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Abstract

We report a coordinated analytical study of matrix material in the Tagish Lake carbonaceous chondrite in which the same
small (620 lm) fragments were measured by secondary ion mass spectrometry (SIMS), transmission electron microscopy
(TEM), energy-dispersive X-ray spectroscopy (EDS), electron energy-loss spectroscopy (EELS), and X-ray absorption near-
edge spectroscopy (XANES). SIMS analysis reveals H and N isotopic anomalies (hotspots), ranging from hundreds to thou-
sands of nanometers in size, which are present throughout the fragments. Although the differences in spatial resolution of the
SIMS techniques we have used introduce some uncertainty into the exact location of the hotspots, in general, the H and N iso-
topic anomalies are spatially correlated with C enrichments, suggesting an organic carrier. TEM analysis, enabled by site-specific
extraction using a focused-ion-beam scanning-electron microscope, shows that the hotspots contain an amorphous component,
Fe–Ni sulfides, serpentine, and mixed-cation carbonates. TEM imaging reveals that the amorphous component occurs in solid
and porous forms, EDS indicates that it contains abundant C, and EELS and XANES at the C K edge reveal that it is largely
aromatic. This amorphous component is probably macromolecular C, likely the carrier of the isotopic anomalies, and similar to
the material extracted from bulk samples as insoluble organic matter. However, given the large sizes of some of the hotspots, the
disparity in spatial resolution among the various techniques employed in our study, and the phases with which they are associ-
ated, we cannot entirely rule out that some of the isotopic anomalies are carried by inorganic material, e.g., sheet silicates. The
isotopic composition of the organic matter points to an initially primitive origin, quite possibly within cold interstellar clouds or
the outer reaches of the solar protoplanetary disk. The association of organic material with secondary phases, e.g., serpentine
and carbonates, suggests that the organic matter was susceptible to parent-body processing, and thus, isotopic dilution.
Published by Elsevier Ltd.
1. INTRODUCTION

Carbonaceous chondrites (CCs) are heterogeneous
aggregates of some of the most primitive early solar system
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materials available for investigation. They can contain a di-
verse suite of components including: chondrules and cal-
cium–aluminum-rich inclusions (CAIs) that experienced
transient heating events within the solar nebula (Connolly
et al., 2006; MacPherson, 2005); presolar grains that
formed via gas-phase condensation in circumstellar envi-
ronments (Zinner, 2005); and carbonates and sheet silicates
that formed through low-temperature aqueous-alteration

http://dx.doi.org/10.1016/j.gca.2010.07.018
mailto:tzega@nrl.navy.mil
http://dx.doi.org/016/j.gca.2010.07.018


Characterization of isotopically anomalous organics in Tagish Lake 5967
reactions on meteorite parent bodies (Brearley, 2005).
Study of these primitive rocks can therefore provide insight
into a wide range of presolar and early solar system envi-
ronments and processes.

The C in CCs occurs in both organic and inorganic
forms. Carbonates, graphite, SiC, and nanodiamond con-
stitute the bulk of the inorganic C, whereas the organic
fraction can be subdivided into material that is soluble or
insoluble in polar and non-polar solvents, including demin-
eralizing acids. The soluble fraction contains a large variety
of organic compounds, e.g., aliphatic and aromatic hydro-
carbons, amines, amides, carboxylic and amino acids, N-
heterocycles, polyols, sulfonic acids, etc. (Gilmour, 2005;
Pizzarello et al., 2006). In comparison, the insoluble frac-
tion contains a mixture of nanodiamonds (a few percent
of the C) and an organic component consisting of a high-
molecular weight macromolecular material (Gilmour,
2005). This insoluble organic component, often referred
to as insoluble organic matter or IOM, constitutes 70–
99% of the organic material in CCs (Pizzarello et al.,
2006). Isotopic anomalies in the IOM, namely excesses in
deuterium (D) and 15N, are believed to reflect the partial
preservation of presolar molecules originally formed in
the interstellar clouds or at the edge of the solar protoplan-
etary disk (Robert and Epstein, 1982; Yang and Epstein,
1983; Alexander et al., 1998; Messenger, 2000; Busemann
et al., 2006b; Alexander et al., 2007; Floss and Stadermann,
2009; Remusat et al., 2009). Variations in isotopic and ele-
mental chemistry among the IOM of different CC classes
were hypothesized to represent parent-body processing of
a common primitive organic precursor (Alexander et al.,
2007, 2010).

Though not the most petrologically primitive meteorite,
the Tagish Lake CC is, arguably, the best preserved, having
been collected from frozen ice shortly after falling to Earth
on January 18, 2000 (Brown et al., 2000). The mineralogy,
isotopic, and bulk chemical composition of the Tagish Lake
CC classify it as a petrologic type 2 chondrite but between
that of CM and CI chondrites, making it a unique meteorite
in terrestrial collections. Measurements of pristine samples
show that it contains up to 5.8 wt% C, approximately
2.6 wt% of which is organic (Grady et al., 2002). Acid-dis-
solution experiments indicate that over 99% of the organic
matter occurs in IOM form (Pizzarello et al., 2006), and nu-
clear magnetic resonance (NMR) spectroscopy on IOM res-
idues suggest that it has abundant aromatic character
(Pizzarello et al., 2001; Cody and Alexander, 2005). The
bulk D and 15N enrichments of the Tagish Lake IOM
(dD = 596 ± 4&, d15N = 73 ± 1.5&; Alexander et al.,
2007), while significant, are lower than those observed in
the IOM of CR and some CM chondrites. The smaller
15N and D anomalies, together with the high aromatic frac-
tion (relative to the CR, CI, and CM chondrites), suggests
that Tagish Lake IOM has been affected by parent-body
processing. However, isotopic imaging by secondary ion
mass spectrometry (SIMS) revealed that IOM in CCs is iso-
topically heterogeneous, with sub-lm- to lm-sized regions
highly enriched in D and/or 15N (‘hotspots’), relative to
the bulk IOM. In the Tagish Lake CC, hotspot values reach
dD = 15,000& and d15N = 1000& (Ashley et al., 2005;
Nakamura-Messenger et al., 2006; Busemann et al.,
2006b; Herd et al., 2009). These values are comparable to
those observed in interplanetary dust particles (Messenger,
2000), suggesting very primitive origins (Busemann et al.,
2006b). The carrier of the isotopic anomalies in Tagish
Lake IOM has, in part, been linked to discrete, hundreds
of nanometer- to micron-sized, often hollow spheres
(‘nanoglobules’) which contain a strong aromatic compo-
nent (Nakamura et al., 2002, 2004; Garvie and Buseck,
2004; Messenger et al., 2004; Ashley et al., 2005; Nakam-
ura-Messenger et al., 2006; Garvie et al., 2008).

Here we expand on earlier efforts to investigate the IOM
in the Tagish Lake CC. We follow up on SIMS measure-
ments, which showed that the Tagish Lake CC retains
primitive IOM (Busemann et al., 2006b) despite having sus-
tained the effects of parent-body alteration (e.g., Nakamura
et al., 2003). Thus, the study of this material presents an
opportunity to gain insight into questions about the origin
and processing of IOM. For example, is the isotopically en-
riched IOM associated with specific minerals? Did IOM
contribute to the products of parent-body alteration? Is
there a specific carrier phase or molecule of the isotopic
anomalies? We combine site-specific extraction and spa-
tially high-resolution analytical techniques to investigate
the isotopically enriched IOM in situ rather than as extracts
or separates. Our goal is to understand the isotopic compo-
sition, mineral associations, and character of the IOM in its
original context to gain insight into these questions.

2. SAMPLES AND ANALYTICAL METHODS

We report new results on four small fragments of the
Tagish Lake CC for which we previously reported isotopic
data (Busemann et al., 2006b). Briefly, individual 5- to 20-
lm fragments were hand-picked from a sample of Tagish
Lake powder and pressed into clean Au foils for SIMS
analysis. It is not known whether the sample originated
from the carbonate-rich, -poor, or CM1 lithologies (e.g.,
Zolensky et al., 2002), though we infer below that these
fragments probably came from the carbonate-rich lithol-
ogy, owing to the abundance and composition of carbon-
ate. We believe that the sample was collected several
months after the fall, and so we cannot completely rule
out some interaction with lake water. Nonetheless, the sur-
vival of isotopically anomalous organics indicates that such
interaction, if it occurred at all, was limited.

All fragments were measured for D/H and C/H ratios
with the Carnegie Institution’s Cameca ims-6f ion micro-
probe and a subset for C and N isotopic compositions with
the Cameca NanoSIMS 50 ion microprobe at the Max
Planck Institute for Chemistry in Mainz. Experimental de-
tails can be found in Busemann et al. (2006b). Following
the D/H imaging measurement, we used a JEOL 6500F
scanning electron microscope (SEM) at Carnegie to acquire
images and, for fragment #2, elemental maps with an
EDAX energy-dispersive spectrometer (EDS). For our pur-
poses, it is important to note that the H isotopic images
have a spatial resolution of 1–1.5 lm (based on the primary
ion beam size in the ims-6f), compared to 100–150 nm for
the NanoSIMS C and N measurements. The size of the D
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hotspots could, therefore, be smaller and the D/H ratios
much higher than they appear in the isotopic maps. It is
also likely that smaller grains containing isotopically anom-
alous D were missed because they were averaged out by the
material surrounding them. Moreover, the difference in spa-
tial resolution between the ims-6f and the NanoSIMS leads
to difficulties in aligning the isotopic maps from each of
these instruments with each other and with secondary elec-
tron images of the fragments of Tagish Lake material.
These differences in spatial resolution ultimately lead to
some (61 lm) uncertainty in the exact location of the isoto-
pically anomalous material, but we have been careful to
section the hotspots as precisely as possible.

We used an FEI Nova 600 focused-ion-beam scanning-
electron microscope (FIB-SEM) at the Naval Research
Laboratory (NRL) to make electron-transparent cross sec-
tions (typically 10 lm wide) of four matrix fragments ex-
tracted from the Tagish Lake CC in order to investigate
the minerals and organic matter associated with the isotopic
hotspots and gain insight into their character. A 1- to 1.5-
lm thick layer of Pt was deposited on all fragments, tran-
secting the isotopically anomalous regions, in order to
mitigate ion implantation and radiation damage in the
areas of interest. One grain (fragment 2) was extracted ex

situ and placed on a C-coated TEM grid. The other three
grains were prepared using standard FIB techniques (e.g.,
Pt strap deposition, stair-step profiles), extracted with a
micromanipulator, and ion milled to electron transparency
(�100 to 150 nm) inside the FIB using previously described
methods (Zega et al., 2007). We note that SIMS is a
destructive technique and it is possible for the isotopically
anomalous material observed by SIMS to be sputtered
away prior to attempts to extract it with the FIB. The
amount of material removed in our SIMS measurements
here is impossible to estimate since each measured grain
experienced a different ion dose and different materials have
different sputtering rates. However, we have confidence that
some of the isotopically anomalous material survived in our
grains because the final measurement cycles of the SIMS
measurements showed no signs of declining signals. More-
over, for the two grains with NanoSIMS measurements, the
12C images appear quite similar to those from the ims-6f
measurements, once the former images are degraded to
the ims-6f spatial resolution. This implies that the organic
matter present in the D/H measurements remained during
the C and N measurements.

Ion-beam milling is also a destructive process that can
result in radiolysis and knock-on damage to the surface
of the sample. Damage can be of particular concern for
low-Z materials such as organics and its effects on both
the faces and the top edge immediately below the Pt strap
should be considered. Because these sections were extracted
using a 30 kV Ga+ ion beam, there is a Ga+ implantation
damage layer of 10–30 nm on each of the faces of the sec-
tions in which the structure of crystalline materials is dis-
rupted. This surface structural damage does not preclude
high-resolution imaging or diffraction analysis of the inte-
rior pristine material unless the thickness of the pristine
material is less than that of the surface damage. For this
reason, sections thinner than 100 nm are not attempted
without lowering the Ga+ beam voltage. In general, the ele-
mental composition of such sections are preserved to within
5 nm of the surface, except for the addition of Ga. Preferen-
tial sputtering and re-deposition of sputtered material can
alter the composition of the last few nm’s of the section
faces. The thickness of the FIB section in the TEM obser-
vation direction is 100–150 nm. Neglecting Ga, the ratio
of compositionally unaltered to altered material to surface
is therefore, >9:1, i.e., >(100 � 5 � 5)/(5 + 5), and so the
signal from the unaltered material dominates any acquired
EDS or EELS spectra. The portion of the FIB section clos-
est to the Pt strap can also sustain damage by the ion beam
during deposition of the protective Pt (or other materials
such as C) strap. However, under standard operating con-
ditions, Pt typically coats the surface before significant
damage can occur. Moreover, the �16 keV Cs+ beam used
in the original SIMS measurements will induce damage in
the top tens-of-nanometers of the sample, making any sub-
sequent damage from the FIB negligible. We have prepared
FIB sections of several IOM residues this way and have suc-
cessfully preserved and analyzed the material at the surface
of the section, including nanoglobules (Busemann et al.,
2006a, 2007). We note that fragile organic materials, such
as polyacrylamide, are more sensitive to electron beam
rather than ion beam damage (Bassim et al., 2010). Our
experience suggests that surface damage is not a significant
concern for interpreting the data of the FIB sections that we
report on here.

All FIB sections were examined at NRL with a 200 kV
JEOL 2200FS transmission electron microscope (TEM)
equipped with an energy-dispersive spectrometer (EDS),
in-column electron energy-loss spectrometer (EELS), and
bright- and high-angle annular dark-field (HAADF) scan-
ning TEM (STEM) detectors. The compositions of individ-
ual grains and regions of interest (ROI) were measured
using a thin-window Thermo Electron EDS detector and
processed with Noran System Six software. Illumination
conditions and acquisition parameters (scanning vs. imag-
ing mode, spot size, condenser aperture, convergence angle,
time constant, and integration time) were varied based on
the size of the ROI and adjusted to optimize counting sta-
tistics. EELS was used to evaluate C chemistry on select
ROIs. Spectra were collected in either image (converged
beam) or STEM mode at 200 keV from regions measuring
�1 to 100 nm in diameter using 3–10 s acquisition times.
Some experiments were performed with a lowered emission
current (by decreasing the A1 extraction voltage in the field-
emission gun), which provided an energy resolution of
61 eV as measured from the full width at the half-maxi-
mum height of the zero-loss peak (ZLP). Both the C K
core-loss edge and low-loss spectra (including both the
ZLP and plasmon peaks) were acquired at all ROIs. Spec-
tral processing included background subtraction in the
form of AE�r (Egerton, 1996), removal of plural scattering
effects (Fourier-ratio method), and alignment and summa-
tion of offset spectra to improve the signal-to-noise ratio.
Some spectra were numerically smoothed using a 1- to
1.5-eV wide window to average out the noise variations
without adding any spurious artifacts. Selected-area elec-
tron-diffraction (SAED) patterns were acquired, where
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possible, to aid in the identification of unknown phases. All
patterns were measured manually (in Photoshop) and using
crystallographic image-processing software (Hovmöller,
1992) based on calibrated camera constants. The indexing
of the SAED patterns was based on comparison to appro-
priate reference structures, and some were additionally ver-
ified with calculated patterns using JEMS multislice
(Stadelmann, 1987) and SingleCrystal software packages.

Selected FIB sections were taken to the National Syn-
chrotron Light Source (NSLS) at Brookhaven National
Laboratory and were measured with the scanning transmis-
sion X-ray microscope on the X1A beamline. Image stacks
were acquired over an energy range of �280 to 320 eV to
evaluate the X-ray absorption near-edge structure
(XANES) at the C K edge to further assess C chemistry.
We used a 0.3-eV energy step and 1 ms integration time
for all stacks except in the fine-structure region of the
near-edge (283.5–292 eV) where we used 0.1 eV energy steps
and a 2 ms integration time.

We note that pinpointing the carrier of isotopic anoma-
lies in situ, whether it be a distinct grain, phase, or molecule,
is a challenging task. It is important to keep in mind that
SIMS is a surface technique that provides information
about where on the sample the isotopically enriched mate-
rial occurs. Although spatial correlations among isotopic
maps provide information on the composition of the carrier
and some insight into its nature, we have no additional
information on its characteristics or spatial associations
without investigation at higher spatial scales. Because of
the disparity in resolution between the SIMS instruments
(1 lm for the ims-6f, 100 nm for the NanoSIMS) and the
TEM (down to the atomic), i.e., because we cannot make
isotopic measurements on the scale at which we can make
TEM observations, we need to characterize the microstruc-
ture of all of the material that occurs in the regions of the
FIB sections corresponding to the isotopic hotspots as mea-
sured by SIMS. The data in the text below reflects this need,
and we attempt to infer from them the carrier(s) of the iso-
topic anomaly.

3. RESULTS

Although all fragments were measured for their isotopic
compositions, for the sake of brevity, we show the complete
isotopic maps only for the first of the four fragments de-
scribed. However, we indicate the location of the isotopic
hotspots on secondary electron images of each of the other
three fragments.

3.1. Fragment 1

SIMS analysis reveals isotopic heterogeneity in a 15-lm
wide particle, with prominent, spatially uncorrelated D and
15N hotspots (Fig. 1). The �500-nm diameter 15N hotspot
(d15N = 1020 ± 140&) occurs near to the top of the particle
(Fig. 1e), whereas the �2 lm diameter D hotspot
(dD = 2800 ± 400 &) occurs below and to the right of cen-
ter (Fig. 1d). The D hotspot is clearly correlated with C in
the ims-6f 12C image (Fig. 1b). However, the higher-resolu-
tion NanoSIMS 12C image reveals numerous small C-rich
regions in the vicinity of the D hotspot (Fig. 1c), any one
(or more) of which could be associated with the D anomaly.
This illustrates the difficulty of aligning images acquired
with varying resolutions and also suggests that the true
D-enrichment of this material is likely much higher than
measured. We prepared an electron-transparent cross sec-
tion of the fragment, transecting the 15N and D hotspots
(dashed-white line in Fig. 1a–e). The ambiguity of the true
size and location of the D enrichment due to the relatively
coarse resolution of the D/H measurement means that we
cannot be sure that the FIB slice contains the D-rich mate-
rial. Nonetheless, it certainly contains material that was sit-
uated very closely to the anomalous material in the
meteorite. We are confident that the FIB slice does contain
material from the 15N hotspot. Bright-field TEM imaging
reveals a mixture of fine- and relatively coarser-grained
material occurs in the regions of both the 15N and D hot-
spots (Fig. 1f), and the variable contrast in HAADF images
shows that there is also a wide range in the average atomic
number (Z) (Fig. 1g). Many of the brighter grains are sul-
fides that occur throughout the fragment.

The first 500 nm of the FIB section, measured from the
left edge, corresponds to the region containing the 15N
anomaly (Fig. 2a). High-resolution TEM (HRTEM) imag-
ing shows that some of this material is amorphous, partic-
ularly that closest to the left edge of the FIB section
(Fig. 2b). However, crystalline material also occurs within
and near to the 15N-rich region, and HRTEM imaging
shows layered structures containing 0.7-nm periodicities
(Fig. 2c and d). EDS measurements from selected areas
across the 15N-rich region indicate Fe, Mg, Al, Si, O, and
C are the major constituents (cf., Fig. 3a and b).

The HRTEM and EDS data are consistent with serpen-
tine and a C-bearing material. The left-most edge of the
FIB section is rich in C and shows a high C/O ratio. The
C/O ratio decreases from left to right across the hotspot
as serpentine becomes more abundant, but C remains in
the EDS spectra throughout the region, suggesting a nano-
scale intergrowth of organic and serpentine material. The
serpentine occurs along much of the length of 15N-rich re-
gion and in some areas extends from the Au substrate to
the Pt strap (cf., Fig. 2a, c and d). Some of this material
exhibits chrysotile-like terminations, i.e., the (0 0 1) layers
(lattice fringes separated by 0.7-nm) show a slight amount
of radial curvature (Fig. 2c). The energy-loss near-edge
structure (ELNES) of the C in the 15N-rich region reveals
a peak at 285 eV followed by a delayed maximum at
�297 eV, consistent with the reference spectrum acquired
from amorphous C (Fig. 3c). This structure is due to elec-
tronic transitions from 1s to p* and r* antibonding orbitals
and is characteristic of C@C in aromatic units (see Egerton,
1996 and references therein). EELS measurements at the N
K edge were attempted, but no significant edge intensity
was observed.

The area approximately 4.9 lm away from the left edge
of the FIB section, corresponding to part of the D hotspot,
contains a mixture of coarse- and fine-grained material
showing a range of Z-contrast (cf. Fig. 1f and g). Part of
the Pt was eroded during in situ milling, dividing the
�2.7 lm wide region that corresponds to the D anomaly



Fig. 1. SIMS and TEM data for Tagish Lake matrix fragment 1. (a) Secondary electron image showing the grain after SIMS analysis but
prior to FIB sectioning. Here and in other fragments, the surface appears smooth because of the ablation of material by the primary ion beam
of the SIMS. (b) Abundance map of C measured in the ims-6f, shown as counts. (c) Abundance map of C measured in the NanoSIMS 50,
shown as counts. (d) D/H isotopic ratio map as measured by the ims-6f ion microprobe. (e) N-isotopic ratio map as measured by the
NanoSIMS 50. The dashed-white lines indicate the location of the FIB transect. The white arrowheads and green circles indicate the locations
of the isotopic hotspots. The scale bars on the right of (d) and (e) denote the magnitude of the delta value relative to SMOW. (f) Bright-field
and (g) HAADF TEM image mosaics showing the overall FIB section (ROI surrounding hotspots is indicated by brackets above (f).)
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into two areas (hereafter, left and right) that contain pre-
served straps (Fig. 1f, bracket). Bright-field imaging of the
left side shows an area with uniform contrast beneath the
Pt strap, and SAED and HRTEM reveal that this area is
amorphous (Fig. 4a). Two large (hundreds of nm) grains
occur beneath the amorphous material and exhibit varied
degrees of diffraction contrast (labeled ‘1’ and ‘2’ in
Fig. 4a). SAED patterns show that these grains are crystal-
line, and measurements on diffraction patterns obtained in
multiple orientations and HRTEM images (Fig. 4b–d) are
all consistent with a rhombohedral carbonate structure.
Measurements suggest several dolomite-group phases
(dolomite, ankerite, and kutnohorite) are consistent with
grain 1, and SAED simulations based on the dolomite
structure provide a plausible match to the experimental pat-
tern. Measurements of the SAED pattern acquired from
grain 2 suggest calcite or dolomite-group phases, and simu-
lations of [0 0 0 1] zone-axis patterns also provide plausible
matches to the experimental data. However, EDS analysis
shows that these grains are not pure endmembers but rather
contain significant Fe and Mg with lesser amounts of Ca
and Mn, indicating that these are mixed-cation carbonates,
qualitatively consistent with carbonates observed in the car-
bonate-rich lithology (Zolensky et al., 2002).

HAADF imaging shows that the amorphous region
closest to the Pt strap has uniform contrast and that it
is darker than the carbonate grains (Fig. 5a), indicating
it has a lower average Z. Parts of the carbonate grains
show areas of dark patchy contrast (620 nm wide) in
the HAADF images that correlate with areas of lighter
contrast in the bright-field images, suggestive of lower-
density than the bulk carbonate. The carbonate grains
have an otherwise uniform intensity in the HAADF im-
age, indicating a uniform composition, except for an area
in the top-left part of the lower grain that shows slightly
higher Z-contrast. EDS analysis reveals that both the
amorphous material and the carbonates contain Mg, Fe,
Ca, Mn, O, and C, but the amorphous region contains



Fig. 2. Structural data from the 15N-rich region of fragment 1. (a) Bright-field TEM image mosaic of overall region. The Tagish Lake material
occurs between the Pt strap and Au substrate. (b) Bright-field image from white-boxed area in (a). There is a slight gradation at the top of the
FIB section due to re-deposition of Pt during in situ milling. (c) HRTEM image of small, dashed-white box in (a). The serpentine grain has a
chrysotile-like termination (white arrowhead) and is surrounded by amorphous (Am) material. (d) HRTEM image of large, dashed-white box
in (a). Serpentine grains (arrowheads) occur throughout this region.
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significantly more C than the carbonates (Fig. 5b, cf.,
spectra 1, 2, and 5). The C-ELNES in the amorphous re-
gion (Fig. 5c, spectrum 3) is consistent with the reference
spectrum from amorphous C (Fig. 5c, AC), indicating
abundant aromaticity. In comparison, the C-ELNES of
the top-most carbonate grain (Fig. 5c, spectrum 4) exhib-
its similarities to the reference spectra acquired from sev-
eral of the pure C allotropes with peaks at 285, 290, and
292 eV followed by a minimum near 301 eV. This near-
edge structure indicates abundant carbonate bonding
(peaks at 290 and 292 eV) with some aromaticity
(285 eV) and the possibility of sp3 diamond-like character
(minimum near 301 eV), but we could not confirm the lat-
ter with SAED patterns or HRTEM imaging. The EELS
spectrum from the bottom carbonate (Fig. 5c, spectrum 5)
shows a pronounced peak at 290 eV followed by smaller
peaks at �296 and �301 eV, consistent with the reference
spectrum acquired from amorphous C and calcite, indicat-
ing a minor amount of aromaticity and abundant carbon-
ate bonding.



Fig. 3. Compositional data from the 15N-rich region of fragment 1.
(a) Bright-field TEM image mosaic of overall region showing the
location of compositional measurements. (b) EDS data acquired
from 15N-rich region. The spectra are numbered and correlate to
the positions (filled circles) in (a). Ga occurs in the spectrum due to
implantation from the FIB; Cs from the SIMS. The Cu peak is
from the support used to hold the FIB section. Pt and Au are from
the strap and substrate, respectively. (c) C K EELS spectrum (top)
acquired from the 15N-rich Tagish Lake (TL) material (area
indicated by the open circle in (a)) shown with spectra acquired
from phase-pure standards.

Fig. 4. Structural data from the left side of the C-enriched and D-
rich region of fragment 1. (a) Bright-field TEM image showing
amorphous (Am) material and carbonate grains (labeled ‘1’ and
‘2’). (b and c) SAED patterns acquired from grain ‘1’. (d) HRTEM
image and SAED (inset) from grain ‘2’ showing some localized
disorder. The d-spacings measured from these patterns are close to
several of the endmember carbonates, but the indexing is based on
simulations fit to the experimental pattern. Calculated patterns for
the dolomite structure provided a best fit to the experimental
patterns shown in (b) and (c), whereas calcite provided a best fit to
that shown in (d).
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Bright-field imaging on the right side of the D hotspot
reveals a large (�1 lm wide) grain (Fig. 6a, white arrow-
head) that SAED shows is crystalline (Fig. 6b and c). Mea-
surements on patterns from multiple orientations are also
consistent with a rhombohedral carbonate structure. EDS
shows that this grain contains abundant Fe and Mg with
minor Ca and Mn, and so it is also clearly a mixed-cation
carbonate, qualitatively similar in composition to previous
measurements of carbonates in the Tagish Lake CC
(Zolensky et al., 2002). Simulations of SAED patterns of



Fig. 5. Compositional data from the left side of the C-enriched and D-rich region of fragment 1. (a) STEM-HAADF image showing the
carbonate grains and amorphous material. (b) EDS spectra numbered according to the area from which they were acquired in (a). Pt and Au
are from the strap and substrate, respectively. (c) C K EELS spectra shown together with spectra acquired from phase-pure standards, labeled
according to where they were acquired in (a). Spectrum ‘3’ is a representative composite spectrum acquired from the areas indicated by the
open white circles.
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several dolomite-group phases provide plausible matches to
the measured data. The region closest to the preserved Pt
strap shows uniform contrast (Fig. 6a, white arrowhead
with black outline), and HRTEM imaging reveals that it
is amorphous (Fig. 6d). The amorphous material has a uni-
form contrast in the HAADF image suggesting a homoge-
neous composition (Fig. 7a). The amorphous material and
the carbonate both contain Mg, Fe, Ca, O, and C, but the
former contains significantly more C than does the carbon-
ate (Fig. 7b). The overall shape of C-ELNES from the
amorphous region is similar to that from the reference spec-
trum of amorphous C, but it has a broader peak at 285 eV



Fig. 6. Structural data from the right side of the C-enriched and D-
rich region of fragment 1. (a) STEM-BF image showing carbonate
grain (white arrowhead) and amorphous material beneath the Pt
strap (white arrowhead with black outline). (b and c) SAED
patterns acquired on the carbonate grain in (a) in multiple
orientations. As with the grains on the left side, the d-spacings
measured from these SAED patterns are close to those for several
of the endmember carbonate structures. (d) HRTEM image of area
within the solid-black box in (a) showing the interface between the
carbonate grain and the amorphous material (Am).
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(Fig. 7c), suggesting a relatively lower abundance of aro-
matic C as compared to the left side of the D-rich hotspot.
The C-ELNES from the carbonate is consistent with the
reference spectrum from calcite, confirming carbonate
bonding in this material (Fig. 7c).

3.2. Fragment 2

SIMS analysis of this �17 � 8 lm fragment reveals two
D hotspots (white circles, Fig. 8a), correlated with high C
contents (subject to the same caveats discussed above about
the spatial resolution of the D/H measurements). The left D
anomaly (dD �1500&) occurs near the center of the left
particle and measures approximately 2.1 lm in diameter.
The one on the right occurs near the center-top part of
the grain and measures approximately 1.6 lm wide (dD
�3000&). SEM-EDS maps of this fragment indicate that
the right-most D hotspot is spatially correlated with car-
bonate, based on the presence of Mg, C, and O, but not
Si. This fragment was not measured for N isotopes. We
deposited a Pt strap that transects the two D hotspots
(Fig. 8a).

Bright-field imaging of the left �3.6 lm of the FIB
section shows that this area contains a mixture of fine-
(610 nm) and coarse-grained (tens of nanometers to
microns) material (Fig. 8b), near to and away from the Pt
strap, i.e., both close to and far from the surface analyzed
by SIMS. HAADF imaging reveals that both bright- and
dark-contrast material occurs in this area as well, indicating
large variations in average atomic number. SAED reveals
that some of these grains are crystalline. Spot analysis with
EDS indicates that the brightest grains in the HAADF im-
age are Fe–Ni sulfides (Fig. 8c and d) interspersed with
IOM (darkest contrast) and silicates (moderate contrast).
The largest grain in this region, which is closest to the D
hotspot, is a �1-lm wide carbonate that contains a low-Z
rim on its left-edge (Fig. 8d and inset SAED pattern).

In comparison, the right-most D hotspot occurs approx-
imately 8.9 lm away from the left-most edge of the FIB sec-
tion. Bright-field imaging shows that this region also
contains a mixture of material, but it is finer grained than
that corresponding to the D hotspot on the left side of
the section (Fig. 8b–e). The material closest to the Pt strap
on the left-hand side of the hotspot does not exhibit any
discernable grain boundaries and appears solid in the
bright-field image (Fig. 8b, area indicated by the right-most
dashed line and white arrow). SAED indicates that it is
amorphous. HAADF imaging shows that this material
has a dark contrast (Fig. 8c and e), indicating, on average,
a low-Z composition. The low-Z material is intermixed
with higher-Z material toward the right-hand side of the
hotspot, and bright-field imaging reveals that some of the
material has a fibrous morphology. EDS shows that the
material in the hotspot contains abundant C and Si, lesser
amounts of O, Mg, and Fe, and minor Al, Ca, and Ni.
EELS at the C K edge shows a spectrum similar to amor-
phous C, i.e., a small peak at 285 eV followed by a delayed
maximum, indicating aromatic groups (Fig. 8g). We infer
that this is a mixture of fine-grained silicate and organic
C. Although it is possible that this thin C-rich layer was
deposited in the SEM when acquiring EDS maps, the pres-
ence of other elements, e.g., O, Mg, Al, Si, Ca, Fe, and Ni
as indicated by TEM–EDS argues against this as does the
high C ion signal observed in this region during the initial
SIMS measurement.

3.3. Fragment 3

Fragment 3 measures approximately 8.5 � 7.5 lm wide,
and SIMS analysis reveals D-rich carbonaceous material
(average dD = 650 ± 150&) throughout much of the



Fig. 7. Compositional data from the right side of the C-enriched and D-rich region of fragment 1. (a) STEM-HAADF image showing the
right half of the carbonate grain and the amorphous material beneath the Pt strap. (b) EDS spectra acquired from the amorphous material
(top) and carbonate grain (bottom). The top spectrum was acquired in STEM mode and is representative of the areas indicated by the white
squares, whereas the bottom spectrum was acquired with a broader parallel beam from most of the grain. (c) C K EELS spectra from
amorphous material (top) and carbonate grain (2nd from top) together with reference spectra from amorphous carbon (AC) and calcite. The
spectrum for the amorphous material and carbonate are composites of the areas indicated by the white and black circles, respectively.
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fragment. A �1.7 lm diameter D hotspot occurs on the
right edge of the grain near to the top (Fig. 9a). Because
the apparent size of the hotspot is similar to the spatial res-
olution of the SIMS images, it is possible that the anoma-
lous material was smaller and more anomalous than the
measured dD value of 1400 ± 300&. NanoSIMS N-isoto-
pic measurements were not made on this sample. We depos-
ited a Pt strap across the top part of the fragment to
transect the D hotspot and other less anomalous C material
for in situ FIB extraction (Fig. 9a).
Bright-field and HAADF images of the FIB section re-
veals a fine-grain mixture of material in the areas corre-
sponding to the D anomaly (black arrow between Fig. 9b
and c). There are several grains in the area corresponding
to the D hotspot, i.e., the right-most 2.0 lm of the FIB sec-
tion, that show up readily in the bright-field image due to
their dark diffraction contrast. The corresponding HAADF
image reveals that these grains have bright contrast relative
to their surrounding material, indicating high average Z,
and EDS analysis on several of them reveals prominent



Fig. 8. SIMS and TEM results on fragment 2. (a) Secondary electron image showing the locations of the D hotspots (white circles) and the
location of the FIB cross section (dashed-white line). (b) STEM-BF image showing overall FIB section with areas corresponding to the D
hotspots indicated (dashed lines above the image and white arrow). (c) STEM-HAADF image of the overall FIB section. (d and e) STEM-
HAADF images showing enlargements of the hotspot regions indicated in (b). Organic (O) material, silicates (Si), and sulfides (S) occur with
carbonate (C). (f) SAED pattern acquired from carbonate grain in (d). (g) C K EELS spectrum acquired from the area indicated by the white
arrowhead in (e).
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Fe, Ni, and S peaks. SAED patterns show that these grains
are crystalline, but their small sizes (6100 nm) precluded
single-crystal zone-axis patterns from being acquired, thus
making precise phase identification difficult. Nonetheless,
measurements from an SAED pattern acquired from one
of the grains are consistent with pentlandite or pyrrhotite,
and so we refer to these grains as Fe–Ni sulfides. The sul-
fides are surrounded by a much finer-grained material
(610 nm) exhibiting a relatively darker contrast in the
HAADF image (Fig. 9c). Much of the fine-grained material
lacks clearly defined grains and some of it appears to be
porous. However, localized areas contain fibrous morphol-
ogies suggestive of sheet silicates (Fig. 9b and d white
arrowheads with gray outline). EDS shows that the fine-
grained material contains Fe, Si, Mg, O, and C, suggesting
a fine-grained silicate mixture with C-bearing material.
Adjacent to one of the sulfides is a 200 nm wide euhedral
grain with Z-contrast that is intermediate between the
fine-grained material and the sulfides (Fig. 9c, black arrow-
head). EDS analysis on this grain shows that it contains
abundant C, O, Fe, and Mg with minor Ca and Mn. Mea-
surement of an SAED pattern acquired from it is consistent
with rhombohedral carbonate (Fig. 9d) and together with
simulations provide a close match to magnesite.

We acquired X-ray absorption spectra from this FIB
section. Principal component analysis of image stacks from
the entire section, which includes the D-rich and less D-rich
material, reveals small peaks at 285, 286.7, 288.9 eV, and a



Fig. 9. SIMS and TEM results on fragment 3. (a) Secondary electron image showing the location of the D hotspot (white circle) and that of
the FIB transect (dashed-white line). (b) and (c) STEM-BF and -HAADF images, respectively, showing the overall FIB section. Organic (o)
material occurs with sulfides (s), carbonate (white arrowhead in b; black in c), and silicates (Si) within the D hotspot (black arrow between b
and c). Regions containing fibrous morphologies (white arrowhead with gray outline in b) also occur. (d) Enlargement of area in FIB section
corresponding to the D hotspot (black arrow between b and c). Mineral identities abbreviated as above. (e) SAED pattern acquired from the
carbonate grain (white arrowhead in b). (f) C XANES cluster spectrum derived from principal component analysis of the entire image stack,
which includes the D hotspot and less D-rich material. Peaks ‘a–d’ are assigned to aromatic, vinyl-keto and/or nitrile, carboxyl, and carbonate
functional groups, respectively.
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major peak at 290.5 eV (peaks ‘a–d’, respectively, Fig. 9e).
These absorption energies can be assigned to aromatic, vi-
nyl-keto and/or nitrile, carboxyl, and carbonate functional
groups based on comparisons with reference spectra (e.g.,
Cody et al., 2008; Hitchcock and Mancini, 1994). Although
the region of the FIB section containing the D hotspot
proved somewhat thick (>100 nm) for XANES measure-
ments, we were able to observe broad absorption features
at 285 and 290 eV, consistent with aromatic and carbonate
functional groups.

3.4. Fragment 4

Fragment 4 measures approximately 6.5 � 10.3 lm and
contains spatially heterogeneous C-rich areas. Whereas
the average dD value for the fragment is �500&, a D hot-
spot with dD 1300 ± 300& is apparent along the right-
hand side of the sample (Fig. 10a). This hotspot measures
�1.5 lm wide, comparable to the spatial resolution of the
measurement, and is associated with a strong C concentra-
tion in the ims-6f image. Comparison of the ims-6f images
with the higher-resolution NanoSIMS images reveals that
there are several C-enriched sub-lm regions in the general
area of the D hotspot. Unfortunately, it is not possible to
unequivocally determine which is associated with the D
anomaly. The fragment also shows a moderate bulk 15N
anomaly with d15N = 55 ± 9&, with one sub-region
showing a significantly higher enrichment. This �300 nm
diameter hotspot (d15N = 515 ± 170&) occurs on the left-
most edge about midway from the bottom (Fig. 10a). We



Fig. 10. SIMS and TEM results on fragment 4. (a) Secondary electron image showing the location of the D and 15N hotspots (right and left
white polygons, respectively) and that of the FIB cross section (dashed-white line). (b) STEM-BF and (c) STEM-HAADF images of the
overall FIB section. (d) STEM-HAADF image of the area containing the D hotspot. Fe–Ni sulfides and Fe–Mg silicates (black arrowheads)
occur intimately mixed with fine-grained silicate and C-bearing material (white arrowhead). XANES measurements indicate that some of this
C-bearing material is carbonate. (e) STEM-HAADF image of the region corresponding to the 15N hotspot. Coarse, high-Z grains indicated by
the black arrowheads; low-Z material by the white arrowhead.
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deposited a Pt strap transecting the 15N and D hotspots and
prepared an electron-transparent cross-section in the FIB
for higher-resolution investigation.

The right-most 1.5 lm of the FIB section, which corre-
sponds to the area containing the largest D anomaly, con-
tains several grains exhibiting moderate diffraction
contrast (Fig. 10b). The grains range in size from � 10 to
50 nm and are surrounded by finer-grained material.
Although the diffraction contrast of these grains suggests
that they are crystalline, their small size precludes phase
identification using SAED patterns. However, they exhibit
bright contrast in the HAADF image relative to the finer-
grained material surrounding them, suggesting average
higher Z (Fig. 10d, black arrowheads). STEM-based EDS
measurements indicate that these grains are Fe–Ni sulfides
and Fe–Mg silicates. The fine-grained material surrounding
the silicates and sulfides (Fig. 10d, white arrowhead) con-
tains Fe, Ni, Mg, Si, O, and C, suggesting a fine-grained
mixture of silicates and C-bearing material. The thickness
of this FIB section (>100 nm) and the proximity of the hot-
spots to the Pt strap and the Au substrate made XANES
measurements challenging. Many spectra had low signal-
to-noise or their intensities were close to saturation, or
some combination of these two. Nonetheless, a composite
C XANES spectrum from the region corresponding to the
D hotspot does reveal a peak at 290 eV, indicating carbon-
ate bonding in this region. It also contains a subtle feature
at 287.5 eV, suggesting the possibility of aliphatic func-
tional groups, but this could not be confirmed.
The left-most 300 nm of the FIB section, including the
15N hotspot, contains fine-grained low-Z material with no
discernable grain boundaries (Fig. 10e, white arrowhead)
intermixed with higher-Z coarser (tens of nm) grains
(Fig. 10e, black arrowheads) containing moderate diffrac-
tion contrast (cf., Fig. 10b, c and e). The diffraction contrast
suggests that the coarser grains are crystalline, but as with
those on the right side of the FIB section, they were too
small for phase identification by SAED. STEM-based
EDS measurements shows that one of the high-Z grains
contains Fe, Si, Mg, O, and C, whereas another contains
Fe, Ni, S, Si, Al, Mg, O, and C. The data suggest that there
is a mixture of phases in this region, probably some combi-
nation of silicates, sulfides, and C-bearing material (either
organic or carbonate). In comparison, the lower-Z material
contains more abundant C than the higher Z coarse grains.
XANES measurements of the FIB section in this 15N-rich
region shows a broad absorption feature beginning at
285 eV, but the intensity in the spectrum saturates shortly
after edge onset, thus precluding precise assignment of
functional chemistry.

4. DISCUSSION

Although D and 15N do not always correlate in the same
grain, their correlation with C enrichments suggests that they
are contained within an organic carrier. Previous work has
shown that some of the IOM in the Tagish Lake CC is com-
posed of discrete spherical grains. These nanometer-sized
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hollow spheres (nanoglobules) are distributed in the matrix
and can contain anomalies in N and H isotopes (Nakamura
et al., 2002; Garvie and Buseck, 2004; Messenger et al., 2004;
Ashley et al., 2005; Nakamura-Messenger et al., 2006; Gar-
vie et al., 2008). HRTEM of the nanoglobules shows that
they are amorphous and EELS measurements reveal a
molecular structure with abundant aromaticity (Garvie
and Buseck, 2004; Nakamura-Messenger et al., 2006).
Although we find that much of the isotopically anomalous
organic material in these Tagish Lake fragments is amor-
phous and contains a high degree of aromaticity (e.g.,
Figs. 3c, 5c, 7c, 8f, 9e), we have not observed nanoglobules,
which may be due to their low abundance in this meteorite
(Nakamura-Messenger et al., 2006). However, most nano-
globules would not be recognizable at the coarse resolution
of the ims-6f H-isotope images, and we therefore cannot rule
out that some of the observed anomalies were originally car-
ried by them (e.g., Fig. 2b of Busemann et al., 2006b). The
isotopically anomalous material in these FIB sections of
the Tagish Lake fragments appears porous or solid
(Figs. 5a, 7a, 8b, 9b, 10d and e). We have observed both solid
and porous forms of IOM, containing abundant aromatic
character, in FIB sections of the GRO 95577 CR1 meteorite
(Busemann et al., 2007). The variations in the morphology of
the organic component from these Tagish Lake fragments,
as well as its short-range order and abundant aromaticity,
are consistent with previous observations on IOM residues.
We therefore infer that the organic material in these frag-
ments is likely similar to IOM except that we are observing
it intimately mixed with other materials in situ rather than
in concentrated residue form. The organic material is almost
certainly the carrier of the observed 15N enrichments and
also a very likely carrier of the D anomalies. However, as
we discuss below, the complex intergrowths do not preclude
inorganic phases as being possible carriers of the D anoma-
lies as well. Nevertheless, the morphological heterogeneities
of the IOM suggest that either there was a range of pathways
for its formation, it experienced varied parent-body histo-
ries, or some combination of the two. The isotopic composi-
tion of the IOM also suggests complex formation and
alteration histories.

Earlier efforts to characterize the origin of IOM in differ-
ent types of planetary materials have revealed that some of
it has primitive origins. For example, Robert and Epstein
(1982) and Yang and Epstein (1983) measured bulk residues
of carbonaceous chondrites and showed that they could
contain highly enriched organic matter (dD 6 10,000&),
and based on the magnitudes of the anomalies, suggested
that such material likely originated in interstellar clouds
via ion-molecule reactions at low temperatures (<150 K).
Messenger (2000) later showed that cluster IDPs also con-
tain isotopically enriched (dD 6 25,000&; d15N 6 480&)
organic matter, suggesting that they too acquired interstel-
lar organics. More recently, Busemann et al. (2006b) dem-
onstrated that IOM separates of primitive CCs can also
contain localized D and 15N enrichments (up to
19,400 ± 4,600& and 1510 ± 240& in the GRO 9557
CR1 chondrite), respectively, reaching the isotopic compo-
sition of cometary ices and interstellar matter. With a max-
imum dD = 8600 ± 1000& and d15N = 410 ± 130&, the
organic component of the Tagish Lake fragments studied
here is not nearly as primitive in an isotopic sense as some
of the IDPs or previously measured IOM extracted from
other meteorites. Although this disparity may reflect differ-
ences in the organic reservoirs originally acquired by these
objects, the minerals with which the IOM in these frag-
ments is spatially associated strongly suggest that parent-
body processing has affected its character and isotopic
composition.

Virtually all of the Tagish Lake fragments that we exam-
ined contain carbonates and sheet silicates near to (tens of
nm) or within the regions containing the hotspots.
Although the lithology of the fragments that we report on
here was originally unknown, our results indicate that these
fragments experienced aqueous alteration, consistent with
the previous observations (Brown et al., 2000; Zolensky
et al., 2000; Keller and Flynn, 2001; Zolensky et al.,
2002). Moreover, the abundant mixed-cation carbonates
that occur in these fragments (e.g., Figs. 5 and 7) suggest
that they were probably part of the carbonate-rich lithol-
ogy, cf., Zolensky et al. (2002). If this inference is correct,
then the material in these fragments experienced some of
the latest stages of parent-body alteration for this lithology
(Zolensky et al., 2002). Although the isotopic composition
of the IOM points to an originally primitive origin, e.g.,
in a molecular cloud or the outer reaches of the solar pro-
toplanetary disk where low-T reactions could have occurred
(Sandford et al., 2001; Charnley and Rodgers, 2002), the
IOM was certainly witness to parent-body alteration and
thus susceptible to chemical modification.

We hypothesize that the relatively lower dD and 15N val-
ues of the IOM in these fragments, compared to that in the
meteorites and IDPs cited above, is due to isotopic ex-
change with the parent-body fluids which formed the spa-
tially associated alteration phases. But which of the
materials described above most likely carry the observed
anomalies and what do these associations tell us about
alteration processes? The region encompassing the 15N hot-
spot in fragment 1 contains both C-rich amorphous mate-
rial and serpentine (Fig. 2). The amorphous material
seems to be the more likely candidate for the carrier of
the 15N anomaly because its short-range order and aro-
matic functionality (Fig. 3) are characteristics expected
for a macromolecular organic carrier. However, the
HRTEM images show that serpentine is abundant in the
15N-rich region (Fig. 2c and d) and EDS measurements
indicate C, Fe, Mg, Si, and O occur across it (Fig. 3a and
b). The TEM data, therefore, suggest a mixture of a silicate
and an organic component. Clay minerals are known to be
capable of absorbing organic compounds (MacEwan and
Wilson, 1984) and elemental mapping has revealed spatial
relationships between clay-rich matrix and organic matter
in several CCs, including Tagish Lake (Pearson et al.,
2002). In addition, EELS measurements on clay particles
in Tagish Lake show that they can contain C in a variety
of functional groups, including aromatic, aliphatic, carbox-
ylic, and carbonate forms (Garvie and Buseck, 2007). It is
therefore possible that some of the 15N-rich IOM in this
fragment is part of a larger aromatic network that is prefer-
entially associated with the serpentine as, perhaps, a coating
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on its surface or absorbed within its structure. Further
assessment of the molecular nature of the carrier of the
15N anomaly is difficult. Any number of N-bearing func-
tional groups could contain 15N, and we have no direct evi-
dence from these fragments to describe its character. We
suspect that our attempts to measure N functionality were
unsuccessful because the overall N abundance is low (per-
haps below the detection level of our spectrometer), some
N loss could have occurred during FIB-SEM preparation
and STXM measurements, or some combination of these
factors. We note, however, that XANES measurements
on IOM residues from the GRO 95577 chondrite, which
contains some of the most isotopically anomalous IOM
yet studied, suggest that its 15N-rich material contains
abundant nitrile (C�N) moieties (Busemann et al., 2007).
Nitriles have been detected in Tagish Lake extracts (Gil-
mour et al., 2001) and other IOM residues (De Gregorio
et al., 2010) and could be one possible carrier of the anom-
aly we observe.

In comparison, the region encompassing the most C-rich
region in fragment 2 contains carbonate and amorphous
material. The EELS and EDS measurements show that
amorphous material contains abundant aromatic C (Figs. 5
and 7), consistent with an organic component. However,
the EDS measurements also indicate that the amorphous
region contains O, Mg, Ca, and Fe (Figs. 5 and 7), suggest-
ing a mixture of an organic and a carbonate-like compo-
nent. The presence of metal cations within the amorphous
material is somewhat unexpected for an organic compo-
nent. Three possible explanations are: (1) the amorphous
material is actually carbonate that was amorphized under
the SIMS or FIB ion beams; (2) the re-deposition of mate-
rial during ion milling; or (3) fine-scale intergrowth of
organics and carbonate through the thickness of the section
that are not fully resolved in the images. We rule out ion-
beam amorphization because the HAADF and HRTEM
images indicate that in some places the amorphous material
of similar composition extends >200 nm below the Pt strap,
which is well beyond the tens-of-nanometers range of 30 kV
Ga+ and 15 kV ion-beam damage, and even fills in space
between crystalline grains where it was exposed to the ion
beam. Furthermore, crystalline material remains intact in
some areas where the Pt was completely eroded (Fig. 6,
white arrowhead). Although some re-deposition of sput-
tered material does occur on the surface, as demonstrated
by the appearance of Au in the spectra of the carbonate
and amorphous material, this re-deposited layer comprises
<10% of the sample thickness. In order to match the C:Mg
ratio of the amorphous material (Fig. 5b–1 and 2) with a
mixture of pure C and carbonate (Fig. 5b–5), a ratio of
approximately two parts C to one part carbonate is re-
quired, i.e., re-deposited carbonate would comprise 1/3 of
the section volume. A fine-scale intergrowth of organics
and a carbonate component, as suggested by the irregular
grain boundaries in the HAADF image (Fig. 5a), is more
likely. These data, therefore, suggest a possible spatial
and genetic relationship between the carbonates and the en-
riched IOM. If these mixed-cation carbonates were indeed
formed through in situ aqueous alteration in the parent
body, as comparison with previous studies suggest
(Nakamura et al., 2003; Zolensky et al., 2002), then the
IOM could have been a possible C source for carbonate for-
mation. Cody and Alexander (2005) provide one possible
pathway for carbonate formation from IOM. Briefly, a
methylene group in the IOM could have become progres-
sively oxidized by hydroxy radicals to alcohol, ketone, car-
boxyl, and ultimately, bicarbonate groups (see Fig. 8 of
Cody and Alexander, 2005). The bicarbonate could then
have reacted with cations in the aqueous fluid to form the
carbonates in these matrix fragments. Previous analyses
of the soluble organic fraction from the Tagish Lake CC
have suggested that a relationship between organics and
abundant carbonates might exist (Pizzarello et al., 2006).
The spatial association of crystalline carbonate, C-rich
IOM, and an amorphous carbonate-like component in
these Tagish Lake fragments is consistent with such a rela-
tionship and suggests a partially arrested alteration reac-
tion. However, given the high solubility of bicarbonate, it
is unclear why carbonate grains would necessarily form in
spatial association with the IOM rather than be transported
elsewhere in the matrix. A possible explanation is a local
change in fluid chemistry whereby the pH was sufficiently
high to precipitate carbonate from the solution. Similar
arguments were invoked to explain the occurrence of car-
bonates outside of chondrules in the matrix of CM chon-
drites, i.e., Ca leached from the glass encountered more
alkaline fluid on the chondrule exterior whereby carbonate
precipitation occurred (Brearley, 2006).

Owing to the mobility of H and the difficulty in detecting
it, assigning a molecular carrier for the H anomalies we ob-
serve is simply not possible at this time. D is very likely part
of the amorphous aromatic network composing the IOM in
these fragments, e.g., the solid amorphous material on the
right side of fragment 2 (Fig. 8b), but the XANES measure-
ments do not permit molecular speciation. Some inorganic
phases may also be carriers of the D anomalies. For exam-
ple, a D hotspot correlates with what appear to be sheet sil-
icates in at least one of the samples, e.g., the right-most side
of fragment 3 (Fig. 9b and d). Whether D-rich sheet sili-
cates could have formed in interstellar clouds is not known,
but we suspect that this too is more likely a parent-body
signature. It is conceivable that some D, perhaps initially
part of discrete IOM grains (e.g., nanoglobules) that ac-
creted with other matrix materials in the Tagish Lake CC,
could have been redistributed during parent-body alter-
ation and incorporated into the hydroxyl groups of the ser-
pentine structure. Such isotopic exchange between organics
and the altering fluid(s) to produce sheet silicates was con-
sidered to explain heterogeneities in the D/H ratios mea-
sured from matrix and fine-grained rim materials of CR
chondrites (Bonal et al., 2010), but without complete min-
eralogic characterization of the isotopic hotspots. Future
in situ studies of isotopically anomalous IOM might reveal
whether or not there is a trend of D hotspots correlating
with sheet silicates, i.e., D-rich sheet silicates spatially asso-
ciated with D-rich IOM. Nonetheless, the spatially associ-
ated alteration phases and isotopically anomalous
organics cited here lends credence to the idea that chon-
drites could have acquired a common IOM precursor
whose compositional variations among the various classes
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are due to asteroidal processing (Alexander et al., 2007,
2010).
5. CONCLUSIONS

SIMS analysis of fragments of the Tagish Lake carbona-
ceous chondrite has revealed areas ranging from hundreds
to thousands of nanometers in size that are enriched in iso-
topes of H and N (isotopic hotspots) relative to terrestrial
standards. The spatial correlation of several of the isotopic
hotspots with elevated C abundance suggests that they are
contained within an organic component. A precursor of this
organic component, common to all chondrites (Alexander
et al. 2007), may have originated in interstellar clouds or
in the outer reaches of the solar protoplanetary disk where
low-T reactions capable of extreme isotopic enrichment
were possible. TEM analyses, enabled by site-specific FIB
extraction of the H and N hotspots in four fragments from
the Tagish Lake chondrite, reveal that they contain an
amorphous component, sheet silicates, carbonates, and sul-
fides. EDS shows that the amorphous component contains
abundant C, and EELS and XANES show that it contains
abundant aromaticity. We suspect that this component is
macromolecular in nature, is likely the major carrier mate-
rial of the isotopic anomalies we observe, and is probably
the same material that has been extracted in residue form
from bulk samples as insoluble organic matter (IOM)
(Busemann et al., 2006b; Alexander et al., 2007). The spa-
tial association of the organic material with phases formed
through low-temperature aqueous-alteration on the Tagish
Lake parent body suggests that it was probably susceptible
to the effects of alteration, i.e., isotopic exchange between
the organics and altering fluid. The large spatial extent of
some of the D enrichments suggests the possibility that hy-
droxyl in sheet silicates may be carriers of the D, but we
cannot rule out that the anomalous H could be part of an
organic material intergrown with the sheet silicates. The
juxtaposition of carbonates and organic material in at least
one of the fragments lends credence to the idea that the lat-
ter might have provided a source of C for the former, but
such a spatial association would likely require locally higher
pH in order for carbonate to precipitate, e.g., a microchem-
ical environment (Brearley, 2006). Nonetheless, that isoto-
pic anomalies are preserved in the IOM indicates that the
organics must have been sufficiently robust to isotopic
equilibration.
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