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Abstract–Effects of aqueous alteration on primordial noble gas carriers were investigated by
analyzing noble gases and determining presolar SiC abundances in insoluble organic matter
(IOM) from four Tagish Lake meteorite (C2-ung.) samples that experienced different
degrees of aqueous alteration. The samples contained a mixture of primordial noble gases
from phase Q and presolar nanodiamonds (HL, P3), SiC (Ne-E[H]), and graphite (Ne-E[L]).
The second most altered sample (11i) had a ~2–3 times higher Ne-E concentration than the
other samples. The presolar SiC abundances in the samples were determined from
NanoSIMS ion images and 11i had a SiC abundance twice that of the other samples. The
heterogeneous distribution of SiC grains could be inherited from heterogeneous accretion or
parent body alteration could have redistributed SiC grains. Closed system step etching
(CSSE) was used to study noble gases in HNO3-susceptible phases in the most and least
altered samples. All Ne-E carried by presolar SiC grains in the most altered sample was
released during CSSE, while only a fraction of the Ne-E was released from the least altered
sample. This increased susceptibility to HNO3 likely represents a step toward degassing.
Presolar graphite appears to have been partially degassed during aqueous alteration.
Differences in the 4He/36Ar and 20Ne/36Ar ratios in gases released during CSSE could be
due to gas release from presolar nanodiamonds, with more He and Ne being released in the
more aqueously altered sample. Aqueous alteration changes the properties of presolar grains
so that they react similar to phase Q in the laboratory, thereby altering the perceived
composition of Q.

INTRODUCTION

Chondrites are fragments of asteroids that never
melted after accretion. Nevertheless, enough heat was
provided from radioactive decay of short-lived
radioisotopes, particularly 26Al, in these bodies to alter
the primary compositions (Brearley 2014; Davis and
McKeegan 2014). Two main types of alteration are
distinguished: thermal metamorphism and aqueous
alteration. Thermal metamorphism occurred at
temperatures between ~250 and 950 °C and ultimately
resulted in homogenization of mineral compositions and
coarsening and recrystallization of mineral grains (Keil

2000; Huss et al. 2006). Aqueous alteration occurred at
lower temperatures of about 0–300 °C with water
present, replacing the original anhydrous minerals with
oxides, carbonates, and hydrated phases (Keil 2000;
Brearley 2006). In this study, the fate of primordial
noble gases and presolar SiC during aqueous alteration
is investigated.

Primordial noble gases are carried by presolar
nanodiamonds (the components “HL,” “P3,” “P6”), SiC
(Ne-E[H]), and graphite (Ne-E[L]) grains and by a
poorly characterized phase known as phase Q (Q-gases;
Ott 2014). The primordial noble gas carriers were
probably incorporated into all chondrite classes during
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matrix accretion. A list of the noble gas components
discussed in this paper is provided in Table 1. The
effects of thermal metamorphism on the noble gas
inventories in meteorites are relatively well known. The
concentrations of primordial noble gases decrease with
increasing thermal metamorphism and can be used to
roughly estimate the petrologic type of a meteorite (e.g.,
Huss and Lewis 1995; Huss et al. 1996; Keil et al.
2015). Noble gases carried by presolar grains are
progressively lost, beginning at low degrees of thermal
metamorphism. No such gases are detected in ordinary
chondrites of petrologic type higher than 3.8 (Schelhaas
et al. 1990; Huss and Lewis 1995). The noble gases in
phase Q, which is the main carrier of primordial Ar,
Kr, and Xe in meteorites and also contains minor
amounts of He and Ne, are more resistant to thermal
alteration than those in presolar grains. Q-gases have,
for example, been detected in H6 and EH5 chondrites
(Moniot 1980; Huss et al. 1996), and even in
achondrites, in particular in ureilites and lodranites
(e.g., G€obel et al. 1978; Weigel et al. 1997; Busemann
and Eugster 2002; Rai et al. 2003). With increasing
metamorphic grade, the release temperature of noble
gases in phase Q increases (Huss et al. 1996). There is
also some evidence that the isotopic composition of the
Q-gases changes due to retrapping of noble gases from
presolar grains, which presumably were degassed during
the thermal alteration (Huss et al. 1996). In addition, it
has been shown that the He/Ar, Ne/Ar, and Ar/Xe and
Kr/Xe ratios in phase Q decrease with increasing
thermal metamorphism, reflecting a preferential loss of
the light noble gases over the heavy ones (Busemann
et al. 2000).

The effects of aqueous alteration on the noble gas
carriers are less well understood than the effects of
thermal metamorphism. Gas loss from most carriers
during aqueous alteration is presumably small, as the
most aqueously altered meteorites, CI, CR, and CM
chondrites, contain among the highest concentrations of
primordial noble gases carried by phase Q and presolar

grains (Huss et al. 2003; Busemann et al. 2008).
NanoSIMS isotopic mapping has also shown that SiC
grains were not lost during aqueous alteration of CR
chondrites (Davidson et al. 2014). However, it has been
shown that the concentration of trapped 36Ar decreases
with increasing aqueous alteration in bulk CM
chondrites (Browning et al. 1996; Marrocchi et al.
2014), indicating that as with thermal metamorphism,
aqueous alteration results in loss of noble gases. In
addition, as for thermal alteration, it has been suggested
that aqueous alteration of phase Q in meteorites results
in a lowering of the (Ar/Xe)Q and (Kr/Xe)Q ratios
(Busemann et al. 2000). Confusingly, the (He/Ar)Q and
(Ne/Ar)Q ratios are highest in the most aqueously
altered CM meteorites (Busemann et al. 2000).

In this work, we investigate the effects of aqueous
alteration on primordial noble gas carriers in more detail.
A unique sample set that is particularly suitable for this
kind of study became available with the fall of the Tagish
Lake meteorite (C2-ung.) in 2000 (Brown et al. 2000).
Tagish Lake fell on a frozen lake and the samples in this
study were collected from the ice, only a few days after
the fall and kept frozen until processed in the laboratory,
thus minimizing the effects of terrestrial alteration (Herd
et al. 2011). Tagish Lake contains clasts that experienced
different degrees of aqueous alteration, providing a
unique opportunity to study the effects of aqueous
alteration within the same meteorite (Zolensky et al.
2002; Herd et al. 2011; Blinova et al. 2014a, 2014b). Herd
et al. (2011) and Alexander et al. (2014) found that the
four Tagish Lake samples they analyzed had very
variable dD and H/C ratios in the organic matter
(Table 2). The least altered sample based on petrology,
5b, had the highest dD and H/C. The sample with the
lowest dD and H/C, 11v, is a collection of fragments from
the ice and contains pieces with petrologic characteristics
of all three other samples (Blinova et al. 2014a, 2014b).
Here, we investigate if the primordial noble gases and
their carriers also were affected by aqueous alteration on
the Tagish Lake parent body.

Table 1. Noble gas carriers and components discussed in this paper.

Carrier
Noble gas
component

Alternative component
names Brief description

Phase Q Q-gases P1 Dominates Ar, Kr, Xe

Presolar SiC Ne-E(H)a Ne-G ~Pure 22Ne
Presolar graphite Ne-E(L)a Ne-R Pure 22Ne
Presolar nanodiamonds HL Ne-A2 Dominates He, Ne; isotopically distinct Xe

Presolar nanodiamonds P3 Ne component released at low temperatures during
stepwise heating

aNe-E(H) and Ne-E(L) are difficult to separate in the data sets discussed here and are therefore often discussed together as Ne-E.

Table modified after Ott (2014).
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MATERIALS AND METHODS

We studied noble gases and presolar SiC grains in
Tagish Lake insoluble organic matter (IOM). IOM
makes up ~1.8 wt% of the Tagish Lake meteorite and
was extracted from the meteorite using a CsF/HF
technique (for details, see Alexander et al. 2007, 2014).
For sample masses and other details about the samples,
see Table 2. In addition to macromolecular organic
matter, the IOM residues contain refractory presolar
grains such as SiC, graphite, and nanodiamonds as well
as the unidentified carrier of the Q-gases. This type of
sample is also sometimes referred to as “acid-resistant
residue” or “HF-HCl resistant residue.” We used the
same IOM sample set as the Herd et al. (2011) and the
Alexander et al. (2014) studies: samples 5b, 11h, 11i,
and 11v (Table 2). In IOM, primordial noble gases are
concentrated compared to in bulk meteorite material
and potential contamination from cosmogenic,
radiogenic, and solar wind noble gases is significantly
reduced as these gases mainly reside in the silicates,
which are destroyed during the IOM extraction.

Two different techniques were used to analyze the
noble gases, closed system step etching (CSSE, e.g.,
Riebe et al. [2017a] and references therein) and stepwise
pyrolysis. For an overview of the analytical protocol,
see Fig. 1. IOM from all four samples was analyzed
using stepwise pyrolysis to compare the concentrations
and compositions of primordial noble gases between the
samples. IOM from all four samples was also mapped
by NanoSIMS to determine the abundances of presolar
SiC grains, following the method of Davidson et al.
(2014). In addition, samples 5b and 11v with the highest
and lowest dD values and H/C ratios, respectively, were
analyzed by the much more time-consuming CSSE

technique, using HNO3 as an etching agent. We chose
11v for the CSSE analysis based on its dD and H/C
ratios as these are likely the most relevant indicators of
degree of alteration of the IOM, although 11i is the
most altered sample on petrological grounds alone
(Blinova et al. 2014a, 2014b). CSSE is a well-established
technique in the noble gas laboratory at ETH Zurich to
study the noble gases in phase Q (Wieler et al. 1991,
1992; Busemann et al. 2000). With this technique, phase
Q is analyzed according to the original definition given
by Lewis et al. (1975) in which phase Q survives IOM
extraction but releases Q-gases upon oxidation, for
example with HNO3. It has been noted in previous
studies that the isotopically anomalous Ne-E
components carried by presolar graphite and SiC are
sometimes released together with Q-gases (Wieler et al.
1992; Busemann et al. 2000). The IOM samples were
recovered after the CSSE analyses (hereafter “oxidized
IOM”) and analyzed by stepwise pyrolysis. Most of the
Q-gases were released during the CSSE experiments,
facilitating the detection of other primordial noble gas
components associated with presolar grains in the
oxidized IOM samples.

Stepwise Pyrolysis

Unoxidized IOM separates of all four samples were
analyzed using stepwise pyrolysis at 600, 1000, 1200,
and 1750 °C. The oxidized 5b and 11v IOM samples
after CSSE analysis were also analyzed in this way, with
an additional step at ~300 °C. A re-extraction step at
slightly higher temperature than the 1750 °C step
released gas amounts similar to the blank for all
samples. Details about the noble gas measurement
protocols that are not found below can be found in
Riebe et al. (2017b).

Stepwise pyrolysis blanks were measured before
every sample. All six blanks were similar and hence
averaged for each temperature step. The standard
deviation of the blanks was used as the uncertainty of
the blank correction. The blank corrections generally
contribute to the uncertainties in the isotopic ratios of a
few percent for some minor steps, but do not pose a
problem for the major gas releasing temperature steps.
The blank correction on 40Ar was, as is expected for
samples of IOM, high in most steps, and in some steps,
no 40Ar above blank level was detected. The steps for
which 40Ar is reported have blank corrections of up to
40%, resulting in uncertain 40Ar/36Ar ratios. Possible
interferences from CO2

++, 40Ar++, and H2
18O+ on

masses 20 and 22 were corrected for by the blank
correction in most steps. However, corrections of up to
a few percent were necessary for interferences on 20Ne
and 22Ne in the stepwise heating of the unoxidized

Table 2. The samples analyzed in this study

Sample 5b 11h 11i 11v

Alterationa Least intermediate intermediate most
H/Ca 0.72 0.594 0.51 0.44

dD (&)a 1844 1470 992 815
IOM yield
(wt%)b

1.58 � 0.39 1.86 1.82 � 0.05 1.77 � 0.14

IOM sample masses (mg)
CSSE 3.6 4.3
Stepwise

pyrolysis
unoxidized

0.77 0.89 0.81 0.89

Stepwise
pyrolysis

oxidizedc

1.60 0.76

aHerd et al. (2011).
bAlexander et al. (2014).
cResidue from CSSE.
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residues of 11v and 5b, where the interference intensities
in blanks and samples were not comparable.

The high concentration of reactive gases in these
samples caused problems during the separation of Ar
from Kr and Xe. In some steps, more Ar was measured
in the Kr and Xe separate than in the Ar separate.
There are two potential explanations for this. (1) IOM
residues contain a lot of hydrocarbons and it is possible
that the reactive species were preferentially frozen onto
the coal in the liquid nitrogen trap used for the
separation, thereby inhibiting Ar from freezing onto it

as well. (2) Most of the ions recorded at mass 40 in the
Kr and Xe separates were not actually Ar but
hydrocarbons. Based on the signal changes in the mass
spectrometer during the analyses and the measured
elemental ratios, we consider possibility 2 more likely.
However, as we cannot fully exclude possibility 1, the
reported uncertainties of Ar concentrations are the
difference between the concentration of Ar corrected for
“losses” in the Kr and Xe separates and without any
correction for Ar losses for all steps.

The uncertainties in absolute gas concentrations for
both stepwise pyrolysis and stepwise etching analyses
include the statistical uncertainties (1r), the
uncertainties from blank correction, the sensitivities of
the mass spectrometer, and the uncertainties of the
sample masses. The uncertainties on isotopic ratios
include statistical uncertainties (1r), uncertainty of
blank correction, and of the instrumental mass
fractionation.

Closed System Step Etching

The CSSE technique differs from conventional
noble gas extraction techniques in that the gas is
extracted by etching with an acid in a high-vacuum
system at low temperatures, hence avoiding
simultaneous release of gas components by diffusion.
CSSE is an ideal technique for analyzing phase Q as we
can target the HNO3-susceptible phases exclusively (cf.
Lewis et al. 1975). All parts of the line that are in direct
contact with the acid are made of Au or Pt. Two Au
containers, one containing the acid and one containing
the sample, are separated by a valve and connected to
the gas-cleaning line and mass spectrometer. After
loading and evacuation, the samples were heated to
80 °C in vacuum for about 24 h to reduce adsorbed
atmospheric noble gases. The amounts of atmospheric
gases still released from the sample after this heating
were tested by keeping the sample volume closed for a
few hours and analyzing the released gases. Compared
to a so-called “procedure blank,” that is, a blank of the
line excluding the sample volume, the blanks of the
samples prior to etching were not elevated. Atmospheric
gases in the freshly loaded acid were removed by
heating and cooling the acid in several steps and
pumping off the released gases through a separate line
bypassing the sample while the acid was kept cold. The
efficiency of the degassing was tested by “acid blanks,”
during which the acid was left at room temperature for
15–20 min and then cooled to �50 °C for 2 h,
simulating conditions during the first etch step. In the
5b etch run, the last acid blank was comparable to
procedure blanks. However, the initial acid blank of
atmospheric composition was higher in the 11v etch run

Fig. 1. Schematic overview over the Tagish Lake IOM
samples analyzed in this study. Color image available in the
digital version.
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for the heavier noble gases (910 Xe, 95 Kr, 92 Ar),
which also resulted in higher contamination in the first
etch steps of this sample.

Both etch runs consisted of 19 steps each, and the
same sequence of etching conditions was used for the
respective steps for each run (see Table 3), facilitating
direct comparison. Noble gases were released by using
2 mL of 65% HNO3 as etching agent. In the beginning
of the etch runs, the samples were etched in acid vapor
at room temperature for increasing times (Table 3). At
step 8 (marked as “acid distillation” in Table 3), the
acid was transferred to the sample volume by heating
the acid to ~90 °C and cooling the sample to ~�60 °C
while keeping the valve between the two containers
open for ~2 h. No significant new etching occurred in
this step, which is, therefore, not included in the data
discussion. After the acid was transferred, the etching
conditions were successively harshened by increasing
etching times and temperatures, see Table 3.

The gas released in an etch step was expanded into
the gas cleaning line through a Au U-trap kept at �50/
60 °C to freeze out acid that might still be in the gas
phase. The gas was then exposed to a series of getters
to remove interfering gas species, one getter consists of
CaO powder, three getters consist of commercial Zr-V-

Fe pellets (ST 707 SAESTM) operated at 280 °C, and
three Zr-V-Fe cartridge getters were employed (SAESTM

GP-50 with ST 172 getter material), operated at
different temperatures. Except for the gettering and the
gas extraction, the measurement protocol was very
similar to the stepwise heating.

Procedure blanks were measured regularly, 16
blanks in the 11v etch run and 11 in the 5b etch run,
which had a more constant blank level. For both etch
runs, blanks relevant for each etch step (between 3 and
10 blanks) were averaged and the standard deviation
adopted as the uncertainty of the blank level. For
most etch steps and isotopes, the blank correction was
<1%. Exceptions are 22Ne with typical blank
corrections of 2–10% and 40Ar with blank corrections
of typically a few % in 11v and ~15% in 5b. With the
exception of some gas-poor etch steps, blank
corrections resulted in less than 1% additional
uncertainties in the isotopic ratios in all elements.
During the 11v analysis, there was a sudden increase in
the blank due to an accident in the purification line,
unrelated to the etch experiment. This blank issue
mainly affected the Kr and Xe measurements of steps
5–9, resulting in large uncertainties in the Kr and Xe
data and no detection of Kr above the blank level in

Table 3. Concentration and isotopic composition of Ne in CSSE analyses of samples 5b and 11v. Analyses with
uncertainties >100% not reported.

Step Conditions

5b 11v
22Nea 20Ne/22Ne 21Ne/22Ne 22Nea 20Ne/22Ne 21Ne/22Ne

1 15 min vapor 0.07 � 0.02 7.51 � 1.57 0.0220 � 0.0060 N/D N/D N/D
2 2 h 15 min vapor 0.12 � 0.01 9.95 � 1.15 0.0308 � 0.0046 0.09 � 0.03 11.51 � 3.98 0.0471 � 0.0165
3 15 h vapor 0.53 � 0.03 9.75 � 0.29 0.0339 � 0.0016 0.44 � 0.03 9.90 � 0.72 0.0370 � 0.0029

4 24 h vapor 0.64 � 0.03 9.70 � 0.24 0.0275 � 0.0014 1.14 � 0.04 5.32 � 0.15 0.0178 � 0.0009
5 65 h vapor 0.80 � 0.04 9.74 � 0.20 0.0293 � 0.0011 2.22 � 0.06 4.91 � 0.07 0.0159 � 0.0004
6 Mini distillb 0.04 � 0.01 6.14 � 1.35 0.0221 � 0.0109 0.09 � 0.03 7.83 � 2.69 0.0246 � 0.0090

7 288 h vapor 1.57 � 0.06 9.41 � 0.11 0.0267 � 0.0007 5.18 � 0.13 4.93 � 0.04 0.0155 � 0.0002
8 Acid distillb N/D N/D N/D N/D N/D N/D
9 2 h liquid RT 0.13 � 0.02 9.36 � 1.07 0.0286 � 0.0036 N/D N/D N/D
10 24 h liquid RT 0.07 � 0.02 10.60 � 2.20 0.0128 � 0.0054 0.55 � 0.01 6.74 � 0.07 0.0207 � 0.0008

11 15 h liquid 35 °C 0.35 � 0.02 10.16 � 0.45 0.0281 � 0.0016 0.52 � 0.01 7.28 � 0.07 0.0213 � 0.0008
12 15 h liquid 45 °C 0.32 � 0.02 9.96 � 0.51 0.0272 � 0.0030 1.15 � 0.03 7.47 � 0.04 0.0226 � 0.0006
13 19 h liquid 55 °C 0.16 � 0.02 10.20 � 0.93 0.0267 � 0.0045 1.54 � 0.04 7.73 � 0.04 0.0233 � 0.0005

14 15 h liquid 65 °C 0.55 � 0.03 9.49 � 0.27 0.0270 � 0.0010 3.21 � 0.08 7.94 � 0.03 0.0233 � 0.0004
15 15 h liquid 75 °C 4.61 � 0.18 8.70 � 0.05 0.0246 � 0.0003 1.90 � 0.04 7.61 � 0.04 0.0237 � 0.0004
16 14 h liquid 85 °C 2.71 � 0.11 7.62 � 0.07 0.0230 � 0.0004 1.52 � 0.04 7.76 � 0.04 0.0238 � 0.0004

17 14h liquid 95 °C 1.05 � 0.04 6.73 � 0.11 0.0210 � 0.0006 2.67 � 0.06 7.85 � 0.04 0.0252 � 0.0004
18 66 h liquid 95 °C 2.91 � 0.12 6.08 � 0.04 0.0195 � 0.0003 0.83 � 0.02 8.10 � 0.08 0.0286 � 0.0009
19 76 h liquid 95 °C 0.96 � 0.04 5.86 � 0.10 0.0205 � 0.0007 0.59 � 0.01 8.35 � 0.08 0.0294 � 0.0011
Total 17.58 � 0.27 8.11 � 0.15 0.0241 � 0.0005 23.63 � 0.20 6.82 � 0.08 0.0215 � 0.0003

The tubing above the same holder was heated to 15 °C higher than the sample during heating above RT.
aConcentrations are given in 10-8 cm3STP/g and calculated as cm3STP/g of the total mass IOM loaded in the CSSE line.
bMini distill : Sample kept at �25 °C and acid at RT for 30 min to transfer some acid to the sample volume. After this, the sample was brought

up to RT for 1.5 h. Acid distill: sample kept at �60 °C and acid heated to 90 °C for 2 h.

RT = room temperature, N/D = not detected.
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the gas poor step 6. Interferences from CO2
++,

40Ar++, and H2
18O+ at masses 20 and 22 were mostly

small and corrected for by the blank subtraction in all
etch steps in 11v and most etch steps in 5b. The
following etch steps in 5b required additional
interference corrections: step 2 (12% on 22Ne), step 6
(11% on 20Ne, 46% on 22Ne), step 7 (3% on 20Ne),
and step 13 (2% on 20Ne), because the 40Ar+ and/or
CO2

+ signals in these steps were not comparable to
the respective blank signals.

Argon, Kr, and Xe in step 15 in the 5b etch run
could not be measured due to a too high background of
hydrocarbons. The amounts of these gases in this step
are estimated based on the measurements of 4He and
20Ne in step 15 and assuming the same Ar-Xe ratios
relative to 4He and 20Ne as in averaged steps 14 and 16.
For some steps, the 78Kr/84Kr and 80Kr/84Kr ratios
deviate to an unreasonable degree from the values for Q
and air. This is most likely due to the presence of
residual hydrocarbons on masses 78 and 80. Because the
78Kr and 80Kr isotopes are of little interest in this study,
they are not reported.

NanoSIMS

Unoxidized IOM samples from all four lithologies
were isotopically mapped in the NanoSIMS to
determine the abundances of SiC grains independently
from noble gases, following the method of Davidson
et al. (2014). A micromanipulator was used to transfer
~15–40 lm fragments of IOM to clean, annealed gold
foils mounted onto aluminum for good charge transfer.
The IOM was subsequently pressed into the gold. The
Cameca NanoSIMS 50L ion microprobe at the
Carnegie Institution was used to collect ion images of
the samples. A ~1 pA focused Cs+ primary ion beam
was scanned across the sample with raster sizes of

20 9 20 lm, 512 9 512 pixels. For each area, 12
frames, that is, repeats of each image, were collected
with a dwell time of 1.5 ms per 39 9 39 nm pixel,
resulting in a total acquisition time of each map of 1 h
26 min. The effective spatial resolution was <130 nm.
The fragments were simultaneously mapped for negative
secondary ions of 16O, 17O, 12C12C, 13C12C, 12C14N,
12C15N, and 28Si, and secondary electrons. The
instrument was tuned to provide sufficient mass
resolution to separate molecular interferences such as
16O1H on 17O, 13C14N on 12C15N, and 12C2

1H on
13C12C (M/DM ~5600). Prior to analysis, the samples
were pre-sputtered over an area of 25 9 25 lm with a
more intense primary beam for ~7 min to remove
surface contamination and to implant Cs.

The images were analyzed using the L’IMAGE
software (L. R. Nittler, Carnegie Institution, http://lima
gesoftware.net). The images were corrected for the 44 ns
dead time of the electron multiplier counting system
and individual frames were spatially aligned to correct
for small drifts during the acquisition time. Following
Davidson et al. (2014), presolar SiC grains were
identified if they had a 13C/12C at least 3r away from
the average ratio of the IOM fragment and a measured
28Si/12C at least three times higher than the average
(Fig. 2). An effect of this definition is that grains with
12C/13C ratios between 80 and 100 are effectively
undetectable (Fig. S1 in supporting information). Other
uncertainties and potential biases of this method are
discussed in detail in Davidson et al. (2014). Each
image was carefully assessed so that anomalous C on
the edge of a Si-rich area was not misinterpreted as a
SiC grain (Fig. S2 in supporting information) and
anomalies in areas smaller than 130 nm in diameter
were not included. The outline of each SiC grain was
defined as the area fulfilling the two criteria above;
12C/13C ratios and grain diameter were determined from

Fig. 2. NanoSIMS images illustrating the distinction between presolar SiC and isotopically anomalous carbon. The first panel is
a secondary electron image in which the three areas of interest are marked. In the second panel, the Si/C ratio map is shown—
the two SiC grains have higher Si/C ratios than most of the surrounding IOM. The outline of the anomalous C is marked in the
second panel; in this region of interest, the Si/C ratio is not elevated compared to the rest of the particle. In the last panel, the
carbon isotopic map is shown; the two SiC grains and the area of anomalous C have clearly elevated 13C/12C ratios compared to
the bulk of the particle. Color image available in the digital version.
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the pixels within this area. Carbon isotopic
compositions of the bulk IOM samples given by
Alexander et al. (2014) were used to correct for
instrumental mass fractionation. The diameters of the
SiC grains are given as uncorrected and corrected values
in Table 4. The apparent size of a presolar SiC grain in
the ion images depends on the actual size of the grain
and the size of the primary ion beam. For the corrected
sizes, an assumed 120 nm beam diameter has been
subtracted in quadrature from the original diameter
following Nittler et al. (2018).

The concentration of SiC was calculated based on
the area of SiC compared to the total area analyzed
following Davidson et al. (2014). The mass fractions of
the IOM in the lithologies (1.58–1.86 wt%; Alexander
et al. 2014) as well as the density difference between
SiC and IOM were also taken into account (see
Davidson et al. 2014). The matrix abundance was
assumed to be identical in the different samples based
on the samples having very similar abundances of
IOM C (Alexander et al. 2014) and was set to 75%.
Since we are mainly interested in comparing the
abundance of SiC between the different Tagish Lake
samples, the absolute matrix abundance is not that
important. Caution should be taken when comparing
the SiC abundances reported here to those in the
literature as the value of 75% matrix abundance for
Tagish Lake used here is somewhat arbitrary.
Uncertainties in the abundance estimates are statistical
and estimated with the Monte Carlo method described
by Nittler et al. (2018).

RESULTS

Summary of Results

Most of the heavy noble gases were released from
the IOM during the CSSE experiments, between ~70–
75% of 36Ar and ~80–85% of 84Kr and 132Xe, whereas

most of the He and Ne remained in the residue during
etching (~20% of the 4He was released and ~35% of the
20Ne). These results were expected and reflect that most
of the 4He and 20Ne are carried by presolar
nanodiamonds that retain their gases during HNO3

treatment, whereas most of the heavy noble gases are
carried by the oxidizable phase Q that released most of
its noble gases during etching with HNO3 in the CSSE
experiment.

Similarities Between the Different Tagish Lake
Samples
1. The samples contain, as expected, noble gases that

are best understood as mixtures of the primordial
noble gas components Q (phase Q), HL (presolar
nanodiamonds), Ne-E (presolar graphite and SiC),
possibly P3 (presolar nanodiamonds), and minor
amounts of cosmogenic 3He (Figs. 3–5, S3 in
supporting information).

2. There are only minor differences in the
concentrations of Q, HL, and P3 components
between the samples (Fig. S4 in supporting
information).

3. In both CSSE analyses (5b and 11v), the late etch
steps released gas with higher 4He/36Ar and
20Ne/36Ar ratios, but lower 4He/20Ne ratios than the
early and intermediate etch steps, indicating gas
release from an additional phase in the late etch
steps (Fig. 6). During stepwise heating, the 1200 °C
steps in both the unoxidized and oxidized IOM of
all samples also released gases with low 4He/20Ne
ratios that were possibly retained in the same phase(s)
as the gases released in the late etch steps (Fig. 4;
Table 5).

4. The sizes (Fig. S5 in supporting information) and
12C/13C ratio (Fig. S1) distributions of presolar SiC
grains, as determined by NanoSIMS, are similar in
all the samples, and the concentrations are similar
in the 5b, 11h, and 11v samples.

Table 4. Presolar SiC NanoSIMS data.

Sample Mapped area (lm2) Number of SiC grains

SiC abun. mx-norm.
(ppm) Diameter (nm) 12C/13C
NanoSIMSa Ne-Eb Ave.c Max Min Ave. corrd Ave.c

5b 7865 19 10 � 5 11 283 � 199 1002 139 244 61 � 12
11h 6724 28 14 +3/�4 13 265 � 98 583 132 231 72 � 10
11i 6454 51 25 � 4 33 257 � 107 566 132 220 69 � 12
11v 5908 18 12 � 4 9 293 � 130 596 139 260 64 � 8
aUncertainties (1r) estimated based on Monte Carlo simulation, see the NanoSIMS section.
bSiC abundance estimated from the concentration of Ne-E released ≥1000 °C using 0.000165 cm3 Ne-E/g SiC from Lewis et al. (1994) and Huss

and Lewis (1995).
cUncertainty is standard deviation.
dFollowing correction for NanoSIMS beam broadening as described in Nittler et al. (2018).
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Differences Between the Different Tagish Lake
Samples
1. The concentrations of Ne-E (carried by presolar SiC

and graphite) in the unoxidized IOM samples are
highly variable, differing by a factor of 3.7 between
the highest and lowest concentrations (Fig. 7). This
puzzling fact was investigated further by
determining the abundances of presolar SiC grains
in the IOM samples by NanoSIMS mapping. The
NanoSIMS investigation showed that presolar SiC
grains are heterogeneously distributed between the
samples following the same pattern as the Ne-E
data and, hence, indicate that the carrier of the
heterogeneously distributed Ne-E is SiC. The
abundance of SiC determined by NanoSIMS is
about twice as high in the second most altered
sample 11i as in the other samples (Fig. 8).

2. Ne-E was almost completely released in the CSSE
analysis of the more altered sample 11v, that is,

essentially all Ne-E gases from both presolar
graphite and SiC were released. Only � 35% of the
Ne-E in the less altered sample 5b was released in
during CSSE analysis (Fig. 7).

3. The CSSE analysis showed that Tagish Lake 11v
has the highest 20Ne/36Ar and 4He/36Ar ratios
measured in the HNO3 susceptible portion of IOM
so far, whereas the gases released from 5b have
lower ratios (Fig. 9). This is in agreement with
previous observations that the 20Ne/36Ar and
4He/36Ar ratios of phase Q are higher in more
aqueously altered samples than in less altered
samples (Busemann et al. 2000).

Stepwise Pyrolysis of Unoxidized IOM

The noble gases in the unoxidized IOM samples are
a mixture of primordial noble gases hosted in phase Q
and presolar grains. Most of the heavy noble gases (Ar,
Kr, Xe) are Q-gases. The 36Ar/132Xe and 84Kr/132Xe
ratios (Fig. 3) and the isotopic ratios of Ar, Kr, and Xe
are similar to those previously determined for the Q
component (Busemann et al. 2000; Tables 6, 7, S5, S6
in supporting information).

The light noble gases (He, Ne) were as expected
predominantly released from presolar grains. This is
seen in Fig. 4: the 4He/132Xe and 20Ne/132Xe ratios are
significantly higher than those of the Q component,
consistent with gas release from presolar grains with
higher 4He/132Xe and 20Ne/132Xe ratios than Q. The Ne
three isotope plot (Figs. 5a and 5b) shows that the Ne
in all samples is in agreement with a mixture of gases
from presolar nanodiamonds (HL, P3), presolar
graphite, and SiC (Ne-E). The total Ne released in each
sample plots on what appears to be a mixing line
between Ne-E and a point between HL and P3. This
indicates that the mixture of HL and P3 in
nanodiamonds (and possible Q) is rather constant
between the different samples, whereas the relative
concentration of Ne-E from presolar SiC and graphite
is variable. This is supported by the fact that the
concentrations of 4He, 20Ne, 36Ar, 84Kr, and 132Xe are
similar in all samples (Fig. S4), indicating similar
concentrations of Q and presolar nanodiamonds in all
samples. However, as seen in Table 8 and Fig. 7, the
concentrations of Ne-E are highly variable (Ne-E
deconvolution described in Data S1 in supporting
information). The concentrations of Ne-E in the Tagish
Lake samples of 1.2–4.3 9 10�9 cm3STP/g meteorite are
comparable to those previously determined for CI and
CM2 chondrites of 1.5–6.4 9 10�9 cm3STP/g (Huss and
Lewis 1995; Huss et al. 2003), but lower than those in
two Tagish Lake samples that were determined by
Nakamura et al. (2003) to be 7–8 9 10�9 cm3STP/g.

Fig. 3. Heavy noble gas elemental ratio plot. There is no
significant difference in the heavy elemental composition of
the unoxidized IOM samples (light triangles). In addition,
there is no resolvable difference of Ar/Xe and Kr/Xe ratios
between the HNO3 susceptible gases released in the CSSE
experiment (green circles; mainly Q gases) and these ratios in
the unoxidized residues, indicating that the heavy noble gases
in the IOM are as expected dominated by Q-gases. The
oxidized IOM (dark diamonds) remaining after the CSSE
experiments has higher Ar/Xe and Kr/Xe ratios than the other
samples, showing that the trapped gases residing in presolar
grains have higher Ar/Xe and Kr/Xe ratios than Q. The ratios
plotted here have been corrected for atmospheric
contamination. For 36Ar, this correction is based on the
assumption that all 40Ar is of atmospheric origin; for Xe, it is
based on mixing between Q (Busemann et al. 2000) and air
(Basford et al. 1973) using 128Xe/132Xe and 136Xe/132Xe, and
for Kr assuming the percentage of atmospheric Kr to be the
same as that of atmospheric Xe. Color image available in the
digital version.
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Looking only at samples 5b, 11h, and 11v in Fig. 7, the
concentration of Ne-E appears to decrease slightly with
increasing alteration. However, sample 11i does not
follow this trend. Rather, it contains between 2.2 and
3.4 times more Ne-E than the other samples (Fig. 7).
This shows that 11i had a much higher concentration of
Ne-E carrying presolar SiC and/or graphite than the
other samples.

Closed System Step Etching

In the CSSE analysis with oxidizing HNO3, we
expected to mainly release Q-gases as operationally
defined. The compositions of Ar, Kr, and Xe indeed
show that these gases are dominated by Q; however,
significant Ne-E gases were released from presolar
grains and the Ne isotopic compositions differ from
that previously determined for Q. These results are
outlined in more detail in the following paragraphs.

Both the isotopic compositions and the gas
concentrations of Ar, Kr, and Xe are mostly in
agreement with previous analyses of phase Q (Tables 6,
7, 9, S1 in supporting information; Fig. S3). Xenon was
affected by some atmospheric contamination. After
correction (Data S1), the concentration of 132XeQ in the
CSSE analysis of 11v is (2.19 � 0.12) 9 10�7 cm3STP/g
IOM and (2.45 � 0.21) 9 10�7 cm3STP/g IOM in 5b,
which are within uncertainty of each other. Adding the
small amounts of 132XeQ that remained in the residue
after CSSE (7% of total 132XeQ for 11v, 11% for 5b),
we determine the total concentrations of 132XeQ in the
two IOM samples to be (2.35 � 0.12) 9 10�7 cm3STP/g

IOM for 11v and (2.72 � 0.22) 9 10�7 cm3STP/g IOM
for 5b. Note that these values could include small
amounts of Xe-P3 in the oxidized residues, which is
isotopically indistinguishable from Xe-Q in this data set.

The compositions of the light noble gases released
in the CSSE analyses of the Tagish Lake samples differ
more from each other and previous experiments than
the composition of the heavy noble gases. The 4He/36Ar
and 20Ne/36Ar ratios of the total gases released from the
CSSE analyses compared to previous samples are shown
in Fig. 9. This figure shows that the 4He/36Ar and
20Ne/36Ar ratios of the gases released from the HNO3-
susceptible material in 5b and 11v are relatively high
compared to previous CSSE analyses and that 11v has
higher 4He/36Ar and 20Ne/36Ar ratios than any
previously analyzed sample. The gases released from
HNO3-susceptible phases in the more altered sample
11v have ~60% higher 4He/36Ar and ~30% higher
20Ne/36Ar ratios than those in the less altered sample
5b. This is in agreement with previous work that
suggested that 4He/36Ar and 20Ne/36Ar in the HNO3

susceptible phases in IOM are highest in meteorites that
experienced aqueous alteration (Busemann et al. 2000).

The 4He/36Ar and 20Ne/36Ar ratios measured in
individual etch steps show an interesting pattern in
Fig. 6. In both etch runs, the earliest etch steps released
gases with relatively high 4He/36Ar ratios; these ratios
decreased in the gases in the intermediate steps to a
minimum value in steps 14–16. The gases in the last
etch steps had again higher 4He/36Ar and 20Ne/36Ar
ratios. Interestingly, the last etch steps define a different
slope than the early to intermediate steps. This indicates

Fig. 4. 4He/132Xe and 20Ne/132Xe ratios. A) The ratios of the gases released in stepwise heating of the unoxidized IOM and the
composition of the sum of the gases released during CSSE of 5b and 11v. B) The gases released during stepwise heating of the
oxidized IOM. Note that the scales are different in the two panels. Color image available in the digital version.
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that a (sub-) phase with a lower He/Ne ratio but higher
He/Ar and Ne/Ar ratios than the phase that released
gases in the earlier etch steps released He and Ne in the
last etch steps. The same has previously been seen in
etch experiments of the CM2 chondrites Murchison

(Wieler et al. 1992) and Cold Bokkeveld (Busemann
et al. 2000).

Figures 5c–e show the Ne isotopic compositions of
the gases released in the CSSE analyses. The Ne
isotopic ratios differ significantly between 11v and 5b

Fig. 5. Neon three isotope plots. A) Stepwise pyrolysis of unoxidized samples 5b, 11h, 11i, 11v. B) Enlarged area of (A). C)
Neon released from HNO3-susceptible carriers during CSSE analysis of 5b. D) Enlarged area of (C). E) Neon released from
HNO3-susceptible carriers during CSSE analysis of 11v. F) Neon released during stepwise heating of the oxidized IOM of 5b
and 11v remaining after CSSE. Color image available in the digital version.
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(Figs. 5c–e; Table 3). Most 5b etch steps have Ne
isotopic compositions that scatter around the Q
component. Only steps 15–19 have isotopic
compositions that significantly deviate from previously
determined values for phase Q. The isotopic
compositions of 5b steps 15–19 are consistent with
contributions from Ne-E, the relative contribution of
Ne-E increasing with step number. In the 11v etch run,
none of the etch steps have a Ne isotopic composition
that is close to Q (Fig. 5e). All etch steps of 11v contain
significant contributions from Ne-E. Neon-E has been
observed previously in etch experiments and was
attributed to the release of gases from presolar graphite
grains (Wieler et al. 1992; Busemann et al. 2000).

The total He released in the two etch runs has a
3He/4He of (1.40 � 0.02) 9 10�4 and (1.83 � 0.01) 9
10�4 for 5b and 11v, respectively. Both values are
similar to results from previous CSSE analyses,
although higher than the lowest measured value for
phase Q in Isna (CO3.8) of (1.23 � 0.02) 9 10�4

(Busemann et al. 2000). This is likely due to variable
minor amounts of cosmogenic 3He in the Tagish Lake
samples. The difference in the 3He/4He ratios in the two
samples could be due to different shielding in the large
Tagish Lake meteoroid (4–6 m in diameter; Brown
et al. 2000).

Stepwise Pyrolysis of Oxidized IOM

The residues remaining after CSSE analysis, the
oxidized IOM residues, were collected and analyzed

using stepwise pyrolysis. Similar to the unoxidized IOM,
the noble gases in the oxidized IOM are best
understood as a mixture of Q-gases and gases carried
by presolar grains: the HL, P3, and Ne-E components.
However, since most of the noble gases in phase Q were
released during the CSSE experiments, the primordial
noble gas components carried by presolar grains are
more prominent. This is well illustrated in the 4He/132Xe
versus 20Ne/132Xe plot (Fig. 4); these ratios are much
higher in the oxidized IOM than in the unoxidized
IOM. The 36Ar/132Xe and 84Kr/132Xe ratios are also
higher in the oxidized IOM than in the unoxidized IOM
and in agreement with a mixture of Q and P3 gases
(Fig. 3).

Figure 5f shows that the Ne isotopic compositions
of the two oxidized IOM samples are in agreement with
a mixture of HL, P3, and Ne-E and that the relative
contributions of these components differ significantly
between the two samples: Ne in 11v is completely
dominated by Ne-HL while Ne in 5b has a much larger
contribution of Ne-E. This is because the Ne-E gases
were almost completely released from 11v during CSSE
analysis while only ~35% of the total Ne-E in 5b was
released (Fig. 7).

The HL component is also visible in the Xe
isotopes (Fig. S3). The Xe data are roughly in
agreement with 20% HL and 80% Q based on 132Xe
for 11v, and 10% HL and 90% Q for 5b. The
concentration of 132XeQ in the oxidized residues only
accounts for ~10% of the total 132XeQ in these samples,
illustrating the efficient release of Xe-Q during CSSE.
The concentration of 132XeHL is estimated to be
3 9 10�9 cm3STP/g IOM in both 11v and 5b, based on
two-component deconvolution between HL and Q
(136Xe/132XeHL = 0.6991 [Huss and Lewis 1994; Ott
2014], 136Xe/132XeQ = 0.3164 [Busemann et al. 2000]).
This corresponds to 1–2% of the total primordial 132Xe
in the IOM.

Presolar SiC Abundance, Composition, and Size

The NanoSIMS study revealed that all samples but
11i have the same presolar SiC abundances within
uncertainty, between 10 � 5 and 14 + 3/�4 ppm
assuming 75 wt% matrix. The SiC abundance in 11i of
25 � 5 ppm is about twice that of the other samples
(Fig. 8; Table 4), indicating that the variable Ne-E
concentrations between the samples (see the Stepwise
Pyrolysis of Unoxidized IOM section) are due to
heterogeneous SiC abundances. SiC abundances can
also be calculated from the concentration of Ne-E in
the unoxidized samples (Lewis et al. 1994; Huss and
Lewis 1995) resulting in remarkably similar abundances
to the NanoSIMS data (Table 4). The SiC abundances

Fig. 6. 4He/36Ar versus 20Ne/36Ar of gases released in the two
CSSE experiments. The gases released from 11v (triangles) and
5b (circles) plot in a similar patterns. In general, the 4He/36Ar
and 20Ne/36Ar tend to decrease from step 1 to step 16 and
increase from step 17 to step 19. Color image available in the
digital version.
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of 5b, 11h, and 11v (10–14 ppm) are lower than the
typical abundance in primitive chondrites determined by
Davidson et al. (2014) to be ~30 ppm. However, as the
matrix abundance in Tagish Lake is uncertain,
comparison with literature data is not straightforward.
If 40 wt% matrix is assumed instead of 75 wt%, then
5b, 11h, and 11v would have matrix-normalized SiC
abundances of 25–32 ppm.

In addition to the SiC abundances, the NanoSIMS
study also provided SiC grain sizes and C isotopic
compositions. There is no difference in the size

distribution of SiC grains in the different samples
(Fig. S5). The average grain size is around 250–300 nm,
smaller than the average size of between 300 and
770 nm recorded by Davidson et al. (2014) for various
meteorite groups. The C isotopes in SiC grains provide
information on the types of stars around which the
grains formed (Zinner 2014). More information about
the parent stars can be deduced when the isotopic
compositions of more than one element are known.
Hence, the N isotopes were measured along with C
during mapping. However, the count rates were too low
to provide reliable 14N/15N ratios for the SiC grains. All
of the SiC grains analyzed in the Tagish Lake samples
have 12C/13C ratios similar to those of mainstream SiC
grains originating from asymptotic giant branch (AGB)
stars (Fig. S1; Table 4; Lambert et al. 1986). In Fig. S1,
it is seen that the 12C/13C ratios of Tagish Lake grains
are skewed toward the Tagish Lake IOM value of
12C/13C = 90 (Alexander et al. 2014) compared to
mainstream SiC grains that were isolated from IOM.

Fig. 7. The concentration of Ne-E in IOM analyzed in
different ways. The black squares are the total concentration
of Ne-E released during pyrolysis. The gray triangles are the
total concentration of Ne-E released during the CSSE analysis
with HNO3. In 5b, ~30% of the Ne-E released during
pyrolysis was released during CSSE analysis. In contrast, in
11v, essentially all the Ne-E was released during CSSE
analysis with HNO3. The Ne-E concentrations in the residues
remaining after HNO3 treatment are shown as circles. The
oxidized residue of 11v is essentially void of Ne-E whereas the
oxidized residue of 5b released significant amounts of Ne-E.

Fig. 8. Matrix normalized abundances of SiC grains in the
four IOM samples based on NanoSIMS mapping.

Fig. 9. 4He/36Ar and 20Ne/36Ar ratios of the gases released
during CSSE of IOM in this and previous studies (Wieler
et al. 1991, 1992; Busemann et al. 2000; Riebe et al. 2013).
The most aqueously altered samples have the highest 4He/36Ar
and 20Ne/36Ar ratios in the gases released during CSSE.
Busemann et al. (2000; turquoise markings) interpreted this
observation as Q having two subcomponents. Q1 with higher
4He/36Ar and 20Ne/36Ar ratios would be lost during thermal
metamorphism but not during aqueous alteration and the
higher ratios in the more aqueously altered samples are
considered pristine. Following this interpretation, the two
Tagish Lake samples are expected to have similar 4He/36Ar
and 20Ne/36Ar ratios. However, the gases in the more altered
sample 11v had higher ratios than those in the less altered
sample 5b. In light of this new data set, we suggest that the
variations of the ratios might not be variations in Q proper,
but rather addition of gases from presolar nanodiamonds with
higher 4He/36Ar and 20Ne/36Ar ratios (red markings). Color
image available in the digital version.

Tagish Lake 13



This is because the 12C/13C ratios of the grains are
affected by dilution from the surrounding IOM (cf.
Davidson et al. 2014). Due to the dilution, SiC grains
with measured 12C/13C ratios lower than 90 are
overestimated and those with 12C/13C ratios higher than
90 are underestimated.

DISCUSSION

The main motivation for this work was to
investigate the effects of aqueous alteration on
primordial noble gases and their carriers. Ideal for this
purpose, the four Tagish Lake samples have been
extensively studied previously, both as bulk samples and
the extracted IOM (Herd et al. 2011; Alexander et al.
2014; Blinova et al. 2014a, 2014b; Quirico et al. 2018).
The petrology, mineralogy, and bulk O isotopes of the
samples all show that the four samples are from the
same parent body, that is, that none of them are foreign
clasts, and that the observed differences are the result of
variable aqueous alteration (Herd et al. 2011, 2012;
Alexander et al. 2014; Blinova et al. 2014b). A recent
study using thermogravimetric analysis and infrared
spectroscopy of these and other Tagish Lake clasts
demonstrates this relationship and indicates that Tagish
Lake alteration is similar to that experienced by lesser
altered CM chondrites (Gilmour et al. 2019).
Differences in IOM functional group chemistry and
elemental and isotopic compositions between the
different samples are well understood as the
consequence of variable alteration, most likely due to
differences in peak temperature (<<600 °C) experienced
during aqueous alteration and/or duration of alteration
(Alexander et al. 2014; Quirico et al. 2018). Alexander
et al. (2014) suggested that variable alteration
conditions could be achieved on the same parent body

if (1) Tagish Lake is a breccia with clasts from different
parts of a larger parent body or (2) the variable
alteration occurred next to a local heat source such as a
fracture with hot fluid flow or an igneous intrusion.
Quirico et al. (2018) noted that a low pressure shock
(<10 GPa) could also produce the properties observed
in the Tagish Lake samples, although independent
evidence for shock in the Tagish Lake samples has not
been reported.

There are only moderate differences in the
concentrations of primordial noble gases between the
Tagish Lake samples in this study, reflecting that the
differences in aqueous alteration did not result in major
gas loss from the IOM (Fig. S4). The range of trapped
36Ar (36Artr) in the Tagish Lake IOM sample of 0.67–
0.72 9 10�6 cm3STP/g meteorite (recalculated based on
the yields in Table 2) is narrow. Significantly larger
variations of between 0.5 and 1.1 9 10�6 cm3STP/g
meteorite, decreasing with alteration, have been
observed in bulk CM chondrites (Marrocchi et al. 2014;
Weimer et al. [2017] and references therein). However,
the Ar that is lost during aqueous alteration of bulk
CM chondrites might reside in the soluble portion of
meteorites (e.g., Matsuda et al. 1980) and would hence
be destroyed during IOM preparation. In contrast, the
Q component should be mostly retained in the IOM.
The concentration of 132XeQ in samples 5b and 11v are
similar ([2.35 � 0.12] 9 10�7 cm3STP/g for 11v and
[2.72 � 0.22] 9 10�7 cm3STP/g for 5b), showing that
loss of Q-gases must have been minor if it occurred
during aqueous alteration. Alteration on the Tagish
Lake parent body still resulted in significant
modifications to the noble gases and their carriers,
including gas loss from presolar grains and changes in
the HNO3 susceptibility of presolar grains. In addition,
this study shows that the distribution of presolar SiC

Table 6. Isotopic composition of He, Ar, and Kr of total release in the different analyses of different samples.
3He/4He 910-4 38Ar/36Ar 40Ar/36Ar 82Kr/84Kr 83Kr/84Kr 86Kr/84Kr

Unoxidized IOM
5b 1.40 � 0.01 0.190 � 0.004 5.5 � 0.6 0.197 � 0.003 0.199 � 0.003 0.277 � 0.007

11h 1.41 � 0.01 0.188 � 0.004 2.0 � 0.1 0.202 � 0.003 0.202 � 0.003 0.278 � 0.009
11i 1.41 � 0.01 0.188 � 0.008 1.7 � 0.2 0.201 � 0.004 0.203 � 0.004 0.307 � 0.006
11v 1.75 � 0.01 0.189 � 0.004 5.7 � 0.6 0.203 � 0.003 0.201 � 0.003 0.304 � 0.005

HNO3-susceptible (CSSE)
5b 1.40 � 0.02 0.189 � 0.002 2.92 � 0.04 0.203 � 0.003 0.202 � 0.003 0.304 � 0.004
11v 1.83 � 0.01 0.187 � 0.001 3.13 � 0.02 0.202 � 0.006 0.201 � 0.006 0.306 � 0.008

Oxidized IOM
5b 1.48 � 0.02 0.191 � 0.005 4.7 � 0.4 0.202 � 0.007 0.205 � 0.007 0.303 � 0.010
11v 1.69 � 0.02 0.191 � 0.007 1.9 � 1.2 0.193 � 0.018 0.193 � 0.018 0.292 � 0.028
Q* 1.23 � 0.02 0.1873 � 0.0007 0.2018 � 0.0002 0.2018 � 0.0002 0.3095 � 0.0005
*Isotopic composition of Q from Busemann et al. (2000).
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grains is heterogeneous, either due to indigenous
heterogeneity between the samples or due to
redistribution during parent body processing.

SiC Abundance Variation

The abundance of presolar SiC grains in the
different Tagish Lake samples vary so that the second
most altered sample 11i has an abundance of SiC grains
that is about twice that of the other samples based on
NanoSIMS mapping (Fig. 8). As a comparison, all the
CR chondrites that Davidson et al. (2014) analyzed had
similar SiC abundances (see their fig. 4). The noble gas
data also show the uneven distribution of SiC between
the samples: 11i has a two to three times higher
concentration of Ne-E than the other samples (Fig. 7).
Ne-E is carried by both presolar graphite (Ne-E[L]) and
SiC (Ne-E[H]; Table 1), the two carriers having
different release temperatures during stepwise heating:
Ne-E(L) is released from graphite ≤900 °C, while Ne-E
(H) is released from SiC >900 °C (Eberhardt et al.
1981). The resolution of the stepwise heating in this
study is not high enough to clearly distinguish between
Ne-E(L) and Ne-E(H). Nevertheless, the Ne-E release
pattern in Fig. 10 shows that the excess Ne-E in sample
11i (compared to the other samples) is mainly released
in the 1200 °C and the 1800 °C steps, a strong
indication that the excess Ne-E in 11i is carried by
presolar SiC.

We have identified three possible explanations for
the higher abundance of SiC grains in the second most
altered sample 11i (1) preferential destruction of IOM
over SiC during the alteration in 11i, (2) heterogeneous
accretion of SiC grains, (3) redistribution of SiC grains
on the parent body during aqueous alteration.
Explanation (1), that IOM was preferentially destroyed
over SiC during alteration, can almost certainly be
excluded as the samples have very similar abundances
of IOM C, inconsistent with a substantial loss of IOM
from the more altered samples (Alexander et al. 2014).

The second potential explanation for the higher
abundance of SiC grains in sample 11i is that the
accretion of SiC grains to the Tagish Lake parent body
was heterogeneous. There is compelling evidence that
different meteorite groups accreted matrix with a similar
mixture of presolar grains and IOM and that the
observed differences between meteorites and meteorite
groups are due to parent body processing (Alexander
2005; Davidson et al. 2014). Other authors have argued
that nebular processing, in addition to parent body
processing, was important in establishing differences of
presolar grain abundances between different meteorite
classes (Huss and Lewis 1995; Huss et al. 2003). The
differences in presolar grain abundances between
samples from the same group have, however, almost
exclusively been assigned to parent body alteration
(Huss and Lewis 1995; Huss et al. 2003; Alexander
2005; Davidson et al. 2014). The abundance of IOM C
is constant between the different Tagish Lake samples,
showing that the samples had similar matrix
abundances (Alexander et al. 2014). Assuming a
constant SiC fraction in matrix (Alexander 2005;
Davidson et al. 2014), the samples would have accreted
similar concentrations of SiC. The different Tagish Lake
samples also have similar concentrations of major,
minor, and trace elements, which shows that the Tagish
Lake starting material was mostly homogeneous
(Blinova et al. 2014b). The heterogeneous distribution
of presolar SiC in Tagish Lake could have occurred
during accretion but with the currently available data, it
is unclear why such heterogeneity would have occurred
during the accretion of Tagish Lake and not during the
accretion of other asteroids such as the CR chondrite
parent body (Davidson et al. 2014).

The third potential explanation for the
heterogeneous distribution of presolar SiC grains in
Tagish Lake is that aqueous alteration redistributed SiC
grains on the Tagish Lake parent body. If parent body
modification is responsible for the heterogeneous
distribution of SiC grains, then either sample 11i
became enriched in SiC grains during the alteration or
samples 5b, 11h, and 11v all lost SiC grains to the same
degree. The calculated abundance of SiC grains in the
samples depends largely on the amount of matrix in the
samples (see the NanoSIMS section). For the 75%
matrix assumed here, the abundance of SiC in 11i of
25 � 4 ppm is similar to the abundance of ~30 ppm
determined for primitive meteorites by Davidson et al.
(2014), while the abundance of 10–14 ppm determined
for the other Tagish Lake samples differs significantly
from the Davidson value. However, it seems unlikely
that samples 5b, 11h, and 11v, which experienced
different degrees of alteration, lost the same amount of
SiC grains, especially since sample 5b appears to be

Table 8. Concentration of Ne-E.

Sample cm3STP/g IOM cm3STP/g meteorite*

5b unox 1.1 9 10�7 � 4.5 9 10�9 1.7 9 10�9

11h unox 9.8 9 10�8 � 2.9 9 10�9 1.8 9 10�9

11i unox 2.4 9 10�7 � 8.6 9 10�9 4.3 9 10�9

11v unox 7.0 9 10�8 � 3.0 9 10�9 1.2 9 10�9

11v etch 8.0 9 10�8 � 4.1 9 10�9

5b etch 3.9 9 10�8 � 3.9 9 10�9

11v ox 7.0 9 10�9 � 6.2 9 10�10

5b ox 6.4 9 10�8 � 1.6 9 10�9

*Calculated to per g meteorite using yields in Alexander et al. (2014).

See supporting information for details on deconvolution.
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much less altered than the other samples (Quirico et al.
2018), making it implausible that SiC grains were
destroyed in sample 5b during alteration. For this
discussion, we will therefore assume that 11i is the
anomaly, due to a redistribution rather than the
destruction of SiC grains on the Tagish Lake parent
body.

The redistribution of SiC grains in the Tagish
Lake parent body would require significant fluid flow.
The O isotopic compositions of the Tagish Lake
samples are in agreement with either a closed system
equilibrium interaction with different water/rock ratios
or an open system, in which water was redistributed
between different parts of the parent body (Herd et al.
2012). The initial water/rock ratio of Tagish Lake has
been estimated to be similar to that of CM chondrites
(Alexander 2019). The presence of large pyrrhotite
veins in a CM1 clast in Tagish Lake appears to be
evidence of significant fluid transfer (Zolensky et al.
2002; Bullock et al. 2005), although alteration of this
foreign clast might have occurred prior to
incorporation into Tagish Lake. There is some
evidence in the literature for the redistribution of
mobile elements (Ba, Sr) and decrease of volatile
elements (Cd, Sb) with increased alteration (Blinova
et al. 2014b). Taken together, these results indicate
that the fluid flow in Tagish Lake might have been

relatively high. However, due to seemingly conflicting
evidence, there is no consensus on the extent of fluid
flow during aqueous alteration or what a high fluid
flow would mean in terms of mobility (e.g., Young
et al. 1999; Bland et al. 2009; Palguta et al. 2010;
Brearley 2014; Bland and Travis 2017).

Closed system alteration with stagnant pore water is
supported by petrological studies, which tend to
conclude that mobility of elements was restricted to
100s of lm (for a review, see Brearley 2014). The
stagnant pore water model is also in agreement with the
high concentrations of volatile elements in chondrites
and the low variability of soluble element
concentrations. In an open system, volatile elements
would have been lost to a higher degree (see Bland
et al. 2009; Brearley 2014). Other observations are
better explained by open system behavior during
aqueous alteration. For example, variations in the O
isotopic compositions of carbonates require variable
temperature and/or water/rock ratios and have been
taken as an indication of open system alteration with
fluid convection in the parent body (Young et al. 1999).
Bland and Travis (2017) suggested that most
observations could be explained by a model in which
alteration of CM chondrites is described as having
occurred in convecting mud balls instead of in lithified
rock as modeled previously. In the mud ball model,
particle transportation and even size sorting of
chondrules can occur while there is little loss of volatile
elements, and mobile elements remain homogeneously
distributed throughout the parent body (Bland and
Travis 2017). Perhaps, the mud ball model could also
result in sorting of small dense SiC grains, although the
behavior of small dense grains was not investigated in
the Bland and Travis paper.

We currently have insufficient data to determine
whether the variation in SiC abundance between the
different samples is an effect of heterogeneous accretion
or redistribution during aqueous alteration. Further
studies such as in situ NanoSIMS isotopic mapping of
the distribution of SiC grain in thin sections of the
samples would be required for a better understanding of
this issue.

Changes in HNO3-Susceptibility and Degassing Behavior

of Presolar Grains

The alteration of Tagish Lake resulted in degassing
of presolar graphite grains and changed the
susceptibility of presolar SiC grains and likely
nanodiamonds to HNO3 and, consequently, the
perceived composition of the noble gas component Q.
We discuss the effects of aqueous alteration on different
presolar grains below.

Fig. 10. Release pattern of Ne-E during stepwise heating of
unoxidized IOM. The samples release less gases in the 600 °C
step with increasing alteration, indicating that the Ne-E(L)
gases might be lost from presolar graphite during alteration.
Sample 11i had a significantly higher concentration of Ne-E
(H) than the other samples. The excess Ne-E gases in 11i
compared to the other samples was released in the 1200 and
1800 °C steps, evidence that the gases originated from presolar
SiC (Ne-E[H]) and not presolar graphite (Ne-E[L]). Color
image available in the digital version.
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SiC and Graphite
Both presolar SiC and graphite were affected by the

alteration; the most prominent effect on SiC is an
increased susceptibility to HNO3 etching, whereas
graphite seems to have been partially degassed during
the alteration. We can use the release temperature
during stepwise heating to distinguish between the
isotopically very similar Ne-E(H) component in SiC
with a release temperature >900 °C and Ne-E(L) in
graphite with a release temperature ≤900 °C (Eberhardt
et al. 1981). The unoxidized residue of the least altered
sample, 5b, released a significant amount of its total
Ne-E gases in the 600 °C step (~15%,
1.5 9 10�8 cm3STP/g IOM, Fig. 10), that is, Ne-E(L)
gases, which likely originated from graphite. Samples
11h and 11i that experienced intermediate parent body
alteration released less Ne-E(L) gases and the most
altered sample 11v contained no resolvable Ne-E in the
600 °C step (Figs. 5a, 5b, and 10). It, therefore, appears
that parent body alteration of the Tagish Lake samples
resulted in progressive loss of Ne-E gases related to
presolar graphite.

The increased susceptibility of aqueously altered
presolar SiC to HNO3 etching is seen in the CSSE
analyses and in the comparison between the amounts of
Ne-E gases released in the CSSE analysis and the
stepwise heating. Ne-E was clearly visible in the CSSE
analyses of both the less altered sample 5b and the
more altered sample 11v (Figs. 5c–e). There is, however,
a clear difference in the amounts of Ne-E in the two
analyses. Essentially, the full budget of Ne-E, as
estimated from the stepwise heating of the unoxidized
IOM, was released from the 11v sample during etching
with HNO3 in the CSSE analysis, whereas only ~35%
of the Ne-E in 5b was released (Fig. 7; Table 8). It is,
therefore, clear that the more altered sample 11v
released all Ne-E from both graphite and SiC during
etching with HNO3, while the less altered sample 5b
retained the majority of the Ne-E gases. The Ne-E
released from 5b could (1) be exclusively from presolar
graphite or (2) be released from presolar graphite and
SiC. Previous CSSE experiments of IOM samples of
Chainpur (LL3.4), Cold Bokkeveld (CM2; Busemann
et al. 2000), and Murchison (CM2) (Wieler et al. 1992)
also released Ne-E, assumed to be Ne-E(L) from
graphite (Wieler et al. 1992; Busemann et al. 2000).

Sample 5b released 3.9 9 10�8 cm3STP/g Ne-E
during the CSSE analysis, more than twice the Ne-E
released from graphite in the 600 °C step during
stepwise heating. However, the 1000 °C step likely
contains a mixture of Ne-E from both graphite and SiC,
and we cannot determine if the Ne-E released during
CSSE of 5b was exclusively hosted in graphite or was
released from both graphite and SiC. The SiC grains in

11v were not largely degassed during alteration (Fig. 7);
however, their increased susceptibility to HNO3 likely
represents a step toward degassing. Aqueous alteration
that was more severe and/or involved more corrosive
conditions can likely result in complete degassing of SiC
grains. Davidson et al. (2014) found that the
concentration of SiC grains in the CR2 chondrite
Renazzo determined by NanoSIMS imaging is higher
than concentrations determined by noble gases (Huss
et al. 2003) and suggested that parent body alteration
might have degassed the presolar SiC grains in
Renazzo.

Huss et al. (2003) suggested that there might be a
second carrier of Ne-E(H) in addition to SiC based on
two observations. (1) The inferred concentration of SiC
was considerably higher by ~50% in CM2 chondrites
than in CI chondrites based on Ne-E(H) in oxidized
residues, and (2) a previous study (Huss and Lewis
1995) had shown that the unoxidized residue of Orgueil
(CI) contained about 70% more Ne-E(H) than the
oxidized residue of the same sample. Both these
observations are in agreement with the observation in
this study and could be explained by changes in HNO3

susceptibility of presolar SiC grains during aqueous
alteration. CI chondrites are more aqueously altered
than CM2 chondrites, and hence could carry Ne-E in
SiC that is even more susceptible to oxidation than the
SiC in CM2 chondrites. We therefore suggest that an
additional carrier of Ne-E(H) is not needed, and that
the simplest interpretation of the data is that parent
body aqueous alteration affects SiC such that it more
readily releases its gases during oxidation in the
laboratory. Huss and Lewis (1995) suggested that
Orgueil could contain two subpopulations of SiC: one
that is more reactive, perhaps due to radiation damage
and releases its gases during etching, and one that is
more refractory and survives thermal metamorphism
better. The first population would only survive in
meteorites with very low metamorphic temperatures.
Huss and Lewis (1995) also observed SiC grains that
were susceptible to etching in the LL3.5 chondrite
Ragland, for which they suggested that alteration on
the parent body might have changed the physical
properties of some SiC grains so that they became more
susceptible to etching, similar to what we found in this
study.

Nanodiamonds
Although less conclusive, there is some evidence

that the presolar nanodiamonds in Tagish Lake also
became more susceptible to etching with HNO3 with
increasing aqueous alteration, similar to presolar SiC.
The 4He/36Ar and 20Ne/36Ar ratios of the gases
released during CSSE are higher in the more altered
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sample 11v than in the less altered sample 5b (Fig. 9).
The difference in the ratios is a result of a
combination of more He and Ne and less Ar released
in the CSSE analysis of 11v compared to 5b (Fig. S6
in supporting information). Noble gases in presolar
grains have significantly higher He/Ar and Ne/Ar
ratios than noble gases in phase Q (Ott 2014) and it
seems likely that the additional He and Ne in the 11v
HNO3 susceptible material originated from presolar
grains. Ne-E was likely released from graphite in both
samples during CSSE, and we can, therefore, rule out
that these gases contributed to the differences in
elemental ratios. Based on the 4He/22Ne ratio in
presolar SiC (Lewis et al. 1994) and the concentration
of Ne-E released from 11v in the CSSE experiment, at
most a few percent of the 4He is expected to have
been released from SiC. Presolar nanodiamonds are
the main carriers of He and Ne in Tagish Lake IOM
(Figs. 4 and 5a, 5b, 5f) and it seems plausible that
small amounts of He and Ne could have been released
from the nanodiamonds during the CSSE analysis.
The same mechanism that modified SiC during
aqueous alteration might have modified the
nanodiamonds so that they became somewhat more
susceptible to the HNO3 treatment in the more altered
sample 11v than the less altered sample 5b.

Another interesting feature of the elemental ratios
in the gases released during the CSSE experiments is
that the last etch steps in both CSSE analyses have high
4He/36Ar, 20Ne/36Ar, and 20Ne/4He ratios (Fig. 6)
compared to the earlier steps. The same was observed in
similar experiments on Murchison (CM2; Wieler et al.
1992) and to some degree also in Cold Bokkeveld
(CM2; Busemann et al. 2000). Wieler et al. (1992)
interpreted the late increase in these ratios as release of
gas from another component in addition to Q and
suggested that this HNO3-susceptible carrier contained
gases related to HL. Interestingly, the 1200 °C step in
both the unoxidized and the oxidized IOM of all
samples has higher 20Ne/4He ratios than the 1000 °C
step (Fig. 4). It is possible that the same component
with high 20Ne/4He was released in the 1200 °C heating
steps and in the last etch steps. Apparently, this phase is
more susceptible to oxidation and less resistant to
heating than bulk HL proper. More data are needed to
deduce if this phase is only present in CM2 chondrites
and Tagish Lake, or if it is always present but only
releases noble gases during treatment with HNO3 in
aqueously altered samples. It would, for example, be
interesting to see if CSSE analysis of IOM from the
meteorite Paris, which has been suggested to be the
least altered CM chondrite (Marrocchi et al. 2014),
releases gases in the last etch steps with high 4He/36Ar
and 20Ne/36Ar ratios.

Q and Other Components Released by CSSE

The data in this study highlight the difficulty with
the operational definition of phase Q (Lewis et al.
1975). According to this definition, phase Q is
concentrated in IOM residues compared to bulk
meteorites and releases the Q-gases when exposed to
HNO3 or other oxidizing agents. With the CSSE
analyses, we analyzed phase Q as operationally defined.
However, the gases released with CSSE differed
significantly from the composition of Q-gases
determined previously (Busemann et al. 2000). As
discussed above, we attribute these differences to gas
release from presolar grains. Most prominent were the
Ne-E gases released from presolar SiC and graphite that
obscured the Ne isotopic composition of Q (Figs. 5c–e;
Wieler et al. 1992; Busemann et al. 2000). We also
inferred that He and Ne were likely released from
nanodiamonds or an unidentified phase with higher He/
Ar and Ne/Ar ratios than phase Q proper (Fig. 9). The
differences in the 4He/36Ar and 20Ne/36Ar ratios
between gases released in the CSSE analyses of the
Tagish Lake samples are mainly due to higher
concentrations of He and Ne in the most altered sample
11v compared to the least altered sample 5b (Fig. S6).
This is consistent with more gases being released from
presolar nanodiamonds or an unidentified phase in 11v
compared to 5b. Gilmour (2010) and Crowther and
Gilmour (2013) showed that the heavy noble gases in
the Q component could be a combination of
fractionated solar gases with small and variable (0.2–
3.3%) addition of HL gases known to reside in
nanodiamonds. Similar to the conclusions in this study,
Gilmour (2010) and Crowther and Gilmour (2013)
suggested that the gases from the nanodiamonds could
have been added to the Q component either during
parent body alteration or during lab treatment.

Phase Q has not been isolated as an individual
phase in spite of numerous attempts to do so (e.g.,
Verchovsky et al. 2002; Amari et al. 2013). It has been
suggested that the Q-gases are trapped in the structure
of IOM and that the Q-gases are released during
oxidation due to rearrangement of the molecular
structure of the IOM (Matsuda et al. 2010). Other
authors favor a minor distinct carrier phase or phases
of the Q-gases (e.g., Amari et al. 2013; Marrocchi et al.
2015). The differences in composition of “Q-gases”
released in the samples in this study are best understood
as differences in gas release from presolar grains. This
data set, therefore, does not give much additional
information about the carrier of the Q-gases. We
conclude that in aqueously altered samples, primordial
noble gas carriers other than phase Q proper have
properties similar to those of phase Q, complicating the
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determination of the noble gas composition in phase Q
in aqueously altered samples. Samples that have
experienced minimal aqueous and thermal alteration are
best suited to determine the primordial composition of
the noble gases in phase Q.

Implications for Q1 and Q2
Busemann et al. (2000) suggested that variations in

(4He/36Ar)Q and (20Ne/36Ar)Q ratios between meteorites
are due to the occurrence of two subtypes of Q: Q1 and
Q2, and their distinct responses to alteration. This idea
is illustrated with turquoise markings in Fig. 9. It was
suggested that Q1 is more enriched in the light noble
gases than Q2 and is released during mild etching,
whereas Q2 contains less of the light noble gases and is
released during more severe etching than Q1. This was
based on the observation that the gases in the first etch
steps during CSSE analyses of IOM with HNO3 tend to
have higher 4He/36Ar and 20Ne/36Ar ratios than later
steps. The same pattern is observed in our data, with
the exception of the very last etch steps, the
composition of which probably reflect gas release from
another carrier, see the Nanodiamonds section, Fig. 6.
Busemann et al. (2000) observed that thermal
metamorphism resulted in a decrease in the 4He/36Ar
and 20Ne/36Ar ratios in Q, while the most aqueously
altered samples have the highest 4He/36Ar and
20Ne/36Ar ratios (Fig. 9). To explain this observation, it
was suggested that all samples initially incorporated Q-
gases with roughly equal elemental ratios, similar to
those of CM and CV chondrites and that parent body
processing resulted in the variation seen in the ratios
today (Busemann et al. 2000). In this model,
subcomponent Q1 with higher 4He/36Ar and 20Ne/36Ar
ratios than Q2 is less susceptible to aqueous alteration
than to thermal metamorphism. The thermally
metamorphosed samples would have lost Q1 gases,
which lowered their 4He/36Ar and 20Ne/36Ar ratios. The
aqueously altered samples would have retained their Q1
gases and maintained a more primitive Q composition
with higher 4He/36Ar and 20Ne/36Ar ratios (Fig. 9).

The gases released from the more altered Tagish
Lake sample 11v during CSSE had higher 4He/36Ar and
20Ne/36Ar ratios than those released from the less
altered sample 5b (Fig. 9), in accordance with the
observations of Busemann et al. (2000). However, our
data are better explained by small amounts of noble
gases being released from presolar grains in the most
altered sample (see the Nanodiamonds section). To be
in agreement with the Q1-Q2 model, our two samples
should have released gases with roughly equal 4He/36Ar
and 20Ne/36Ar ratios during CSSE analysis. They would
have incorporated the same amounts of Q1 and Q2 and
Q1 would not have been lost to a higher degree from

11v than 5b during aqueous alteration. We note that
the more altered CM2 chondrite Cold Bokkeveld has
higher 4He/36Ar and 20Ne/36Ar ratios in Q than the less
altered CM2 chondrite Murchison (Fig. 9; Wieler et al.
1992; Busemann et al. 2000), consistent with the Tagish
Lake data.

SUMMARY

Primordial noble gases in Tagish Lake are well
explained by a mixture of the Q, HL, Ne-E, and P3
components. In addition, a component with high
20Ne/4He ratio compared to Q and HL is present,
released during harsh etching in the CSSE analyses and
in the 1200 °C heating step during pyrolysis. This
component could originate from diamonds or perhaps
from an unknown noble gas carrier. With the exception
of Ne-E (carried by presolar SiC and graphite), there
were only small variations in the concentrations of these
components between the differently aqueously altered
samples.

Ne-E(L) appears to have been lost from presolar
graphite grains during aqueous alteration;
concentrations of these gases decrease with increased
alteration. In contrast, Ne-E(H) gases associated with
presolar SiC are highest in the second most altered
sample, 11i. To confirm that the Ne-E gases in 11i are
from presolar SiC, we independently determined the
abundance of SiC in the IOM samples by NanoSIMS
mapping. The NanoSIMS data confirmed the noble gas
results: the second most altered sample 11i was found to
have an abundance of SiC grains about twice that of
the other Tagish Lake samples. This heterogeneity in
SiC abundance could be due to either heterogeneous
accretion of the Tagish Lake parent body or
redistribution of SiC on the parent body during
alteration. Redistribution of SiC grains during aqueous
alteration would require either significant fluid flow on
the Tagish Lake parent body or perhaps a “mud ball
convection” model for the Tagish Lake parent body
(Bland and Travis 2017).

All of the SiC grains identified by the NanoSIMS
measurements had 12C/13C ratios that are consistent
with those of mainstream SiC grains originating from
AGB stars. The average size of the grains was around
250–300 nm for all samples.

The data in this study highlight the problem with
an operational definition of phase Q in which phase Q
is a phase that survives IOM extraction and releases the
Q-gases when IOM is treated with an oxidizing agent
such as HNO3 (Lewis et al. 1975). In the CSSE
analyses, noble gases were extracted from IOM by
etching with HNO3, but in addition to Q-gases, noble
gases associated with presolar grains were released.

Tagish Lake 21



Most visible were the Ne-E gases released from presolar
SiC and graphite which obscured the Ne isotopic
composition of Q. Presolar SiC grains were much more
susceptible to oxidation in the more altered sample 11v
than in the less altered sample 5b. Essentially the full
budget of Ne-E was released in the 11v sample during
etching with HNO3, whereas only ~35% of the Ne-E in
5b was released. Hence, the concentration of Ne-E in
oxidized residues cannot be used as a proxy for presolar
SiC abundance in aqueously altered meteorites. In
addition, He and Ne might have been released from
presolar nanodiamonds or another unidentified phase
during the CSSE analysis, affecting the elemental ratios.
This has implications for the interpretation that Q1 and
Q2 have different elemental ratios and react differently
to alteration (cf. Busemann et al. 2000). The release of
additional noble gases from presolar nanodiamonds
during CSSE analysis is consistent with the
interpretation of the Q-gases as being modified by small
additions of HL gases from diamonds (Gilmour 2010;
Crowther and Gilmour 2013). The best way to
determine the uncontaminated, pristine composition of
the Q-gases is probably through CSSE analysis of IOM
from a sample with minimal aqueous alteration and
thermal metamorphism.

We conclude that aqueous alteration can result in
significant alteration to the behavior of some noble gas
carriers, especially presolar SiC, and can lead to
admixing of noble gases from presolar grains to the Q-
gases, altering the perceived composition of Q. In
addition, aqueous alteration can degas presolar graphite.
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