
CM chondrite, although recently an extensive calcite vein was reported in the CM2
chondrite LON 94101 (Lindgren et al., 2011) and micrometer scale (dolomite and

breunnerite) veins in QUE 93005 (Lee et al., 2012).

Rare, large (up to 300 um diameter) dolomite aggregates also occur in ALH
84051, but have not been observed in ALH 84049. Figure 3e shows an example of a
dolomite aggregate in ALH 84051 (also visible in Fig. 1a as the left-most denoted
aggregate). This aggregate has a 10-20 um rim of Fe-rich serpentine and numerous
cracks. Overall, aggregates consist of individual grains up to 30 um in diameter and have
a complex poikilitic texture in which dolomite encloses 1-40 um serpentine-rich

inclusions and 1-5um sulfide grains (Fig. 3f).

4.2.1 Dolomite Zoning and Chemistry

Calcite and dolomite in both ALH 84049 and ALH 84051 have complex zoning
that is apparent in CL imaging in calcite and by both CL imaging and X-ray mapping in
dolomite. Details of the compositional zoning exhibited by major and minor elements in
carbonate grains in the two meteorites are shown in Figure 4 (a-f), which shows BSE and

CL images along with Fe and Mn X-ray maps for six different dolomite grains.

Cathodoluminescence images (Fig. 4) display CL intensity and do not provide
spectral information. Manganese is generally considered to be an activator of CL in
carbonates, and Fe is recognized to quench CL (Have and Heijnen, 1985). For some

grains, as discussed below, there is a correlation between high CL and high Mn, but for
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many examples this is not the case. It is clear that Mn is not the only possible activator of
CL and further study would be required to fully understand the origin of CL variations in

these grains.

There appear to be three distinct types of zoning revealed by CL. First, dolomite
may have complex, patchy zoning, often with low CL cores and higher CL overgrowths
(Figs. 4a-c). Second, rare dolomite grains also have low CL cores, but the cores have
well-defined outlines which may be original growth faces (Figure 4d). These grains also
have high CL rims or overgrowths. Third, many dolomites exhibit relatively low CL over
most of the grains, but locally have distinct, much higher CL regions that can be regular
or patchy in shape (Figures 4e and f). These grains lack high CL overgrowths. Details of

these different grains are discussed below.

Figures 4a-c show examples of grains with low CL cores; these can be rounded to
euhedral in shape with high CL rims. Figure 4a illustrates a group of three dolomite
crystals that are separated by cracks which may have developed during sample
preparation. CL within the grain is very complex, with areas of low CL coincident with
areas of elevated Fe. The central section has well-defined margins with preserved
cleavage traces (visible in the BSE image) dividing an area of high porosity and CL from
an area with fewer pores and low CL. Manganese concentration gradually changes across
the central grain. Elevated Mn may correspond with porous areas in the central grain. The
grain shown in Figure 4b has a corroded appearance and resides within a euhedral
rectangular outline that is well defined in the BSE image and in the Fe X-ray map. This
may be evidence of serpentine replacement of dolomite. Zoning of Mn and Fe in

dolomite is patchy, and there seems to be little correlation between CL response and Fe
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or Mn concentration. In Figure 4c, calcite and dolomite coexist. Furthermore, there seem
to be multiple dolomite grains: one subgrain displays patchy zoning, where the upper area
has high Mn and Fe, and the lower subgrain (with well-preserved facets) is lower in Mn

and Fe. Low CL intensity is correlated with elevated Fe.

Figure 4d is an example of a composite grain consisting of two distinct zones,
both with variable CL. The upper part of the grain has an asymmetric low CL core region
with well-defined facets that appear to define the original crystal shape of an earlier
growth phase. The high CL region (low Fe, high Mn) is on the exterior of the upper part
of the grain and may represent an overgrowth on the core of the grain. The smaller, lower
part of the grain also has asymmetric zoning, with a low CL region which is in direct
contact with the matrix. Fractures are visible in the BSE image, but these fractures are not
correlated with CL zoning and are clearly not original crystal boundaries. The X-ray
maps show that higher Fe concentrations correlate with low CL zones in both grains.
Additionally, the high CL outer zones usually correlate with the highest concentrations of
Mn, but this correlation is not perfect. For example, the CL images indicate that there is a
narrow, continuous high CL zone overgrowing the low CL core in the upper part of the
grain. This zone, however, is not enriched in Mn in the X-ray map, suggesting that

another activator is responsible for the elevated CL.

Figures 4e and 4f are examples of carbonates with relatively low CL intensity
across much of the individual grains, but which locally exhibit small regions of high CL.
Figure 4e is a single crystal with an irregular high CL region on the edge of the grain; this
area is not elevated in Mn but is depleted in Fe. The crystal also has a euhedral zone in

the lower part of the grain that is enriched in Mn. This area does not show significantly
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enhanced CL intensity, possibly because of its relatively high Fe content. Figure 4f
illustrates an example of a euhedral dolomite grain with well-developed facets with two
irregularly-shaped regions of higher CL adjacent to the grain edge. In contrast to the
grain shown in Figure 4e, the high CL regions are reasonably well correlated with higher

Mn contents and low Fe.

Individual grains in both dolomite aggregates (Figs. 4g-4h) and in vein dolomite
(Figs. 4i-4k) also are compositionally zoned. In Figure 4g-4k, we show only Mn X-ray
maps and CL images, but these grains are zoned in Fe, Mg, and Ca as well. The dolomite
aggregate in Figure 4g (also Fig. 3e) contains many subgrains of variable composition.
High Mn grains are found in the upper, right, and lower sections of the aggregate. Low
Mn grains are found in the center of the aggregate and in grains outside the serpentine
rim of the aggregate. Figure 4h shows a larger (150x400 um) dolomite aggregate that
also displays patchy Mn zoning. Unlike the aggregate in Figure 4g, this aggregate does
not have a thick serpentine rim, although numerous phyllosilicate (light gray) and sulfide
(white) inclusions are visible in the BSE image. Vein dolomite in Figure 4i has patchy
zoning in the dolomite grains bisecting the image. The euhedral grain in the upper right
has a Mn-rich rim. Figure 4j shows two large vein dolomite grains: the right grain is
generally uniform in Mn composition, although the upper left and lower right show some
enrichment. The left grain has an area strikingly higher in Mn than surrounding areas.
This high Mn zone is porous which may represent dissolution and subsequent
recrystallization. Figure 4k shows a dolomite vein aggregate with Mn-enriched zones on

the outside edges.
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To quantify the compositional zoning in the dolomite grains in more detail,
zoning profiles were measured by EPMA across individual grains. Analyses with low
totals or SiO, contents higher than 1 wt% were removed from consideration to eliminate
analyses that overlapped adjacent silicate grains or inclusions. Figure 5 shows
compositional profiles for three dolomite grains to illustrate the variability in zoning
styles. Cathodoluminescence images were obtained first for individual grains and were
used to orient the zoning profiles to transect zones with different CL intensities. In Figure
5a, BSE and CL images of a dolomite grain show distinct zoning. Grain margins have
high CL intensities with a lower intensity core region. The EPMA traverse shows that the
core region is higher in MgO and FeO and lower in CaO than the rim of the grain,
although the zoning is asymmetrical. Although the transition from high CL margins to
low CL core looks sharp in the image, there is no evidence of a sharp compositional
transition in the microprobe data. For example, the MnO concentration is uniform from
rim to core. The grain shown in Figure 5b displays patchy zoning in the CL image;
although the central area has lower CL intensity than the margins. In two transects across
the same grain, the cores contain slightly higher MnO and FeO than the rims. MgO and
CaO show the opposite relationship. Figure 5¢ shows another grain with patchy CL. The
EPMA transect of this grain shows a core high in CaO and low in FeO. MnO is variable
and does not follow the smooth core-to-rim transition of CaO, MgO, and FeO. The
resolution, ~10um per spot, may overlook some variability at a finer spatial scale,

however.
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4.2.2 Dolomite major elemental composition

Figure 6 uses a ternary diagram to compare, in mol%, the MgCQO3, CaCO3, and
(Fe+Mn)CO3 components of dolomite. The data include 63 EPMA analyses from ALH
84049 and 167 analyses from ALH 84051, all data also reported in the Appendix. All
analyses with low analytical totals or with SiO, contents >1 wt% were rejected. Rejected
analyses may have hit cracks, inclusions, or adjacent matrix materials. Figure 6
demonstrates that dolomites in both samples have comparable compositional ranges. Pure
dolomite compositions do not occur in either meteorite. Instead, significant substitution
of FeCO3; and MnCOjs into the dolomite structure is evident. The CaCO3 component in
these dolomite grains ranges from 44 to 59 mol% in ALH 84049 and from 36 to 57 mol%
in ALH 84051. MgCO3 ranges from 32 to 48 mol% in ALH 84049 and from 32 to 53
mol% in ALH 84051. FeCO3 ranges from 3 to 9 mol% in ALH 84049 and from 3 to 12
(with two outliers of 14 and 18) mol%. MnCOg; ranges from 1 to 8 mol% in ALH 84049
and from 1 to 10 mol% in ALH 84051. Compositional means for both samples are
similar: 48 (x 3.0) mol% CaCOg, 41.8 (£ 3.1) mol% MgCQOs, 7.4 (x 2.3) mol% FeCOsg,
and 2.9 (+ 1.8) mol% MnCOj3 in ALH 84051 and 49.8 (¢ 2.7) mol% CaCOs, 42.1(+ 2.8)
mol% MgCOs, 4.74 (= 1.5) mol% FeCOs, and 3.3 (x 1.8) mol% MnCOgzin ALH 84049.
Dolomite matrix grains, aggregates, and veins do not exhibit any significant

compositional difference.

The spread in composition shown in Figure 6 can be partially explained by either
Fe-Ca substitution or Mg-Ca substitution. Cation substitution relations in dolomite for the
same dataset as Figure 6 are explored in detail in Figure 7. The only significant

correlations are between the cation pairs Mg-Ca and Fe-Ca, which show negative

20



correlations (Figs. 7a and 7b). Figure 7a (Mg-Ca) gives a linear regression that has a
slope of -0.53 (R? = 0.3) for ALH 84049 and -0.37 (R?*= 0.15) for ALH 84051. Figure 7b
shows a stronger correlation between Fe and Ca with a slope of -1.2 (R?= 0.4) for ALH
84049 and a slope of-0.8 (R?= 0.4) for ALH 84051. It appears that the calcite component
is replaced by either magnesite (Fig. 7a) or siderite (Fig. 7b) components; there is
considerable solid solution between these components. However, neither Mn-Ca, Mg-
Mn, Mg-Fe, nor Mn-Fe pairs covary (Figs. 7c — 7f). In addition to evaluating
substitutional relationships, Figure 7 confirms that there is significant compositional
overlap and little difference between dolomite compositions in ALH 84051 and ALH

84049.

The analyses show that although Mg/Ca and Fe/Ca ratios covary when
considering the entire data set, they do not necessarily do so clearly on an individual
grain level. Figure 6c¢, 6d, and 6e show compositions of three dolomite grains in ALH
84051. These are the same grains that were transected in Figure 5. On the ternary
diagram, compositions of analyses that were either within the interpreted core of a
dolomite grain or within a rim are plotted. These data shows that compositional
variability in individual grains does not encompass the entire spread found in the
compiled data set on the left (Fig. 6a). Furthermore, it shows that no definitive core — rim
relationship can be ascertained. We noted similar variability in other grains not shown

here.

4.3 Mn-Cr isotopic systematics

Mn-Cr isotope systematics were measured, as discussed previously, from ALH 84049

and matrix, aggregate, and vein dolomite grains from ALH84051. Data for dolomites in
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both ALH 84049 and ALH 84051 show excesses in >>Cr that covary with **Mn/*’Cr
ratios, consistent with in-situ decay of live >*Mn. The Mn and Cr data for dolomites in
ALH 84049 and ALH 84051 are tabulated in Tables 1 and 2 and are shown plotted in
Figure 8a and 8b respectively. Tables 1 and 2 report calculated *>Mn/*’Cr ratios for each
ROI. Individual grain analyses have regression errors that are too high to permit a useful
comparison between isochrons; therefore the isochron shown in Figure 8 represents a
combination of all the NanoSIMS data obtained from all the grains analyzed. This
assumes all grains formed, within error, concurrently.

The NanoSIMS Mn-Cr data for ALH84049 are plotted in Figure 8a and reported in
Table 1; these data represent seven individual matrix dolomite grains. Each dolomite
grain was subdivided into three or four regions of interest based on *>Mn/*’Cr ratio, and
each data point on the isochron represents the **Mn/>’Cr ratio from one of these defined
ROIs (see Methods). Grains were chosen for variable Mn compositions and were located
within a 9 mm? area of the thin section. The isochron, calculated using the combined
regions of interest from all of the grains, indicates a >>Cr excess, expressed as &°°Cr, that
correlates with >>Mn/*°Cr ratio and indicates in-situ decay. Regression of these data gives
a slope of (3.35 + 0.74) x 10°® (26) for the (**Mn/**Mn), ratio.

For ALH 84051, >*Mn/**Cr ratios were determined from the NanoSIMS isotopic data
from a total of 37 different ROIs (Table 2). The regressed slopes using data for seven
different dolomite grains define the initial >*Mn/**Mn ratio (**Mn/**Mn), as (4.68 + 1.22)
x 10 (20). This slope is within error of that for ALH 84049 and, as reported by Tyra et
al. (2009), dolomite within ALH 84034 (4.27 + 0.50) x 10 Table 2 lists the morphology

of each dolomite grain (matrix grain, vein dolomite, or aggregate); all three grain types
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form a single isochron. The calculated (**Mn/>°Mn), from this dataset for ALH 84051 is
significantly different from the preliminary data reported in Tyra et al. (2009) of 9.4 +
1.95 x 10°®, where only 3 dolomite grains were analyzed.

5 DISCUSSION

We have used NanoSIMS techniques to obtain high spatial resolution Mn-Cr isotopic
compositions of dolomites in the paired CM1 chondrites ALH 84051 and ALH 84049.
The high spatial resolution of the NanoSIMS avoids analytical problems caused by the
presence of inclusions within the carbonate grains and expands the range of Mn/Cr ratios
that can be used to define the isochrons. Here we discuss the implications of the Mn-Cr
results and relate them to observed complex chemical zoning in dolomite within both
studied samples. We also examine the differences and similarities between the occurrence
and compositions of carbonates in these two meteorites. Although dolomite grains in both
paired samples are compositionally similar, ALH 84051 contains large dolomite
aggregates and carbonate veins that are not observed in ALH 84049. We also discuss the
chemical setting and timing of carbonate formation in the ALH 83100 paired set of

chondrites.

5.1 Mn-Cr Systematics

Previous studies (e.g., Hoppe et al., 2004; Hoppe et al., 2007) of CI chondrites have
shown that NanoSIMS is a powerful technique for high spatial resolution analysis of Mn-
Cr isotopes in carbonates. Here we have applied the NanoSIMS to study dolomites from
CM chondrites in a petrologic context. Hoppe et al. (2007) used SIMS to analyze Mn/Cr
within dolomite and breunnerite grains ranging from 100 um to 400 um in size from CI

chondrites. Because of their large grain size, multiple analyses of each carbonate grain
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were possible, enabling isochrons to be measured for individual carbonate grains. These
data were of sufficiently high quality to demonstrate that dolomite and breunnerite
formed at different times within the CI chondrites studied.

There are advantages in using the NanoSIMS for Mn-Cr dating of carbonates in CM
chondrites. The high spatial resolution of the instrument compared with conventional
SIMS techniques has enabled us to obtain multiple analyses of the small (20-50 um),
complex carbonate grains in the CM1 chondrites ALH 84049 and ALH 84051. In
particular, the NanoSIMS dataset can be processed so that Cr-rich inclusions within the
dolomite can be removed from the analytical data set. We delimited ROIs by Mn/Cr ratio
to construct a well-defined isochron that is not compromised by overlap of the ion beam
by inclusions. This approach proved particularly useful for analyzing aggregate dolomite
in ALH 84051. These aggregate dolomites typically contain widely dispersed micron-to-
submicron inclusions such as serpentine (identified by FEGSEM) that contain
significantly higher concentrations of Cr than dolomite, and hence analyses would
overlap with these grains. Another disadvantage of conventional SIMS is that a large
beam size dilutes the Mn/Cr values to the average of that within the beam. A limited
Mn/Cr spread could be the result of overlap of high and low Mn areas by the large SIMS
beam size. The small beam of the NanoSIMS allows a wider range in measured Mn/Cr to
be delineated within individual grains. The tradeoff, however, is that as measured Mn/Cr
ratios expand, the uncertainties increase commensurately as the relative counts of

measured Cr decrease.

24



5.1.1 All CM dolomite ages are cogenetic

Calculated (**Mn/**Mn), values from our measurements compare well with data
obtained from dolomites in other CM1 chondrites. The calculated (**Mn/>*Mn), for ALH
84049 is (3.35 + 0.74) x 10° and that for ALH 84051 is (4.68 + 1.22) x 10°. Reported
SIMS dolomite analyses of chondrites paired with those analyzed here, ALH 83100 and
ALH 84034, are similar. ALH 83100 dolomite has a measured (*°Mn/>*Mn), of (5.0 +
1.7) x 10°(de Leuw et al., 2009) and ALH 84034 dolomite (5.0 + 1.5) x 10° (Brearley
and Hutcheon, 2000) and (4.27 + 0.5) x 10 (Tyra et al., 2009). QUE 93005, another
CM1 chondrite, contains dolomite grains with (**Mn/**Mn), of (4.1 + 1.2) x 10°®, also
indistinguishable within error (de Leuw et al., 2009). Although carbonates measured in
ALH 84049, ALH 83100, ALH 84034, and QUE 93005 are what we define in this paper
as matrix grains, measured (*>Mn/>*Mn), values are all within error to that of ALH 84051
which has mixed dolomite morphologies. Results from Fujiya et al. (2012), using a new
carbonate standard, also give similar ages, though (*>Mn/>*Mn), values are slightly lower:
(2.66 + 0.79) x 10 for the Murchison (CM2) calcite, (3.40 + 0.74) x 10 for Y791198
(CM2) calcite, (2.79 + 0.47) x 10 for ALH 83100 (CM1) dolomite, and (3.38 + 0.40) x

10°® for Sayama (CM1/2) dolomite.

To establish the absolute age of formation of carbonates using the Mn-Cr system
requires calibration using initial (**Mn/**Mn), for samples whose ages are known from
high accuracy long-lived radioisotope dating. The choice of early solar system materials
that are used for this calibration has been the subject of some debate in the literature. The
angrite LEW86010 has been used to anchor most calibrations of the Mn-Cr system for

dating secondary carbonates (Krot et al., 2006; Hoppe et al., 2007; Fujiya et al., 2012)
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because its formation age has been determined using very high precision Pb-Pb dating
and its (>*Mn/>>Mn), is also very well constrained (Lugmair and Shukolyukov, 1998; Kita
et al., 2005; Shukolyukov and Lugmair, 2006; Amelin, 2008). An alternative approach
is to use the initial solar system >*Mn/>>Mn ratio of 9.1 x 10°® at 4568 (+ 1) Ma of CAls,
assuming that >Mn was ubiquitous and distributed homogeneously in the solar system
and that this value applies to CM chondrites (Nyquist et al., 2009; Petitat et al., 2011b).
The solar nebula, however, may not have been homogeneous in initial (**Mn/*>Mn),
(Shukolyukov and Lugmair, 2000). Furthermore, spallation-produced **Mn could occur
when CAls traveled near the proto-sun (Nyquist et al., 2009), and secondary alteration
has affected most Allende CAls (Keller and Buseck, 1991; Jones and Brearley, 2006).
Consequently, we choose to use LEW86010 for calculation of absolute age from
measured (**Mn/>>Mn),, because (1) LEW86010 is a time anchor for multiple
radioisotopic systems (e.g., Kita et al., 2005), (2) initial Solar system (**Mn/>>Mn), values
still need refinement, and (3) LEW86010 is well established as a reference for the
comparison of formation ages of secondary minerals in carbonaceous chondrites dated
using the Mn-Cr system (Hutcheon et al., 1998; Brearley and Hutcheon, 2000; Krot et al.,

2006; Hoppe et al., 2008; Fujiya et al., 2012).

A second problem with Mn-Cr analysis of carbonates originates in calculated relative
sensitivity factor (RSF) during SIMS analysis. Most published SIMS analyses of
carbonates within carbonaceous chondrites use San Carlos olivine as a standard (e.g.,
Hoppe et al., 2007; de Leuw et al., 2009; Petitat et al., 2011b); natural terrestrial
carbonates simply incorporate too little Cr into their structures to provide useful standards

for SIMS analysis (<30 ppm for terrestrial carbonate; Frei et al., 2011). A recently
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synthesized calcite doped with Cr has been used in Mn-Cr analysis of carbonates by
SIMS (Fujiya et al., 2010; Sugiura et al., 2010b). The Mn*/Cr* RSF of this carbonate
(0.79) differs from the San Carlos olivine (0.95) and represents a calculated age ~2.2 Myr
younger (Sugiura et al., 2010a). Relative ages of carbonates determined using San Carlos

olivine as a standard, however, will not change.

Assuming that (**Mn/>°Mn), was distributed homogeneously within the CM parent
body and using the traditional LEW 86010 anchor, we have calculated the formation ages
of the analyzed carbonates. Figure 9 compares our new data with previously published
formation ages for carbonates in CM chondrites. Reported secondary carbonate ages for
ALH 83100, ALH 84034, ALH 84049, ALH 84051, Murchison, QUE 93005, and Y
791198 average 4564.1 + 0.9 use our data produced here and that of Fujiya et al. (2012),
Brearley and Hutcheon (2000), Tyra et al. (2009), de Leuw et al. (2009), and Lee et al.
(2012). Additionally, all CM secondary carbonate ages are similar regardless of whether
San Carlos olivine or the new calcite standard of Fujiya et al. (2012) is used (see Fig. 9a).

We performed a T test assuming unequal variance on the four ages reported by Fujiya et
al. (2012) that used the calcite standard (mean age = 4563.4 % Ma) compared to seven

additional ages by other workers (mean age = 4564.5 +0.8 Ma, references reported in Fig.
9a) that used San Carlos olivine as a standard. The difference is probably significant
(significant at a 0.05 level but not at a 0.01 level, p= 0.03), but the <1 Myr difference we
calculate (both values are actually within error) is less than the 2.2 million years
calculated by Sugiura et al. (2010b) based on different RSFs for the synthesized calcite

and San Carlos olivine. This comparison is based upon a small number of analyses,
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however, and more data needs to be collected to better determine the impact of using the

calcite standard of Sugiura et al. (2010b).

The carbonate ages determined for ALH 84049 and ALH 84051 are consistent with a
single pulse of precipitation within the resolution of the Mn-Cr data. Furthermore, all CM
chondrite carbonate ages are cogenetic regardless of the alteration extent reported by
Rubin et al. (See Fig. 9b; 2007). If we assume that the beginning of the Solar System is
4568 (+ 1) Ma, determined by analyzing CAls (Nyquist et al., 2009), then aqueous
alteration of the CM parent body occurred ~4 Myrs later. Errors reported about the
average of all CM data also indicate that the duration of aqueous alteration with

carbonate precipitation was <1 Myr.

5.2 Composition and Petrography
5.2.1 Total dolomite compositional variability

Dolomite compositions in CM chondrites are variable (Johnson and Prinz, 1993,;
Zolensky et al., 1997; de Leuw et al., 2010) and the entire chemical variability of
dolomite in CM chondrites is represented in ALH 84049 and ALH 84051. As would be
expected with paired samples, ALH 84049 and ALH 84051 dolomite compositions are
similar to ALH 83100 reported by Zolensky et al. (1997) and Lee et al. (2012) but differ
slightly in Mg/Ca compared with compositions reported by de Leuw et al. (2010). The
dolomite compositions are also similar to that reported in the highly altered CM2 QUE
93005 (Lee et al., 2012). The spread in compositions observed here is slightly larger (Fig.
6a) than that reported in CM chondrites by the workers cited above: we report 63

dolomite analyses in ALH 84049 and 167 in ALH 84051.
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There are differences between this data set and other reported dolomite
compositions. Johnson and Prinz (1993) analyzed the CM2 chondrites Boriskino, Cold
Bokkeveld, Essebi and Nogoya. With dolomite containing greater than 50 mol% CaCOs,
Johnson and Prinz (1993) suggest that dolomite compositions in CM2 chondrites are non-
stoichiometric and metastable (Fouke and Reeder, 1992). Riciputi et al. (1994) confirmed
excess CaCOj3 in CM2 chondrite dolomites and noted that they are distinct from dolomite
in CI1 chondrites, which have less than 50% CaCOgs. Furthermore, de Leuw et al. (2010)
observed dolomite with excess CaCOg3 in the CM1 chondrites ALH 83100 and QUE
93005. Conversely, Zolensky et al. (1997) did not observe non-stoichiometric dolomite in
the CM1 chondrites ALH 83100, Y82042, and EET 83334. We report that average
dolomite in ALH 84051 has 48.0 £ 3.0 mol% CaCO3 and ALH 84049 is 49.8 £ 2.7 mol%
CaCOg, which suggests that the composition of dolomite in ALH 84049 and ALH 84051
is stoichiometric overall. Some individual grains, however, may have excess CaCQOs3, the
result of dolomite formation either occurring at low temperatures or under briny

conditions (Fouke and Reeder, 1992; Riciputi et al., 1994).

5.2.2 Chemical zoning in dolomite

The wide range of compositions in ALH 84049 and ALH 84051 is not simply a
reflection of dolomite grains of different composition, but is, in part, due to the great
compositional heterogeneity within individual grains. As shown in Figure 6b, ¢, and d,
there is considerable compositional heterogeneity within individual grains that make up a
large percentage of the total dolomite compositional range observed in both samples. For
example, the single grain 6-b6 (see Appendix) has a (Fe+Mn)COs3 content that ranges

from 6.5 to ~16 mol% while all previously reported dolomite compositions in CM1
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chondrites range from 0 to ~17 mol% (Zolensky et al., 1997); one grain has ~60% of the

compositional variability of all previously described CM1 dolomites.

ALH 84049 and ALH 84051 dolomite grains have complex zoning. Chemical
zoning in dolomite grains was first reported in the CM1 chondrite ALH 84034 (Brearley
and Hutcheon, 2000; 2002). Other studies of carbonates in the CM1 chondrites QUE
93005 and ALH 83100 by de Leuw et al. (2009) did not identify the compositional
zoning that we find to be a ubiquitous feature of dolomite grains in ALH 84049 and ALH
84051. These studies, however, were focused on general compositional trends within
individual meteorites (often with just one EPMA analysis per grain) and may have
overlooked the significant chemical variability that is present in every dolomite grain that
we have analyzed here. Chemical zoning in minerals that grew from fluids in aqueously
altered meteorites can provide significant insights into the compositional evolution of the
fluids from which they grew. It is therefore important to characterize this zoning in

detail, in order to unravel the complex alteration histories of these meteorites.

Three general zoning patterns are common to many of the grains studied. First,
the zoning is consistently asymmetric, suggesting that carbonate grains nucleated on the
edges of a fluid-filled pore and grew inward. In some cases, we observe two or three
grains in an aggregate that all have asymmetric cores, suggesting that nucleation of more
than one grain on the pore edges occurred (Fig.4c). Second, in some grains, the CL
image and X-ray maps clearly reveal ghost euhedral rhombohedral zones within the
dolomite grains, again developed asymmetrically in the grain. This provides compelling
evidence that growth of these carbonate grains occurred unimpeded into fluid-filled pore

space, such that euhedral grains with progressive growth zones have developed. In the
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example shown in Figure 4d, distinct compositional zones are present, with a low CL
core that is richer in FeCOs, overgrown by thinner zones with higher CL and higher
MnCQg. The transition between the more Fe-rich core and the overgrowth is sharp. We
interpret this feature as indicating that the carbonate grew in at least two distinct episodes
from fluids of different compositions. Third, we also observe examples of dolomite
grains that have rounded or subrounded, irregularly shaped regions, which we interpret as
being the corroded original cores. The subrounded texture of these core regions suggests
that these grains have undergone dissolution at some period in their history, before being
overgrown by a later stage of carbonate growth (Fig. 4j). Alternately, the high Mn areas
often are porous (Fig 4j, again) which suggests that recrystallization may have occurred
and a later, Mn-rich fluid, facilitated later carbonate growth (Putnis, 2009). Either
scenario suggests that carbonates grew in at least two different periods, but unlike the
grains with euhedral cores and subsequent growth, these two episodes of growth may

have been separated by a period of dissolution.

There are few consistent core-to-rim compositional relationships, in part due to
the asymmetry of the zoning. This asymmetry makes identification of the core of some of
the grains ambiguous. However, in cases where we think the core-rim relationships are
clear, there appear to be two general, but distinct, types of zoning behavior. In the first
case, the cores of the grains have higher Mn contents: examples of such grains are shown
in Figures 4b, 4i, and 4j. The cores of these grains can be either euhedral or corroded. In
the second case, the cores of the grains are lower in Mn and there is a transition to higher
Mn contents at the edges of the grains, such as those shown in Figures 4e, 4d, and 4k.

This observation signifies a progressive increase in Mn as fluids evolved and became
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more saline perhaps due to the consumption of water by silicate hydration reactions.
Higher Mn concentrations at carbonate peripheries have also been reported in ALH
84034 (Brearley and Hutcheon, 2000). We observed no noticeable differences in zoning
complexity between ALH 84049 and ALH 84051, which is consistent with their pairing
(and therefore similar asteroidal setting within the parent body). Nor do we see a
difference in zoning style of either vein or aggregate dolomite: each display zoning as

complex as that seen in small matrix grains.

The variability of texture and composition from one dolomite grain to another
indicates that the process of carbonate growth is complex and diverse. For example,
chemical zoning can occur because of crystal growth structure controls; one face may
incorporate more Mn or Fe during active growth than another (Fouke and Reeder, 1992).
This sector zoning can result in zones that vary by as much as 3 mol% of the CaCO;
component. Zoning observed in CM chondrites, however, is much more extensive than
can be explained by sector zoning. Carbonates with sector zoning are not observed. A
chemically-variable fluid like that reported by Riciputi et al. (1994) which clearly varied

at a at least a sample scale (cm-scale) is more consistent with our observations.

5.2.3 Implications of carbonate zoning for the nature of fluid

We explore a framework that may explain dolomite compositional heterogeneity
in ALH 84049 and ALH 84051. Except for a relationship between Ca-Mg and Ca-Fe,
compositional zoning in dolomite is very complex. For example, in many grains, the
mol% MnCOj3 increases on the outside of grains or within porous, potentially
recrystallized, areas, indicating evolution towards a high Mn fluid. Other grains,

however, show the reverse with etched, Mn-rich cores enclosed within Mn-poor
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dolomite. The seemingly chaotic nature of dolomite precipitation could arise if water was
abundant early and the meteorite parent body was relatively permeable when calcite
precipitated. Then, as alteration continued, the availability of water progressively
diminished as it was consumed by serpentinization reactions. Fluid permeability would
diminish as pores were filled by secondary minerals. In this scenario, chemical
microenvironments would dominate which may be manifested in the chemical variability
observed in dolomite. If this interpretation is correct, then the carbonate assemblage in
ALH 84049 and ALH 84051 may have progressed from an open system at the millimeter

scale to a closed system as the permeability of the rock decreased.

In ALH 84049 and ALH 84051, pervasively etched margins of calcite and
inclusions of calcite within dolomites (e.g., Fig. 1d and Fig. 4c) may signify that calcite
predated dolomite or that fluid pH decreased slightly out of the stability field of calcite,
but not of dolomite. Oxygen isotope compositions also imply that, in general, calcite
predated dolomite in CM chondrites (Benedix et al., 2003). In terrestrial waters, CaCOg is
kinetically favored to precipitate (Arvidson and Mackenzie, 1999), until the Mg/Ca ratio
reaches high enough values to permit dolomite precipitation. Increasing Mg/Ca ratios in
the fluid could result from progressive dissolution of forsterite (Mg,SiO,4), which would
supply Mg to the fluid. Calcite, however, may not always precipitate first; Lee et al.
(2012) note that in the highly altered CM2 chondrite QUE 93005 dolomite precipitated
first, then breunnerite, Ca-poor dolomite, and finally calcite. Furthermore de Leuw et al.
(2010) suggest that the absence of dolomite in some CM1 chondrites is the result of a

dedolimization processes that removed dolomite and re-precipitated calcite. Although
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increasing Mg/Ca ratios can increase the likelihood that dolomite will precipitate,

compositional heterogeneities in the fluid within CM chondrites was also important.

As alteration progressed, evidence from carbonaceous chondrites indicates that
the precipitation of dolomite became more likely. For example, dolomite is found only
within more altered CM2 chondrites (Rubin et al., 2007). In CI chondrites, the carbonate
precipitation sequence has been determined to be first calcite, then dolomite, and then
more complex carbonates (Endress and Bischoff, 1996; Zito et al., 1998; Petitat et al.,
2009). Similar alteration grade, water content (Clayton and Mayeda, 1999),
compositionally similar (matrix-dominated) starting material (Zolensky et al., 1989), and
temperatures (Cody et al., 2008), suggest that it is likely that CM1 chondrites experienced
a similar precipitation progression (e.g., Lee et al., 2012). (2) Calcite precipitation is
favored until Mg/Ca ratios become high enough to precipitate dolomite (Tucker and
Wright, 1990; Wright and Wacey, 2004). The fine-grained chondrule mesostasis hosts Ca
and would alter early, adding Ca to the fluid (e.g., Sears et al., 1992). Late alteration,
alternatively, is characterized by serpentinization of forsteritic olivine phenocrysts in
chondrules, which are generally resistant to alteration (Hanowski and Brearley, 2001).
Forsterite replacement by serpentine would increase Mg concentrations in the fluid
adjacent to altering chondrules (Sleep et al., 2004; Oze and Sharma, 2007). This
argument is consistent with calcite predating dolomite. (3) Dolomite often forms from
brines, which is likely to be present once much of water has been consumed by
serpentinization (Adams and Rhodes, 1960; Machel and Mountjoy, 1986; Tucker and
Write, 1990; Arvidson and Mackenzie, 1999). Furthermore, trace element analyses show

brines were present during late alteration in CM chondrites (Riciputi et al., 1994).
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Brearley et al. (2006) suggested that the heterogeneous mineralogy and local
water-mineral reactions in CM chondrites would create geochemical microenvironments.
Although we do not treat this subject rigorously here, we have observed compositional
heterogeneities (CaCO3, MgCO3, FeCO3, and MnCOs3) in dolomite grains separated by
only tens of micrometers. Such heterogeneity in composition would require that cation
mobility was restricted; otherwise the compositional zoning style in adjacent dolomite
grains would be similar. Bland et al. (2009) related fluid permeability to the very small
grain size of minerals in Cl1 and CM2 chondrites and calculated permeabilities for
carbonaceous chondrites in the range 10™*° to 10™’m?, which is up to six orders of
magnitude smaller than previous estimates (e.g., Young et al., 2003). When these
calculated permeabilities are used as input for asteroidal flow models (Cohen and Coker,
2000; Young et al., 2003; Grimm, 2007), the authors estimated fluid flow would range
from <10 pm (for P = 10™° m?) to <1000 pm (for P = 10" m?). The specific flow value
depends, in part, upon location within a hypothetical 50 km radius body. The hydraulic
radius parameter in permeability calculations is related to tortuosity, which contrasts the
actual distance between two points that a molecule would travel compared to the direct
distance if there were no intervening particles. Permeability also implicitly accounts for
viscosity increases (o) that occur adjacent to surfaces, especially as conduit diameter

decreases. The effective diffusivity (D’) is related to tortuosity (1), o, and the

electrostatic attraction of a cation to surfaces (y) by the equation:

D’ = Dgtay
where D, is the natural diffusion coefficient of a cation through a fluid (Olsen and
Kemper, 1968). Because the three impedance factors (t, o, and y) are difficult to quantify
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(Nye, 1980; Jungk and Claassen, 1997), an approximation can be made where cation
diffusion was slower than fluid flow. This may be a valid approximation because a, the
attraction of cations to conduit surfaces (generally phyllosilicates in CM chondrites), is
not factored into permeability. If we, therefore, assume permeability is faster than
diffusion, the observed length-scales of dolomite compositional heterogeneity are
consistent with the calculated permeability and resultant fluid flow length-scale of Bland
et al. (2009).

Although Bland et al. (2009) calculated very low permeabilities for CM
chondrites, the relative lack of compositional heterogeneity in calcite in comparison with
dolomite suggests that permeability was higher during calcite formation than during later
dolomite precipitation. Furthermore, calcite is found in almost all CM chondrites,
especially the least altered (Fuchs et al., 1973; Johnson and Prinz, 1993; Riciputi et al.,
1994; Benedix et al., 2003; de Leuw et al., 2010). This may indicate that widespread
calcite in CM chondrites formed early in one or two discreet events as postulated by Tyra
et al. (2012) and Benedix et al. (2003). Below we conceptualize the steps that may have
occurred that relate to carbonate precipitation in the CM parent body.

1. Calcite grains in most CM2 chondrites are nearly identical compositionally
indicating that during calcite precipitation Ca®* was distributed relatively
uniformly across both samples (mm-to-cm scale). This indicates that permeability
early in the history of aqueous alteration in CM chondrites may have not been as
low as calculated by Bland et al. (2009) and that Ca**cation diffusivity was

relatively high (D,=> D’).
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2. The compositionally heterogeneous dolomite indicates that the effective diffusion
(D’) rate slowed considerably after calcite formation. This can be explained by
the reaction of chondrule minerals, primarily forsterite, with water to form
serpentine. Observations of chondrule pseudomorphic replacement by serpentine
appear to have involved no discernible volume change (Hanowski and Brearley,
2001; Velbel et al., 2012). However, serpentinization reactions involve a volume
increase of 25-55 vol%, so that isovolumetric replacement of chondrule forsterite
requires the movement of SiOz,q and Mg?* outside of chondrules, possibly
reacting to form serpentine there (Coleman, 1971; O'Hanley, 1992; Putnis, 2009).
This phenomenon has been observed terrestrially, where serpentine has
precipitated as fracture fillings exterior to serpentinized peridotite bodies
(O'Hanley, 1992; Lafay et al., 2012). Serpentine formation outside of chondrules
would fill pore space and reduce the fluid connectivity of the chondrite.

3. Although all dolomite compositions are constrained to a limited area in Ca, Mg,
and Fe+Mn compositional space (see ternary diagram, Fig. 6), pervasive zoning in
dolomite grains indicates that Mg/Ca, Mn/Ca, and Fe/Ca ratios were spatially
heterogeneous in the fluid. Ongoing infill of interconnected pores by serpentine
formation reduced D’ and limited cation migration and homogenization to tens of
microns. Fluid interactions with the heterogeneous, on a micron scale, mineralogy
in CM chondrites (e.g., Brearley, 1998) therefore could dominate fluid
composition.

5.2.4 Significance of veins

The studied thin section of ALH 84051, unlike ALH 84049, contains dolomite veins.

The observed dolomite veins are extraterrestrial in origin and not the result of Antarctic
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weathering. The primary evidence that the dolomite veins are extraterrestrial is their Mn-

Cr isotope composition and resultant inferred age.

Fluid flow through cracks may have occurred during vein formation. Cracks may
have resulted from impact fracturing (Rubin, 2012), hydrodynamic fracturing (Wilson et
al., 1999), or to accommodate mineral volume changes during serpentinization
(O'Hanley, 1992). Evidence for flow through cracks primarily lies with the serpentine
adjacent to the cracks having a different composition (less Fe, more Mg, Fig. 1) than
serpentine further from the veins. If a fluid flowed through a fracture with a different
composition than the fluid within the general pore space, it could have facilitated
dissolution—reprecipitation reactions in phyllosilicates near the veins. Fluid flow of
limited scope and duration may have allowed alteration of the matrix adjacent to these
veins. The low abundance of olivine near the veins could be related to enhanced
availability of water in the host rock immediately adjacent to the vein, causing local,

more extensive alteration of forsterite.

Conversely, the absence of olivine in this region may simply be because there is
inherently a heterogeneous distribution of unaltered olivine in the host rock. Unlike the
calcite vein in LON 94101 (Lindgren et al., 2011), there is no obvious depletion of Mg
from nearby to account for concentrated dolomite in the vein; as noted above, matrix
proximal to the veins is Mg-rich. Dolomite veins could have resulted from fracture infill
by a stagnant fluid and not the result of large-scale fluid flow. The Mg-rich serpentine
around veins could be the result of cation diffusion through a non-flowing fluid.
Furthermore, the dolomite vein infill composition is indistinguishable from both

aggregates and matrix grains, and the zoning in vein dolomite is just as complex as
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matrix and aggregate grains. These observations suggest that at the time of dolomite
formation, microenvironments in the veins were just as prevalent as elsewhere, perhaps

closure of the cracks reduced permeability similar to elsewhere in the host chondrite.

6 Conclusions

We have studied the general petrology and carbonate petrology of the CM1
chondrites ALH 84049 and ALH 84051 to constrain some aspects of agueous alteration.
Both samples contain widespread, small calcite and dolomite grains interspersed through
the matrix. ALH 84051 also contains large dolomite aggregates and cm-scale
disseminated dolomite veins. Regardless of the morphology and sample, dolomite grains
show extensive compositional zoning in CaCO3, MgCOj3;, FeCO3, and MnCOgs; the
compositional variability in some individual grains covers up to 60% of the observed
compositional variability of CM1 dolomite. Compositional zoning in dolomite is
heterogeneous with no consistent core-to-rim relationships in either sample: this
observation is consistent with dolomite growth within isolated, fluid-filled pores with
very limited communication between pores. Our observations are most consistent with at
least two stages of carbonate growth; calcite precipitated first, followed by dolomite,
from late stage concentrated brines with high Mg/Ca ratios, produced by advanced
serpentinization of forsterite in chondrules. The volume change associated with
serpentinization may have caused a reduction in porosity as a result of the growth of
product phases in pore space in the matrix. Once pores became isolated, localized
dissolution reactions would have controlled the fluid chemistry, resulting in the observed
variations in dolomite compositions. Mn-Cr results for dolomite record evidence of

excess >°Cr indicative of in-situ decay of the short-lived radionuclide >*Mn. These data
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show that, regardless of morphology, dolomites, in ALH 84049 and ALH 84051 are
cogenetic. The calculated ages for carbonate formation are consistent with those of other
highly altered CM chondrites (Brearley and Hutcheon, 2000; de Leuw et al., 2009; Tyra

et al., 2009; Fujiya et al., 2012; Lee et al., 2012).
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9 Tables

Table 1. Mn-Cr results for seven dolomite grains from ALH 84049.

Grain type* >Mn/’Cr 2cerr §°3Cr**  2cerr Ref
13-b2, a m 40558 17941 1443 1810 Fig. 4d
m 15696 4222 1078 988
m 9657 1527 227 416
m 134 1 -1 22
13-b5, a m 10657 1626 382 431 Fig. 4f
m 2834 148 -163 110
m 8 0 15 4
13-b4, a m 83597 50706 9298 7464 Fig. 4e
m 13001 3151 -59 544
m 15 0 -80 5
6-b10a-1, a m 76311 15235 1466 822 Fig. 4c
m 18074 1834 662 322
m 25 0 8 4
6-b10Db, a m 40653 9869 1842 1102 Fig. 4b
m 18189 2526 656 440
m 8390 810 282 261
m 16 0 -3 5
6-b9, a m 66082 13738 3242 1259 Fig. 4a
m 21922 2167 470 291
m 9079 1059 293 317
m 274 3 -8 26
6-b4, a m 43351 21730 3149 2987 -
m 19836 5221 1276 1026
m 8115 1123 499 412
m 44 0 37 8

* m, small matrix dolomite; a, large dolomite aggregate; v, vein dolomite .
** 833Cr = (Rx/Rs-1)1000, where Rx = 33Cr/>2Cr,pe and Rs = 53Cr/52Cry =0.113457
(Birckand Allegre 1988)
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Table 2. Mn-Cr results for seven dolomite grains from ALH 84051

Grain type 55Mn/‘r’ZCr 2 err 833cr 2G err Ref
12-b8&d, a m 896 120 175 343 Fig. 5a
m 420 21 61 118
m 25 0 -14 10
12-b8&d, b m 36546 10280 1975 1318 Fig. 5a
m 13519 1896 724 456
m 505 8 21 35
12-b8&d, c m 14296 1372 2 223 Fig. 5a
m 26 0 -3 5
12-b3, a a 10253 1872 648 577 Fig. 4h
a 2216 189 -144 181
a 4 0 -3 3
20a-b16, a v 9129 3395 524 1118 --
Y 1583 156 118 244
Y 23 0 -3 11
20a-b16, b \ 8860 1680 331 524 -
v 4926 663 78 327
v 24 0 -4 9
12-b5c a 4492 639 294 386 Fig. 4g
a 768 27 -30 82
a 9 0 2 3
12-b5e m 7 0 -7 3 --
20a-b9 \Y 6195 277 705 248
Y 1746 78 285 120
v 438 20 71 52
v 2 0 11 3
20a-b16, c v 6093 272 308 192 --
\% 1352 60 153 73
Y 371 17 -3 40
v 9 0 6 4
v 240 11 1 32
v 397 18 60 52
20a-b12 \% 11752 525 993 575 --
Y 2837 127 193 127
v 529 24 42 56
\ 1 0 -4 3
v 12 1 0 15
Y, 12 1 -7 11

* m, small matrix dolomite; a, large dolomite aggregate; v, vein dolomite .
** 833Cr = (Rx/Rs-1)1000, where Rx = 53Cr/>2Crg, e and Rs = 33Cr/52Cr4 =0.113457
(Birck and Allegre 1988)
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10 Figures

Figure 1.Stitched composite Ca (red) Mg (green) Si (blue) RGB X-ray maps of ALH
84051 (a) and ALH 84049 (b). Calcite appears as red, dolomite orange, forsterite neon-
green, and serpentine varying shades of green depending upon Mg and Fe abundance;
lighter greens are more iron-rich. The circular pale blue-green features are chondrule
pseudomorphs. The linear vein features in the lower third of the image shown in (a) are
dolomite veins. The serpentine around the veins is lighter green (i.e. more Fe-rich) than
serpentine within most of the matrix. Some prominent dolomite aggregates are also
labeled; these only occur in ALH 84051 (a). Matrix carbonates are small and dispersed
throughout the sample. The two lower boxes in (a) denote areas shown in Fig. 2 g and h.
The mineralogy of the area in the upper box is discussed in the text. Rounded black
features in (a) are areas plucked during sample preparation.
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Figure 2. BSE images showing representative examples of the textures and occurrence of
chondrules and chondrule pseudomorphs in ALH 84049 and ALH 84051.

a)

b)

d)

BSE image showing an example of a chondrule in ALH 84051 which has been
completely replaced by secondary phases. Pseudomorphic replacement of
chondrule phenocrysts, probably olivine, by serpentine has occurred (arrowed).
Based on BSE contrast, the serpentine replacement products of olivine appear to
more Fe-poor than serpentine that has replaced the surrounding mesostasis
(indicated). The very bright, high Z phase distributed through the chondrule and
as a rim around the periphery of the chondrule pseudomorph is Fe sulfide.

BSE image of a completely altered chondrule in ALH 84049. The distinct
continuous crack defines the periphery of the chondrule pseudomorph. The
chondrule pseudomorph consists of medium-to-fine-grained phyllosilicates. There
is no fine-grained rim around the chondrule and unlike the chondrule in Fig. 2a,
no sulfide rim is evident.

BSE image of a probable fragment of an incompletely altered chondrule from
ALH 84049. The fragment consists primarily of forsteritic olivine with sparse 1-5
um metal blebs within the forsterite (white in image). The interior of the
chondrule has undergone probable dissolution and replacement by Mg-rich
serpentine (darker) and more Fe rich serpentine (lighter). Two dolomite grains
(one ~5um and the other ~20 um diameter) are also found within the altered
interior. No fine grain rim is observed.

Area of ALH 84049 showing isolated carbonates, sulfide, forsteritic olivine, and
matrix. The ~150 um olivine grains are fractured and phyllosilicate is present in
the chondrule interior. A ~80 um sulfide grain (white) lies near the olivine.
Calcite grains are 20-30 um diameter, are un-rimmed, and appear to have etched
edges. Dolomite appears more pristine than calcite with straight, cleavage-defined
edges. Also note the honeycombed, mudcracked (mc) matrix texture throughout
the field of view that is defined by white lines.
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Figure 3. BSE images of individual carbonate grains, dolomite veins, and dolomite
aggregates.

a)

b)

d)

Representative region of matrix showing examples of the typical occurrence of
carbonates (ALH 84049). Four dolomite grains are present, ranging from 10 to 50
um in diameter. Most dolomite is fractured but unaltered. An exception is the
round 50 um dolomite at the bottom left, where the core of the grain is porous,
which may indicate alteration. As in Fig. 2d, a mudcrack-like (mc) texture is
apparent throughout the matrix. A single calcite grain (20-30 um diameter) is
present in this figure.

Polyphase aggregate of porous dolomite, sulfide, and phyllosilicate that may
represent a replaced CAl or chondrule in ALH 84049. The aggregate is almost
completely rimmed by a very narrow layer of a high Z phase that is consistent
with Fe-rich serpentine. Dolomite grains range from ~20 um to 100 um diameter.
Although some areas are clean, most dolomites have porous areas, some which
form linear features that may follow cleavage traces.

Image of an exceptionally well-defined dolomite vein consisting of 10-50 pum
diameter subgrains. The field of view of this image is marked on Fig. 1a, the right
boxed area of ALH 84051. In this area, the vein is ~100um in width.

Examples of more typical, disseminated dolomite veins from Fig. 1a in the lower
left boxed area from ALH 84051. As in Fig. 3c, the veins are also composed of
smaller dolomite subgrains, but unlike Fig. 3c the dolomites do not necessarily
abut one another in this two-dimensional section. The vein widths are variable,
but are generally less than 50 um wide. The dolomite vein seems to wrap around
a relict 200 um diameter chondrule.

A large dolomite aggregate with a 10-20 um Fe-rich serpentine rim. The
aggregate appears to have corroded margins alongside the rim. Other nearby
dolomite grains are indicated; these are typically 10-25 um diameter, rimless,
matrix dolomite grains.

A dolomite aggregate at high magnification. The entire field of view is dolomite
with the exception of Mg-rich serpentine inclusions (arrowed and delineated by
white lines).
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Figure 4. Figures 4a-4f show BSE images, CL images, Mn X-ray maps, and Fe X-ray
maps of individual dolomite grains from ALH 84049. Figures 4g-4k contrast BSE images
with the Mn X-ray map in ALH 84051. Scales and rotation of grains in images are
generally equivalent, although some FOV shift or rotation may be apparent (such as the
CL image in Fig. 4e). Colors in the X-ray maps are scaled with composition.
Cathodoluminescence images, such as Fig. 4e and 4f show an artifact due to electrical
interferences.

Zoning in CL is apparent and correlates roughly with presence of Mn and lack of Fe (Fig.
4e is an exception and CL correlates solely with the absence of Fe). Calcite has a much
higher CL response than dolomite. Figures 4a-c exhibit complex, patchy zoning,
occasionally with low CL in cores and higher CL in rims. Fig. 4a shows extensive
porosity and Fig. 4c a small 5x10 pum calcite grain (extremely bright CL) enclosed within
the dolomite grain. Figure 4d also has an area with low CL; this grain exhibits well
expressed overgrowths clearly visible in CL image and in both X-ray maps. Conversely,
Figures 4e and 4f have areas with low CL on grain peripheries. Figures 4g and 4h show
two dolomite aggregates with compositional zoning. Figures 4i-4k show individual
dolomite grains from dolomite veins; these also are compositionally zoned.
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Figure 5. BSE and CL images of ALH 84051 carbonate grains and EPMA compositional
transects of these grains. The transect path is indicated on the carbonate image as arrows.
Grain (a) is a matrix grain while (b) and (c) are vein carbonates.

a) Dolomite (in box) and calcite. The CL map is only of the dolomite grain in the
box. The transect of dolomite shows an anticorrelation between CaO and both
MgO and FeO. MnO is uniform throughout the transect. There is no obvious
relationship between CL and elemental abundances.

b) Two transects of one dolomite grain. Unlike Fig. 5a, CaO and MgO trend together
and FeO is anticorrelated. Cores are higher in FeO and MnO than rims; CaO and
MgO abundances are lower in the core than the rims.

c) Dolomite grain. CaO is anticorrelated with FeO. MnOis relatively flat and MgO
content increases across the grain. Note that the first plotted analysis in the
transect is 10 um into the interior of the grain within an area of low CL. The first
point of the transect was rejected due to high SiO, content.
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Figure 6. Ternary diagram showing carbonate compositions in dolomite from ALH
84049 and ALH 84051. Data are plotted in mole% of CaCO3, MgCOs, and (Fe+Mn)CO3
components. The shaded area on the large ternary (a) corresponds to the four insets on the
right (b-e), and (c), (d), and (e) show data for individual representative grains from ALH
84051.Most data from both samples overlap and lie in a cluster with an approximate
composition of 50 mol% CaCOg3, 40 mol% MgCOs, and 10 mol% (Fe+Mn)COs. The
range of data for these two samples is slightly greater than that reported by Zolensky et
al. (shaded, 1997) and Lee et al. (hashed, 2012), shown in Figure 6b.

In Figure 6 (c-e), points with red rims indicate the rim of a grain and black points indicate
cores. There is no obvious core-to-rim relationship amongst these three grains and each
grain encompasses a significant part of the total compositional variability.

c) Dolomite grain (shown in Fig. 5a) where the core is enriched in MgCO3 and the
rims depleted in MgCOg. The grain composition forms a linear array on the
ternary diagram.

d) Dolomite grain (shown in Fig 5b) where the cores contain higher (Fe+Mn)CO3
than the rim.

e) Dolomite grain (shown in Fig 5c) with the opposite trend as 6c¢; the cores have
lower (Fe+Mn)COj3 than the rim. Two core analyses overlap on the diagram
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Figure 7. Chemical relationships between the carbonate components within dolomite in
ALH 84049 and ALH 84051.0nly Figures 7a and 7b have well-defined linear trends. The
analytical errors are smaller than the symbols. Blue symbols denote ALH 84049. Red
symbols denote ALH 84051.

a)

b)

MgCO3-CaCOs. This plot shows a slight relationship between MgCO3; and CaCOs
that is apparent in both samples.

FeCO3-CaCOs. This plot shows a well-defined linear relationship between FeCOs
and CaCOs. Data from both samples overlap, although it appears that ALH 84049
compositions cluster more towards the lower FeCO3; end of the trend and ALH
84051 towards the higher FeCOj3 end of the data array.

MnCO;-CaCQOs. In either sample, MnCOj3 does not seem to vary with CaCOs.

MgCO3-MnCQOs. Little covariance between MgCO3; and MnCOg3 can be seen in
either sample.

MgCOs3-FeCOgs. There is little apparent covariance between MgCO3 and FeCOg,
although dolomite in ALH 84049, as noted above, contains less FeCOs.

MnCOs;-FeCO3. We observe no defined trend in MnCO3; and FeCQOg, although
ALH 84049 has lower Fe than ALH 84051.
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Figure 8. Mn-Cr isochron plot (regressed with error in both axes) of dolomite grains in
ALH 84049 (Fig 8a) and ALH 84051 (Fig. 8b). Calculated **Mn/>*Mn initial ratios are
indicated on the plots: values for ALH 84049 and ALH 84051 are indistinguishable
within error. Larger error in the ALH 84051 isochron could be due to variable formation
ages for some dolomite grains which may explain the occurrence of some data points
greater than 2 range from the isochron. The §>*Cr value is defined as §>>Cr = (R/Rs-
1)1000, where Rx is the measured **Cr/**Cr ratio and Rs is 0.113457, the terrestrial ratio
reported in Birck and Allegre (1988).
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Fig. 9. Comparison of CM carbonate ages. Figure 9a shows that all CM Mn-Cr calculated
dates overlap in time. Sample name and reference number are denoted on the right side of
the figure; all workers used San Carlos olivine as the Mn-Cr standard except Fujiya et al.
(2012), who used the calcite standard of Sugiura et al. (2010b). Figure 6b is a comparison
of measured age and the alteration grade (2.0-2.5) of Rubin et al. (2007). The apparent
relationship between the alteration grade and the age of the carbonates is likely an artifact
of the different standard used by Fujiya et al. (2012). References in (a) are as follows: 1)
Fujiya et al. (2012), 2) Brearley and Hutcheon (2000), 3) Tyra et al. (2009), 4) de Leuw
et al. (2009), 5) Lee et al. (2012), and 6) this work (black symbols).
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Appendix 1a: Composition of carbonate within ALH 84049

11 APPENDIX

Wt%

Name grain type* Ca0O MgO FeO MnO COo2 Total
a49-13-b4-line m 27.88 17.67 5.27 3.81 47.71 102.34
a49-13-b4-line m 29.92 1996 3.48 0.98 48.02 102.36

a49-13-b4 m 2897 19.61 4.63 0.68 47.58 101.47
a49-13-b4 m 27.53 20.27 284 1.00 46.10 97.75
a49-13-bba m 32.61 18.13 3.33 0.68 47.84 102.59
a49-13-bba m 30.51 17.50 3.42 0.81 46.14  98.39
a49-13-bba m 31.06 17.48 3.5 0.84 46.55  99.37
a49-13-bbc m 26.50 17.01 5.02 4.93 46.36  99.82
a49-13-bé6c m 2755 16.55 4.05 5.69 45.79  99.62
a49-13-b6c m 26,55 17.58 4.70 5.50 46.33 100.66
a49-13-bé6c m 29.22 17.01 3.89 3.14 4590 99.15
a49-13-bbc m 28.40 18.21 5.27 2.61 47.02 101.51
a49-13-bé6c m 2756 17.56 4.77 4.64 46.60 101.12
a49-13-béd m 27.12 19.12 597 2.15 47.45 101.80
a49-13-béd m 26.69 18.22 6.29 2.05 46.52  99.77
a49-13-béd m 28.00 19.27 5.72 1.94 47.72 102.66
a49-13-b2-linel m 29.61 19.76 244 1.42 47.19 100.41
a49-13-b2-linel m 30.78 18.38 381 1.63 47.95 102.53
a48-13-b2-line2 m 30.32 1955 2.63 1.62 48.15 102.27
a49-6-b6 m 26.14 16.90 6.83 5.07 46.29 101.23
a49-6-b6 m 2949 18.56 3.20 2.26 46.83 100.33
a49-6-b6 m 28.80 19.21 2.89 2.08 46.63  99.59

Mol%

Ca Mg Fe Mn

46.79  41.25 6.91 5.05
4890 45.40 4.44 1.26
4796  45.16 5.99 0.89
46.86  48.01 3.78 1.35
53.49  41.37 4.26 0.88
52.45  41.86 4.59 1.10
52.88 41.41 4.58 1.13
45.70  40.81 6.76 6.73
47.30  39.55 5.43 7.72
4498 41.44 6.22 7.37
50.02  40.53 5.20 4.25
47.40 42.29 6.86 3.45
46.42 41.14 6.27 6.17
45.14  44.28 7.75 2.83
45,57  43.28 8.38 2.77
46.04  44.09 7.35 2.52
49.25 45.73 3.16 1.86
50.78  42.19 491 2.12
49.82  44.70 3.38 2.10
44.32 39.86 9.03 6.79
49.48  43.33 4.20 2.99
48.47  44.98 3.79 2.76



€L

a49-6-b6
a49-6-b6-linel
a49-6-b6-linel
a49-6-b6-linel
a49-6-b6-linel
a49-6-b6
a49-6-b6
a49-6-b6-line2
a49-6-b6-line2
a49-6-b6-line2
a49-6-b4-linel
a49-6-b4-linel
a49-6-b4
a49-6-b4-line2
a49-6-b4-line2
a49-6-b3-linel
a49-6-b3-linel
a49-6-b3-linel
a49-6-b3-linel
a49-6-b3-line2
a49-6-b3-line2
a49-6-b3-line2
a49-6-b3-line2
a49-6-b8-linel
a49-6-b8-linel
a49-6-b8-linel
a49-6-b8-line2
a49-6-b8-line2

3 333333333333333333333333233 3

28.89
30.34
30.17
30.56
30.35
30.74
30.94
30.20
30.15
30.31
30.51
29.63
25.72
29.74
31.42
31.04
30.83
30.57
30.21
30.28
30.34
30.95
29.45
33.07
35.16
31.28
31.01
31.54

19.61
18.81
18.01
18.08
19.08
16.20
18.41
16.57
18.39
18.54
18.07
17.71
16.82
19.32
19.53
18.79
18.48
17.95
18.56
18.60
18.21
18.38
18.97
13.81
13.82
16.56
16.65
14.99

291
2.24
2.27
2.16
2.31
3.89
2.37
2.44
2.45
241
2.72
2.27
6.61
2.30
2.31
3.47
3.81
4.36
4.18
4.31
4.44
3.43
3.71
2.48
2.77
3.67
3.53
2.75

2.09
3.44
3.34
2.94
2.64
4.00
3.18
3.16
3.26
3.65
1.47
1.61
5.39
1.28
1.45
1.59
1.75
1.49
1.58
1.40
1.50
1.92
1.55
5.22
3.75
3.92
3.99
5.29

47.17
47.85
46.80
46.87
47.71
47.45
47.84
45.32
47.27
47.77
46.25
45.68
45.94
46.63
48.29
47.99
47.79
47.18
47.52
47.65
47.33
47.65
47.06
46.32
46.71
47.31
47.15
46.38

100.67
102.67
100.59
100.62
102.09
102.29
102.74
97.70

101.53
102.69
99.02

96.88

100.49
99.27

103.00
102.89
102.65
101.54
102.06
102.25
101.81
102.32
100.75
100.90
102.21
102.73
102.32
100.96

48.07
49.76
50.59
51.17
49.93
51.68
50.78
52.37
50.06
49.79
51.77
51.70
43.93
50.05
51.06
50.76
50.62
50.85
49.89
49.94
50.30
50.97
49.12
56.68
59.08
51.89
51.61
53.71

45.40
42.92
42.02
42.11
43.67
37.90
42.04
39.99
42.49
42.38
42.66
42.99
39.98
45.23
44.15
42.76
42.22
41.54
42.65
42.68
41.99
42.12
44.00
32.93
3231
38.22
38.55
35.51

3.78
2.87
2.97
2.83
2.96
5.11
3.04
3.31
3.18
3.09
3.60
3.09
8.82
3.02
2.93
4.43
4.89
5.66
5.39
5.55
5.74
4.41
4.83
3.32
3.63
4.75
4.59
3.66

2.75
4.46
4.42
3.89
3.44
5.32
4.13
4.33
4.28
4.73
1.97
2.22
7.28
1.70
1.86
2.05
2.28
1.95
2.06
1.83
1.96
2.50
2.05
7.07
4.98
5.14
5.25
7.12
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a49-6-b9-linel
a49-6-b9-line3
a49-6-b9-line3
a49-6-b9-line3
a49-6-b9-line3
a49-6-b10b-linel
a49-6-b10b-linel
a49-6-b10b-line2
a49-6-b10b-line2
a49-60b10a-linel
a49-60b10a-linel
a49-60b10a-linel
a49-60b10a-linel

33333333333 3

m

30.41
30.90
30.85
29.86
28.62
28.77
29.54
31.24
29.68
29.40
28.95
29.35
29.61

18.51
16.85
16.09
17.99
18.21
19.25
18.62
18.20
19.21
18.06
18.38
20.08
19.06

4.43
3.08
3.01
3.96
3.90
3.09
3.64
3.45
3.41
4.04
3.48
3.34
2.69

1.42
2.66
2.64
2.65
2.01
1.38
1.71
1.67
1.40
1.93
1.62
1.45
1.58

47.92
46.59
45.26
47.14
45.97
46.76
47.20
48.07
47.30
46.46
45.92
48.32
46.68

102.69
100.09
97.85
101.59
98.71
99.25
100.70
102.63
100.99
99.89
98.35
102.55
99.63

50.06
52.51
53.49
49.71
48.86
48.72
49.54
51.57
49.33
49.66
49.47
48.08
49.78

42.40
39.83
38.81
41.66
43.24
45.35
43.44
41.80
44.41
42.44
43.70
45.76
44.59

5.70
4.08
4.07
5.14
5.19
4.08
4.76
4.45
4.42
5.32
4.64
4.28
3.53

1.85
3.57
3.62
3.49
2.71
1.85
2.26
2.18
1.84
2.57
2.18
1.88
2.10

*grain types include vein dolomite (v), aggregate dolomite (a), and isolated matrix dolomite (m)
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Appendix 1b: Composition of carbonate within ALH 84051

Wt%
Name graintype* CaO MgO FeO MnO COo2 Total
dolomite
a51-20a-b015 \ 29.24 18.76 4.92 1.56 47.47 101.95
a51-20a-b015 v 30.61 18.72 2.22 1.78 46.96 100.29
a51-20a-b015 \ 30.27 18.59 3.12 1.30 46.86 100.14
a51-20a-b015 v 30.03 18.43 4.70 1.25 47.40 101.81
a51-20a-b015 \ 28.56 18.04 4.75 1.15 45.82 98.32
a51-20a-b015 v 28.19 18.23 6.06 0.96 46.37 99.81
a51-20a-b015 v 26.98 1850 6.02 1.60 46.12  99.22
a51-20a-b015 v 28.84 17.89 5.26 0.72 4591 98.62
a51-20a-b015 \ 29.73 17.91 4.33 1.01 46.25 99.23
a51-20a-s16 v 29.29 19.88 3.35 1.40 47.63 101.55
a51-20a-s16 v 27.95 1830 4.34 1.26 4539 97.24
a51-20a-s16 v 28.40 17.81 4.93 0.96 4539 97.49
a51-20a-s16 \ 27.17 18.37 5.14 1.35 45.43 97.46
a51-20a-s16 v 28.19 1895 5.20 1.02 46.63  99.99
a51-20a-s16 v 27.70 18.04 5.91 1.08 45.74  98.47
a51-20a-s0 v 29.52 18.71 3.64 1.25 46.65 99.77
a51-20a-s0 v 29.43 19.22 3.56 1.18 47.02 100.41
a51-20a-s0 v 29.29 19.39 2.38 1.27 46.41 98.74
a51-20a-s0 v 29.10 19.22 351 1.14 46.71 99.68
a51-20a-s0 Y 30.15 17.94 3.40 1.16 46.12 98.77
a51-20a-s0 v 29.63 19.09 2.80 1.23 46.62  99.37
a51-20a-s0 v 29.84 1832 3.17 1.25 46.23  98.81
a51-20a-s0 v 2799 1798 6.39 1.57 46.61 100.54

Mol%

Ca Mg Fe Mn

48.40  43.20 6.36 2.04
51.19 43.56 2.90 2.35
50.79 43.40 4.09 1.72
49.78  42.50 6.08 1.64
49.01  43.07 6.36 1.56
47.75  42.96 8.01 1.28
4598 43.86 8.01 2.16
49.38  42.62 7.03 0.98
50.54 42.36 5.75 1.35
48.28  45.59 431 1.82
48.36  44.05 5.86 1.72
49.14  42.88 6.66 1.32
47.00 44.21 6.94 1.85
47.44 4437 6.83 1.36
47.54  43.08 7.92 1.47
49.71 43.84 4.78 1.67
49.14  44.65 4.64 1.56
49.54  45.63 3.14 1.70
48.92  44.96 4.61 1.51
51.38 42.54 4.52 1.56
4992  44.75 3.68 1.64
50.75 43.35 4.21 1.68
47.25  42.23 8.42 2.10
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a51-20a-s9
a51-20a-s9
a51-20a-s9
a51-20a-s9
a51-20a-s9
a51-20a-s9
a51-20a-s9
a51-20a-s9
a51-20a-s7
a51-20a-s7
a51-20a-s7
a51-20a-s7
a51-20a-s7
a51-20a-s7
a51-20a-s7
a51-20a-s12
a51-20a-s12
a51-20a-s12
a51-20a-s12
a51-20a-s12
a51-20a-s12
a51-71-s5
a51-71-s5
a51-71-s5
a51-71-s5
a51-71-s5
a51-70-s11
a51-70-s11

< < £ £ £ £ £ £ £ £ £ £ £ £ £ < £ < < <K <K <K K K <K << < <

28.04
28.88
28.82
29.87
28.62
25.97
29.25
28.90
27.83
28.20
28.08
27.24
27.36
26.32
29.16
27.49
29.30
29.18
29.22
29.61
30.39
29.28
30.26
29.12
29.14
29.25
28.48
29.26

17.29
18.27
19.46
19.41
17.95
17.87
18.29
18.88
18.21
17.27
17.42
17.79
17.68
18.59
17.89
18.57
18.58
18.95
19.05
18.68
18.34
18.49
18.33
17.57
18.30
19.34
17.89
19.11

4.92
4.76
2.86
3.35
5.85
7.17
3.86
2.92
5.00
4.88
4.48
6.06
6.50
6.57
4.25
6.85
4.51
4.04
2.89
2.86
4.04
3.09
3.44
4.48
5.22
4.50
5.13
3.50

1.90
1.04
1.71
1.19
0.68
1.45
1.13
1.20
1.09
1.79
1.88
1.37
1.10
1.34
1.12
1.79
1.03
1.19
1.06
1.24
1.10
1.96
1.01
0.98
0.98
1.11
1.30
1.29

45.17
46.19
46.70
47.43
46.11
45.36
45.99
45.86
45.74
45.13
45.07
45.46
45.47
45.84
45.73
47.16
46.76
46.83
46.18
46.18
47.05
46.33
46.52
45.40
46.67
47.54
45.86
46.77

97.32
99.14
99.55
101.25
99.21
97.82
98.52
97.76
97.87
97.27
96.93
97.92
98.11
98.66
98.15
101.86
100.18
100.19
98.40
98.57
100.92
99.15
99.56
97.55
100.31
101.74
98.66
99.93

48.82
49.09
48.45
49.42
48.76
45.11
49.91
49.49
48.04
49.08
49.01
47.12
47.25
45.09
50.06
45.75
49.26
48.93
49.67
50.35
50.71
49.65
51.07
50.35
49.02
48.31
48.76
49.09

41.88
43.20
45.52
44.69
42.55
43.18
43.42
44.98
43.73
41.82
42.30
42.82
42.48
44.31
42.73
43.00
43.46
44.21
45.06
44.19
42.58
43.63
43.05
42.27
42.83
44.44
42.62
44.61

6.69
6.31
3.75
4.33
7.78
9.72
5.14
3.90
6.74
6.63
6.10
8.18
8.76
8.79
5.69
8.90
5.92
5.29
3.83
3.80
5.26
4.09
4.53
6.05
6.85
5.80
6.86
4.58

2.61
1.40
2.27
1.56
0.91
1.99
1.53
1.62
1.49
2.46
2.59
1.87
1.50
1.81
151
2.35
1.37
1.58
1.43
1.67
1.45
2.63
1.35
1.34
1.30
1.45
1.76
1.71
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a51-70-s11
a51-70-s11
a51-70-s11
a51-70-s11
a51-70-s7
a51-70-s7
a51-70-s7
a51-70-s7
a51-16-s4
a51-16-s4
a51-16-s4
a51-16-s4
a51-16-s4
a51-16-s4
a51-16-s4
a51-16-s4
a51-16-s4
a51-16-s4
a51-16-s3
a51-16-s3
a51-16-s3
a51-16-s3
a51-12-s8
a51-12-s8
a51-12-s8
a51-12-s8
a51-12-s8
a51-12-s8

3 333333333333333338383-=<-<<<z<z<<c<

28.17
26.60
28.48
27.78
28.79
29.15
31.48
24.28
26.56
26.93
26.84
20.47
25.10
27.48
29.14
28.49
28.63
29.00
27.52
28.53
28.83
26.45
29.57
29.80
28.96
29.08
29.12
29.51

18.42
17.02
18.01
17.24
19.43
19.13
18.50
18.53
17.35
17.79
18.16
17.56
17.92
17.76
17.74
18.72
18.95
18.63
17.88
18.23
18.51
18.70
18.65
18.29
18.88
19.36
18.57
17.47

4.94
6.84
4.40
5.48
2.61
3.36
3.37
8.72
6.78
5.86
6.16
13.29
6.70
6.48
3.96
4.26
3.66
2.97
6.17
5.25
5.49
7.55
3.37
3.40
3.72
4.31
4.27
4.09

1.59
1.63
1.48
1.47
1.22
1.08
1.47
1.42
1.60
1.78
1.42
1.57
2.72
0.96
1.05
1.03
1.12
1.22
1.31
0.79
0.87
1.35
1.70
1.50
1.46
1.40
1.36
1.42

46.25
44.79
45.65
44.95
46.17
46.50
47.87
45.69
44.96
45.26
45.56
44.74
45.10
45.54
45.44
46.06
46.10
45.75
45.74
46.04
46.74
46.66
46.70
46.48
46.55
47.49
46.60
45.64

99.37
96.88
98.02
96.92
98.22
99.22
102.69
98.64
97.25
97.62
98.14
97.63
97.54
98.22
97.33
98.56
98.46
97.57
98.62
98.84
100.44
100.71
99.99
99.47
99.57
101.64
99.92
98.13

47.82
46.74
48.98
48.56
48.94
49.20
51.60
41.87
46.39
46.70
46.25
36.22
43.72
47.37
50.47
48.55
48.74
49.82
47.25
48.67
48.41
44.51
49.70
50.43
48.85
48.08
49.05
50.76

43.50
41.61
43.10
41.93
45.96
44.93
42.19
44.46
42.16
42.93
43.54
43.23
43.43
42.60
42.75
44.39
44.89
44.53
42.71
43.27
43.24
43.78
43.62
43.07
44.31
44.53
43.52
41.81

6.55
9.38
5.91
7.48
3.46
4.43
431
11.74
9.24
7.93
8.28
18.35
9.11
8.72
5.35
5.67
4.86
3.98
8.27
6.99
7.20
9.92
4.42
4.49
4.90
5.56
5.61
5.49

2.13
2.26
2.01
2.03
1.64
1.44
1.90
1.94
2.21
2.44
1.93
2.20
3.75
131
1.43
1.39
151
1.66
1.78
1.07
1.15
1.80
2.26
2.01
1.95
1.83
1.81
1.93
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a51-12-s8
a51-12-s8
a51-12-s3
a51-12-s6
a51-12-s6
a51-12-s6
a51-12-s6
a51-12-s6
a51-12-s6
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a51-12-s6
a51-12-s6
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a51-12-s6
a51-12-s6
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29.91
30.90
2541
26.18
25.76
25.04
25.08
23.88
24.79
26.50
24.44
25.67
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a51-2-b1-14 a 25.44 19.18 6.96 2.42 46.89 100.89 42.78  44.87 9.13 3.22
a51-2-b1-14 a 27.95 17.97 5.96 2.39 46.69 100.96 46.98 42.03 7.82 3.18
a51-2-b1-14 a 28.71 16.44 6.01 2.66 4581 99.63 49.18  39.18 8.04 3.60
a51-2-b1-14 a 27.07 15.01 10.29 291 45.78 101.06 46.44 35.83 13.78 3.95
calcite
a51-12-s8 m 53.47 0.20 0.95 0.28 42.98 97.89 97.72 0.52 1.35 0.41
a51-12-s8 m 55.51 0.10 0.77 0.28 44.33 100.98 98.31 0.24 1.06 0.39
a51-12-s8 m 56.00 0.09 0.80 0.43 4481 102.12 98.10 0.21 1.09 0.59
a51-12-s8 m 56.14 0.11 0.75 0.52 4499 102.50 98.00 0.27 1.02 0.71
a51-12-s8 m 5492 0.16 0.76 0.52 44.07 100.44 97.80 0.40 1.06 0.74
a51-12-s8 m 56.31 0.10 0.71 0.54 45.09 102.75 98.05 0.25 0.96 0.74
a51-12-s8 m 53.73 0.08 0.70 0.48 4299 97.98 98.10 0.19 1.00 0.70
a51-12-s8 m 54.06 0.14 0.70 0.46 4332 98.68 98.01 0.34 0.99 0.65
a51-12-s8 m 54.66 0.12 0.65 0.39 43.69 99.52 98.22 0.30 0.92 0.56
a51-12-s8 m 54.73 0.08 0.65 0.36 43.68 99.50 98.38 0.19 0.91 0.51
a51-12-s8 m 54.74 0.00 0.37 0.09 43.25 98.44 99.36 0.00 0.52 0.13
a51-12-s8 m 55.19 0.00 0.33 0.06 43,57 99.16 99.44 0.00 0.47 0.09
a51-12-s8 m 54.27 0.03 0.25 0.09 42.84 97.48 99.43 0.08 0.36 0.13
a51-12-s8 m 55.03 0.00 0.23 0.03 4336  98.65 99.64 0.00 0.32 0.05
a51-12-s8 m 56.26  0.00 0.23 0.04 44.32 100.84 99.64 0.00 0.31 0.05
a51-12-s8 m 55.49 0.00 0.23 0.01 43.69 99.42 99.66 0.00 0.33 0.01
a51-12-s8 m 55.24 0.00 0.21 0.01 43,50 98.97 99.68 0.00 0.30 0.02
a51-12-s8 m 5499 0.00 0.25 0.07 4336  98.67 99.54 0.01 0.36 0.10
a51-12-s8 m 55.63 0.00 0.26 0.08 43.87 99.84 99.53 0.00 0.36 0.11
a51-12-s8 m 55.35 0.00 0.32 0.09 4371  99.47 99.42 0.00 0.45 0.13
a51-12-s8 m 56.59 0.00 0.33 0.09 44.69 101.70 99.42 0.00 0.46 0.12
a51-12-s8 m 54.87 0.00 0.30 0.10 4331 98.59 99.42 0.00 0.43 0.15
a51-12-s8 m 55.17 0.00 0.22 0.02 43.45 98.86 99.66 0.00 0.31 0.03
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a51-12-s8 m 55.05 0.03 0.31 0.07 43.46  98.91
a51-12-s8 m 54.43 0.05 0.43 0.17 43.14  98.21
a51-12-s8 m 54.86 0.00 0.59 0.10 43.51  99.06

99.40
99.03
99.03

0.07
0.12
0.00

0.43
0.60
0.83

0.10
0.25
0.14

* grain types include vein dolomite (v), aggregate dolomite (a), and isolated matrix dolomite (m)




CHAPTER 2

Very late timing of CR1 GRO 95577 aqueous alteration: a NanoSIMS **Mn->*Cr
study of siderite

1 Abstract

Petrographic studies of the CR1 chondrite GRO 95577 show that it contains three
compositionally-distinct carbonates: calcite, siderite, and rare dolomite. This carbonate
assemblage is unique amongst CI, CM, and CR chondrites, but similar to that within
Tagish Lake. The siderite is very Mn-rich, has a highly variable composition, and may be
chemically zoned. Calcite and dolomite exhibit sharp boundaries between different
chemical zones. To constrain the timing of aqueous alteration, we report in-situ Mn-Cr
isotopic compositions of siderite obtained by NanoSIMS analyses. The weighted
regression of multiple regions of interest from 8 siderite grains shows that the initial
>Mn/>*Mn was essentially zero ((-1.38 x10°® + 4.64) x 108, 25). If the upper bound of
the error defines an isochron, the earliest possible precipitation age consistent with the
measured values is 19.5 Myr after the LEW 86010 angrite benchmark (~4538Ma, ~30
Myr after CAlSs). This represents the youngest carbonate age measured to date in any
carbonaceous chondrite. Low temperature alteration estimates from thermometry of
extracted organic matter from GRO 95577 shows that these young ages are not likely to
be due to temperature resetting of the Mn-Cr system. The preservation of complex
compositional zoning demonstrates that the carbonate grains were never heated to
temperatures approaching the closure temperatures for cation diffusion in carbonates.
This observation has important implications for the nature of the heat source that warmed
the CR parent body. A large parent body capable of retaining heat, such as 2 Pallas, could
explain the longevity of liquid water and the young age of siderite. Alternatively,
transient heating from impacts could have melted ice late and allowed siderite to
precipitate.

2 Introduction

Many meteorites, especially carbonaceous chondrites, have been strongly affected by
water. The CR chondrite group has the widest range of aqueous alteration of any of the
carbonaceous chondrite groups (Weisberg and Huber, 2007). The CR chondrite

population includes rare, unaltered type 3 CR chondrites, common, intermediately altered
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type 2 chondrites, and only one recognized completely altered type 1 sample, GRO
95577 (Weisberg et al., 1993; Weisberg and Huber, 2007; Abreu and Brearley, 2010).
GRO 95577 has undergone extensive aqueous alteration, with pervasive and possibly
prolonged fluid activity on its parent body (Weisberg and Huber, 2007). Only a few relict
olivine and pyroxene grains remain, generally within the largest chondrules. Carbonates,
a direct product of aqueous alteration (Brearley, 2006), are common and distributed
throughout. In addition, the abundant, original metal has been replaced by magnetite.
Although it is clear that some CRs have experienced extensive alteration, the timing of
alteration is poorly constrained. Furthermore, the temporal relationship between

alteration on the CR parent body versus other parent bodies is unknown.

CR chondrites are thought to be the most primitive of all carbonaceous chondrites,
but many of the components show evidence of the interaction with water. They can be
identified by abundant (40-60 vol%) large, layered chondrules (0.2 - 3 mm diameter),
matrix (>30 vol%), common chondrule metal, secondary magnetite framboids, and fine-
grained dark inclusions (Weisberg et al., 1993). In CRs, dark inclusions are clasts
characterized by fine-grained phyllosilicate matrix and rare chondrules (Zolensky et al.,
1992; Weisberg et al., 1993; Endress et al., 1994). CR chondrites contain the most
primitive organic matter and amino acid species found in carbonaceous chondrites;
primitive organic matter has experienced few hydrolysis reactions and may contain
anomalous N and H isotope values (Alexander et al., 1998; Busemann et al., 2006;
Glavin and Dworkin, 2009). CR chondrites have bulk refractory and moderately volatile
element compositions that are similar to Cls, but are depleted in volatile elements like

Mn, Na, and K (Weisberg et al., 1995). Additionally, Robert et al. (2006) note that CR
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chondrites have very high whole rock D/H ratios compared to ClI, CM, and CV
chondrites. In a three oxygen isotope plot, whole rock (WR) CR chondrites form a line
with a 8'%0/8'70 slope of ~0.7, distinct from the terrestrial fractionation line (TFL),
Carbonaceous Chondrite Anhydrous Mixing (CCAM) line, and most other carbonaceous
chondrite fields (Weisberg et al., 1993; Schrader et al., 2011). The WR oxygen isotopic
compositions of CR chondrites are, in part, the result of the interaction of water with the
primary anhydrous minerals within CR meteorites (Clayton and Mayeda, 1984; Clayton

and Mayeda, 1999).

Unlike CV, CM, and CI chondrites, little is known of the nature and timing of
aqueous alteration within the CR parent asteroid. The **Mn->*Cr short-lived radionuclide
system (ty, = 3.7 Myr) has been used to date the formation ages of carbonates in CI1,
CM1, and CM2 chondrites, and in Kaidun (a unique polymict breccia) and constrains
aqueous alteration to within 10 million years of CAl formation (Endress et al., 1996;
Hutcheon and Phinney, 1996; Hutcheon et al., 1998; Brearley and Hutcheon, 2000; Krot
et al., 2006; Hoppe et al., 2008; de Leuw et al., 2009; Petitat et al., 2009; Petitat et al.,
2011b; Fujiya et al., 2012). These results are consistent with models of aqueous alteration
in planetesimals and asteroids that use both the decay of short-lived radionuclides and
exothermic hydration reactions as the key heat-producing processes (Clayton and
Mayeda, 1984; Grimm and McSween, 1989; Clayton and Mayeda, 1999; Young et al.,
1999; Cohen and Coker, 2000; Rosenberg et al., 2001; Young, 2001). Most of these
thermal models use “°Al decay as the potential early solar system heat source. At present
there is no unequivocal evidence for aqueous alteration in carbonaceous chondrites after

26Al and ®°Fe (t,, 0.73 and 1.5 Myr respectively) had gone extinct (Kita et al., 2005).

85


file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_104
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_90
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_22
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_21
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_21
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_29
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_47
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_48
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_14
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_65
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_65
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_45
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_26
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_76
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_78
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_78
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_35
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_22
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_22
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_43
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_21
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_110
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_110
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_24
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_83
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_111
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_60

No short-lived radionuclidic system has been used to constrain the formation ages of
secondary minerals in CR chondrites, with the exception of the polymict breccia Kaidun
(Weisberg et al., 1995). In Kaidun, Hutcheon et al. (1999b) measured Mn-Cr systematics
of carbonates in three distinct lithologies (CR, CI, and CM) and Petitat et al. (2011b) also
examined carbonates in the CI lithology. Kaidun, however, has experienced heating and
brecciation atypical of most CR chondrites (Zolensky et al., 1996). Furthermore, its
classification as a CR chondrite may be controversial (Zolensky and Ivanov, 2003).
Although its host may indeed be the CR parent body, Kaidun certainly is not

representative of the group as a whole.

GRO 95577 provides an excellent opportunity to study the occurrence,
distribution, and composition of secondary carbonate minerals in CR chondrites. To
date, carbonates in CR chondrites have not been extensively studied (Zolensky et al.,
1992; Weisberg et al., 1993). Ca-carbonate (probably calcite) has been described in CR
chondrites (Zolensky et al., 1992; Weisberg et al., 1993; Weisberg et al., 1994; Weisberg
and Huber, 2007). Three types of secondary carbonate minerals are found in GRO 95577
and are larger than the typical submicron grains reported in most CR chondrites
(Weisberg et al., 1993). The larger dimensions of the carbonates in GRO 95577 provide
an opportunity to study the carbonate chemistry and isotope composition in a CR
chondrite in detail for the first time. In this paper we report the occurrence, distribution,
and composition of secondary carbonate minerals in GRO95577. These data provide
insights into the chemistry of the parent aqueous fluid(s), the timing of carbonate

precipitation, and to help constrain when liquid water was active in the CR parent body.
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Understanding the duration of aqueous alteration on the CR chondrite parent body

provides input to thermal models and constrains potential early heat sources in asteroids.

3 Samples and Methods

Polished petrographic thin sections of GRO 95577, 30 and GRO 95577, 53 were
provided by the Antarctic Meteorite Working Group for use in this study. The samples
were first examined by optical microscopy to identify locations of carbonate grains.
Multiple petrographic microscopic images were taken in plane, cross-polarized, and
reflected light and stitched together using Hugin [Sourceforge] panoramic software.
These large format images were used to estimate carbonate location and distribution, and
were essential for navigation in subsequent micro and nano-scale analytical studies.
These images were also used to evaluate whole rock petrographic textures. Selected
carbonate occurrences were then studied in detail using a Scanning Electron Microscope
(SEM) using backscattered electron imaging (BSE) and Energy Dispersive Spectroscopy
(EDS) X-ray mapping. Quantitative chemical analysis of individual carbonate grains was
carried out by Electron Probe Microanalysis (EPMA) prior to Mn-Cr isotopic analysis by

Nanoscale Secondary lonization Mass Spectrometry (NanoSIMS).

SEM imaging and X-ray mapping were carried out on a FEI Quanta 3D Field
Emission Gun SEM/Focused lon Beam (FIB) instrument in the Department of Earth and
Planetary Sciences at the University of New Mexico. BSE image mosaics and full
spectral imaging X-ray maps of the thin sections were obtained on this instrument, as
well as high resolution BSE images of individual grains. The X-ray maps were used to

determine the carbonate mineralogy, distribution, and modal abundance, and to provide
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qualitative compositions of grains on a pixel-by-pixel basis. X-ray mapping was
performed with an EDAX Apollo 40 SDD EDS at an accelerating voltage of 30 kV, 32
nA beam current, and 200 us dwell time with ~90,000 counts per second and ~33%
deadtime at a resolution of ~1.7um per pixel. A full EDS spectrum was obtained for each

pixel.

Electron microprobe point analyses and high-magnification quantitative X-ray
maps were obtained using a JEOL 8200 Superprobe in the Electron Microbeam Facility
at the University of New Mexico. Analyses were obtained at an accelerating voltage of
12 kV and 10 nA beam current using Wavelength Dispersive Spectrometry (WDS).
Beam size was set at 1 um to optimize spatial resolution, minimize the possibility of
beam overlap with adjacent phases, and restrict the extent of beam damage within single
grains which can affect later Mn-Cr analyses by NanoSIMS. Calibration for the
microprobe analyses was performed on spessartine (Si, Mn), celestite (Sr), dolomite (Ca,
Mg), and siderite (Fe). Although Sr was analyzed, its concentration was consistently at or
below detection limits in almost all analyses. EPMA X-ray maps were taken of individual
carbonate grains, typically using 25x25um field of view at 2 um/pixel resolution and at

running conditions similar to that used during point analyses.

The Mn-Cr isotope abundances of several siderite grains were analyzed using the
Lawrence Livermore National Laboratory Cameca NanoSIMS 50. A ~70 pA primary O
beam was rastered over areas between 25x25 um and 30x30 um in size to produce
guantitative secondary ion images. Positive secondary ions were acquired in a combined

peak jumping, multi-collection mode, simultaneously measuring *Mg*, #Si*, *Ca",
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2Cr*, and >*Mn*, and subsequently stepping the magnetic field to measure >*Cr" and
®Fe* The secondary ion intensities were corrected for background and counting system
dead time. A mass resolving power of ~3600 was used in order to eliminate potential
interferences. *>Mn/*Cr and >3Cr/°*Cr ratios were calculated for selected regions of the
total image using image processing software (L’Image by L. Nittler). Each ion image was
subdivided into three regions of interest (ROIs) based on calculated *°Mn->*Cr ratios.
EPMA-damaged areas were digitally removed from consideration. Measured >>Mn->2Cr
ion ratios were converted to atomic ratios using a relative sensitivity factor (RSF) of 0.93

which was determined from repeated measurements of San Carlos olivine.

4 Results
4.1 Petrography
4.1.1 Whole rock petrography

The thin sections GRO 95577, 30 and GRO 95577, 53 contain two distinct
lithologies, the host CR lithology and dark lithology. Dark lithology (DL) is equivalent to
the terms ‘dark inclusions’ or ‘dark clasts’ used elsewhere (e.g. Zolensky et al., 1992;
Endress et al., 1994); however, because DL is so extensive in our examined sections, the
term “lithology” is more correct than “inclusions”. This observation differs from that of
Weisberg and Huber (2007); they observed predominantly the host CR1 lithology with
subordinate dark inclusions in GRO 95577, 11. In both samples, no anhydrous silicates
(such as olivine) were observed; both lithologies in both sections are fully aqueously
altered and consistent with classification as a CR1 (Weisberg and Huber, 2007). This is in
contrast to the observations of Weisberg and Huber (2007), where rare anhydrous grains

were observed. Sample GRO 95577, 30 contains completely hydrated DL and host. Most
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of this sample is CR host lithology, with one ~2 mm sulfide-bounded DL clast and one
extensive DL area with diffuse boundaries (see Fig. 1a and b) that constitutes ~1/3 of the
section. Sample GRO 95577, 53 is 100% DL with some embedded chondrule fragments

and two large (>2 mm) rimmed chondrules present (visible in Figures 1c, 1d, and 2a).

The CR host lithology in GRO 95577, 30 is chondrule supported with matrix
interstitial to the chondrule pseudomorphs. Chondrule pseudomorphs range from less
than 0.5 mm to almost 2 mm in diameter. Fine-grained rims are visible around
chondrules, although some may have been removed through brecciation. Chondrule
pseudomorph mineralogy is similar to that observed by Weisberg and Huber (2007), with
all chondrules replaced by secondary minerals such as phyllosilicates. The fine-grained
matrix in the host CR lithology comprises 30-40 vol% of the sample, similar to that
observed in GRO 95577, 11 (Weisberg and Huber, 2007). The matrix is phyllosilicate-
dominated with accessory magnetite framboids (~300 nm - 10 um), pyrrhotite (10-
100um), pentlandite (1-10 um), and carbonate minerals. Sulfide grains within the host
are concentrated in the interstitial matrix and are coarser-grained than those found within

the DL (~50 um maximum diameter vs. ~100 um maximum size in the host).

In addition to magnetite framboids, large (~150 um to 1 mm diameter), rounded
magnetite grains are also present in GRO 95577, 30 in the host lithology (Figs. 1 and 2).
These likely are alteration products of large metal grains. Magnetite associated with
chondrules in GRO 95577, 11 occasionally has a core of unaltered metal that has escaped
aqueous alteration (Weisberg and Huber, 2007). Although metal is common in CR

chondrites, large metal or pseudomorphic magnetite grains have not been described in the
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CR chondrite group (e.g. Wasson and Rubin, 2010). Large metal grains, however, are
common within CB chondrites (part of the CR chondrite clan), but are associated closely

with sulfide (Krot et al., 2002), unlike metal in CR chondrites.

Fine-grained rims up to 100 um thick and alteration zones surround the large
magnetite grains in GRO 95577, 30. In one large magnetite grain (Fig 2c), patchy zoning
is visible in the BSE image, likely due to chemical zoning. The large magnetite grain is
bordered by sulfide and a fine-grained rim. Two other observed grains (Fig. 2d and 2e)
are concentrically zoned. These two grains are also rimmed by fine-grained
phyllosilicate, thin sulfide arcs, and, in Figure 2e, scalloped or etched margins. Figure 2f
is a magnified image of one such margin which consists mainly of phyllosilicates. A
calcium phosphate mineral embedded within this complex magnetite margin was

identified by EDS.

The dark lithology in GRO 95577 consists of more fine-grained material (~70
vol% matrix, ~30 vol% chondrules) than the host lithology. Some hydrated chondrules
and chondrule relict fragments are observed in the DL, and are more common in GRO
95577, 30 than in the DL of GRO 95577, 53. As noted by Weisberg and Huber (2007) in
GRO 95577, 11, many chondrule pseudomorphs resemble altered type 1 chondrules. Two
chondrule pseudomorphs in GRO 95577, 53 are quite large at ~3 mm in diameter (Fig. 1,
Fig. 2a and 2b). More typical chondrule pseudomorphs in the DL range from ~100-500
um. Accessory sulfides, magnetite, and carbonates are disseminated throughout the DL,

and, as noted above, are often finer-grained than the same phases within the host.

91


file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_103
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_64
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_107

4.1.2 Carbonate petrography and chemistry

Three different carbonate phases, siderite, calcite and dolomite, coexist in GRO
95577, 30 and GRO 95577, 53. Only one other observation of magnesium siderite in the
CR3 chondrite MET 00426 has been previously described (Brunner and Brearley, 2011).
Calcium carbonate in GRO 95577 is probably calcite, although no test was used to
differentiate calcite from aragonite or vaterite. Mineral modal abundances determined
from whole thin section X-ray maps of GRO 95577, 53 (Fig 1d) show that calcite makes
up 2.9 vol%, siderite 1.0 vol. %, and 7.2 vol% sulfide minerals. Sample GRO 95577, 30
DL has similar modal abundances with 3.0 vol% calcite, 1.5 vol% siderite, and 8.5 vol. %
sulfide. GRO 95577, 30 CR host lithology contains 1.7 vol% calcite, 0.6 vol% siderite,
and 6.7 vol% sulfide. Dolomite abundances were not resolvable at the 2 um/pixel
resolution of either X-ray map. Very rare dolomite (<2 um diameter), however, was
observed and identified with the SEM and EDS while surveying carbonate-rich areas at

high magnification.

Carbonates typically show spatial associations with other secondary minerals.
BSE images illustrate characteristic textural characteristics and mineral associations of
the carbonates (Fig. 4). Within the DL, calcite, siderite, and pyrrhotite are closely
associated. Complex structures, possibly an expression of a three dimensional mesh
texture, are apparent in X-ray maps (Fig. 3). Secondary minerals such as carbonates and
sulfides are found generally in the matrix; these minerals also may be concentrated on the
periphery of chondrule pseudomorphs as shown in Figure 3c. Secondary mineral
associations in the CR host lithology are similar to those in DL. Magnetite framboids,

also commonly associated with carbonates calcite and siderite, were only observed in the
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host lithology. Magnetite in the DL often occurs as asymmetrical platelets (Fig. 4b and
4c). Carbonate minerals are common in the matrix of both analyzed thin sections but are
not observed inside chondrule pseudomorphs. In the DL, carbonate grains are more
uniformly distributed and more common than within the host CR lithology. The host

contains sparse, patchy occurrences of carbonate within interstitial matrix.

Figure 4 shows typical associations between carbonate, magnetite framboids, and
pyrrhotite in both lithologies. Calcite (Fig. 4a-4c) occurs as irregularly-shaped grains 10-
30 um diameter that typically have a corroded or embayed outline, but can also display a
sinuous morphology (Fig. 4c). Calcite and siderite grains in both lithologies and thin
sections are commonly corroded. Corroded calcite may also contain inclusions of
magnetite framboids (Fig. 4a). Siderite grains are typically smaller (1-10 um diameter)
and less common than calcite grains and occur as patchy, irregularly-shaped grains (Fig.
4b and 4c). Siderite can occur interstitially to the magnetite framboids (Fig. 4d). Siderite
grains also commonly surround pyrrhotite (Fig. 4e and 4f); this pyrrhotite typically has
corroded or embayed outlines. Patches of corroded, fine grained (<5um) siderite may
extend for tens of microns, or siderite can occur intermingled with phyllosilicate (e.g.,
Fig. 4b). Siderite often occurs associated with calcite. Figure 4a shows an example of a
narrow overgrowth of siderite 2-5 microns thick around the periphery of an embayed
calcite grain. Calcite and siderite may be surrounded by voids partially infilled by fibrous
phyllosilicates. Many siderite grains surround pyrrhotite in what may be a pseudomorphic

texture. For example, Figure 4f shows siderite rimming pyrrhotite.

Dolomite (Fig. 4c) is the least abundant carbonate in both thin sections; only three

grains were observed. Dolomite occurs as grains that have a euhedral or blocky
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morphology and are very fine-grained (1-Sum diameter). Dolomite was only observed in
the DL and in every case was found abutting sulfide and associated with nearby calcite

and siderite.

High contrast BSE imaging shows that subtle chemical zoning is present in all
three carbonate phases in GRO 95577 as shown in Figure 5. The compositional zoning in
dolomite (Fig. 5a) and calcite (Fig. 5b) is sharply defined. In the dolomite grain shown in
Figure 5a, a darker rhombohedral core is surrounded by brighter, higher Z, dolomite.
Calcite, such as that in Figure 5b may be divided into sharply defined zones. Most small
siderite grains do not exhibit zoning, although patchy zoning occurs in large grains over
20 um in diameter. Figure 5c, for instance, shows a large siderite grain where brighter
areas have less MgO (~1 wt. %) than dark areas.

Representative compositions of calcite and dolomite determined by EPMA are
reported in Table 1; all analyses are given in the Appendix. Calcite compositions show a
range of 95.8 - 98.9 mol% CaCOg3, 0.3-2.1 mol% FeCO3, 0.2-2.0 mol% MgCOs, and 0-
0.4 MnCOg3. While calcite is nearly pure, dolomite has significant solid solution with
other carbonate components. Four electron microprobe analyses of one dolomite grain
show compositions as follows: CaCOj3 (45.5-50.1 mol%), MgCQOj3; (26.0-31.6 mol%),

MnCQOj3 (12.9-17.4 mol. %), and FeCOg3 (7.6-9.2 mol. %).

Determination of the chemical composition of siderite grains by EPMA presented
some challenges. Although analytical conditions were selected to reduce beam damage
and to limit overlap of the interaction volume with adjacent grains, few analyses were
completely free of X-ray contributions from adjacent silicate phases, either due to beam

overlap or due to secondary fluorescence of adjacent grains. To address this problem,
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analyses with Si in excess of 2 wt% were discarded. The chemical composition of siderite
is compositionally variable, as shown in Figures 5d and 6. FeCOs ranges from 36.8 —
50.0 mol%, MgCOs3; from 25.8-43.2 mol%, MnCOj3 from 10.0-32.0 mol%, and CaCOg3
from 2.2-6.5 mol% (Table 1). Although we use the term siderite to describe these
carbonates, they clearly show significant substitution of Fe by Mg and Mn. Chang et al.
(1998) define siderite with ~5-30 mol% MgCOs3 as sideroplesite and ~5 to 40 mol%
MnCQOgs as oligonite. Although GRO 95577 siderite is intermediate in composition
between oligonite and sideroplesite and has an extensive range in composition, we
continue to call it siderite for the lack of a better term. Regardless of the lithology or the
sample, siderite compositions plot in the same area and form a well-defined linear trend
on a Fe-Mn-Mg ternary diagram (Fig. 6). The Fe/Mg ratio decreases slightly in siderite as
the trend moves towards the Mn apex. Although there is a slight negative correlation of

Mg and Ca exists (R?=0.2), Ca does not vary significantly with Fe or Mn.
4.2  Siderite Mn-Cr isotope systematics

The high concentrations of Mn in siderite in both GRO 95577 samples make it an
ideal mineral to analyze the Mn-Cr isotopic composition. We measured the >*Mn->*Cr
isotope systematics of three siderite grains from GRO 95577, 53 and five grains from
GRO 95577, 30; two grains within the DL and three grains from the host lithology
(Appendix 2). The **Cr/*2Cr isotopic compositions of all grains are indistinguishable
within error from the terrestrial siderite standard (Table 2, Fig. 7). A Williamson
regression of the data gives a (**Mn/*>Mn), of (-1.38 + 4.64) x 10®. The upper limit for
(*Mn/**Mn), at the time the siderite formed is **Mn/*°Mn < 8.4x10°® based on the 2o
upper bound to the slope of a line fitted to the data and forced through the terrestrial
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3Cr/*?Cr ratio at Mn/Cr = 0. No significant difference between the Mn-Cr isotope
systematics of siderite within the host, DL, or between samples is observed. This is the

lowest (>*Mn/>°Mn), measured in any extraterrestrial carbonate to date.

5 Discussion

As shown above, GRO 95577 is highly aqueously altered and divided primarily
into two lithologies, the CR host and a finer grained dark lithology (DL). Below we
discuss the general petrology to highlight the uniqueness of this meteorite. Carbonates, in
particular, are discussed to put them in a petrologic context, evaluate the water chemistry
from which they precipitated, and constrain maximum temperatures reached after they
formed. This information is important to evaluate Mn-Cr isotope results and affirm that
the system has not been disturbed or terrestrially contaminated. Our results suggest that
siderite precipitation was extraterrestrial and represents processes that occurred much
later in solar system history than any currently recognized secondary alteration in

chondrites.
51 Petrography of secondary mineralogy in GRO 95577

Both DL and CR host lithologies in GRO 95577 are completely altered, confirming
the observations of Weisberg and Huber (2007). We did not observe anhydrous silicate
grains, even in large pseudomorphs of the original grains. Nor did we observe relict metal
encased within magnetite. Even the large, millimeter scale magnetite bleb (Fig. 2c)
contains no relict metal. These observations are atypical of CR2 chondrites because dark

inclusions generally show a higher degree of aqueous alteration than the host CR
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lithology (Zolensky et al., 1992; Weisberg et al., 1993; Endress et al., 1994). GRO 95577,

however, shows the same degree of hydration in both lithologies.

High volumes of DL may to be related to higher overall degree of aqueous
alteration in GRO 95577. Several authors (e.g., Weisberg et al., 1993; Endress et al.,
1994) note that CR chondrites commonly contain hydrated dark inclusions that are
mineralogically and texturally distinct from the host CR chondrite. Weisberg and Huber
(2007) reported a particularly high abundance of a dark inclusion lithology (DL) in GRO
95577, an observation that is confirmed by our study of two additional thin sections of
this meteorite. According to Weisberg and Huber (2007) the fine-grained component of
GRO 95577, including CR chondrite matrix and the DL, constituted > 30 vol% of the
sample. GRO 95577, 30 contains more than 40% matrix and, as mentioned above, GRO
95577, 53 is entirely DL (~70% matrix). In comparison, the CR2 chondrite Al Rais
contains ~70 vol% DL and is also one of the most hydrated and volatile-rich CR
chondrites (Kallemeyn and Wasson, 1982; Weisberg et al., 1993). More work, however,
would be needed to determine if there could be a causal relationship between abundance

of hydrated DL and hydration of the host lithology.

One question that remains is whether aqueous alteration occurred before or after
emplacement of the DL within the host lithology. In CR2 chondrites, where the DL is
more altered than the CR host, much of the alteration must have occurred before the
lithologies were comingled. In GRO 95577, although all the primary components of the
host CR lithology and the DL are altered, there are minor differences between the styles
of alteration in the two lithologies. For example, although magnetite is common in both

lithologies, magnetite framboids are common in the CR host matrix but not within DL.
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The absence of magnetite framboids in DL has been observed in other CR chondrites as
well (Weisberg et al., 1993). Large magnetite grains are also restricted to the CR host
lithology. In addition to magnetite, sulfide minerals in the CR host are noticeably larger
than within DL. In other CRs, coarse-grained sulfides tend to be associated with
chondrules (e.g., Wasson, 1996; Schrader et al., 2008); fine grained sulfides dominate the
matrix and DL (Lee et al., 1992; Abreu and Brearley, 2010). For example, Lee et al.
(1992) identified disseminated fine-grained sulfides such as pentlandite throughout the
fine grained material of analyzed CR chondrites. Whether these and other mineralogical
differences are due to different aqueous alteration histories before the two lithologies
were comingled or are simply a reflection of similar alteration affecting the different

petrology of the two lithologies is explored more below.

Another difference, as noted in the Results, is that the DL contains more siderite
and calcite than the host. Sulfide abundances between the two lithologies, however, are
similar, 7.2-8.5 vol% sulfide in DL and 6.7 vol% sulfide in CR host lithology. As we
found carbonates solely in fine-grained material, the dissimilarity in carbonate modal
abundances is a reflection of the different abundances of fine grained material in both
lithologies. Carbonates primarily are restricted to the matrix and DL, perhaps because the
chondrules, during alteration, produced microenvironments not conducive to carbonate
formation (Brearley, 2006). Furthermore, as noted above, carbonate formation that is
limited to the matrix due to favorable geochemical conditions (e.g. higher pH) may also
cause the difference in carbonate modal abundance in CR host lithology compared to

within DL.
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The carbonate assemblage in GRO 95577 of calcite, siderite, and dolomite is
unique amongst all carbonaceous chondrites. To our knowledge, occurrences of siderite
have been noted in CI chondrites (Endress et al., 1996), in ungrouped Tagish Lake
(Zolensky et al., 2002; Izawa et al., 2010), and in the CR 3.0 MET 00426 (Brunner and
Brearley, 2011). The siderite found here, however, is a unique composition that is more
enriched in Mn than that found in Tagish Lake or in CI1 chondrites. The siderite
compositions represent the highest MnO contents of any carbonate found in a CR
chondrite. The highest previous concentration of Mn found in a CR chondrite carbonate
is 5.6 mole% MnCOs reported in calcite from a dark lithology in Renazzo (Weisberg et
al., 1993). Rare breunnerite (28 wt% CaO, 8.4 wt% FeO, 17.8 wt% MgO, 1.9 wt%
MnO), occurs in dark inclusions in Acfer 059/El Djouf 001 (Endress et al., 1994), but has
a composition quite different from the carbonate in GRO 95577. In GRO95577, Mn is

concentrated in siderite more than any other phase (Fig. 3).

All three carbonates are spatially associated with sulfide minerals, primarily
pyrrhotite. Carbonates are also associated with magnetite. Weisberg et al. (1993)
observed that calcite may form interstitially within magnetite framboid clusters.
Similarly, in the CR host lithology we observe interstitial calcite and siderite in
framboids. The correlation of carbonate and sulfides has been observed in CM chondrites
primarily as simple associations like sulfide or tochilinite rims around carbonate (e.g., de
Leuw et al., 2010). Mineral associations in GRO 95577 are much larger in scale;
concomitant sulfides and carbonates are distributed in matrix between chondrule
pseudomorphs on a scale of millimeters. In the third dimension, these structures may

form a web of associated secondary minerals surrounded by phyllosilicate minerals (Fig.

99


file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_29
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_115
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_53
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_18
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_18
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_104
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_104
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_28
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_104
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_27
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_27

3). These structures can be seen in the DL as well, although they are less well defined
than in the host lithology. Whether this texture is the result of relict chondrules in DL that

are now difficult to identify or results from other processes is difficult to determine.

At a finer scale, there are petrographic relationships between carbonates and
associated sulfide and magnetite that constrain the timing of mineral precipitation and
dissolution events. The timing we report below may not be the only progression possible,
as some microchemical environments not have been observed. Disregarding
phyllosilicate minerals, magnetite was probably first in the secondary mineral sequence,
either through direct oxidation of metal grains or as a product of the serpentinization
process (e.g., Bach et al., 2006). Although some sulfides are primary, petrographic
relationships show that pyrrhotite overgrew magnetite framboids and so postdated
magnetite formation. Figure 4e shows a magnetite inclusion within a large sulfide grain,
which implies that sulfide minerals grew after magnetite framboids had formed.
Alternatively, these may be primary sulfides located on the periphery of chondrules that
later were modified during alteration. Grain boundaries of coincident calcite and
pyrrhotite are sharp and pristine. All three observed dolomite grains are also in contact
with pyrrhotite and have a sharp boundary between the carbonate and pyrrhotite.
Dolomite edges in direct contact with matrix, however, are etched and embayed (e.g.,
Figs. 4c and 6a). Siderite grains mantle both calcite and pyrrhotite, and therefore siderite
is a later phase. There are a few areas where it appears that siderite is replacing pyrrhotite
from the grain exteriors inward. Lastly, many pyrrhotite, calcite, and siderite grains are
embayed on the edges with voids filled with fibrous phyllosilicate. Some siderite grains

even form a patchy mesh texture that appears to be residual siderite and new
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phyllosilicate intergrowths (see Fig. 4d, e, and f). Based on these observations, the

sequence of secondary mineral formation events is:

1. Magnetite formation: included in a few large pyrrhotite grains

2. Pyrrhotite and pentlandite: included in calcite. Troilite, pyrrhotite, and
pentlandite are also primary in pristine CR chondrites (Abreu and

Brearley, 2010), but some grew later as shown here.

3. Dolomite precipitation: Included within one calcite, sharp boundary

with pyrrhotite (grew before later pyrrhotite dissolution event).

4. Calcite precipitation: Like dolomite, evidence of sharp boundaries

with pyrrhotite

5. Partial pyrrhotite and calcite dissolution

6. Siderite precipitation: Siderite overgrowth on periphery of calcite,

pyrrhotite, and magnetite

7. Late dissolution of pyrrhotite, calcite, and siderite creating voids

8. Emplacement in new void-space of long, fibrous phyllosilicate grains

All siderite compositions lie on a single line on the three component ternary diagram of
Figure 6), regardless of lithology and in both samples (GRO 95577, 30 and GRO
95577,53). This trend indicates that the aqueous fluid within GRO 95577 evolved
uniformly as siderite precipitated and suggests that some aqueous alteration must have

occurred after DL and host were comingled. Furthermore, such chemical homogeneity

101


file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_2
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%202%20breakout%202-2-13_AJB_revised.docx%23_ENREF_2

requires sufficient fluid permeability or communication. Bland et al. (2009) estimate
permeability within Cl and CM chondrites is very low (10 to 10" m?); lack of fluid

flow allowed CI chondrites to be isochemical even though extensive aqueous alteration
had occurred. Permeability in GRO 95577, however, must have been sufficient for fluids
to remain in communication throughout the rock. Siderite compositional variability may
indicate it formed during the final stages of aqueous alteration, as the chemical
composition of a small volume of fluid could be affected more easily than larger volumes
(low water-rock ratio). A similar scenario for carbonate formation in CM and CI

chondrites was hypothesized by Riciputi et al. (1994).

The sequence of secondary mineral precipitation reflects changing geochemical
conditions as alteration proceeded. Serpentinization of ultramafic rock creates alkaline
and reducing conditions. For example, reacting forsterite and enstatite with water

increases alkalinity in agueous solutions (Palandri and Reed, 2004):
Mg,SiO, (forsterite) + 2H,0 > 2Mg** SiOzqq + 40H"
MgSiO; (enstatite) + H,O > Mg®* SiOysq + 20H".

The Mg?* and SiO, then can react with water to form serpentine (3Mg** + 2Si0, (aq)) +
5H,0 >MgsSi,O5(0OH),). In addition to increasing alkalinity, the fluid is reduced from
converting ferrous ion in olivine to ferric iron in magnetite (probably in disseminated
magnetite framboids). Direct oxidation of Fe® of metal would reduce the fluid or react

further to produce hydrogen gas:

3Fe® + 4H,0 = Fe;0,4 + 8H" + 8¢
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8H" + 8¢ = 4H,

Although the Fe° reaction produces acidity (Zolotov and Mironenko, 2008a), some H*
may be consumed to produce H, depending upon conditions. Because of the large
abundance of serpentine compared to magnetite (altered metal) in GRO 95577, alkalinity-

producing serpentinization reactions should be the more important process.

We used Geochemist’s Workbench to calculate the stability fields of the
secondary minerals present in GRO 95577. Important parameters for the stability of
minerals observed in GRO 95577 (magnetite, pentlandite, pyrrhotite/troilite, calcite,
dolomite, and siderite) are pH, Eh, a[CO,], a[S], a[Fe], a[Ca], a[Mg], a[Mn], and T.
Calcite has a large Eh-pH stability field and therefore its presence does not limit Eh-pH
conditions as much as the presence of other minerals such as siderite. Additionally,
MgCOj3 and MnCQg are not as important as FeCOs, which is an integral component of
siderite. Therefore, we can focus solely on Eh, pH, a[CO,], a[S], and a[Fe] variability to
partially constrain thermodynamic conditions during aqueous alteration. While the size of
the fields may expand or contract slightly with varying a[S], a[Fe], a[CO,], and T
changes, our work found that the stability fields of the key three components in Eh-pH
space do not vary significantly under many conditions. Figure 8 shows an Eh-pH diagram
calculated using Geochemist’s Workbench which shows that the stability fields of
pyrrhotite/troilite, magnetite, and siderite are restricted within Eh-pH space. The
occurrence of these three minerals coexisting in GRO 95577 therefore provides robust
geochemical constraints on the fluid at the time of precipitation. Temperature differences
would change conditions slightly (Fig. 8 caption), however. Since magnetite is older, yet
uncorroded, conditions may have remained within its stability field (Fig. 8). Magnetite
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formation would cease with only slight variations in Eh or pH, and either pyrrhotite or
siderite formation would then commence. Because small changes in Eh or pH could
destabilize a phase and result in its disappearance, conditions must have remained fairly
stable for magnetite, siderite, and sulfide to coexist. In CM chondrites, Tyra et al. (2012)
suggest that a decompression event from impact degassing or mechanical failure due to
overpressurization (Wilson et al. 1999) would lower a[CO,] and instantly raise pH and
the activity of COs* allowing carbonates to precipitate. As serpentinization proceeds and
alkalinity increases, buffering reactions could keep conditions temporarily stable until a
component is consumed. Calcite precipitates eight orders of magnitude faster than
siderite (Jimenez-Lopez and Romanek, 2004); therefore, calcite formation will be favored
until a[Ca] decreases enough for siderite formation to commence (Berner, 1981; Fairen et
al., 2004; Jimenez-Lopez and Romanek, 2004; Romanek et al., 2009). As different
secondary minerals formed in the progression noted above, it is unlikely that the Eh-pH

conditions of the fluid ever changed far from that highlighted in Figure 8.

Many workers have modeled changes in mineral assemblages of CM, CV, and ClI
chondrites by aqueous alteration (McSween, 1987; Zolensky et al., 1989; Rosenberg et
al., 2001; Zolotov and Mironenko, 2008b), but there are no specific models for CR
chondrites. All carbonaceous chondrites started with similar materials: chondrules, metal,
matrix, water, and minor CAls, AOAs, and presolar grains (e.g., Brearley and Jones,
1998; Trigo-Rodriguez and Blum, 2009). However, the proportions of each component
vary among chondrite groups and the thermal and impact history of each parent body is
unique. Many models omit formation of carbonates as they are considered a minor phase.

Models that do consider carbonates, however, do not predict the carbonate sequence or
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the mineral assemblage that we observe in GRO 95577. EQ3/6 computer simulations of a
CM chondrite mineral assemblage model consistently that calcite precipitates before
dolomite if C concentration in the fluid is 10° to 102 m and T between 50°C and 100°C
(Zolensky et al., 1989). For a hypothetical CV mineral assemblage, dolomite
precipitation preceded calcite at 50°C, but not at 150°C. For either CM or CV chondrite
precursors, dolomite never precipitates below 50°C. Furthermore, siderite is never
predicted to precipitate in these models. In contrast to CM, CV, and CI chondrites, the
observed spatial relationship of degraded FeS and FeCO3 minerals suggests that in GRO
95577, the a[Fe] in the fluid increased at the expense of troilite or pyrrhotite, but a[S] in

the fluid stayed low.
5.2 Mn-Cr derived timing

The Mn-Cr data reported here for siderite grains in GRO 95577 show a (**Mn-
**Mn), value of approximately zero which indicates little, if any, **Mn was present at the
time of siderite precipitation in either the CR host lithology or the DL. If one uses the
standard LEW 86010 angrite Mn-Cr systematics as an absolute age marker, the slope
demarcated by the upper bound of the error envelope (Fig. 7) gives 4538 Ma as the oldest
possible age of siderite precipitation in this sample. This is ~19.5 Myr younger than the
LEW 86010 crystallization age. These observations indicate that either (i) chromium was
mobile in siderite and has been lost due to disturbance of the system or (ii) that siderite
precipitated in the CR parent body after the concentration of **Mn had decayed below
detection limits. These two alternatives have profoundly different implications. If the first
case were true, the loss of radiogenic Cr implies that the parent body experienced some

late stage, possibly localized thermal event, which is not recorded in carbonates in other
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carbonaceous chondrites. If the second case were true, then the carbonates are
significantly younger than any other carbonaceous chondrite carbonates analyzed using
the Mn-Cr geochronometer to date. Indeed, this raises the possibility that they could be

terrestrial in origin. These different scenarios are discussed in detail below.

5.2.1 Could the Mn-Cr system be disturbed?

The observation that the Mn-Cr isochron for siderite in GRO 95577 is flat, and
that the >*Cr/°’Cr ratio does not covary with the Mn/Cr ratio, raises the possibility that
radiogenic >*Cr was lost from the carbonate structure. Mn-Cr dating has been
successfully applied to fayalite in a CV3, and to carbonates in CM2, CM1, and highly-
altered CI1 chondrites (Endress et al., 1996; Hutcheon and Phinney, 1996; Hutcheon et
al., 1998; Hutcheon et al., 1999a; Brearley and Hutcheon, 2000; Brearley et al., 2001;
Hua et al., 2005; Krot et al., 2006; de Leuw et al., 2009; Petitat et al., 2009; Tyra et al.,
2009; Tyra et al., 2010; Fujiya et al., 2012). The lack of any covariance between >*Mn
and >3Cr* in siderite in GRO 95577 could therefore be interpreted as evidence for
disturbance by volume diffusion of the isotopic system or indicates enough time passed
for no >*Mn to be available during precipitation. Alternatively, radiogenic Cr could have
been lost during dissolution-reprecipitation of siderite. If this were the case,
reprecipitated siderite did not incorporate radioactive >*Mn and, therefore, our idea that
siderite is young would remain unchanged. We first evaluate the possibility that the

isotopic system has been disturbed.
5.2.1.1  Cation diffusion

Experimental data for cation diffusion in carbonates is sparse, especially for the

low temperature regimes relevant to aqueously-altered chondrites, and data for Cr
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diffusion in carbonates is nonexistent. Most diffusion data for carbonates is for Mg®* and
Ca®* diffusion in calcite at temperatures ranging from 400 to 900°C (Farver and Yund,
1996; Fisler and Cygan, 1998; Fisler and Cygan, 1999; Kent et al., 2001). We are
unaware of any cation diffusivity study for siderite, although this may be in part because
siderite decomposes above 400°C (Gallagher and Warne, 1981; Gallagher et al., 1981,

Brearley, 2003).

Although no data exist for Cr diffusion in carbonates, we can use parameters such
as the valence state and ionic radius of Cr to constrain the expected diffusivity (D) and
compare our prediction to the measured diffusivity of other cations in carbonate. The
diffusion database of Brady and Cherniak (2010) shows that all measured carbonate
cation diffusivity values from 400 to 1000°C lie between 10°%* and 10 m?/s,
respectively. Cations from small 4+ C, to large 3+ REEs, to 2+ cations like Ca and Mg,
and 2- anions such as O are included in this range. Second, in general, the higher the
absolute value of the valence state, the higher the activation energy and the lower the
diffusion rate (Brady and Cherniak, 2010). In all analyzed minerals, for instance, a 1+
cation such as Na is less tightly bound into a mineral structure than a 4+ cation such as
Si. Third, a lesser effect is based upon the ionic radius of the cation; the larger the ionic
radius, the lower the diffusion rate. This effect, however, is minor in 2+ and 3+ cations as
the percentage differences in common ionic radii are small (Brady and Cherniak, 2010).
With these rules in place, we can examine the diffusivity of other cations in carbonate

and constrain the expected diffusivity of Cr.

We assume that radiogenic *Cr is in the 3+ valence state in the carbonate

structure. As **Mn?* decays to >>Cr by electron capture (Audi et al., 2003), Cr most likely
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begins as Cr**. In aqueous fluids, Cr®* is stable at conditions too acidic and reducing for
siderite to be stable (Kélling et al., 2000). Cr** is larger (0.080 nm) than Cr®* (0.063 nm)
making it less easily accommodated in six-fold coordination in the carbonate structure
(Shannon and Prewitt, 1969; Kleine and Dutrow, 2007). lonic radii of both Cr** and Cr**
are comparable to the ionic radii of Fe?* (0.074 nm), Mg®* (0.066 nm), and Mn** (0.080
nm) (Shannon and Prewitt, 1969), and, therefore, it is unlikely that differences in ionic
radii will constrain what species of Cr will be preferred in the structure of siderite. In
studies examining **Mn->3Cr isotope systematics in chondrite olivine and pyroxene, it is
assumed that Cr®" is the ion that diffuses after Mn decay (Ito and Ganguly, 2006;

Ganguly et al., 2007).

The Cr** diffusion rate is likely to be similar to or less than that of Mg?*. As noted
above, the ionic radius of Cr®" is virtually identical to that of Mg?*. However, Cr** should
diffuse slower than Mg?* because it has a higher valence (e.g. Brady and Cherniak,
2010). In support of this argument, two recent studies show that Cr diffuses slower than
Mg (and Fe) in olivine and orthopyroxene (Ito and Ganguly, 2006; Ganguly et al., 2007).
Jones and Lofgren (1993), however, noted that Cr diffusion was identical to Fe-Mg
interdiffusion in olivine. Altogether, we argue that we would not expect Cr®* to diffuse
faster than Mg?* in carbonate. Fisler and Cygan (1998) reported closure temperatures for
Mg and Ca within calcite that fall in the 350 to 450 °C range with a cooling rate of
100K/Myr. Kent and Hutcheon (2001) performed diffusion experiments with Mg and Ca
in magnesite from 400 to 600°C and obtained similar results at the measured
temperatures, but also report an Arrhenius relation that indicates slightly faster diffusion

below 400°C than that reported by Fisler and Cygan (1998). Assuming Fisler and Cygan
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(1998) Mg** diffusion values (log D, = -3.26 m/s and E, = 284 + 74 kJ/mol) is similar to
that of Cr**, we estimate that Cr only diffuses more than 1 um in 10 Myr at temperatures
above 350°C.

It is unlikely that GRO 95577 ever attained temperatures > 350°C in the parent
body as these temperatures would be considered low grade metamorphic temperatures
(petrologic type ~3.4 and above in chondrites, Cody et al., 2008) and are not supported
by the hydrated petrology seen in GRO 95577. For example, at temperatures above
400°C and at low pressures, siderite itself decomposes (Gallagher and Warne, 1981;
Gallagher et al., 1981; Gotor et al., 2000; Brearley, 2003). BSE images show sharp
zoning within calcite, dolomite, and siderite grains that is preserved on a micron scale in
GRO 95577. EPMA data confirm that there is compositional zoning in Mg, Mn, Ca, and
Fe that correspond with BSE intensity (Fig. 6). This zoning cannot be explained by
diffusion, because most compositional zones are not parallel to the edges of grains. The
chemical zoning is better explained as the preservation of growth features. Furthermore,
Tyra et al. (2011b), using Scanning Transmission Electron Microscopy (STEM), showed
that measurable chemical zoning (Ca, Mn, Mg, and Fe) occurs in GRO 955577 in very
small carbonate grains (10 um diameter) and even at the submicron level in one
carbonate grain. For example, four chemically-distinct zones with sharp interfaces within
a one micron span are reported in “intermediate carbonate” (ankerite) by Tyra et al.
(2011b). This evidence shows that carbonates in GRO 95577 have remarkably well-
preserved chemical heterogeneity. If Cr®* diffuses slower than Mg?*, as argued above,

then it is improbable that radiogenic Cr migrated from where it formed.
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Cody et al. (2008) developed organic thermometry on carbonaceous chondrites
that is based on the characteristics of the 1s-c exiton peak in X-ray absorption near-
edge spectroscopy (XANES) spectra of extracted insoluble organic matter. This
thermometer gives GRO 95577 a peak temperature of 171 + 64 °C (C-XANES). The
authors, using microRaman spectroscopy, also report temperatures of 129 + 118 °C and
162 + 120 °C depending upon the calibration used (Cody et al., 2008). These low
estimated temperatures affirm that it is highly improbable that resetting by diffusion in
siderite has occurred after aqueous alteration ceased. Radiogenic Cr is highly unlikely to
have migrated out of siderite as carbonates within GRO 95577 never experienced

temperatures to allow measurable migration of cations like Mg** or Cr**.

The estimated peak temperature for GRO 95577 is identical within error to that of
the CI chondrite Orgueil, the CM chondrites Bells and Murchison, and the ungrouped
carbonaceous chondrite Tagish Lake (Cody et al., 2008). The Mn-Cr dating technique
has successfully produced isochrons to date secondary carbonates within CI, CM, and
Tagish Lake (e.g. Hutcheon and Phinney, 1996; Hoppe et al., 2008; de Leuw et al., 2009;
Petitat et al., 2011a). We think it is unlikely that diffusion, driven by the temperatures
experienced within GRO 95577, is the cause of the apparent lack of radiogenic >*Cr
within siderite grains. Therefore, the most plausible explanation is that radioactive **Mn

did not exist at detectable levels at the time that siderite precipitated.
5.2.2 Could the siderite be terrestrial?

Assuming siderite precipitated after >*Mn was extinct, could it have formed as a

result of terrestrial weathering? GRO 95577 was found in a glacial moraine in Antarctica;
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therefore water was available from which siderite could precipitate. Terrestrial carbonates
have been observed in chondrites in temperate climates (Abreu and Brearley, 2005).
Antarctic conditions are also conducive to carbonate formation; some carbonates of
terrestrial origin such as calcite, magnesite, and hydrated carbonates like nesquehonite
and hydromagnesite have been found on meteorite surfaces and within fractures (Jull et
al., 1988; Tyra et al., 2007).

The formation of siderite as a result of Antarctic weathering can be dismissed
based on the fact that geochemical conditions are far removed from those conducive to
the stabilization of siderite. On Earth, siderite is unstable in oxygenated surface waters
such as that present due to the local melting of Antarctic ice. Siderite formation requires
reduced aqueous fluid (Kolling et al., 2000). In modern terrestrial environments, siderite
precipitates in locations with restricted atmospheric exposure, such as during diagenesis
of sedimentary rock in reducing conditions or in areas such as peat bogs (e.g. Berner,
1981; McMillan and Schwertmann, 1998; Rasmussen et al., 1999). In Antarctic
meteorites, iron released by weathering typically forms Fe-oxyhydroxides and terrestrial
siderite is never observed (Gooding, 1981; Abreu and Brearley, 2010). Furthermore, the
survival of micron-sized siderite grains that are uniformly distributed throughout GRO
95577 in an oxidizing Antarctic environment suggests that GRO 95577 has undergone
little weathering and siderite is extraterrestrial.

Not only is siderite formation highly improbable in an Antarctic environment, but
oxygen isotope compositions of siderite and calcite within GRO 95577 also do not match
values expected if they formed at Antarctic conditions. Antarctic water normally has a

very negative oxygen isotopic composition, §*30~-44%. (Faure et al., 1993). Even if
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siderite could precipitate in equilibrium with this water at 0°C, which is certainly possible
in Antarctica due to insolation heating (Schultz, 1986), it would have an oxygen isotopic
composition of 8" Osigerite = -2%o, 8 °Ocacite = -6%o0 and A O(caicite and siderite) ~ 0%o (Zheng
etal., 1999). This conclusion holds as long as it is assumed that the water is not rock
buffered, which is unlikely as there is no evidence of widespread silicate reaction with
terrestrial water. The oxygen isotopic composition of different siderite grains in GRO
95577 is far from that predicted to precipitate in Antarctica and is consistent with
precipitation from a non-Antarctic water source (Tyra et al., 2011a, Chapter 4, this work).

5.2.3 Implications of a flat Mn-Cr isochron

From the evidence discussed above, we conclude that the siderite Mn-Cr isotope
systematics were not reset and that siderite formation did not occur within a terrestrial
environment. Therefore the flat Mn-Cr isochron has real chronological significance for
the formation of siderite in the early solar system. Analyzed siderite grains are younger
than any carbonate measured to date in a chondritic meteorite. Furthermore, the siderite
analyzed in this study has higher concentrations of Mn than any other chondritic
carbonates analyzed to date; radiogenic *°Cr’, therefore, should be easier to analyze. If
siderite precipitated 19.5 Myr after LEW 86010, the maximum slope possible within the
constraints of the calculated error envelope around the isochron, then a minimum of 30
million years passed from the formation of CAls to the precipitation of siderite. By then,
the primary heat source 2°Al and secondary source ®°Fe had decayed to insignificance
(Ghosh et al., 2006). °Al decay would become ineffective at heating a planetesimal first,

as its half-life is short (t, of 2°Al is 0.72Myr and ty, of ®Fe is 1.49 Myr) (Scott, 2007).
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Additionally, ®°Fe heating would also become ineffective by the time GRO 95577 siderite

was precipitated.

Not only are the siderites in GRO 95577 young, but their determined ages are also
younger than any secondary mineral found before in carbonaceous chondrites. Figure 9
shows ranges of the formation ages of secondary minerals within CM1, CM2, CV3, and
CI1 chondrites that have been dated using the Mn-Cr system. This dataset, in its entirety,
covers a range of ages from near the time of CAI formation of ~4568 Ma to ~4553 Ma, a
range of 15 Myrs (Endress et al., 1996; Hutcheon and Phinney, 1996; Hutcheon et al.,
1998; Hutcheon et al., 1999a; Brearley and Hutcheon, 2000; Brearley et al., 2001; Hua et
al., 2005; Krot et al., 2006; de Leuw et al., 2009; Petitat et al., 2009; Tyra et al., 2009;
Tyra et al., 2010; Fujiya et al., 2012). Prior to this study, CI1 breunnerite from Orgueil
was the youngest secondary mineral at 4553.7 + 0.7 Ma (Petitat et al., 2009). CM1 and
CM2 secondary carbonate Mn-Cr ages are identical within error, regardless of technique
used, 4564.1 = 0.9 Ma, including data acquired using a recently synthesized carbonate
standard (Chapter 1, this work). Although CV chondritic fayalite formed through a
different mechanism than carbonates in Cl, CM, and CR chondrites (Krot et al., 1998;
Hua et al., 2005), it formed at low temperature and also has been dated by Mn-Cr
systematics at ~4561.1 Ma (Hutcheon et al., 1998; Hua et al., 2005). The oldest possible
age of GRO 95577 siderite is 4538 Ma, which is 15 Myr younger than the youngest
measured secondary mineral in CI chondrites (Petitat et al., 2009). However, because the
isochron is essentially flat, we are beyond the limit of age resolution of the Mn-Cr

system.
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The data show that aqueous alteration on the CR parent body persisted or
reoccurred at much later times than on the CI or CM parent body. We propose two
mechanisms, discussed below, that could allow liquid water to be present after primary
short-lived radionuclides had decayed. In the first case, this meteorite could originate
from a parent body large enough to retain heat for long periods of time. Alternatively, a
transient heating event warmed part of a cold parent body that contained water ice,
producing liquid water that resulted in a late alteration event that ultimately precipitated

carbonate.

523.1 Formation with a large Parent body?

The simplest explanation of late precipitation may be that the CR parent body was
large enough to remain warm after Al had decayed away. Depending upon the radius of
the parent body, time of accretion, initial 2°Al ratio, porosity, water content and
circulation, regolith thickness, and impact history, large asteroidal bodies could retain
heat for hundreds of millions of years. In the case of 4 Vesta, for instance, thermal
modeling has shown that large volumes within its interior could maintain temperatures in
excess of 1400°C for over a hundred million years after its formation (McSween et al.,
2002). Even bodies as small as 50 km in radius could retain volumes (~20 km radius)
within the interior with temperatures over 300°C for well over 10 Myr, although smaller
bodies may cool off rapidly once %Al is gone, depending upon the regolith thickness
(Grimm and McSween, 1989; Akridge et al., 1998; Bouvier et al., 2007). Although a
number of carbonaceous chondrite parent body models assume a diameter of 100 km
(Grimm and McSween, 1989; Grimm and McSween, 1993; Cohen and Coker, 2000),

models of larger bodies (up to Ceres size) predicts that asteroids with diameters in excess
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of 100 km could undergo extended aqueous alteration (Young et al., 1999; Young, 2001).
Weiss et al. (2009a; 2009b) have suggested that primitive outer shells around large
asteroids with differentiated interiors is possible. Therefore, the CR chondrite parent
body could in fact be a large differentiated asteroid that retained heat after the Mn-Cr
chronometer was dead. Future work on CR chondrites aimed at determining if magnetite
and other minerals retain a parent body remnant magnetization could establish if the CR

parent body is differentiated.

If the CR parent body is a large asteroid, it is possible that the parent is already
known. The CR chondrite Renazzo has reflectance spectra that match 2 Pallas, the 2"
largest asteroid in the solar system with an average diameter of 544 km (Sato et al., 1997;
Sato and Miyamoto, 1998; Schmidt et al., 2009). 2 Pallas is thought to be one of the three
protoplanets in the asteroid belt and is an “evolved body with planet-like properties”
(Schmidt et al., 2009). Furthermore, orbital and spectroscopic characteristics suggest 2
Pallas is the source of the Pallas family of asteroids and near Earth asteroid Phaethon
(Ledn et al., 2010). As Phaethon is the source of the annual Geminid meteor shower, this
may imply that there is a direct link from 2 Pallas to the Earth. Perhaps some meteors of
the Geminid meteor shower survive complete burn up in the atmosphere to become the
meteorites that make the CR clan. Alternatively, many bodies in the 2 Pallas family of
asteroids are located on or near orbital resonances that produce orbital instability and
deliver meteorites to earth (Ledn et al., 2010). Though possible, far more work is needed
to determine the CR parent body with certainty. Regardless of what asteroid is the source
of CR chondrites, a large parent body could explain the young age of siderite minerals

found within GRO 95577.
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5.2.3.2 Late heating of the GRO 95577 by a transient heating event

Shock events due to impacts on the parent asteroid of GRO 95577 also may heat
an asteroid after the Mn-Cr chronometer had decayed away. There is a significant body
of petrologic evidence that shock-induced heating has played an important role in the
evolution of a significant number of chondrites, including in CM chondrites (Rubin,
1995; Nakamura, 2005; Nakato et al., 2008; Rubin, 2012). Although Keil et al. (1997)
calculated that impact shock heating would only have minor effects, more recent
modeling suggests that impact heating could be significant if the impactor is small
compared to the host planetesimal (e.g. 1:10 impactor-to-asteroid ratio, Davidson et al.,
2010). Impacts that do not disrupt an asteroid can cause localized heating and result in
temperature increases of up to ~100°C higher than that prior to impact (Davidson et al.,
2010). Considering that that the Late Heavy Bombardment was widespread within the
inner solar system, affecting the Moon, Vesta, and the H chondrite parent body until 3.5
Ga, later impacts of carbonaceous chondrite parent bodies elsewhere in the asteroid belt
are certainly plausible (Bogard, 1995; Bogard, 2012). These modeling results therefore
suggest that impact heating could melt ice to produce liquid water that could interact with

the rock and precipitate carbonates.

Additionally to melting ice, impact shock could release bound water from
phyllosilicates. This water would then be free to interact with rock and create a fluid from
which siderite could precipitate. Shock dehydration experiments show that phyllosilicates
lose 20% of their bound water at shock pressures of 20 GPa and ~100% by 60 GPa
(Lange et al., 1985; Rubin, 2012). These pressures are far higher than expected in

carbonaceous chondrite impacts and also would cause extensive melting (Davidson et al.,
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2010). Observational evidence, however, shows that particle lineation is directly
correlated with aqueous alteration extent in CM and CV chondrites, possibly due to
impacts (Zolensky et al., 1997; Rubin, 2012). If lower levels of shock released water
from phyllosilicates in the CR parent body, it would then be free to rehydrate dehydrated

phyllosilicates, migrate, interact, and potentially precipitate carbonates.

Even if shock-released water was not the fluid from which carbonates
precipitated, late stage water could have been involved in other processes. All observed
carbonates and many pyrrhotite grains are etched and surrounded by void space and
fibrous phyllosilicate infill. If late stage water were acidic, this water could dissolve the
margins of calcite, siderite, and pyrrhotite grains in both lithologies of GRO 95577.
Alternatively, cooling temperatures increase fluid a[CO,] which lowers pH and dissolves
carbonates (e.g., Stumm and Morgan, 1996). As the solubility of Si decreased as
temperature dropped, Si could then precipitate as phyllosilicates in void space left by

carbonate dissolution.

6 Conclusions

The secondary mineral assemblage in GRO 95577 indicates complex changes in
fluid chemistry as aqueous alteration progressed. GRO 95577 contains three distinct
types of carbonate: calcite and siderite with rare dolomite. These phases are scattered
randomly through the matrix of the CR host lithology and Dark Lithology (DL). All three
carbonate types are compositionally zoned, which indicates that low temperatures after
precipitation did not allow detectable cation diffusion. Siderite shares one compositional
trend line in both lithologies and in both samples, consistent with pore fluids throughout

the rock remaining in communication. Furthermore, aqueous alteration and the
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carbonates that resulted from alteration must have occurred after host CR lithology and
DL comingled. Partial dissolution of all three carbonate types and pyrrhotite suggest that
a late acidic fluid may have been present. This fluid could have migrated from elsewhere
in the CR parent body, or have been released by impact heating of ice or serpentine.
Conversely, acidity could arise simply from cooling aqueous fluid allowing higher a[CO,

@d)] and lower pH.

Mn-Cr systematics of several siderite grains have been analyzed by NanoSIMS.
The results show that siderite is the youngest secondary mineral found in any
carbonaceous chondrite, indicating liquid water existed on its parent body after potential
heat sources 2°Al and ®°Fe had vanished. Sharp compositional zoning indicates
temperatures never rose high enough for Cr to diffuse out of grains and reset the Mn-Cr
chronometer. Furthermore, based upon siderite stability and oxygen isotope composition,
these carbonates are not terrestrial. If siderite in GRO 95577 is significantly younger than
carbonates in other carbonaceous chondrites, as our data indicate, liquid water must have
been available on the CR parent body for an extended period of time or was remobilized

by a thermal event much later in the history of the CR asteroid..
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Table 1. Representative carbonate analyses from GRO 95577. The full data set is in Appendix 1.

Wit% Mol%

lithology Grain* Si0O** FeO MnO MgO CaO srO CO, Total Fe Mn Mg Ca
siderite g30-15-b3 0.05 27.19 17.09 11.10 1.93 - 4096 98.33 40.73 25.93 29.65 3.69
DL g30-15-b4 0.27 24.24 20.84 9.79 2.48 - 40.80 98.42 36.75 31.99 26.45 481
g30-10-s3 0.13 29.62 1494 9.73 3.34 - 40.86 98.64 44.62 22.80 26.12 6.45

g30-15-b2 151 30.58 12.71 11.83 251 - 43.70 102.83 45.14 19.00 31.12 474

g30-10-s1 1.24 3291 9.44 13.40 1.90 - 43.96 102.85 47.84 13.90 3472 3.54

CR g30-7-b2 0.14 33.43 9.36 12.70 1.17 - 41.28 98.08 49.86 14.13 33.77 2.23
g30-7-b2 0.05 33.56 9.23 12.84 1.25 - 41.36 98.29 49.80 13.87 33.96 237

g30-7-b3 1.24 28.30 15.57 10.89 1.47 - 4185 99.32 43.30 24.13 29.70 2.87

g30-11-b1 1.84 25.65 19.02 9.51 1.75 - 4196 99.73 40.01 30.05 2645 3.49

g30-11-b1 2.15 2497 19.01 10.10 1.47 - 42.42 100.11 38.95 30.04 28.08 294

DL g53-5-b4 - 31.69 9.91 13.02 2.11 0.04 41.45 98.21 46.85 14.84 3432 3.99
g53-5-b17 1.95 27.39 15.37 10.69 2.17 - 42.54 100.12 42.28 24.03 29.40 4.29

g53-9-b9 0.74 31.56 10.60 12.26 2.68 - 42.49 100.34 46.69 15.89 3234 5.09

g53-9-b9 0.74 31.56 10.60 12.26 2.68 - 42.49 100.34 46.69 15.89 32.34 5.09

g53-9-b9 1.69 31.56 10.26 11.82 2.42 - 42.97 100.71 47.73 15.72 31.87 4.68
dolomite g30-9-s3 0.74 6.33 10.42 13.08 26.19 - 46.26 103.01 8.58 14.31 31.61 45.50
DL g30-9-s3 0.33 5.58 9.37 11.84 29.31 - 45.64 102.06 7.56 12.86 28.63 50.94
g30-9-s3 0.11 6.33 11.73 11.71 26.71 - 45.06 101.66 8.63 16.20 28.49 46.68
g30-9-s3 - 6.68 12.52 10.61 26.90 - 44,58 101.34 9.19 17.43 26.01 47.37
calcite g30-10-s6 - 0.72 0.20 0.09 56.07 - 44.67 101.76 0.99 0.28 0.22  98.50
CR g30-10-s6 0.15 0.77 0.13 0.13 55.47 - 44,45 101.10 1.07 0.18 0.31 98.44
DL g53-2-b4 - 0.38 0.03 0.31 56.40 - 44.84 101.95 0.52 0.04 0.75 98.69
g53-2-b4 0.13 0.53 0.07 0.63 56.09 - 45.27 102.72 0.71 0.10 1.52 97.66
g53-2-b4 0.49 1.10 0.16 0.47 55.22 - 45.34 102.79 1.51 0.22 1.15 97.12

*g30 corresponds to GRO 95577, 30; g53 to GRO 95577, 53; ** Si contamination noted in Wt% but not calculated into mol% calculation



Table 2
Mn-Cr data for selected GRO 95577 siderite grains. DL denotes analyses of a grain from dark lithology
and CR from the host CR lithology

Grain Lithology ROI >Mn/**Cr 26 3Cr/PCr 26
GRO 95577, 53
grain 1 DL 4 532E+05 5.08E+04  0.1282  0.0293
3 1.77E+05 123E+04  0.1184  0.0202
2 355E+04  1.38E+03  0.1111  0.0109
1 6.93E+01  4.78E-02  0.1177  0.0002
grain 2 DL 3 1.17E+05 164E+04  0.1085  0.0390
2 1.45E+04  6.70E+02  0.1089  0.0128
1 1.01E+02  2.14E-01  0.1148  0.0006
grain 3 DL 4 9.19E+03  4.37E+02  0.1180  0.0139
3 358E+03  1.11E+02  0.1145  0.0089
2 1.72E+03  2.85E+01  0.1140  0.0047
1 1.80E+02  3.40E-01  0.1155  0.0005
GRO 95577, 30
grain 1 CR 4 1.06E+05 6.85E+03  0.1139  0.0176
3 9.84E+03  1.84E+02 01101  0.0047
2 7.97E+02  4.62E+00  0.1120  0.0010
1 2.00E+02 1.03E+00 0.1127  0.0008
grain 2 CR 4 2.04E+04  253E+03  0.1269  0.0352
3 7.35E+03  5.01E+02 01241  0.0190
2 2.20E+03 558E+01  0.1148  0.0066
1 2.74E+02  2.38E+00  0.1129  0.0020
grain 3 CR 3 8.09E+03 532E+02  0.1017  0.0163
2 1.93E+03 3.65E+01  0.1103  0.0048
1 220E+02  1.30E+00  0.1123  0.0011
grain 4 DL 3 553E+02 156E+01  0.1216  0.0077
2 2.39E+02  3.92E+00  0.1139  0.0042
1 1236402 199E+00 0.1126  0.0041
grain 5 DL 3 6.32E+03  3.37E+02  0.1015  0.0132
2 9.92E+02  1.36E+01  0.1096  0.0034

1 2.42E+02  1.43E+00 0.1115 0.0010

Duplicate analyses of each grain are from different regions (ROISs). These are delimited by measured
>Mn/**Cr ratio using image processing software.
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10 Figures

Figure 1. Optical microscope and X-ray maps of the two thin sections of GRO 95577
examined in this study showing the general textural characteristics of the samples.
Figures 1a and 1c are stitched petrographic microscope images in cross-polarized light. In
these images, high birefringence grains (light pink) generally are carbonates. Figs. 1c and
1d are mosaic RGB X-ray maps of the two samples where red denotes Mn, green Ca, and
blue Si. As the primary carrier of Mn in these samples, siderite is red, Ca-carbonate is
green, and phyllosilicates are blue. Two large dark lithology areas (encircled in yellow in
1b) are present in GRO 95577, 30 and DL constitutes the entire GRO 95577, 53 sample.

Figures 1a and 1b show GRO 95577, 30. The circled areas in Figure 1b denote fine-
grained DL (~1/3 of sample). Regions outside the circled areas are the CR host lithology
with serpentine-rich chondrule pseudomorphs. Carbonates in the CR host are restricted to
the matrix and randomly dispersed throughout DL. Two large metal grains are denoted.

Figures 1c and 1d show GRO 95577, 53 where the entire thin section consists of DL.
Note the rare chondrules, two of which are ~mm sized. This section resembles a hydrated
CV chondrite type A/B dark inclusion in CV chondrites (Itoh and Tomeoka, 2003).
Carbonates are disseminated throughout the sample like in the DL within GRO 95577,
53.
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Figure 2. BSE images of objects found in GRO 95577. Symbols include mt, magnetite;
r-meso, replaced mesostasis; Mg-phyllo, Mg-rich phyllosilicate; and cp, calcium
phosphate.

a.

This image shows a large chondrule pseudomorph that resembles a type 1
chondrule, and a smaller chondrule fragment. Mg-rich phyllosilicate, altered
mesostasis, and common magnetite blebs have replaced forsterite and enstatite,
mesostasis, and metal respectively. From GRO 95577, 53 DL.

Typical replaced chondrule and chondrule fragment in GRO 95577, 30, host
lithology. These also resemble type 1 chondrules.

Large magnetite from GRO 95577, 30. The inner area contains more S and O than
the pure (very bright in BSE) magnetite rim. Grain is rimmed by fine-grained
phyllosilicate. From CR host lithology.

Magnetite clast from GRO 95577, 30. Note concentric layering perhaps from
episodic oxidation. The scalloped edges suggest conditions (Eh, pH, and/or T)
changed after magnetite had formed, leaving magnetite unstable.

Magnetite clast. Note the layers visible in the BSE image. This object also has an
intensely altered margin from chemical destabilization. The boxed area is shown
at a higher magnification in Figure 2f.

This image shows a detail of the periphery of the magnetite grain in Figure 2e.
The margin contains iron-oxide, phosphate, and phyllosilicate minerals inter-
fingering with magnetite.
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Figure 3. Spatial correlation of carbonates and sulfides in GRO 95577, 30 DL. The
symbol c designates calcite.

a. Large scale CaFeS RGB map showing texture of associations between sulfides
(green) and calcite (yellow). Notice associated secondary minerals wrapping
around probable chondrule pseudomorphs.

b. X-ray map delineating calcite (yellow), siderite (red) and sulfide minerals (green)
associations

c. X-ray map showing calcite (yellow), siderite (red) and sulfide mineral (green)
associations around a chondrule pseudomorph.
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Figure 4. BSE images showing carbonate morphologies in GRO 95577. Symbols as
follows: ¢ = calcium carbonate; s = siderite, d = dolomite, p = pyrrhotite, and m =
magnetite.

a.

This figure shows a typical calcite associated with magnetite framboids. Siderite
mantles calcite and, therefore, is a later phase. Calcite is corroded. From CR host
lithology, section 30.

A large calcite grain and associated siderite patches. Siderite is separated from
calcite by ~10 um of phyllosilicate minerals that appear to be partial siderite
pseudomorphs. Note that siderite has a corroded, mesh texture. From DL, section
53.

Coexisting calcite, siderite, dolomite, and associated sulfide. Calcite is corroded
and has a sinuous morphology. One siderite grain is 15 um in diameter with a
corroded exterior and is also associated with more-corroded mesh siderite.
Dolomite is found abutting a sulfide grain. From DL, section 53.

Siderite occurring interstitial to magnetite framboids. The framboids are free from
corrosion while siderite, as in the other images, is corroded. From CR host
lithology, section 30.

Association of magnetite, pyrrhotite, and siderite. The pyrrhotite appears to have
grown around magnetite framboids, and siderite rims both pyrrhotite and
magnetite. The pyrrhotite is corroded extensively with altered areas intruding into
the mineral grain. From CR host lithology, section 30.

Example of textural association of siderite with pyrrhotite. Two siderite grains
have pyrrhotite cores representing either an overgrowth or replacement of
pyrrhotite. From DL, section 30.
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Figure 5. High contrast BSE images and microprobe data showing the characteristics of
zoning in carbonates in GRO95577.

a) Zoning in dolomite consisting of two well-defined regions with a darker rhomb-shaped
area in the center. From GRO 95577, 53 DL.

b) Calcite grain showing four sharply-defined growth zones.

c) Siderite grain with less well defined zoning, with a core darker than the rim. Brighter
areas have less MgO. From GRO 95577, 30 DL.

d) EPMA data showing the compositions of labeled spots on Figure 5c. The areas with
lower BSE intensity have lower Ca, but higher Mg and Mn compositions, and vice versa
for the high BSE regions.
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Figure 6. Normalized siderite composition represented on a ternary diagram of mole %
Fe, Mn, and Mg in sample GRO 9577. Compositional data are given in Appendix 1. CR
host siderite and DL siderite compositions overlap. Siderite composition is variable, but
lies on a single trend line, irrespective of the lithology or the sample. Intragrain
compositional variability is low compared to that between grains. Mn concentration is
strongly inversely correlated with Fe and slightly negatively correlated with Mg. Siderite
from Tagish Lake and breunnerite from Acfer 059/El Djouf CR2 dark inclusions (or DL)
are included for reference. Siderite from GRO 95577 is compositionally distinct from
siderite in these other meteorites (Endress et al., 1994; Zolensky et al., 2002).
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Figure 7. >*Mn->%Cr evolution diagram for siderite grains in GRO 95577, 30 and GRO
95577, 53. The slope of the line fitted to the data gives (solid line) a >*Mn/**Mn, with a
slope of (-1.38 + 4.64) x 10®. The intercept of this regression is 0.1165 (+ 0.0002). The
upper bound of the error (dashed line, 3.27 x 10°®) represents the highest (**Mn/>**Mn),
value permissible within the uncertainty of the given data. Note the extremely wide range
of Mn-Cr ratios of the data. Figure 7a shows the entire range of the data and Figure 7b
shows an expanded region of Figure 7a, illustrating the details of the data with low
>*Mn/°Cr.
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Figure 8. Eh-pH diagram showing stability fields of common minerals (shaded) in GRO
95577. Minerals are defined as py (pyrite), tro (troilite, FeS), sd (siderite), mt
(magnetite), and hem (hematite). Mt, sd, and tro are stable in fields subparallel to the
lower limit of the water stability field and are located under reducing conditions.
Increasing a[SO,], will increase the area of the stability field of troilite at the expense of
siderite and pyrite. Similarly, decreasing a[CO;] will expand both mt and tro mostly at
the expense of sd. The general Eh-pH stability area of all three minerals, however, will
remain very similar to that displayed above, except due to changing T. For instance,
decreasing T to 100°C will drive the Fe** field to the right at the expense of mt, sd, and
tro minerals to a pH ~ 8. Diagram created in Geochemist’s Workbench with T=150°C, P

= 15 bars, a[H,0] = 1, a [SO,*] = 10", a[COyq] = 10™7.
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Figure 9. Mn-Cr system age data for secondary minerals in different carbonaceous
chondrite groups. The diamond (GRO 95577) depicts the earliest possible age of siderite,
given the error on the regression, although may be younger as indicated by the arrow.
The formation age of siderite is anomalous from all data cited (Endress et al., 1996;
Hutcheon and Phinney, 1996; Hutcheon et al., 1998; Hutcheon et al., 1999a; Brearley and
Hutcheon, 2000; Brearley et al., 2001; Hua et al., 2005; Krot et al., 2006; de Leuw et al.,
2009; Petitat et al., 2009; Tyra et al., 2009; Tyra et al., 2010; Fujiya et al., 2012). The
lower x axis shows ages relative to LEW 86010, which is our anchor for the Mn-Cr
isotope system and the upper axis the absolute age (Lugmair and Shukolyukov, 1998).
Shaded times of CAIl and chondrule formation from Kita et al. (2005) are included for
reference.
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Appendix 1 EPMA-derived carbonate compositions in GRO 95577

W1t% Mol%
lithology Grain* SiO**  FeO MnO MgO CaO  SrO CO, Total Fe Mn Mg Ca
siderite

DL g30-15-b3 0.05 27.19 17.09 11.10 1.93 bdl  40.96 98.33 40.73 25.93 29.65 3.69
g30-15-bh3 011 27.32 16.85 11.13 1.95 bdl  41.02 98.37 40.95 2558 29.73 3.74

g30-15-b4 0.27 2424 20.84 9.79 2.48 bdl 4080 98.42 36.75 3199 2645 481

g30-10-s3 0.13 29.62 14.94 9.73 3.34 bdl  40.86 98.64 44.62 2280 26.12 6.45

g30-10-s3 0.04 2847 1586 10.67 261 005 41.06 98.77 42.55 24.00 2844 501

g30-15-h5 0.09 33.69 8.80 12.09 2.70 bdl 4154 98.91 49.83 13.18 31.87 5.11

g30-10-s3 - 28.21 16.10 11.39 1.98 bdl 4125 98.92 41.89 2421  30.14 3.76

g30-15-bh3 055 2741 16.33 11.15 2.04 bdl 4150 98.98 41.26 2490 29.92 393

g30-15-b2 0.27  28.34 16.00 10.94 2.15 bdl 4131 99.01 42.42 2426  29.19 413

g30-10-s3 0.04 28.19 16.03 11.44 1.99 bdl  41.32 99.01 41.85 2411  30.27 3.78

g30-15-b5 0.58 3313 8.44 12.79 2.17 bdl 4205 99.16 49.26 1271 3390 4.13

g30-15-bh2 0.13 2848 16.16 11.20 1.89 bdl  41.38 99.25 42.36 2434  29.70 3.60

g30-15-b2 055 29.28 14.21 11.30 2.24 bdl 4166 99.26 43.91 2158 3021 4.30

g30-10-s3 - 28.21 16.22 11.50 2.00 bdl  41.47 99.40 41.67 2427  30.28 3.78

g30-15-b2 045 2858 15.39 11.32 2.10 bdl 4172 99.56 42.63 23.26  30.10 4.01

g30-15-bh2 045 3051 13.02 11.27 2.62 bdl  41.78 99.65 45.45 19.64  29.92 5.00

g30-15-b4 052 2455 2061 9.61 2.99 bdl 4142 99.69 36.99 3145 2580 5.76

g30-10-s1 023 33.04 9.70 12.90 1.81 bdl 4211 99.80 48.46 1441 3372 341

g30-15-b4 0.61  24.92 20.39 9.78 2.60 bdl 4152 99.81 3758 3113 26.28 5.01

g30-10-s3 020 28.25 16.09 11.39 2.18 bdl  41.72 99.82 41.77 24.08 30.03 4.12

g30-15-b5 044 3285 825 13.60 2.23 bdl 4248 99.86 48.10 12.23 3548 4.19

g30-15-h2 0.77 3283 8.44 13.58 1.75 bdl  42.69 100.08 48.40 1260 35.69 3.31

g30-15-h2 079 3282 835 13.71 1.70 bdl 4274 100.11 48.34 1246  36.00 3.20

g30-10-s3 0.71  29.00 15.30 10.56 2.66 bdl 4191 100.15 43.46 2322 2821 511
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g30-15-b2 0.58 30.16 13.16 11.89 2.27 bdl 42.24 100.30 44.63 19.72 31.35 4.30
g30-15-b5 0.66 3339 831 13.40 2.17 bdl 42.90 100.83 48.77 12.29 34.88 4.06
g30-15-b5 095 3290 8.39 13.74 1.78 bdl 43.16 100.93 48.26 12.47 3593 335
g30-10-s1 084 3345 8.08 13.46 2.10 bdl 43.08 101.01 48.97 11.98 3511 3.94
g30-15-b2 0.58  30.04 1351 12.07 2.28 bdl 42.60 101.08 44.07 20.07 3157 4.29
g30-15-b2 101 3327 831 13.39 2.09 bdl 43.28 101.37 48.76 1234 3498 3.92
g30-15-b5 0.84 33.08 8.16 13.93 1.97 0.08 43.34 101.39 48.15 12.02 36.16  3.67
g30-10-s1 086 3326 9.39 13.09 1.76 bdl 43.12 101.46 48.66 13.91 3414  3.29
g30-10-s1 055 3311 951 13.29 2.09 bdl 4312 101.66 47.92 13.94 3428 3.87
g30-15-b2 1.06 29.97 14.08 11.18 2.68 bdl 4296 101.94 44.34 21.10 2949 507
g30-15-b3 1.56 27.90 16.96 10.70 1.84 bdl 43.01 101.95 41.96 25.83 28.68 3.54
g30-10-s1 097 3422 812 13.42 1.81 bdl 43.49 102.02 49.82 11.98 3483  3.37
g30-15-b2 149  30.80 12.93 11.46 2.25 bdl 4334 102.26 45.83 19.48 3040 4.29
g30-15-b5 129 3347 811 13.39 2.30 bdl 43.85 102.40 48.86 11.98 3485 431
g30-15-b2 1.30 3091 1236 12.00 2.40 bdl 4350 102.49 45.53 18.44 3150 4.52
g30-15-b2 125 3372 825 13.62 1.82 bdl 43.90 102.55 49.09 12.16 3535 3.40
g30-15-b2 1.39 28.82 15.15 11.64 2.14 bdl 43.47 102.60 42.60 22.67 30.67 4.05
g30-15-b2 1.65 28.80 14.98 11.14 2.57 bdl 43.54 102.68 42.90 2260 2959 4091
g30-15-b2 166 30.70 1214 12.18 2.22 bdl 43.83 102.77 45.44 18.20 3215 422
g30-10-s1 114 3278 9.27 13.47 2.17 bdl 43.92 102.77 47.52 13.61 3483 4.04
g30-15-b2 151 3058 1271 11.83 2.51 bdl 43.70 102.83 45.14 19.00 3112 474
g30-10-s1 124 3291 9.44 13.40 1.90 bdl 43.96 102.85 47.84 13.90 3472 354
CR g30-7-b2 0.14 3343 936 12.70 1.17 bdl 41.28 98.08 49.86 14.13 33.77  2.23
g30-7-b2 086  33.07 8.36 12.76 1.44 bdl 41.75 98.23 50.02 12.81 3439 2.78
g30-7-b2 0.05 3356 9.23 12.84 1.25 bdl 41.36 98.29 49.80 13.87 33.96 237
g30-7-b3 124 2830 1557 10.89 1.47 bdl 41.85 99.32 43.30 24.13 29.70  2.87
g30-11-bl 184 2565 19.02 9.51 1.75 bdl 41.96 99.73 40.01 30.05 2645 349
g30-11-b1 2.15 2497 19.01 10.10 1.47 bdl 4242 100.11 38.95 30.04 28.08 294
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g30-7-b1 2.53 2790 16.36 9.99 1.58 bdl 43.10 101.48 43.38 25.76 27.70  3.15
DL g53-5-b4 - 3169 9.91 13.02 2.11 0.04 4145 98.21 46.85 1484 3432 3.99
g53-5-b16 0.69 30.04 12.12 12.07 2.08 bdl 41.74 98.73 45.17 18.47 3235 4.01
g53-0-b6 040 3112 10.22 13.60 1.90 bdl 42.33  99.58 45.66 15.19 3557  3.57
053-0-b6 0.79  30.84 10.00 13.74 1.86 bdl 42,72  99.96 45.46 14.93 36.11 351
g53-5-b17 1.95 27.39 15.37 10.69 2.17 bdl 4254 100.12 42.28 24.03 29.40 4.29
053-9-b9 0.74 3156 10.60 12.26 2.68 bdl 4249 100.34 46.69 15.89 32.34  5.09
g53-9-bh9 0.74 3156 10.60 12.26 2.68 bdl 42.49 100.34 46.69 15.89 32.34  5.09
053-0-b6 224 3053 961 13.02 1.75 bdl 43.53 100.69 46.45 14.81 3532 342
g53-9-bh9 169 3156 10.26 11.82 2.42 bdl 4297 100.71 47.73 15.72 31.87 4.68
053-9-b9 1.69 3156 10.26 11.82 2.42 bdl 42,97 100.71 47.73 15.72 31.87 4.68
g53-5-b16 134 2786 15.69 10.89 2.50 bdl 42.61 100.88 41.98 23.94 2925 483
053-9-b7 1.02 3108 1121 12.44 2.33 bdl 42.89 100.98 45.99 16.80 3280 441
g53-9-b7 1.02 3108 1121 12.44 2.33 bdl 42.89 100.98 45.99 16.80 3280 4.41
053-9-b7 1.09 3141 10.96 12.24 2.43 bdl 4291 101.04 46.57 16.46 3235 4.62
g53-9-b7 1.09 3141 10.96 12.24 2.43 bdl 4291 101.04 46.57 16.46 3235 4.62
053-5-b16 1.49 27.67 1547 11.16 2.45 bdl 42.83 101.08 41.70 23.60 2997 473
g53-9-b8 243 29.58  6.57 16.27 1.53 bdl 4471 101.08 44.02 9.90 43.17 291
053-9-b8 2.43 29.58  6.57 16.27 1.53 bdl 4471 101.08 44.02 9.90 4317 291
g53-6-h6 1.15 29.69 13.43 1141 2.83 bdl 42.88 101.39 44.15 20.22 30.25 5.39
053-6-b6 1.15 29.69 1343 11.41 2.83 bdl 4288 101.39 44.15 20.22 30.25 539
g53-9-b7 236  30.92 1054 12.24 2.25 bdl 44.07 102.38 46.64 16.10 3291 4.35
g53-9-b7 236  30.92 10.54 12.24 2.25 bdl 44.07 102.38 46.64 16.10 3291 435
g53-5-b4 289 3146 855 13.09 1.87 bdl 4457 102.43 47.77 13.15 3544  3.63
053-6-b6 204 2970 12.88 11.85 231 bdl 43.93 102.73 44.44 19.52 31.61 4.43
g53-6-h6 204 29.70 12.88 11.85 2.31 bdl 43.93 102.73 44.44 19.52 31.61 4.43
g53-5-b16 2.17 29.84 11.73 12.69 2.11 bdl 4424 102.78 4451 17.72 33.75 4.02

*g30 corresponds to GRO 95577, 30; g53 to GRO 95577, 53; ** Si contamination noted in Wt% but not within mol% calculation (Si

not in carbonate structure)
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W1t% Mol%
lithology Grain* SiO,**  FeO MnO MgO CaO SrO CO, Total Fe Mn Mg Ca
dolomite
DL 930-9-s3 0.74 6.33 1042 13.08 2619 bdl  46.26 103.01 858 1431 3161 4550
930-9-s3 0.33 558 937  11.84 2931 bdl 4564 102.06 756  12.86 28.63 50.94
930-9-s3 0.95 6.39 1020 11.77 2757 bdl  46.13 103.02 876 1415 28.73 4837
930-9-s3 0.11 6.33 11.73 11.71 2671 bdl 4506 101.66 863 1620 28.49 46.68
030-9-s3 - 6.68 1252 10.61 2690 bdl 4458 101.34 9.19 1743  26.01 47.37
calcite
CR g30-10-s6 - 072 020 009  56.07 bdl 4467 101.76 099  0.28 022 98.50
g30-10-s6 0.15 0.77 013 013 5547 bdl 4445 101.10 1.07 0.8 031 98.44
DL g53-2-b4 - 0.38  0.03 031 5640 bdl 4484 101.95 052  0.04 0.75 98.69
g53-2-b4 0.13 053  0.07 063  56.09 bdl 4527 102.72 071  0.10 152 97.66
053-2-b4 0.49 1.10 0.16 047 5522 bdl 4534 102.79 1.51 0.22 115 97.12
g53-2-b4 1.07 141  0.07 042 5216 bdl 4385 98.97 205  0.10 1.07 96.78
053-2-b4 1.16 1.38 0.16 075 5121 bdl 4365 98.31 2.02 0.23 1.95 95.80
g53-2-b4a 0.00 0.38  0.03 031 5640 bdl 4484 101.95 052  0.04 0.75 98.69
053-2-bda 0.13 053  0.07 063  56.09 bdl 4527 102.72 0.71 0.10 152 97.66
g53-2-b4a 0.49 1.10  0.16 047 5522 bdl 4534 102.79 151 022 115  97.12
053-2-bda 1.07 141  0.07 042 5216 bdl 4385 98.97 2.05 0.10 1.07  96.78
g53-2-b4a 1.16 1.38  0.16 075 5121  bdl 4365 98.31 202 0.23 1.95 95.80
g53-2-b4b 0.69 1.41  0.06 082 5370 bdl 4494 101.60 1.96  0.08 2.03  95.92
g53-2-b4b 0.69 141  0.06 082 5370 bdl 4494 101.60 1.96  0.08 2.03 95.92
g53-5-b17 0.30 060 023 045 5474 bdl 4441 100.74 083  0.32 112 97.72
053-5-b17 - 039 031 0.16  56.65 bdl 4507 102.58 053 042 0.40 98.65
g53-6-b 0.00 027 0.6 055 5534 bdl 4435 100.77 038  0.36 1.34 97.92
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*g30 corresponds to GRO 95577, 30; g53 to GRO 95577, 53; ** Si contamination noted in Wt% but not within mol% calculation (Si

not in carbonate structure)




Appendix 2 NanoSIMS target Regions of Interest (ROIs). BSE images. All grains are
siderite.

a. 053-5-b4a and g53-5-b4b; DL
b. g53-5-16b; DL

c. 030-10-s3a and g30-10-s3b; DL
d. ¢30-10-slb; DL

e. 030-11-blaand g30-11-blb; CR

®=81.001pn
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CHAPTER 3

Episodic carbonate precipitation in the CM chondrite ALH 84049: An ion
microprobe analysis of O and C isotopes

1 Abstract

We have determined the oxygen and carbon isotope composition of dolomite grains and
the carbon isotope composition of calcite grains in the highly altered CM1 chondrite,
ALH 84049 using Secondary lon Mass Spectrometry (SIMS). Chemically-zoned
dolomite constitutes 0.8 vol% of the sample and calcite 0.9 vol%. Thirteen separate
dolomite grains have 8"C values that range from 23 to 60 (+ 2) %o, 5*°0 values from 25
to 32 (£ 3) %o, and 80 values from 10 to 16 (+ 3) %o. Intragrain 8*°C values in dolomite
vary up to 10 %o. Three calcite grain 8°C values are distinct from dolomite and range
from 10 to 13 (x 2) %o. Calcite and dolomite appear to record different precipitation
episodes. Carbon isotope values of both dolomite and calcite in this single sample
encompass much of the previously reported range for CM chondrites. Our results show
that bulk carbonate C and O isotope analyses may oversimplify the history of carbonate
precipitation. Multiple generations of carbonates with variable isotope compositions exist
in ALH 84049 and, perhaps, in many CM chondrites. This work shows that one should
exercise caution when using a clumped isotope approach to determine the original
temperature and the isotopic compositions of water for CM chondrite carbonates. Less
altered CM meteorites with more homogeneous carbonate isotope compositions,
however, may be suited for bulk carbonate analyses, but detailed carbonate petrologic
and isotopic characterization of individual samples is advised.
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2 Introduction

CM chondrites preserve material from the early Solar System and record extensive
interaction with water. Although a few CM chondrites have been thermally altered
(Nakamura, 2005; Schmidt et al., 2005; Nakato et al., 2008), most range from moderately
aqueously altered type 2 (CM2) to extensively altered type 1 (CM1) (Zolensky et al.,
1997; Rubin et al., 2007; Howard et al., 2009). During aqueous alteration of CM
chondrites, water reacts with the fine-grained matrix to form phyllosilicates, and also
reacts with larger chondrule olivine, pyroxene, and other primary anhydrous minerals to
varying degrees (Brearley, 2006). Progressive alteration changes the composition of
matrix phyllosilicates from Fe-rich to Mg-rich as elements are redistributed during the
alteration process (McSween, 1979; Tomeoka and Buseck, 1985; Browning et al., 1996;

Howard et al., 2009).

CM1 chondrites are highly altered meteorites with essentially 100% alteration of the
primary phases and represent the final stage of progressive aqueous alteration of a CM2-
like precursor (Zolensky et al 1997). The mineralogy and whole-rock oxygen isotope
composition of CM1 chondrites indicate slightly higher alteration temperatures and,
paradoxically, lower water/rock ratios than CM2 chondrites (Zolensky et al. 1997, Rubin
et al 2007). In ordinary chondrites burial depth may correlate with petrologic type,
though this correlation is not perfect (Scott and Krot, 2005); perhaps CM1 chondrites
were buried deeper and subsequently experienced higher temperatures of alteration than

CM2 chondrites.
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Carbonates are ubiquitous in CM2 (DuFresne and Anders, 1962; Fuchs et al., 1973;
Bunch and Chang, 1980; Johnson and Prinz, 1993; Benedix et al., 2003; Lee et al., 2012)
and CM1 chondrites (Riciputi et al., 1994; Zolensky et al., 1997; de Leuw et al., 2010;
Lindgren et al., 2012). Calcite is common in most CM2 chondrites, irrespective of their
degree of alteration, and is joined by dolomite in highly altered CM2 chondrites like Cold
Bokkeveld (e.g., Brearley, 2006; Rubin et al., 2007; Lee and Ellen, 2008). Aragonite also
has been observed in CM2 chondrites such as Murray but is rare (Lee and Ellen, 2008).
Similarly, CM1 chondrites contain primarily calcite, but also contain dolomite (usually
embayed) and other carbonates such as breunnerite (Zolensky et al., 1997; de Leuw et al.,
2010; Lee et al., 2011). With each study, the story of aqueous alteration and resultant
carbonate precipitation becomes more complex and suggests that carbonates precipitated
in multiple stages from a changing fluid(s) (e.g. Brearley, 1998; Brearley, 2006; de Leuw

etal., 2010; Lee et al., 2011; Lee et al., 2012; Tyra et al., 2012).

The bulk oxygen isotope compositions of CM2 chondrites have been used to track
the isotopic evolution of water from high 520, '0 and A'’O values to lower values as
interaction with primary anhydrous silicates progressed (e.g. Clayton and Mayeda, 1984;
Clayton and Mayeda, 1999). Carbonate bulk oxygen isotope analyses have been used to
evaluate progressive aqueous alteration in CM chondrites (Clayton and Mayeda, 1988;
Clayton and Mayeda, 1999; Benedix et al., 2003; Tyra et al., 2007). Benedix et al. (2003)
adapted the oxygen isotope model of Clayton and Mayeda (1984; 1999) to explain the
isotopic behavior of carbonate. Even though bulk techniques essentially average the grain
scale isotopic heterogeneity of carbonates, there remains a considerable range in reported

isotopic values, even within single samples. For instance, Benedix et al. (2003) found that
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8'%0 of different calcite aliquots of Murchison vary by 6%o, suggesting that large oxygen

isotope heterogeneities exist, at least in this meteorite.

lon microprobe analyses of the stable isotopic compositions of individual carbonate
grains have allowed workers to evaluate isotope heterogeneity at a very fine scale.
Brearley et al (1999) and Bonal et al. (2010) used Secondary lonization Mass
Spectrometry (SIMS) to analyze calcite in the type 2.5 CM2 chondrite Murchison and
found considerable oxygen isotope heterogeneity. Additionally, Tyra et al. (2012)
analyzed individual carbonates in a set of Antarctic CM2 chondrites (all type 2.2, paired
with EET 96006). They found that oxygen isotope compositions of Ca-carbonates from
one individual meteorite rival the bulk carbonate heterogeneity reported for all CM2
chondrites. Tyra et al. (2012) also showed that at least two precipitation events occurred.
None of these workers, however, considered if compositional variability, including
zoning, corresponds to isotope composition. Compositional zoning has been found to be
ubiquitous in individual dolomite grains in ALH 84049 and ALH 84051 (Tyraetal.,

2010a; Chapter 1, this work).

Carbonate bulk carbon isotope composition (8*3C) is also related to aqueous
alteration, an effect that is postulated to be related to the production of methane during
serpentinization (Guo and Eiler, 2007). Guo and Eiler (2007) applied carbonate “clumped
isotope thermometry” to CM2 chondrite carbonates and noted a possible link between

serpentinization and carbonate §'*C composition where

ol/pyx + H,O - H, + serpentine. 1)
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Hydrogen then reduces dissolved bicarbonate to produce methane, which escapes the

asteroid:
4H, + HCO; »CH, + OH + 2H,0 2

Methane production removes **C preferentially, which raises §°C values of remaining
carbon in the fluid (Richet et al., 1977; Horita, 2001; Guo and Eiler, 2007). Due to non-
equilibrium fractionation, methane 8"3C is hypothesized to be ~90%o lower than
bicarbonate (Guo and Eiler, 2007). Therefore, as serpentinization progresses, methane
production and removal drives the remaining bicarbonate towards higher §"3C values.
This change of bicarbonate composition should be reflected in the carbon isotope

composition of carbonates that precipitate from the fluid (Guo and Eiler, 2007).

Here, we present the results of carbon and oxygen isotope analyses of carbonate
grains within ALH 84049 whose petrographic context, mineral chemistry, and
compositional zoning are well constrained. Oxygen and carbon isotope data for these
carbonates can provide useful constraints on the conditions and processes of carbonate
formation. Carbonate isotope compositions (5*C and §'20) of CM1 chondrites have been
measured in bulk samples by phosphoric acid dissolution (Benedix et al 2003, Grady et al
1988), but no in-situ measurements of isotopic compositions at the grain scale using
SIMS have been reported to date. This study addresses several questions: 1) Does the
compositional zoning of dolomite correspond to variations in isotope composition that
may reflect changes or evolution of the fluid with time? 2) Do the C and O isotope values
of carbonates covary in a way that can be used to constrain processes that affect both the

carbonate anion and water? 3) Do C and O isotopic compositions of carbonates record
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evidence of different populations of carbonates with distinct isotopic compositions? If
such populations exist then isotope differences may reflect precipitation at different times
during progressive alteration and constrain if the carbonate phases coprecipitated from
the same fluid. Alternatively, highly localized variations or differences in isotopic
composition may reflect local chemical microenvironments within the meteorite, in

which individual carbonates grew from isolated reservoirs of fluid.

3 Samples and Methods

3.1 ALH 84049

A thin section of ALH 84049 (1”diameter, 30 pum thick) was provided by the
Antarctic Meteorite Working Group from the NASA Johnson Space Center Antarctic
Meteorite Collection. Approximately 29.4g of this sample was collected in Antarctica,
and it was determined to have a weathering grade of Ae with a fracturing grade of B
(Score and Lindstrom, 1990). ALH 84049 dolomite was analyzed for its Mn-Cr isotopic
systematics in Tyra et al. (2010b; Chapter 1, this work): in this study we determined that
the sample is fully hydrated and classified it as a CM1. All analyzed dolomite grains in
ALH 84049 are compositionally zoned in Fe, Mn, Ca, and Mg (Tyra et al., 2010b;

Chapter 1, this work).

3.2 Imaging and chemical analyses

We imaged the entire sample with a digital camera attached to a petrographic
microscope. Reflected light, plane-polarized transmitted light, and cross-polarized
transmitted light modes were used to image the sample. The images in each mode were

stitched together into one composite image using Hugin [sourceforge] software,
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correcting for lens aberrations. These maps form a baseline to locate carbonate grains, to
aid navigation on the SIMS, and to document general petrographic textures in the sample.
Potential carbonates (usually bright pink in the cross-polarized light maps) were verified
either optically or through energy dispersive Xray spectroscopy (EDS) on a scanning

electron microscope (see below).

Following optical microscope characterization, ALH 84049 was imaged with a
FEI Quanta 3D Field Emission Gun SEM/Focused lon Beam (FIB) instrument located in
the Department of Earth and Planetary Sciences at the University of New Mexico.
Backscattered electron (BSE) images were taken on the SEM using a beam current of 4
nA, accelerating voltage of 30kV at 100x magnification, and with a 100 ms dwell time
per pixel. The images were combined into a mosaic of the entire thin section using
EDAX software (Fig. 1). Carbonate grains were verified by energy-dispersive

spectroscopy (EDS) using an EDAX Apollo 40 silicon drift detector.

Many carbonate grains were analyzed with wavelength dispersive spectrometry
(WDS) X-ray mapping using a JEOL 8200 Superprobe Electron Probe Micro-analyzer
(EPMA) at the University of New Mexico. Dolomite grains were mapped at 15 kV, 20
nA, and with a 1 um beam to determine their composition and characterize chemical
zoning. We performed WDS quantitative analyses and calibrated for Mn, Mg, Fe, Ca, Sr,
and Si using spessartine (Mn), dolomite (Ca, Mg), siderite (Fe), celestite (Sr) and quartz
(Si) standards. Silicon was included in the element list to define the edges of the
carbonate grain as accurately as possible. Point compositional analyses of carbonates
were performed after SIMS analysis to avoid electron beam damage to the minerals that
could affect isotope results. Point analyses were performed adjacent (usually within a
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couple of microns) to the SIMS pits and averaged to estimate the chemical composition
of the spot area. However, because the SIMS spots and EPMA analyses were not exactly

coincident, the results may not match the composition of the excavated area exactly.
3.3 lon microprobe work

We selected dolomite and calcite grains with few or no inclusions, determined
either through BSE imaging or X-ray maps, because an inclusion could have a different
oxygen isotope composition or cause variable Instrumental Mass Fractionation (IMF).
Selected carbonate grains were analyzed by ion microprobe to determine C isotope (8*3C
in ten dolomites and three calcium carbonates) and O (8’0 and §'0 in eight dolomite
grains) compositions. Figure 1, a BSE mosaic of the entire ALH 84049 thin section used
in this study, shows the locations and identifying numbers of each analyzed grain within

a 3 mm area.

To determine the C and O isotope composition of carbonates, we used the
Cameca IMS 7f-GEO SIMS at Caltech (Cs* primary beam, 10 keV, ~0.1 nA, ~10 um
spot size). Secondary ions of -10 keV were collected at a mass resolving power (m/Am)
of ~5500 to separate *’O” from the °O*H interference. The '°0" signal was measured
with a Faraday cup (FC), and the 'O and 0O signals with an electron multiplier (EM).
The *2C" signal was measured with a Faraday cup (FC), and the *3C” signals with an
electron multiplier (EM). Sample charging was compensated with a negative electron gun
(NEG) at -10 keV. Sample data were calibrated for instrumental mass fractionation (IMF)

and matrix effects with suitable calcite and siderite standards.

161



After SIMS work was completed, the analyzed grains were re-examined by SEM
using BSE imaging (Quanta 3D FEG Dualbeam SEM at 15kVand a current of 0.19 nA).
These images (Fig. 2) were then scrutinized to ensure that the SIMS analysis spot was
located entirely within the target grain and had not sputtered down to any inclusion

minerals below the sample surface.

4  Results

4.1 Petrology

The petrology of the carbonates in ALH 84049 has been discussed in detail in
Chapter 1 (this work); only a brief description is provided here. Calcite and dolomite are
both found in ALH 84049, at near equal proportions (0.8 vol% dolomite, 0.9 vol%
calcite; Chapter 1, this work). Both carbonate minerals range from 10 to 50 um in
diameter and are distributed randomly throughout the sample. The calcite grains in ALH
84049 are consistent with the “type 1 calcite” classification from Tyra et al. (2012); type
1 calcites contain few mineral inclusions, are 10-50 um in diameter, subhedral, and
disseminated throughout the matrix. In less altered CM chondrites, type 1 calcites may
have tochilinite rims (6Feq oS - 5(Fe,Mg)(OH),), but these are absent in ALH 84049 and
ALH 84051. Unlike in the paired chondrite ALH 84051 (Tyra et al., 2009; Tyra et al.,

2010b), no vein dolomite or large dolomite aggregates were observed in ALH 84049,

Compositionally, calcite grains are essentially pure CaCQOj3, with very low minor
element concentrations (<0.5 wt%). We do not differentiate calcite from its polymorphs
aragonite or vaterite, both of which have been found to be minor components of CM

chondrites (Lee and Ellen, 2008). Rare calcite grains with corroded or embayed margins
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have been found included within dolomite (Chapter 1, this work). Dolomites show
complex, often asymmetric, chemical zoning: MnO, CaO, FeO and MgO can vary by as
much as 4 wt% within a single grain. The edges of distinct compositional zones are

abrupt and show no consistent core-to-rim relationship (Chapter 1, this work).
4.2 Dolomite oxygen and carbon isotope composition

Table 1 reports the chemical compositions of individual carbonate grains along with
their oxygen and carbon isotope compositions. The &0 compositions of dolomite grains
are variable and range from 25 to 32 (+ 3) %o and 870 from 10 to 16 (+ 3) %o; errors are
2c. Intragrain isotope variability may be significant. For example, we obtained two
oxygen isotope SIMS analyses of dolomite a49-5-b5 and spot 1 had a 8*°0 of 25.38 %o
and spot two 32.31 %o, the lowest and highest values of the entire data set. The two
analyses in grain a49-5-b12 also have a significant oxygen isotope range, but the two

analyses in grain a49-5-b13 are identical.

Dolomite C isotope compositions in ALH 84049 are heterogeneous. Dolomite §'°C
values show a large range from 37 to 60%o (£ 2%o0) (Table 1). Three grains were analyzed
twice in separate locations; one grain, the dolomite a49-6-b3, 5'*C composition varied by
~10%o (40.2%o vs. 50.5%o0) between the two analyses. Calcite 5°C values range from 9.8

to 13.7 %o, a much smaller range than dolomite.
4.3 Isotopic composition vs. carbonate chemistry
The evidence of compositional zoning in ALH 84049 carbonates suggests that there

may have been different periods of carbonate growth. In order to establish if
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compositionally-distinct growth zones record different carbon isotopic compositions, we
compared the chemical composition of areas of grains that are proximal to the SIMS
analysis spots. The results are presented with isotope compositions in Table 1. Standard
deviations on the analyses were larger than EPMA analytical error and therefore are

reported in Table 1.

Figures 3a and 3b compare compositional data for individual carbonate grains with
the measured oxygen isotope composition of the grains. Isotope results do not appear to
show any systematic variation with Mn, Fe, or Mg content of the carbonate. Additionally,
the oxygen isotope results do not seem to vary with Ca composition, though there may be
a weak (R? = 0.35) relationship where increasing 5*°0 values correspond to lower mol%
Ca. Like oxygen isotope compositions, carbon isotope compositions do not vary with the
chemical composition of the dolomite (Figs. 3c and 3d). Furthermore, multiple analyses
from the same grain also show no correlation between elemental composition and either

O or C isotope; pairs of analyses from the same grain are highlighted in Table 1.

Our results differ from those of Riciputi et al. (1998), who observed a strong
relationship of oxygen, sulfur, and carbon stable isotope values in carbonates with
composition, implying that compositionally-induced matrix effects occurred during their
SIMS analyses. As there is little indication here that composition (Ca, Mg, Fe, or Mn)
covaries with O or C isotope results, we suggest that chemical-composition induced

matrix effects have not affected our reported oxygen isotope results.
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5 Discussion

Below, we explain that although the oxygen isotope composition of dolomite fits
with expected models of oxygen isotope response to fluid evolution, the difference in
carbon isotope values between dolomite and calcite is unexpected. Additionally, the
variation in both oxygen and carbon isotope composition within an area 3 mm wide (Fig.
1) is remarkable, as is the isotopic variation in three of four dolomite grains with two
analyses. We also evaluate if O and C isotope composition and chemical composition
varied together to examine how water evolved as it precipitated carbonates. Furthermore,
we discuss the relationship between the oxygen isotope compositions of carbonates in the
CM1 chondrite ALH 84049 with those determined for less altered CM2s. We evaluate
carbon isotope evolution and determine mechanisms, including the possibility of methane
formation between the precipitation events that formed calcite and dolomite, to explain

the difference between calcite and dolomite §"3C compositions.

5.1 Oxygen isotopes in carbonates

Oxygen isotopes have been used as a marker of aqueous alteration in CM chondrites
because they track the interaction of water with chondrite minerals. In carbonaceous
chondrites oxygen resided in essentially two distinct reservoirs: *0-depleted water
created by nebular UV ray self-shielding (Kuramoto and Yurimoto, 2005) and *°O-rich
anhydrous silicates (Clayton et al., 1973). In the CM chondrite parent body, water oxygen
isotope composition evolved to lower §*°0, §*'0 and A'’O values with progressive
interaction with anhydrous silicates (Clayton and Mayeda, 1999; Benedix et al., 2003).

Previous oxygen isotopic studies have shown that different morphologies of calcite in

CM chondrites have different oxygen isotope compositions (Tyra et al., 2007; Tyra et al.,
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2012). These different calcite types are grouped by morphology: Type 1 calcite grains are
smaller (10-50 um) grains interspersed throughout the matrix. Type 2 calcite grains are
larger aggregates that range from 50-250 um in diameter and contain small sulfide or
phyllosilicate inclusions. Type 3 calcite grains are veins that may infill cracks. Based on
their oxygen isotope compositions, Tyra et al. (2012) showed that type 3 calcite in the
CM 2.2 EET 96006 paired set are terrestrial in origin. Subsequent work, however, has
discovered calcite veins in CM2 chondrites that are not terrestrial, including bimineralic
calcite-dolomite veins (Lindgren et al., 2011; Lee et al., 2012). Some of these calcite
veins may have oxygen isotope compositions similar to type 2 calcite aggregate grains

(M. Lee, personal communication).

Type 1 calcite grains have similar oxygen isotope compositions in the CM2
chondrites Murchison and in the EET 96006 paired set, samples with a large range in
degree of aqueous alteration (2.5 to 2.2; Rubin et al., 2007; Tyra et al., 2012). Brearley et
al. (1999) determined calcite 5*®0 compositions of seven grains ranging from 27 to 37 %o
which reside on the terrestrial fractionation line (TFL). Bonal et al. (2010) analyzed five
calcite grains and determined calcite oxygen &'®0 ranges from, including error, 34 to
37.5%0 and 8'70 from 16.5 t018.5%o; all data plot slightly below the TFL. The results of
both Bonal et al. (2010) and Brearley et al (1999) overlap that of one of the two carbonate
isotope reservoirs, type 1 calcite, reported in the EET 96006 CM2 chondrite paired set
(Tyraet al., 2012). Furthermore, the petrographic description of analyzed grains in both
studies is analogous to type 1 grains. Type 2 calcite was not observed by Bonal et al.
(2010) and Brearley et al (1999), although grains that fit the description of type 2 calcite

were documented in Murchison by Benedix et al. (2003). Tyra et al. (2012) argued that
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the bulk carbonate isotope results of Benedix et al. (2003) imply that both type 1 and type
2 calcites are present in many CM2 chondrites including Murchison (2.5), Murray
(2.4/2.5), Nogoya (2.2), and Cold Bokkeveld (2.2). We did not analyze calcite grains in
ALH 84049 for their oxygen isotope composition. It is not reasonable, however, to
assume that the oxygen isotope composition of type 1 calcite in ALH 84049 is similar to
type 1 grains in other CM chondrites, unless it can be established that they formed under
similar conditions. As discussed below, three major variables, temperature, extent of
alteration, and water — rock (W:R) ratio could have produced the differences in the

oxygen isotope compositions of carbonates between CM1 and CM2 chondrites.

Different temperatures of formation would influence the oxygen isotope values
recorded in carbonate due to differences in fractionation. Both (1170 and (1180 values of
carbonates, for instance, would lie closer to the oxygen isotope composition of water in
CML1 chondrites if temperatures were higher than that in CM2 chondrites (assuming the
same source water). Temperatures during alteration of CM chondrites are not well
known. Clayton and Mayeda (1984) examined the oxygen isotopic composition of
carbonates and phyllosilicates in CM2 chondrites to calculate temperature, but it was
later found that phyllosilicates and carbonates were not in isotopic equilibrium,
invalidating calculated temperatures except in Nogoya (0-25°C) (Benedix et al., 2003).
Guo and Eiler (2007) used C and O clumped isotopes to determine temperatures of
precipitation between 20 and 71 °C; although problems with this technique are discussed
further below. Cody et al. (2008) used organothermometry to determine maximum
temperatures experienced in CM2 chondrites Bells (77 = 93 °C) and Murchison (96 + 65

°C) but did not examine any CM1 chondrites. There is some evidence that temperatures
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may have been higher in CM1 chondrites, but this is far from certain. Zolensky et al.
(1997) noted that the most aqueously altered CM chondrites (like CM1s) do not have
tochilinite. This can be attributed to temperatures above 120°C, high fO,, or low [S;
destabilizing tochilinite (Zolensky, 1984; Zolensky et al., 1997). High temperatures over
120°C are not needed, however; EQ3/6 geochemical modeling of CM and CV chondrites

showed that tochilinite disappeared between 25°C and 50°C (Zolensky et al., 1989).

In addition to temperature influencing recorded oxygen isotope compositions in
carbonates, both the W:R ratio and amount of aqueous alteration in the chondrite changes
the composition of water as it interacted with anhydrous mineral. The effect of both
situations is similar: water will take on the isotope characteristics of the silicates (become
more rock dominated) and have lower §'%0, §''0, and A'’O compositions. A temperature

rise, conversely, would just cause a mass dependent fractionation of the §'%0 and 8’0

(not A'’0) values of the precipitating carbonates.

The oxygen isotope composition (5'%0, 5''0) of dolomite in ALH 84049 overlaps or
is lower than the oxygen isotope composition of type 1 calcites in CM2 chondrites (Fig.
4); A0 values are equivalent. The inset in Figure 4 illustrates the progression of the
composition of water with time and alteration. Figure 4 then relates types 1 and 2 calcite
isotope compositions analyzed previously to dolomite analyzed here. Bulk carbonate
oxygen isotope data in CM2s suggest that dolomite may have precipitated later than
calcite or from more evolved water (Benedix et al., 2003). In this study, we did not
analyze the oxygen isotope values of type 1 calcite grains. Therefore, we cannot compare

the calcite composition to dolomite to ascertain its place in the oxygen isotope model
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described above. However, given the similarity between the fractionation factors of
dolomite and calcite (1000Ina (at 25°C) calcite-H,O = 28.38%0 (O'Neil et al., 1969),
1000Ina (at 25°C) dolomite-H,0=30.97%o (Vasconcelos et al., 2005), differences in
fractionation at constant temperature cannot be responsible for observed differences in
oxygen isotope composition.

Even though dolomite grains in ALH 84049 have oxygen isotope compositions that
are similar to calcite in other CM chondrites, dolomite and calcite did not precipitate
concurrently. Petrographic evidence presented in Tyra et al. (Chapter 1, this work) shows
that calcite grains are included in dolomite and, consequently, precipitated earlier.
Observed calcite grains are also embayed and dolomite grains are relatively pristine,
suggesting that calcite precipitated before dolomite. However, because dolomite is more
resistant to acid, this conclusion is not unequivocal. Furthermore, calcite precipitation is
kinetically faster than dolomite precipitation and therefore would precipitate first and
consume available CO3*(Chou et al., 1989; Arvidson and Mackenzie, 1999; Arvidson
and Mackenzie, 2000). This argues against cogenetic precipitation and contrasts with the
observations of de Leuw et al.(2010), who observed that calcite precipitated after
corroded dolomite in highly altered CM1 chondrites such as MET 01070. The strongest
argument against dolomite and calcite co-precipitation, however, is their very different
carbon isotope compositions.

5.2 Carbon Isotopes in carbonates

This is the first ion probe study of carbon isotope ratios in carbonates in CM
chondrites. Sampling individual grains allows us to examine heterogeneities unseen in

bulk analyses that may differentiate carbonate types. Figure 5 compares the carbon
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isotope composition of calcite and dolomite in ALH 84049, as well as comparing our
data to bulk CM, CI, CV, CO, and CR carbonaceous chondrite groups (reported in Grady
et al., 1988; Guo and Eiler, 2007). Although the '*C composition of only three calcite
grains were analyzed, these are significantly distinct from the §*C compositions of
dolomite (T-test assuming unequal variances, p=1.2 x 10™). Calcite and dolomite carbon

isotope compositions are distinct.
5.2.1 &C variations in individual carbonate grains

Carbon isotope heterogeneity in carbonates (calcite and dolomite) of one sample,
ALH 84049, encompasses much of the aggregated data spread seen in all bulk analyses
of CM, CR, and CI chondrites (Fig. 5). As noted in the Results, dolomite &'*C values
cover a range of almost 40%. and variability of up to 10%o was observed within
individual grains. This observed carbon isotope heterogeneity would be lost during bulk
analyses; however, there are large 5'°C heterogeneities in bulk CM2 chondrite samples
(Grady et al., 1988; Guo and Eiler, 2007) which may arise from varying abundances of

separate carbonate populations.

Carbon isotope heterogeneity could arise because there are many potential carbon
sources that have variable §*C compositions (Grady et al., 1988; Alexander et al., 1998;
Sephton, 2002). For instance, different species of organic matter have unique §*3C
compositions; oxidation of these species, therefore, may have affected the local isotope
composition of aqueous carbon. Although organic matter §*3C has been primarily
examined through bulk techniques such as pyrolysis, some studies have found

considerable §*3C variability in both soluble and insoluble organic matter (Alexander et
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al., 1998; Sephton et al., 2003; Alexander et al., 2007). There is abundant petrographic
evidence that chemical microenvironments exist in CM chondrites (Brearley, 2006;
Palmer and Lauretta, 2011; Chapter 1, this work). Because the diffusivities of CO5* and
cations that define microenvironments such as Mn?*, Fe**, Mg?*, and Ca*" are
comparable (assuming 25°C, 35 ppt salinity, and 1 atm pressure) (Boudreau, 1997), there

is no reason that isotopic microenvironments could not also exist as well.
5.2.2 Calcite vs. dolomite

Calcite grains have §*C values from 10 to 13 (+ 2) %o, much lower than dolomite
(37 to 60%o). At similar temperatures, 5*3C fractionation factors for calcite are very
similar to dolomite. For example, calculated fractionation between dolomite and calcite at
100°C (assuming 1 atm pressure) is 1.5%o and at 200°C is 1.0%o (Sheppard and
Schwarcz, 1970). Small differences between the fractionation factors between of both
species (and between dissolved carbonate and both species) is not sufficient to account
for the large differences in carbon isotope composition observed here. Different carbon

sources for the two carbonate populations are necessary.

We consider the most likely cause of the difference in §**C composition is, as
explained in the Introduction, that methane formed between the formation of calcite and
dolomite. Methane formation and escape would drive the §*C composition of the
remaining C to higher values (Guo and Eiler, 2007). The distinct difference in §**C
values implies that calcite and dolomite could not have precipitated at equilibrium from
the same fluid and, therefore, formed at different times. If methane evolution drove the

8*3C composition of dissolved carbonate to higher values, then calcite precipitated before
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dolomite. Methane evolution and removal, coincidentally, could also explain the lack of
tochilinite as this process could raise the oxygen fugacity of remaining fluid above the
stability range of tochilinite, although magnetite, an expected result of tochilinite
breakdown, is not observed (van de Vusse and Powell, 1983; Browning and Bourcier,

1996).

If future analyses uphold the small range of §C composition reported here for
calcite, then little carbon isotope evolution occurred in the fluid during calcite
precipitation. Conversely, the large range of dolomite 8*3C compositions, along with that
reported in bulk analyses such as Tyra et al. (2007), may indicate changing 8**Csyig With
time. Dolomite may have precipitated from isolated fluids, precipitated at different times
during continual methane formation, or precipitated after spatially-heterogeneous
methane formation caused a wide range of 8*3C of available carbon. Dolomite in ALH
84049 precipitated from the final fraction of a rapidly-evolving brine and calcite

precipitated earlier when porosity and permeability were higher (Chapter 1, this work).
5.3 Dolomite oxygen and carbon isotope covariance

There is little covariance between O and C isotope results and the two elements do
not seem to be coupled. Figure 6 compares oxygen and carbon isotopes for the six
dolomite grains which were successfully analyzed for both isotopes; there is no
noticeable trend in the data. If methane production after calcite formation drove §'°C
higher than when type 1 calcite precipitated, as hypothesized above, then this process
must have ceased during dolomite formation because a trend would be expected of

increasing 5"3C with decreasing 50 and &''0. Conversely, if local carbon sources
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controlled the carbon available for carbonate formation, then we would not expect a
consistent relationship between C and O isotopes. In Figure 6, our data are compared
with the bulk carbonate data for CM chondrites of Guo and Eiler (2007). The two sets of
data are almost indistinguishable except, perhaps, the bulk oxygen isotope compositions
are slightly heavier than analyses of dolomite in-situ. This may be a coincidence, as

explained below.

Guo and Eiler (2007) used bulk carbonate O and C isotopes to determine
temperatures of precipitation and proposed that methane formation could explain a
relationship between the two isotopes independent of temperature. A difficulty with the
application of clumped isotopes to thermometry in CM chondrites, however, is that our
work shows that the carbonates present in CM chondrites are isotopically heterogeneous.
Furthermore, even at the temperature (25°C) used in the phosphoric acid extraction by
Guo and Eiler (2007), dolomite, if present, can contaminate released CO, gas by up to
20% in the nominal 24 hour extraction time (Al-Aasm et al., 1990). The abundance of
each carbonate population, therefore, will influence the calculated temperature obtained
from this bulk technique. In ALH 84049, we observed 0.9 vol% calcite and 0.8 vol%
dolomite, very similar proportions. Our work shows that calcite and dolomite are very
different in C isotope composition. Additionally, calcite also may have different oxygen
isotope populations depending upon morphology (Tyra et al., 2012). It is well known that
bulk techniques miss local mineralogical heterogeneity; in this case the ramifications are
significant. Depending upon the proportions of each generation and type of carbonate in

individual samples, the bulk carbonate isotopic compositions may vary considerably.
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5.4 Composition and isotopes

Although dolomite grains are compositionally zoned, neither oxygen nor carbon
isotope compositions change in concert with this zoning. One reason for this may be
simply that we did not obtain isotope data for the most extreme chemical compositions.
In Chapter 1 (this work) we note that Mn-rich zones are usually found at grain
peripheries, unless they occupy porous interior areas which may be a sign of
recrystallization. This study observed dolomite MnCO3 contents as high as 7.72 mol%.
For the isotope analyses, the majority of dolomites have Mn contents only 1-3 mol%
MnCOs. SIMS spot placement near a grain edge, where more extreme chemical
compositions often occur, risks beam overlap with adjacent grains. We therefore made
most isotope analyses near grain centers. Therefore, a relationship between chemical

composition and isotope composition may not have been observed due to sampling bias.

Although sampling bias is a possibility, it is likely that the lack of a correlation
between the chemical composition and the isotope composition may be that, although
oxygen is a major component of water itself, cations are not (reservoir size effect). Cation
consumption during carbonate precipitation and phyllosilicate formation allowed for a
wide range of fluid cation compositions which are preserved in carbonates. Additionally,
chemical microenvironments formed through the reaction of water with the
heterogeneous mineralogy of CM chondrites (Brearley, 2006). This can be seen not only
in the chemical variability of individual dolomite grains, but it is also apparent in the
large carbon isotope variability in dolomites separated by only hundreds of microns (for

example, grains 6-b10a and 6-b10b). Fluid flow that could homogenize chemical
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compositions and locally-sourced inorganic carbon that would be incorporated in

carbonates could not have been very significant.
6 Conclusions

This work has advanced the understanding of aqueous alteration, specifically
carbonate precipitation, in the CM parent body. We show that when calcite precipitated
first, fluid carbonate 5'°C values were probably homogeneous. With progressing aqueous
alteration, fluids became more chemically heterogeneous and isolated resulting in
chemically variable and zoned dolomite. This reinforces observations of other workers
that fluids in the CM and CI chondrite parent bodies were distinct and evolved
chemically (Fredriksson and Kerridge, 1988; Johnson and Prinz, 1993; Riciputi et al.,
1994). Available carbon §'*C values rose and became more heterogeneous. Our study has
provided several new observations that constrain the chemical and isotopic evolution of

fluids during carbonate precipitation, as follows:

1. The 8"3C compositions of dolomite in this one sample span much of the range of
bulk analyses of a few different carbonaceous chondrite groups. Dolomite and
calcite carbon isotope compositions are distinct with dolomite 8*C values ranging
from ~35-60 %o and calcite at ~10%o. Single dolomite grains can have §°C values
that vary by 10%o.. The analyzed carbonate grains occur within a very spatially
restricted area, demonstrating that there were highly localized variations in the

isotopic composition of carbon that was incorporated into dolomite.

2. Measured 8§*3C values in calcite are far lower than those in dolomite. Also, the

8"3C of the carbon source for calcite may have been homogenous while that of
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dolomite varied markedly. We attribute this phenomenon to discontinuous
methane formation that removed *2C preferentially, as well as the oxidation of
isotopically variable organic species that released C, which was incorporated on a

highly localized scale into dolomite.

3. This is the first measurement of dolomite oxygen isotopic compositions in-situ.
The oxygen isotope compositions of measured grains slightly overlap the
composition of CM chondrite type 1 calcite, measured in prior studies. Even
though dolomite (measured here) and type 1 calcite oxygen isotope compositions
measured in other CM chondrites overlap, their different §*3C compositions make

it unlikely that they precipitated together.

4. Of six dolomite grains where both carbon and oxygen isotopes were measured in
the same grain, values are similar to bulk CM chondrite carbonate measured by
Guo and Eiler (2007). Because of the very different 8**C of calcite and dolomite,
and noted differences in '®0 in type 1 and type 2 calcite throughout CM
chondrites, the bulk methodology of Guo and Eiler (2007) may result in
inaccurate temperature estimates for carbonate precipitation. To determine
temperature accurately, in-situ characterization of both oxygen and carbon isotope

compositions of individual grains is needed.
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9 Tables

Table 1. Isotopic and chemical composition of carbonate grains

grain 50 (%0) 10 (%o) 870 (%o) 10 (%o) A™O (%c) 10 (%s) &7C(%d) 10 (%0) CaCO,* MgCO,* FeCO,* MnCO,*
daolomite
ads-5 b5 1 27.9 1.8 14.1 1.5 -0.4 1.6 -- -- 49.45 44 86 3.13 2.56
ad9-5 b55 1 28.8 1.7 15.9 1.0 0.9 1.0 -- -- 51.05 42,48 4.54 1.88
ads-5 bo 1 29.4 1.7 14.5 1.5 -0.8 1.6 -- -- 51.48 42.69 3.78 2.04
ad3-5 bg 1 25.4 1.7 11.8 1.4 -1.4 1.5 43.1 3.2 51.00 43.42 3.21 2.37
ad3-5 bg 2 32.3 1.8 15.3 1.5 -1.5 1.6 46.7 1.4 48.86 43.75 2.31 2.08
a49-5_b83 1 29.4 1.7 13.2 1.6 -2.1 1.7 -~ -- 51.09 41.72 241 1.78
ads-5_ b9 1 26.4 1.7 10.6 1.3 -3.1 1.4 374 0.8 52.54 39.56 5.83 2.06
ad9-5 b1z 1 259 1.6 10.3 1.5 -3.1 1.5 59.8 1.1 50.70 42.99 4.29 2.02
ads-5 bl2 2 30.4 1.6 15.0 1.4 -0.8 1.4 54.5 1.1 47.19 39.71 8.18 4.91
ads-5 bl3 1 28.9 1.6 13.3 1.4 -1.7 1.5 56.5 1.1 49.49 42.12 2.74 2.64
ads-5_bi3 2 29.6 1.7 15.9 1.6 0.4 1.6 - -- 48.66 42,00 7.39 1.94
ad9 6 b3 1 - -- - -- - -- 40.2 0.8 50.93 43.19 3.83 2.06
349 6 b3 2 - - - - - - 50.5 1.0 50.93 43.19 3.83 2.06
849 6 ba 1 -- -- -- -- -- -- 45.9 0.8 44.41 40.22 8.46 6.91
849 6 b6_1 -- -- -- -- -- -- 49.5 1.0 49.15 43.60 3.14 4.12
ad9-6-b9 1 -- -- -- -- -- -- 37.0 1.3 a0.62 41.48 4.72 3.17
ad9-6-bl0a 1 -- -- -- -- -- -- 227 1.2 49.16 44.64 4.02 2.19
ad9-6-blob_2 -- -- -- -- -- -- 39.3 1.0 48,91 44,26 4,71 2.12
calcite -- - -- - -- -
a49 2 b7cal -~ -- -~ -- -~ -- 13.7 0.8 98.06 0.49 1.32 0.13
849 5b2a_ 1 -- -- -- -- -- -- 11.5 0.7 98.82 0.24 0.88 0.06
849 6 b5 2 -- -- -- -- -- -- 9.7 1.2 98.46 0.21 0.2 0.42

Shaded areas denote multiple analyses of one grain. Compositions are adjacent to SIMS spots but not exactly coincident. *mol %.



10 Figures

Figure 1. Locations of carbonate grains analyzed by SIMS within thin section ALH
84049, al. Fig. 1a shows an optical microscope overview of the entire thin section taken
in cross polarized light; horizontal distance across the sample is 1.4 cm. Most analyzed
carbonates are visible in the image in bright pink colors. The two white boxes show areas
where carbonates were analyzed by ion microprobe and are in Figures 1b and 1c. Fig. 1b
and 1c are reflected light images of the sample at higher magnification. In reflected light,
carbonates have relatively high reflectivity and can be distinguished from the surrounding
silicate material quite easily. In Fig. 1c, analyzed grains are identified by text to the right
of each grain.
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Figure 2. BSE images of carbonates analyzed by SIMS. Green ellipses denote areas
analyzed for §"3C and orange ellipses were analyzed for oxygen isotope composition.
Unlike many CM2 chondrite calcite grains, none of the grains are rimmed by tochilinite;
“dol” is dolomite and “cal” is calcite.
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Figure 3. Figures 3a and 3c show dolomite oxygen isotope compositions compared to the
chemical composition (Ca, Mg, Fe, and Mn) of the area analyzed. Figures 3b and 3d
compare carbon isotope composition to the composition of the area analyzed. All four
plots show little correlation between isotope composition and chemical composition
except in Figure 3a, where there may be a weak relationship between Ca concentration
and oxygen isotope composition (R = 0.35). Gray lines tie two analyses from single
grains together. Oxygen and carbon isotope compositions are in permil (%o) vs. VSMOW
for oxygen and PDB for carbon. The cation compositions are reported in mol%. Isotope
errors are 1o and EPMA error is smaller than the symbol sizes.
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Figure 4. Comparison of the oxygen isotope composition of analyzed dolomite of ALH
84049 with literature data (SIMS analyses) for calcite in the CM2 chondrites Murchison
(Brearley et al., 1999) and the EET 96006 paired set (Tyra et al., 2007). Type 1 calcites
are small matrix grains found throughout all CM chondrites and type 2 calcites are larger
aggregates. The dolomite compositions in ALH 84049 overlap the composition of type 1
calcite grains in the two CM2 chondrites.

The inset shows a closed system model where water interacts with anhydrous silicate and
evolves, producing progressively lower oxygen isotope values for both. As the water
evolves it becomes lighter in §'*0, and 8'’0. The oxygen fractionation factors of water —
calcite and water — dolomite are similar (O'Neil et al., 1969; Kim and O'Neil, 1997,
Vasconcelos et al., 2005); if dolomite formed from the same water as calcite then it may
have precipitated with type 1 calcite. Perhaps less likely, dolomite could have formed
from a later pulse of water with similar oxygen isotope values as that from which calcite
precipitated and the closed system model does not apply. The analyses are reported with
respect to VSMOW.
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Figure 5. Carbon isotope compositions for dolomite and calcite from this study (circles)
compared to published bulk carbonate data for different carbonaceous chondrite groups
(Grady et al., 1988; Guo and Eiler, 2007). Note the distinct separation of 8'°C values for
calcite and dolomite in ALH 84049, and how results from individual carbonate grains in
one sample encompass much of the heterogeneity reported from many samples.
Uncertainties for the data are smaller than the symbols (see Table 1 for details). The letter
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Figure 6. Plot showing the 8"°C and 8'*0 compositions of single grains of dolomite from
ALH 84049 (round, filled symbols). There is no apparent relationship between oxygen
and carbon isotope compositions in dolomite. Also plotted are bulk CM2 chondrite
carbonate data (stars) from Guo and Eiler (2007), which show a similar range to that
found in individual dolomite grains. Oxygen isotope compositions are plotted in relation
to VSMOW and carbon isotopes to PDB.
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CHAPTER 4

Siderite and calcite oxygen isotope composition in CR1 chondrite GRO
95577: SIMS approach

1 ABSTRACT

Manganese-chromium age dating of siderite grains in the CR1 chondrite GRO 95577
indicate that it crystallized much later than any carbonate analyzed to date in a
carbonaceous chondrite. Here, we report the first in situ oxygen isotope compositions of
the secondary minerals siderite and calcite in this chondrite measured by SIMS. Oxygen
isotope values of carbonates in GRO 95577 are similar to those reported in Cl, CM1, and
CM2 chondrites. The §*%0 values of calcite range from 23.6 to 34.0 %o and &'7O values
range from 14.1 to 18.0 %o. Siderite 'O value ranges from 15.4 to 27.3 %o and &''O
compositions range from 8.5 to 15.5 %o. These data show that the carbonates could not
have precipitated from Antarctic water during terrestrial weathering and therefore
confirms that both carbonates are extraterrestrial in origin. Oxygen isotope values do not
vary in tandem with the very heterogeneous carbonate chemical compositions at the
spatial and analytical resolution of the ion microprobe used. These observations suggest
that the cation chemistry of the fluid from which carbonates grew evolved independently
of oxygen isotope composition. The heterogeneous carbonate compositions implies that
geochemical environment within GRO 95577 was spatially variable; perhaps due to
microenvironments controlled by localized dissolution reactions involving coarse-grained
primary silicate phases in chondrules. Oxygen isotope compositions can be explained by
a simple model where water evolved as it interacted with silicates. The chemical
environment during carbonate precipitation within GRO 95577 was complex and
heterogeneous, whereas the oxygen isotope system evolved in a comparatively simple
manner.
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2 INTRODUCTION

GRO 95577 is distinct amongst CR chondrites; it is the sole sample that
represents the most advanced stage of aqueous alteration, type 1 (Weisberg and Huber,
2007). With the addition of GRO 95577, CR chondrites are the only group that show a
full range of petrologic types from unaltered type 3.0 (Abreu and Brearley, 2010) to type
1, where aqueous alteration has completely replaced the original primary mineralogy
(Weisberg et al., 1993; Weisberg et al., 1995; Weisberg and Huber, 2007). Nearly all
primary minerals, including what once were large chondrule olivine and metal grains,
have been replaced by secondary minerals. Consequently, GRO 95577 and less-altered
CR chondrites allow us to study aqueous alteration from incipient low temperature

hydrothermal alteration to full hydration of protolith minerals.

GRO 95577 contains siderite, calcite, and minor dolomite (Chapter 2, this work).
Calcite grains as large as 200um occur, although <50 um diameters are more typical.
Siderite grains are usually less than 40 um in diameter (most less than 10um) and
dolomite is less than 20 um. In siderite, microscale and even nanoscale chemical
variability between grains and compositional zoning (MgCO3;, MnCO3, FeCQO3, and
CaCOj3 components) within grains have been noted (Tyra et al., 2010b; Tyra et al., 2011;
Chapter 2, this work). This suggests that chemical environments within GRO 95577 were
heterogeneous. Compositional relationships between Mn, Fe, and Mg within siderite,
however, are linear; this implies that aqueous fluid was in communication throughout the
sample during siderite formation (Chapter 2, this work). Calcite grains are relatively pure,
96 to 100 mol% CaCOs, regardless of sample number or lithology studied (Weisberg and

Huber, 2007; Chapter 2, this work).
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Oxygen isotope compositions of carbonates can constrain isotope evolution of
aqueous fluids in chondrite parent bodies (Grady et al., 1988; Clayton and Mayeda, 1999;
Benedix et al., 2003; Tyra et al., 2007b). For example, in CM chondrites, lower §'%0
values are consistent with increasing aqueous alteration as water progressively interacted
with *®O-rich silicates and followed a mixing line from high 520 to lower values.
Previous SIMS measurements of carbonates in CM1 and CM2 chondrites have shown
that oxygen isotope heterogeneity is present on a grain-to-grain scale (Brearley et al.,
1999; Tyra et al., 2007a; Tyra et al., 2010a; Chapter 3, this work). Calcite and siderite in
GRO 95577 may show similar isotopic diversity that can be used to place constraints on

the formation of these carbonates.

Although no in-situ oxygen isotope analyses of carbonates in CR chondrites have
been undertaken to date, Bonal et al. (2010) analyzed dolomite and magnesite oxygen
isotope compositions in-situ in hydrated lithic clasts of the CB/CH chondrite Isheyevo.
CB and CH chondrites are tied to the CR chondrite group by their petrology, bulk REE
abundances, and oxygen isotope compositions (Weisberg et al., 1995; Krot et al., 2002).
It is unclear, however, if CR, CB, and CH chondrites are from the same parent body.
Bonal et al. (2010) reported that carbonate §'%0 ranged from 26.0 = 1.0%o to 32.2 + 0.6%o
and 870 from 12.9 + 1.1%o to 13.9 + 1.0%o; these ranges overlap carbonate isotope
compositions in the CI1 chondrite Orgueil and also CM2 chondrite carbonates
(Kallemeyn and Wasson, 1982; Grady et al., 1988; Benedix et al., 2003). Determining the
carbonate oxygen isotope composition of CR chondrites will help determine if models of

aqueous alteration for other carbonaceous chondrites apply to CR chondrites.
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Few models for aqueous alteration and coincident carbonate formation exist for CR
chondrites. In this study, we explore if systematic relationships exist between carbonate
chemistry and oxygen isotope composition which could reflect chemical and isotopic
changes in parent body fluids with time. We have analyzed individual carbonate grain
(calcite and siderite) oxygen isotope compositions in situ via ion microprobe. Our data
affirm that calcite and siderite in GRO 95577 are extraterrestrial and provide constraints
on the extent of water-mineral interactions. Our data are the first oxygen isotope
measurements of individual secondary minerals in CR chondrites and provide a
foundation towards understanding the oxygen isotope evolution of CR chondrites during

alteration from type 3 to type 1.

3 METHODS
3.1 Samples

We examined two 1 inch round, polished petrographic thin sections, GRO 95577,
30 and GRO 95577, 53. The samples were acquired courtesy of the Antarctic Meteorite
Working Meteorite Group from the Antarctic Meteorite Collection at NASA Johnson
Space Center. These are the same two thin sections used in Chapter 2 (this work) for a
study of the **Mn->%Cr systematics of siderite. Prior to electron and ion beam analyses,
the samples were imaged with a petrographic microscope to locate potential carbonate
grains. The images taken in crossed polarized light, plane light, and reflected light
provided a navigational aid when using the Electron Probe Microanalyzer (EPMA) and
the Secondary lon Mass Spectrometer (SIMS). The samples were carbon-coated under
standard operating conditions to ~20 nm with an Emitech K950X Turbo Evaporator unit

in preparation for electron beam and ion beam analysis.
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3.2 Chemical analysis

Full spectral X-ray maps of each thin section were acquired using an EDAX
Apollo 40 SDD detector attached to a FEI Quanta 3D FEG SEM (30 kV accelerating
voltage , 23 nA beam current, ~200 us dwelltime per pixel, 1.7 um/pixel resolution,
~30% deadtime). These maps were used to determine the distribution, abundance, and
chemistry of carbonates in the samples. In addition, the X-ray maps allowed the largest
siderite and Ca-carbonate grains to be located and selected for additional chemical and

isotopic analysis.

The composition of each grain selected for isotopic analysis was determined by
electron probe microanalysis prior to ion microprobe analysis. Analyses were carried out
using the JEOL 8200 EPMA located at the University of New Mexico. Analysis
conditions were 12kV accelerating voltage, 10nA beam current, with a ~1um beam size.
SIMS analyses were performed at locations adjacent to where the microprobe analyses

were performed.

3.3 Isotopic analyses

We measured oxygen isotopic compositions of both siderite and Ca-carbonate
within GRO 95577. To determine the oxygen isotopic composition of carbonates, we
used the Cameca IMS 7f-GEO SIMS at the California Institute of Technology (Cs*
primary beam, 10 keV, ~0.1 nA, ~10 pm spot size). The *°0" signal was measured with a
Faraday cup (FC), and the 'O and 30" signals with an electron multiplier (EM).
Counting times of 2s for *°0, 10s for 1’0, and 4s for 20 allowed a typical count rate of
~25 million counts-per-second for *°0. Sample charging was compensated with a
negative electron gun (NEG) at -10 keV. Background correction, though negligible, was

198



applied to the three O masses. Electron multiplier dead-time correction was applied to

mass 1’0 and *%0.

We used a Ny(I) cold trap to reduce the OH" signal by a factor of 10, field apertures to
ensure steep sides of the peaks which cuts tail input, and a high mass resolving power
(MRP) of 6500 (M/AM). This ensured that the *°OH tail to the *’O peak was less than
0.1%o. During the siderite oxygen isotopic analyses, pre-sputtering was performed for
120s at 0.6 nA and each analysis encompassed 30 cycles at 0.3 nA. Pre-sputtering
removes surface contamination and the carbon coat from the region of interest. Repeated
analyses of the siderite standard gave an uncertainty of 2.3%o (20) for §'%0 and 1.8%o
(20) for 8'70. The siderite grains within GRO 95577, however, are not pure siderite.
Siderite Fe ranges from 44-62 mole %, Mn from 12-38 mole %, and Mg from 17.5-30
mole % (Chapter 2, this work). Sample data were calibrated for instrumental mass
fractionation (IMF) and matrix effects with suitable calcite (optical calcite) and siderite
standards. The elemental compositions of individual siderite grains are compared with
oxygen isotope values and potential matrix effects are discussed below in sections 4.2
and 5.1.

For the calcite SIMS analyses, we first pre-sputtered at 0.6 nA for 120s before
reducing the current to 0.3 nA for the analytical run (30 cycles). A higher current (and
spot size) than the siderite analyses was possible as the calcite grains were larger. This
procedure improved the counting statistics. Measured Ca-carbonates were, on average,
98.4 mole % CaCOs, 1.1 wt. % FeCO3, 0.35 wt% MnCOs3, and 0.15 wt. % MgCOs. This
nearly pure composition is close enough to the Optical Calcite standard for matrix effects

to be negligible.
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4 RESULTS
4.1 Petrography

Tyra et al. (Chapter 2, this work) described carbonate petrography in GRO 95577.
In addition to the host CR lithology (large chondrules, ~30% matrix), GRO 95577 also
contains a significant component of a fine-grained “dark lithology” (DL). Calcite,
siderite, and rare dolomite are present in matrix between chondrules within the host and
the DL (Fig. 1; Weisberg and Huber, 2007; Tyra et al., 2010b). GRO 95577, 30 contains
3.2 vol. % calcite and 0.15 vol% siderite. GRO 95577, 53 has 2.9 vol% calcite and 0.17
vol% siderite, essentially identical results. Carbonates are often associated with magnetite
and pyrrhotite and exhibit embayed and corroded textures on the periphery of all

observed grains.

Ranges in chemical and isotope composition of carbonates analyzed are shown in
Table 1. In summary, calcium carbonate compositions ranged from 0.2 to 0.3 mol%
MgCOsg; 0 to 0.2 mol% MnCOs3; 0 to 1.1 mol% FeCOs; and 98.4 to 98.6 mol% CaCOs.
Ca-carbonate grain compositions were indistinguishable, whether the grain occurs in the
CR host lithology or the DL. Dolomite ranged from 26.0 to 31.6 mol%, MgCOs; 12.9 to

17.4 mol% MnCOs; 7.6 to 9.2 mol% FeCO3; and 45.5 to 50.9 mol%, CaCO:s.

4.2 Oxygen isotopes

Figure 2 shows SIMS analysis spots on one calcite and three siderite grains. Analyzed
calcite grains are far larger than SIMS spots (each spot was ~10 um in diameter). Careful
selection of siderite grains was required, as few siderite grains are larger than 10 um in
diameter. Backscatter electron images of all siderite SIMS analysis spots are shown in the

appendix for reference.
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Siderite and calcite oxygen isotopic compositions are distinct. The §'%0 of calcite (10
spots in 10 grains), ranges from 23.6 to 34.0 %o and 8O values range from 14.1 to 18.0
%o. Siderite 8'°0 values (11 spots in 8 grains), range from 15.4 to 27.3 %o and 8’0
compositions range from 8.5 to 15.5 %o. Measured carbonate isotopic compositions in the
DL and CR host lithologies are identical within error; Table 1 gives chemical
compositions, isotope compositions, and the location (i.e. DL or host lithology) of each
carbonate analyzed. Both siderite and calcite oxygen isotope compositions lie on the
terrestrial fractionation line. They overlap slightly, but the majority of siderite oxygen
isotopic values (8*'0 and &'®0) are lower than calcite. The data and calculated errors are
listed in Table 1. Figure 3 compares chemical compositions to oxygen isotope values, and

Figure 4 illustrates data relationships.

5 DISCUSSION
51 Chemistry

The variable chemistry of calcite and siderite was discussed and related to fluid
evolution in Tyra et al. (Chapter 2, this work). Based on the oxygen isotopic
compositions of carbonates in GRO 95577, we argue below that oxygen isotope 520
values of fluids evolve to lower values as interaction with anhydrous silicates progressed.
However, variations in carbonate chemistry cause matrix effects during SIMS oxygen
isotope analyses of minerals (e.g., Leshin et al., 1998; Rollion-Bard and Marin-Carbonne,
2011). Therefore, interpretation of the oxygen isotope evolution requires understanding if
and how chemical composition correlates with isotope values, independent of matrix

effects.
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Matrix effects can significantly affect reported oxygen isotope values. For example,
Leshin et al. (1998) measured the oxygen isotope composition of carbonates in ALH
84001; matrix effects over the large chemical range of analyzed grains were discernible.
Consequently, the authors used a correction assuming that oxygen isotope values
correlate linearly with chemical variations in the carbonates, especially variations in Mg.
In this study, the SIMS analytical conditions differed from that of Leshin et al. (1998).
Although we describe isotope variations within single grains, the results shown in Table 1
and Figure 3 imply that the tuning of the SIMS produced minimal matrix effects in
oxygen isotope values obtained. Nevertheless, if we applied the same correction used by
Leshin et al. (1998) to our data, then over the ~20 mol% variation in MgCO; reported
here in siderite, a maximum correction of ~2%o would be applied. For example, a
hypothetical grain 1 with an MgCOj3; content 20 mol% higher than grain 2 would have a
880 composition 2%o lower. We observe, however, no systematic variation of 20 or
"0 with composition. Furthermore, the spread of data shown in Figure 4 far exceeds
what can be explained by matrix effects. Therefore, the variation in oxygen isotope

values that we report in this paper cannot be explained by matrix effects.

Assuming that the matrix effects caused minimal instrumental mass fractionation
(IMF), our data suggest that differences in oxygen isotope composition and chemistry
exist within individual grains. For instance, as reported in Table 1 Grain g30-11-b has a
AYO between +1 and 2 %o (£ 1%o) at 33.51 mol% Mg and a slightly negative A'O of ~ -
0.3 %o (£ 1%o0) in a location with 26.45 mol% Mg. This effect is interesting as it seems to
be a non-mass dependent relationship which cannot be created by matrix effects.

However, more analyses are needed: at present, the observed relationship is barely visible

202


file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%204%20breakout%202-7-13_AJB_revised.docx%23_ENREF_27
file:///C:/Users/Mark/Documents/CM1%20project/Papers/Dissertation/Chapter%204%20breakout%202-7-13_AJB_revised.docx%23_ENREF_27

at a 1o level and insignificant at a 2o level. Consequently, it can only be stated that
siderite precipitated from a fluid with either heterogeneous or evolving chemical

composition that has no definitive correlation with oxygen isotope composition.

5.2 Terrestrial Siderite?

Based on the Mn-Cr systematics, the siderite grains in GRO 95577 have younger
crystallization ages than any secondary carbonate mineral measured in carbonaceous
chondrites to date. Tyra et al. (2010b) and Chapter 2 (this work) suggest that siderite
precipitated at least 24 Myr after CAl formation. Because this age is based upon the error
envelope about an essentially flat Mn-Cr isochron, this unique result raises the possibility
that siderite within GRO 95577 is not extraterrestrial in origin, but may have formed by
weathering in the Antarctic before the meteorite was collected. Several studies
demonstrate that carbonates (e.g. nesquehonite, hydromagnesite, calcite) can precipitate

during extended residence within Antarctic ice (e.g. Jull et al., 1988; Tyra et al., 2007b).

Although some terrestrial carbonates do form in meteorites, chemical conditions
are not favorable for siderite precipitation. Tyra et al. (Chapter 2, this work) argue that
the terrestrial surface environment is too oxidizing for siderite formation to have occurred
while GRO 95577 rested on and within Antarctic ice. Terrestrial siderite precipitation is
restricted to somewhat reduced, methanogenic geochemical conditions (Garrels and

Christ, 1965; Hem, 1985; Romanek et al., 2009).

The 20 compositions of calcite and siderite are also inconsistent with terrestrial
formation in Antarctica. To our knowledge, there is no published measurement of 520 of

ice at Grosvenor Hills near the Trans-Antarctic Mountains, the location where GRO
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95577 was recovered. Surface snow §'®0 adjacent to the Trans-Antarctic Mountains
averages from -40 to -45%o (Lorius, 1983; Cassidy and Whillans, 1988). Furthermore,
modern Antarctic precipitation on the East Antarctic ice sheet adjacent to the
Transantarctic Mountains is modeled to average -40%o with a seasonal variation of +10%o
(Helsen et al., 2007). It is likely, however, that the water available to interact with GRO
95577 was much lighter in composition. The sample was collected from exposed blue ice
at the Grosvenor Mountain inner Mt. Cecily ice field (Grossman, 1998). Glacial blue ice
originates from the East Antarctic highlands which, depending upon age, is significantly
lighter than local precipitation in Grosvenor Mountains. This ice §'¥0 composition is
commonly <-60%. (Watanabe et al., 2003). Typical temperatures at meteorite stranding
surfaces remain well below freezing; however, during the summer low albedo meteorites
at Allan Hills in Antarctica may reach 5°C a couple of days per year (Schultz, 1986). At
5°C, the fractionation (1000 In(a)) is 36.78%o between calcite and water and 39.93%.
between siderite and water. If the water available within GRO 95577 ranged from -40%o
to -60%o, then the measured compositions in GRO 95577 of both siderite and calcite lie
far outside of the range of in-situ precipitation at probable Antarctic temperatures (Fig. 5;
Zheng, 1999). Terrestrial water could react with minerals in GRO 95577 and change the
oxygen isotope composition of water (rock buffering); however no petrographic evidence

has been found to support extensive terrestrial water-rock interaction.

We demonstrate in Figure 5 the isotopic compositional range of potential carbonate
which would precipitate from melted Antarctic ice. For the purpose of this demonstration,
we use -40%o0 as Antarctic water, 5°C for the temperature, and the fractionation factors

mentioned above. Neither the composition of siderite nor calcite is consistent with
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formation from Antarctic water. If the interior temperature were higher, or if the initial
water were lighter, then the carbonate would have oxygen isotopic compositions even
lower than that displayed. Measured carbonates in GRO 95577, with §'%0 values > 20%o,
are distinct from carbonates produced by terrestrial weathering in Antarctica. Therefore,

we conclude that the carbonate assemblages in GRO 95577 are extraterrestrial in origin.

5.3 Siderite and calcite oxygen isotope differences caused by temperature
changes?

Although during aqueous alteration there may have been periods of carbonate
dissolution and reprecipitation (Zolensky et al., 1989; Johnson and Prinz, 1993; Brearley
and Hutcheon, 2000; de Leuw et al., 2010), it is unlikely that oxygen isotope
compositions of carbonate minerals changed after their final precipitation. Tyra et al.
(Chapter 2, this work) present evidence using enhanced contrast BSE imagery that all
classified carbonate types, Ca-carbonate, dolomite, and siderite, contain observable
zoning. We argue that zoning on the micron scale in carbonate grains can only have been
preserved if post formational temperatures remained below the closure temperature (350
to 450 °C at a 100K/Myr cooling rate, Fisler and Cygan, 1999) for diffusion of Mg, Mn,
Ca, and Fe cations. Organo-thermometry (e.g. Cody et al., 2008) and a lack of
metamorphic textures also strongly suggest that temperatures remained low (< ~250 °C).
Furthermore, the diffusion coefficient of oxygen in carbonates is similar to that of Mg
(Cherniak, 2010). Assuming oxygen isotopic diffusion in carbonates occurs at similar
rates to cations, these observations indicate that the primary (i.e., preterrestrial) oxygen

isotopic compositions of carbonates in GRO 95577 should be preserved.
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Temperature differences at the time of precipitation between calcite and siderite could
explain the reported oxygen isotope differences between these two carbonate phases.
Precipitation at a lower temperature would produce a carbonate that shows more isotopic
fractionation from asteroidal water than if the carbonate formed at a higher temperature.
For example a calcite precipitating at 25°C from a fluid with a 0 of 0%o would have a
880 composition of 31.19%o (33.95%. for siderite) and at 175°C a "0 composition of
11.28%0 (12.57%0 for siderite), a difference of about 20%o (Zheng et al., 1999). The
lower §'%0 values of siderite could have arisen because siderite precipitated at warmer
temperatures than calcite. Fractionation effects caused by differences in temperature of
formation are mass-dependent and so our reported isotope compositions lying along a
mass-dependent fractionation line are indeed consistent with siderite and calcite
precipitating at different temperatures. The petrography of GRO 95577 shows that
siderite must have precipitated after most calcite in this sample (Tyra et al., 2011,
Chapter 2, this work). Therefore, if temperatures increased after calcite formation,

siderite would precipitate with lower 5'%0 and 8O values than older calcite.

Estimates of CR chondrite alteration temperature are variable. Clayton and Mayeda
(1977) used the oxygen-isotope equilibrium fractionation between magnetite and
phyllosilicates to estimate that CR chondrites (Renazzo in particular) experienced
alteration at a temperature of ~300°C. This temperature estimate requires that magnetite
and phyllosilicates formed concurrently and in equilibrium with the fluid. In Chapter 2,
we note that, within the CR1 chondrite GRO 95577, siderite is zoned in Mn, Mg, and Ca.
We (Chapter 2, this work) argue that the fine scale (sub-micron) zoning is inconsistent

with diffusion. To preserve 1 um zoning from diffusion at ~300°C, the cooling rate
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would need to be faster than 800K/Myr (Fisler and Cygan, 1998). It is far more likely that
submicron zoning is the result of precipitation from a fluid of changing composition at
temperatures that never exceeded 200°C. Furthermore, the preservation of temperature
sensitive organic matter, as shown by the organic thermometry measurements by Cody et
al. (2008), is most consistent with a temperature that is less than 200°C for all measured

CR chondrites (171 £+ 64°C).

5.4 Siderite and calcite oxygen isotope differences a result of fluid isotope
evolution?

5.4.1 Closed system

The range in calcite oxygen isotope compositions in GRO 95577 implies that calcite
precipitated from water that varied in its oxygen isotope composition. Because water
evolves toward lighter oxygen isotope values (explained below), one can say that in a
closed system a carbonate with lower oxygen isotopic values precipitated after a grain
with higher oxygen isotopic values if the fluid was homogeneous. Carbonate oxygen
isotope heterogeneity could also originate from precipitation from localized fluid
reservoirs isolated from each other and evolving differently due to reactions with
heterogeneous silicate minerals. As calcite and siderite chemical compositional ranges
are indistinguishable in both samples and in both lithologies, isolation due to low
permeability is unlikely, however (Bland et al., 2009). Perhaps mineralogical
heterogeneity repeats on a mm-scale (for instance, from one chondrule through the matrix
to the next chondrule). In this scenario, similar microenvironments and the fluid response
to these microenvironments repeat throughout the sample and isotopic and chemical
similarities do not necessitate fluid communication. A final scenario could be that
chondrules had already hydrated to phyllosilicates before carbonate precipitated.
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Chondrule minerals, because of their large size, react relatively slowly, creating areas in
CM2 chondrites with a different microenvironment than the adjacent matrix (Brearley,
2006). If all minerals had already reacted with water before carbonate precipitation, then
the microenvironments would not exist. The fact that siderite and calcite oxygen isotopic
compositions both lie on a mass dependent line and do not noticeably change in A0
also would be expected if all anhydrous silicates had reacted. Otherwise, carbonates
would preserve progressively decreasing A'’O and §*%0 values that arose from reacting
anhydrous silicates changing the water composition. If geochemical microenvironments

did not exist, then it is difficult to explain the siderite chemical heterogeneity.

Benedix et al. (2003) tailored the closed system two-component model of Clayton
and Mayeda (1984) to explain calcite oxygen isotope compositions in CM chondrites. In
these models, asteroidal water evolved from higher to lower values of §**0, 0, and
A0 as water interacted with anhydrous silicates. Carbonates record the evolution of the
water. Benedix et al. (2003) used concepts outlined in Clayton and Mayeda (1984; 1999)
of whole rock oxygen isotopic composition evolution to explain measured bulk carbonate
oxygen isotope data. Below we use a similar rationale to model the evolution of water in

the CR parent body.

Figure 6 shows a modified version of the schematic shown in Benedix et al. (2003).
We present water oxygen isotopic evolution and minerals that formed in equilibrium with
this water (siderite, calcite, and phyllosilicates) in a 80 vs. 'O framework. To
emphasize trends, we have exaggerated the y-axis, as the water regression slopes reported

by Clayton and Mayeda(1999) and the TFL vary by < 0.2. The TFL is generally a slope
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of 0.52 and the CR water evolution slope ranges from 0.6 (Clayton and Mayeda, 1999) to
0.7 (Choi et al., 2009; Schrader et al., 2011). In the figure, water begins initially at ‘i’ and
trends to ‘f> as it exchanges and reacts with anhydrous minerals, thus becoming §'%0 and
8’0 depleted with time. Assuming water leaves the system, the whole rock composition

becomes isotopically heavier as secondary minerals precipitate (Fig. 6 inset).

At a given temperature, the first calcite precipitating from the same water reservoir
would have a heavier isotopic value than a later one (see Fig. 6). As the siderite and
calcite oxygen fractionation factors at 25°C vary by ~3%o, at 100°C by ~2%o, and at
200°C by ~1%o, differences between siderite and calcite can only be explained by the
water composition changing between calcite precipitation and the onset of siderite
precipitation. Calculated 8*%0 values between calcite and siderite vary by 3.3%o at 0°C
and 1.8%o at 100°C, using fractionation factors by Zheng (1999). As calcite and siderite
880 values vary by up to 17%o, the isotopic differences between the two phases cannot
be wholly attributed to cogenetic precipitation at equilibrium from the same fluid. The
simplest explanation is that calcite precipitated first and siderite second from water of
evolving O isotopic composition, with a transitional period when coprecipitation

occurred.

5.4.2 Unidirectional fluid flow or circulation?

The simple closed system of Clayton and Mayeda is consistent with results
reported here. However, the fluid flow model of Young et al. (1999; 2001) could also
explain the similarity of results presented here with those for the CM and CI chondrites.
In essence, the Young planetesimal hydrological model suggests that each body had

comparable starting material and water. If the interior of the body heats enough, then
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water ice will melt or be released through metamorphism and begin flowing down-
temperature and down pressure towards the outside of the body. The flow outward
creates similar temperature and fluid isotope composition zones at similar radial distances
from the center of the body. A fundamental point that the model makes is that because a
single body can have many oxygen isotope zones, similar oxygen isotope values in two
meteorites does not necessitate that they originated on the same body. The oxygen
isotope compositions of carbonates in Cl, CM, and now CR chondrites are remarkably
similar, and they all have comparable degrees of aqueous alteration. Perhaps this quality
is the result of parallel evolution of fluid on different bodies within the early solar system,

consistent with the model of Young et al. (1999; 2001).

Fluid flow, however, may not be unidirectional. Palgutta et al. (2010) modeled
convective hydrological systems, assuming that water did not escape an asteroid into
space. Water heats in the interior, moves outward and cools, and sinks back toward the
asteroid interior. The results are similar to Young (2001), where water of homogeneous
composition may reside in one area of the planetesimal, even though many different
isotopic regimes exist within the entire body. The biggest difference between the two
models is that while Young et al (2001) predict areas of similar isotope composition that
is depth-dependent, Palgutta et al (2010) envisage vertical bands of similar alteration and
isotope composition that depend on the location where water is either rising or

descending as part of a convective cell.

Similarly to the model of Young et al. (2001), the model of Palgutta et al. (2010)
could also explain the similarity of carbonate oxygen isotope compositions of the CR1

GRO 95577 to that in other carbonaceous chondrite classes, but more work is needed to
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determine which scenario is more likely. Models accounting for potential low
permeability of chondrite matrix (Bland et al., 2009), preferential fluid flow through
impact fractures (carbonate veins, Tyra et al., 2009), continual impact disturbance, and

that account for changing permeability conditions as alteration continues are needed.

6 Conclusions

GRO 95577 is an intriguing meteorite. Tyra et al (Chapter 2, this work) and this paper
show that siderite within GRO 95577 exhibits large chemical variability. This spread in
chemical composition is consistent with variable geochemical microenvironments, as
envisioned by Brearley et al. (2006). Although fluids from which siderite precipitated
were chemically heterogeneous, the oxygen isotope composition of the fluid followed an
evolution that can be explained by a two-component closed system model. The best
explanation is that while chemistry in the CR parent body was quite variable due to the
heterogeneous distribution of minerals at the tens of microns scale, oxygen isotopes
evolved in parallel within these microenvironments. The chemistry is a complex system;

the oxygen isotope system is not.

Our data show that the variations in, and differences between, siderite and calcite
oxygen isotope compositions were not caused by analytical artifacts such as matrix
effects and, further cannot be attributed to terrestrial formation or temperature differences
at the time of precipitation from a fluid. Petrographic observations show that siderite
precipitated after calcite. We conclude that siderite formed from a fluid that had evolved
to 5'®0 and 5’0 values lower than that from which calcite precipitated (Chapter 2, this
work). This confirms that the isotopic evolution of water in CR chondrites was similar to
that observed within Cl and CM chondrites. Although a closed system model can explain
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these observations, our results do not exclude parallel oxygen isotope evolution in
different meteorite parent bodies as the result of fluid flow processes like that modeled by

Young (2001) and Palgutta et al. (2010).

More work is needed to determine if our results apply to other CR chondrites. A finer
beamed ion microprobe, such as a NanoSIMS, would allow better comparison of grain
composition with isotope composition on the micron scale. Furthermore, GRO 95577
contains abundant magnetite, much of which is associated with siderite. Analyzing the
oxygen isotope composition of magnetite and also the abundant phyllosilicates within
GRO 95577 may reveal more information about the isotope evolution of water in GRO

95577.
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9 Tables

Table 1.Chemical and oxygen isotopic compositions of analyzed grains. Chemical data
(mol% FeCO3, MnCO3, MgCO3, and CaCO3) were obtained via EPMA and isotopic data
(in %o) via SIMS. The dashed lines separate individual grains.

mineral grain lithology Mg Mn Ca Fe 30 1c 370 1c A0 1c
siderite g30-11-Bla@l CR 33.51 26.24 1.91 38.35 24.36 1.38 14.51 1.07 1.85 0.97
g30-11-Bla@2 CR " " " " 24.35 1.27 13.43 1.09 0.77 0.95
g30-11-Bla@3 CR " " " " 22.48 1.26 13.16 1.03 1.47 0.89
__g011Bl@L Rt .M. |26 128 1249 110 173 _ 09 |
g30-11-Blb@6 CR 26.45 30.05 3.49 40.01 23.03 1.31 11.78 1.15 -0.20 1.03
_goueber R | " ot |ms 12 1er 104 037 050 |
g30-10-S2_1 DL 34.28 13.94 3.87 47.92 20.72 1.93 12.06 1.65 1.29 1.74
g30-10-52_3 DL 34.72 13.90 3.54 47.84 21.54 2.05 12.86 2.42 1.45 2.51
g30-10-S2_6 DL 34.72 13.79 3.21 48.27 22.77 1.29 12.02 1.21 0.18 1.10
g30-10-52_6@1 DL " " " " 20.89 1.66 11.87 1.05 1.01 1.07
g30-10-52_6@2 DL " " " " 24.30 1.37 12.76 1.27 0.12 1.19
_golosae@ oL |t ot |was  _1a 1549 127 132 120 |
g30-10-83_2 DL 30.27 24.27 3.78 41.66 21.12 1.35 9.80 1.20 -1.19 1.10
g30-10-53_5@1 DL 26.12 22.80 6.45 44.62 24.09 1.31 13.34 1.19 0.81 1.08
g30-10-53_5@2 DL " " " " 24.54 1.41 14.30 1.12 1.54 1.04
g30-15-B2-003_4 DL " " " " 20.05 1.28 11.35 1.09 0.93 0.96
93016820035 _ oL | " " _ ..t |23 136 _ 113 104 _ 022 093 |
g30-15-B2-008@0 DL 35.68 12.60 3.31 48.40 20.22 1.32 11.87 1.25 1.35 1.15
g30-15-B2-008@1 DL " " " " 17.42 1.38 9.45 1.16 0.39 1.07
£30-15-B2-008@2 DL " " " " 15.36 1.35 8.47 1.12 0.48 1.01
g30-15-B2-008@3 DL " " " " 18.41 1.46 10.58 1.08 1.00 1.01
__g1sB2008@a DL | " M | 1mes 143 em 109 _ 016 104 |
£30-15-B2-009@1 DL 31.47 19.77 4.10 A4.65 21.16 1.26 9.44 1.03 -1.57 0.88
g30-15-B2-009@2 DL " " " " 195.44 1.32 9.87 1.12 -0.24 1.00
g30-15-B2-009@3 DL " " " " 18.07 1.25 9.16 1.09 -0.23 0.95
_g015B2000@4 oL | "t _ M. _|7se_ 123 880 106 _ 033 _ 090 |
g30-15-B2-005@0 DL 32.37 22.06 3.56 42.00 21.83 1.45 12.54 1.07 1.19 1.00
g30-15-B2-005@1 DL " " " " 20.57 1.23 12.00 1.09 1.31 0.54
g30-15-B2-005@2 DL " " " " 20.94 1.28 12.00 1.17 1.12 1.04
_go1sB2005@3 DL | .t .M | 266 127 1205 103 _ 025 o088 |
calcite
g30-18-b1 DL N/A 3141 1.15 18.04 1.19 1.70
g30-18-b2 DL N/A 31.96 1.20 16.42 1.20 -0.20
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10 Figures

Figure 1.Examples of carbonates within GRO 95577. Backscatter electron images 1a and
1b are from GRO 95577,53 and images 1c-1e are from GRO 95577,30. The different
carbonate minerals are spatially associated with each other and also with magnetite (m)
framboids (Fig 1e) and pyrrhotite (p). Note that siderite (s) is often fragmented and
patchy, although the grains shown in Figures 1a and 1c have clean regions. Calcite (c),
and dolomite (d) are also indicated.
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Figure 2. BSE images of SIMS spots in carbonate grains. Figure 2a shows two SIMS
spots in a ~200 um diameter calcite; Figures 2b to 2d show SIMS spots in siderite.
Calcite (c) grains were far larger than siderite (s). Therefore, precise placement of the ion
beam was necessary for SIMS analysis on siderite minerals. We monitored Si closely
when placing SIMS spots, and employed apertures where necessary to narrow the beam
and ensure only carbonate was being analyzed. BSE images of all SIMS spots in siderite
are shown in the Appendix.
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Figure 3.Comparison of siderite grain chemistry and oxygen isotopic composition. No
significant correlations are apparent between the elemental composition (Mg, Fe, Ca, and
Mn) of siderite with either §'%0 (a through d) or A¥O (e). At a 1o error level,
compositionally induced matrix effects are not apparent over the compositional ranges of
cations present in the siderite. Chemical composition does not correlate with oxygen

isotope composition within single grains.
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Figure 4.0xygen isotopic compositions of calcite and siderite. Both lie on the
terrestrial fractionation line which could indicate that they formed cogenetically. This
is unlikely, however, as their fractionation factors could not account for differences
observed between the two carbonate minerals. Either there were large temperature
differences between the times of formation from fluids of identical compositions, or an
evolving source fluid is possible. The shaded ellipse illustrates ion microprobe results
of magnesite and dolomite in Isheyevo (CB/CH chondrite) lithic clasts (Bonal et al.,
2010). These carbonates overlap our results for calcite. All values reported in
reference to the VSMOW isotope standard.
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Figure 5. Diagram that contrasts the hypothetical oxygen isotopic composition of
carbonate precipitated from Antarctic water as a result of terrestrial weathering and
measured carbonate from this study. Given a hypothetical water composition (see text),
terrestrial siderite (red) and calcite (blue) would form with compositions near the origin
in the figure (both axes are relative to VSMOW). Measured siderite and calcite
compositions, however, have higher §*20 values than that possible in Antarctic
conditions. This confirms the chemical arguments of Tyra et al. (Chapter 2, this work)
that the carbonates in GRO 95577 are extraterrestrial in origin.
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Figure 6. Diagram illustrating a simplified model, derived from Benedix et al. (2003),
that gives an overview of the projected precipitation of Ca-carbonate and siderite in GRO
95577. The initial oxygen isotopic composition of water is at the blue ‘i’ and ends at ‘f’;
the slope of this line is exaggerated to better illustrate that the trajectory of water is
actually only slightly steeper than that of a mass dependent line. Matrix phyllosilicates
would form along the parallel dotted line, their composition changing in tandem with
water. Carbonates would form to the right of the expected matrix composition along mass
dependent fractionation lines. Ellipses that represent carbonate isotope compositions are
caused by temperature variation and/or composition affecting fractionation. The inset
shows that as more phyllosilicates form, the whole rock composition of the chondrite
would follow the trajectory outlined in red towards the final phyllosilicate value. The
three arrows are guidelines that show the relationship with anhydrous silicate and bulk
phyllosilicate compositions at three points in time, initial (i), midway through alteration,
and at the end of alteration (f).
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11 APPENDIX

Backscattered electron images of SIMS spots of analyzed siderite grains. Every grain
shown in Table 1 is included. Below are the grain designations of each figure and a
description of the spot.

a.
b.

C.
d.
e.

G30-11-b1a, clean spot.

G30-11-b1b, mostly good spot, although slight overlap on one side (<10%
overlap)

G30-10-s2, three clean spots

G30-10-s3, three clean spots. Middle spot not included in Table 2.
G30-15-b2, tiny sulfide inclusion visible (white), but should not affect oxygen
isotopic analysis. Otherwise, clean.

G30-15-b2-008, interior is clean, but slight overlap with phyllosilicate on
periphery.

G30-15-b2-009, slight overlap on periphery, but beam was focused on deep area
of pit (near top).

G30-15-b2-005, slightest overlap of sulfide grain, but otherwise clean.
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