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Abstract—Most studies of Tagish Lake have considered features that were either strongly affected by
or formed during the extensive hydrous alteration experienced by this meteorite. This has led to some
ambiguity as to whether Tagish Lake should be classified a CI, a CM, or something else. Unlike
previous workers, we have focused upon the primary, anhydrous component of Tagish Lake,
recovered through freeze-thaw disaggregation and density separation and located by thin section
mapping. We found many features in common with CMs that are not observed in Cls. In addition to
the presence of chondrules and refractory forsterite (which distinguish Tagish Lake from the CIs), we
found hibonite-bearing refractory inclusions, spinel-rich inclusions, forsterite aggregates, Cr-, Al-rich
spinel, and accretionary mantles on many clasts, which clearly establishes a strong link between
Tagish Lake and the CM chondrites. The compositions of isolated olivine crystals in Tagish Lake are
also like those found in CMs. We conclude that the anhydrous inclusion population of Tagish Lake
was, originally, very much like that of the known CM chondrites and that the inclusions in Tagish
Lake are heavily altered, more so than even those in Mighei, which are more heavily altered than

those in Murchison.

INTRODUCTION

The Tagish Lake carbonaceous chondrite fell in the
Yukon Territory, Canada on January 18, 2000. One week later,
~1 kg of the meteorite was collected from the frozen lake
surface, placed in plastic bags, and kept frozen. Additional
stones and naturally disaggregated material were collected
during the spring thaw in May. Tagish Lake is one of the
freshest, most volatile-rich meteorites available for study
because the meteorite was initially volatile-rich, fell onto
snow and ice, was collected soon after falling and was kept
cold. It has provided a unique opportunity for detailed study of
easily lost volatile, soluble, and low-temperature components.

Preliminary studies of Tagish Lake (e.g., Brown et al.
2000) showed that it is petrologically unique, with textural,
isotopic, and bulk chemical features intermediate between
those of CI and CM carbonaceous chondrites. It is matrix- and
volatile-rich like CIs, yet contains chondrules and inclusions
like CMs. Most studies of Tagish Lake have compared it to
these chondrite types on the basis of organic chemistry, bulk
composition, or matrix mineralogy and have reached varying
conclusions. Studies that considered oxygen isotopes
(Clayton and Mayeda 2001; Leshin et al. 2001), bulk organic
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carbon (Grady et al. 2002), bulk chemistry (Friedrich et al.
2002), and organic compounds (Pizzarello and Huang 2002)
concluded that it is different from both CMs and Cls. Based
on its bulk density, chondrule and inclusion types, and general
mineralogy, Zolensky et al. (2002) concluded that Tagish
Lake is distinct from the known CIs, CRs, and CMs and
suggested that it is a new kind of type 2 carbonaceous
chondrite, while studies of the sulfides (Bullock et al. 2002)
and bulk chemistry (Mittlefehldt 2002) showed ways in
which Tagish Lake is similar to CMs. Thus, a good
understanding of Tagish Lake has remained elusive, and
classification of Tagish Lake remains somewhat ambiguous.
In contrast to these previous studies, in the present paper,
we focus upon the primary, anhydrous components (olivine
crystals, chondrules, and inclusions) that formed at high
temperatures and are present in Tagish Lake. In addition to
being important recorders of early solar system history, these
components can help us determine which, if any, of the
previously recognized meteorite types are most closely
related to Tagish Lake. The CI chondrites do not contain
refractory inclusions (Ca-, Al-rich inclusions, or CAls), and
different types of carbonaceous chondrites have different
refractory inclusion populations. Refractory inclusions in the
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CM2 chondrites are typically dominated by spinel and/or
hibonite, which are oxides, while those in C3s are dominated
by melilite and, in some cases, fassaite, which are silicates. In
CR2 chondrites, melilite-rich and spinel-pyroxene inclusions
are the most abundant (Krot et al. 2002). The CAI population
of Tagish Lake, therefore, can help us determine to which clan
Tagish Lake is most closely related. In addition, the
populations of isolated olivine grains in various types of
carbonaceous chondrites, including ClIs, have been
characterized (Steele 1986, 1990), and analysis of such grains
in Tagish Lake provides another means of comparison with
recognized meteorite types. Preliminary results of this work
have been reported by Simon and Grossman (2001a, 2001b)
and by Grossman and Simon (2001).

ANALYTICAL METHODS

We received two allocations (1.15 and 9.68 g) of powder
and small (mostly 0.5-1 cm width) chips of the meteorite
(previously frozen and thawed material, not from the never-
thawed, “pristine” sample). Each chip was examined under a
binocular microscope, and fusion crust-bearing chips were
separated from chips that were fusion crust-free. Through
weighing followed by submersion in distilled water, we
obtained a density of 1.8 + 0.5 g cm™3 for a small sampling of
fusion crust-free chips, in agreement with the value of 1.66 £
0.08 reported by Zolensky et al. (2002). A total of 9.1 g of
powder and fusion crust-free chips were placed in distilled
water and subjected to alternating freeze-thaw cycles until
they were completely disaggregated. This required 2—7
cycles, much fewer than the 15-20 required for the
disaggregation of the Murchison CM2 chondrite, implying a
much higher proportion of phyllosilicate and porosity in
Tagish Lake. The lowest-density material (which floated or
remained suspended in the water) was decanted. The
remaining material was placed into a mixture of methylene
iodide and acetone (henceforth, MI, having a bulk p = 3.17)
and was centrifuged to separate the densest material. From the
first aliquot (1.15 g), 0.215 g was decanted, 0.788 g floated in
MI, and 0.147 g (12.8% of the starting material) was
recovered in the dense fraction. From the second aliquot (9.68
), after removal of chips for polishing and removal of those
with fusion crust, 7.97 g was disaggregated; 0.629 g was
decanted, 7.19 g floated in MI, and only 0.155 g (1.9%) was
recovered in the dense fraction despite repeated stirring and
centrifuging. After rinsing and drying, the dense fraction was
examined under a binocular microscope. Olivine grains,
inclusions, and spherical objects were hand-picked for
petrographic study, along with a random “scoop” sample of
dense material. In addition, a sampling of objects that floated
in MI was taken for study. Samples were studied with a JEOL
JSM-5800LV scanning electron microscope (SEM) equipped
with an Oxford/Link ISIS-300 energy-dispersive X-ray
analysis system. Each hand-picked object was examined in
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the SEM. We obtained X-ray maps of the polished chips and
the scoop sample, and all Al-rich objects were investigated.
Quantitative wavelength-dispersive analyses were obtained
with a Cameca SX-50 electron microprobe operated at 15 kV
with a beam current of 25 nA. The data were reduced via the
modified ZAF correction procedure PAP (Pouchou and
Pichoir 1984).

RESULTS
Petrography

Refractory Inclusions

We found 4 hibonite-bearing refractory inclusions: three
were found in situ and one was in the scoop sample of the
dense fraction. Backscattered electron images of these are
shown in Fig. 1. The inclusions are spinel-rich, with
somewhat sparse hibonite laths, 5-10 um across, occurring
between equant spinel grains that are typically ~5 um across.
Other phases found in these inclusions are perovskite,
magnetite, and calcium carbonate. The 3 inclusions found in
situ (Figs. la—Ic) are partially to completely enclosed in
phyllosilicate and occur in the carbonate-poor lithology
recognized by Zolensky et al. (2002). The fragment from the
scoop sample (Fig. 1d) contains the largest hibonite crystal we
found, appears to be adjacent to matrix, and has no
distinguishable phyllosilicate mantle.

Also present are spinel-rich spherules (Fig. 2a), which
have no hibonite, and contain small grains of perovskite
enclosed in spinel. Phyllosilicate occurs between spinel
grains, and a partial magnetite rim exists. Such spherules are
a small but important component of Tagish Lake.

Irregularly-shaped, altered remnants of CAls containing
hibonite, spinel, perovskite, calcite, and phyllosilicate, like
those in Tagish Lake, as well as rare, spinel-rich spherules are
also found in the altered CM2 chondrites Mighei (MacPherson
and Davis 1994) and Cold Bokkeveld (Greenwood et al. 1994).
In contrast, Murchison (CM2) contains blue spherules
consisting of spinel + hibonite + perovskite + melilite
(MacPherson et al. 1983) with no secondary alteration
products. The rare melilite-rich inclusions in Murchison,
however, show evidence of alteration of melilite to calcite
(MacPherson et al. 1983). In comparing the hibonite-bearing
inclusions in Tagish Lake with those in Murchison, we can
infer that at least some of the calcium carbonate seen in the
Tagish Lake and Mighei inclusions was originally melilite and
that the observed phyllosilicate could have been derived from
hibonite. We consider, therefore, that the blue spherules found
in Murchison (the “BB” type of MacPherson et al. [1983])
exemplify the progenitors of spherules and hibonite-bearing
inclusions found in Tagish Lake, Mighei, and Cold Bokkeveld.

A more common inclusion type in Tagish Lake, is the
irregularly-shaped spinel aggregates. The aggregates consist
of equant, fine-grained (2-10 um) spinel with or without
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are in situ and (d) is from the dense fraction. The void spaces and epoxy are black. Cc = calcite; Hib = hibonite; Mt = magnetite; Mtx = matrix;
Phyll = phyllosilicate; Pv = perovskite; Sp = spinel.

perovskite, clinopyroxene, Pt-metal nuggets, and magnetite.
The spinel is commonly anhedral. Textures of the inclusions
range from compact (as in the one shown in Fig. 2b) to rather
fluffy and apparently very loosely aggregated (Fig. 2c). The
latter type is probably broken up by the freeze-thaw process
and was only found in situ and in the scoop sample. Spinel
aggregates range in size from small clusters of ~20 um width
(and containing few crystals) to larger objects of ~100 um
width; most are ~60 um across. The compact aggregates are
probably altered fragments of another previously recognized
inclusion type: the spinel-perovskite-pyroxene inclusions
found in Murchison (the “OC” type of MacPherson et al.
[1983, 1984]), Mighei (MacPherson and Davis 1994), and
other CMs.

Olivine-Rich Objects

There are 3 major types of olivine-rich objects in Tagish
Lake: 1) chondrules; 2) a group of objects which we have
termed “polycrystalline olivine inclusions;” and 3) a group
we call “forsterite aggregates.”

Chondrules are rounded objects, or fragments thereof,
consisting of olivine with or without pyroxene or spinel, with
glass or its alteration products between some or all of the
grains. Most of the spherical objects hand-picked from the
density separates, including the material that floated in
methylene iodide, turned out to be chondrules. Chondrules
were also found in situ. Two examples are shown in Fig. 3.
Note the completely altered mesostasis. Among Tagish Lake
chondrules, we found that the most common textural type is
porphyritic olivine followed by barred olivine. Both types
were also observed by Zolensky et al. (2002). Some
chondrules have experienced mild deformation and are
slightly flattened, but most are still spherical.

Polycrystalline olivine inclusions (Fig. 4a), as the name
implies, consist of multiple olivine crystals. They are
irregularly shaped and have no mesostasis or phyllosilicate
between the olivine grains, which distinguishes them from
chondrule fragments. Grains may be immediately adjacent to
each other, may have sulfide (pentlandite and/or FeS)
between grains, or there may be void space. The olivine
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Fig. 2. Backscattered electron images of spinel-rich inclusions in
Tagish Lake. Note the fine-grained perovskite enclosed in spinel in all
samples: a) a spinel-rich spherule, TL4-29. Note the spherical shape;
b) a compact spinel-rich inclusion, CA3-13; c) a fluffy spinel
aggregate, CA6—065.

Petrography and mineral chemistry of Tagish Lake

Fig. 3. Backscattered electron images of barred olivine chondrules
from Tagish Lake. Note the deformation of the chondrules and
complete conversion of mesostasis to phyllosilicate. Ol = olivine;
Pent = pentlandite; Phyll = phyllosilicate; Sp = spinel.

grains are typically subhedral, and grain sizes ranging from
~10 pm to ~50 um are common within individual inclusions.
Olivine in these inclusions ranges from Fog, to pure forsterite.

Forsterite aggregates (Fig. 4b) are irregularly-shaped
objects that, unlike the polycrystalline olivine inclusions,
consist almost entirely of fine-grained (~10 um), pure
forsterite. Minor amounts of magnetite, pentlandite, or troilite
may also be present. Although they are generally quite
porous, they are coherent enough to survive disaggregation of
the meteorite. Neither these objects nor the polycrystalline
olivine inclusions are analogous to the friable, white
inclusions found in Murchison (Fuchs et al. 1973; Grossman
and Olsen 1974). We only needed to examine one thin section
of Murchison, however, to confirm that polycrystalline
olivine inclusions and forsterite aggregates are also present in
that meteorite.

Single, isolated crystals of olivine are found in all types
of carbonaceous chondrites. In Tagish Lake, they are
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Table 2. Representative electron microprobe analyses of spinel in Tagish Lake inclusions.?

1 2 3 4 5 6 7
MgO 27.86 28.12 28.43 28.41 28.38 28.32 28.58
Al, 05 70.56 70.58 70.81 71.68 70.35 70.30 70.35
SiO, 0.10 0.06 0.30 0.27 0.03 0.03 0.03
CaO 0.02 0.03 0.02 0.09 BDLP BDL? 0.02
TiO, 0.06 0.25 0.07 0.26 0.71 0.35 0.17
V,0; 0.08 0.50 0.58 0.05 0.16 0.32 0.20
Cr,0; 0.15 0.12 0.11 0.18 0.55 0.08 0.18
MnO BDL?b BDLY 0.04 0.03 BDLb BDLY BDLb
FeO 1.00 0.65 0.80 0.29 0.24 0.87 0.65
Total 99.83 100.31 101.16 101.26 100.42 100.27 100.18

Cations per 4 oxygen anions

Mg 0.990 0.994 0.997 0.992 1.002 1.003 1.012
Al 1.984 1.974 1.965 1.980 1.964 1.969 1.970
Si 0.002 0.001 0.007 0.006 0.001 0.001 0.001
Ca 0.001 0.001 0 0.002 0 0 0.001
Ti 0.001 0.004 0.001 0.005 0.013 0.006 0.003
A% 0.002 0.010 0.011 0.001 0.003 0.006 0.004
Cr 0.003 0.002 0.002 0.003 0.010 0.002 0.003
Mn 0 0 0.001 0.001 0 0 0
Fe 0.020 0.013 0.016 0.006 0.005 0.017 0.013
Total 3.003 2.999 3.000 2.996 2.998 3.004 3.007

aColumn 1: CA2-15 (Fig. 1a); 2: CA4-21 (Fig. 1b); 3: PB3-27 (Fig. 1c); 4: TLDF32 (Fig. 1d); 5: TL4-29 (Fig. 2a); 6: CA3-13 (Fig. 2b); 7: CA6-65 (Fig. 2¢).
YBDL = Below detection limit of the electron microprobe of 0.011 wt% CaO or 0.029 wt% MnO.

Analyses of Ti-rich hibonite from Tagish Lake and from
Murchison may plot on the high-Ti side of the line due to
direct substitution of Ti3* for AIP*,

Representative analyses of spinel from various types of
inclusions found in Tagish Lake are given in Table 2. Minor
element contents of spinel from hibonite-bearing inclusions in
Tagish Lake are compared with those from Murchison and
Mighei in Fig. 7. The spinels in all three meteorites have
similar ranges in V,0; contents (~0.06-0.6 wt%), but the
TiO, contents of Murchison spinels extend to slightly higher
values than those of the Tagish Lake spinels. Spinel in Tagish
Lake inclusion CA2—-15 (Fig. 1a) has very low TiO, and V,03
contents. Spinel from the other inclusions tends to be richer in
either one or both of these oxides than that in CA2-15.

Compositions of spinel in hibonite-free, spinel-rich
inclusions are illustrated in Fig. 8. Spinel in the aggregates
found in Tagish Lake generally has low TiO, contents (Fig.
8a), similar to those of Mighei spinel (MacPherson and Davis
1994). But, spinel in the Tagish Lake spherules has high TiO,
contents. Either Tagish Lake sampled unusual spherules, or
this small sample is not representative. Some aggregates have
spinel with very low FeO contents, but most analyses have
0.5-1 wt% FeO and are more FeO-rich than most spinels from
Mighei and Murchison. Spinel from hibonite-free inclusions
from the 3 meteorites exhibits similar ranges in V,05 contents
(Fig. 8b), with most analyses being between 0.05 and 0.5 wt%
V,0;5. The data in Fig. 8 show that if the Tagish Lake spinel
were less enriched in FeO, its compositions would closely
overlap those of Murchison and Mighei spinels.

Olivine-Rich Inclusions

Compositions of olivine in chondrules and in
polycrystalline olivine inclusions from Tagish Lake are
compared to each other and to suites of isolated olivines from
CM and CI chondrites and Tagish Lake in Fig. 9. Not a great
deal of overlap exists between olivine in the polycrystalline
inclusions and chondrule olivine, especially on a plot of
Cr,0O5 versus FeO (Fig. 9a), supporting the classification
based on petrography. The polycrystalline olivine inclusions
contain FeO-rich (27-33 wt%), Cr,Os-poor (0-0.2 wt%)
compositions that are very rare among the isolated grains and
are not seen in the chondrules. Some chondrules contain
olivine with FeO contents between 8 and 18 wt%, rare among
the isolated grains and the polycrystalline inclusions. We
found relatively FeO-, MnO-rich olivine (15-20 and 0.5-0.9
wt%, respectively) in chondrules, which is not found
elsewhere (Fig. 9b). The data suggest that the isolated olivine
population in Tagish Lake was not simply derived from
chondrules and polycrystalline olivine inclusions.

Compositions of olivine in the forsterite aggregates are
compared to those of forsteritic isolated olivine crystals from
Tagish Lake, CM, and CI chondrites in Fig. 10. The
forsterite in the aggregates has very low contents of FeO,
CaO, and other minor elements, though MnO contents are
similar to those seen in some isolated forsterite crystals. Very
little overlap exists between forsterite aggregates and the
Tagish Lake single crystals, indicating that very few of the
isolated grains were derived from forsterite aggregates and
vice versa.
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aggregates; refractory forsterite; compositions of isolated
olivines; and thick, phyllosilicate-rich accretionary dust
mantles enclosing all types of clasts. We conclude that Tagish
Lake has (or at least originally had) an anhydrous inclusion
population very much like that of CM chondrites. Tagish
Lake experienced an alteration history that was somewhat
different from that experienced by typical CIs and CMs
(including more pervasive hydration of phases), leading to
some uncertainty regarding this meteorite’s classification.
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