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Abstract — New analyses of Cr,O; contents of olivines from Type II chondrules in un-
equilibrated chondrites (UOC) from 4 dense collections are reported here. This survey of
petrologic type 3 UOCs was undertaken to identify primitive chondrites that may have been
overlooked, and to address possible pairing errors. We have identified 23 primitive UOCs
(<3.10) (only 5 identified previously, for a total of 28 overall), and also recommend other

revisions to prior classifications and pairings.

Introduction

Unequilibrated ordinary chondrites (UOC) of petrologic type 3 are scientifically valuable
samples whose least-metamorphosed specimens provide important information about the early
solar system. For example, UOCs can typically contain metal (Kimura et al., 2008), primitive
chondrules (Wasson et al., 1995; Lauretta et al., 2006), pre-solar grains (Nittler et al., 2007; Zega
et al., 2014), organics (Alexander et al., 2010; Busemann et al., 2007), nebular materials in
matrix (Doyle et al., 2015), and/or isotopic records of the early solar system processes (Telus et
al., 2018; Mishra and Goswami, 2014) making their identification of great interest. Determining
the relative degree of thermal equilibration in the least metamorphosed of these specimens has
been central to chondrite classification since the introduction of the concept of petrologic types 3
to 6 (least to most metamorphosed; van Schmus and Wood, 1967). Within the type 3 chondrites,
subtle geochemical and mineralogical changes occur at even modest levels of equilibration, and
thus have the potential to obscure characteristics that are truly nebular. Sears et al. (1980)
proposed a range of metamorphic properties with the type 3 ordinary chondrites based on

thermoluminescence (TL) sensitivity and subdivided type 3 into ten finer divisions: types 3.0
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through 3.9 (again least to most metamorphosed within type 3). The ability to identify the lowest
petrologic types 3.0 to 3.2 could thus lead to valuable discoveries of nebular materials that might
otherwise be overlooked in materials classified simply as type 3.

UOC’s can be identified using several different approaches such as natural
thermoluminesce or NTL (e.g. Sears et al., 1991; Benoit et al., 2002), Raman spectra of
polyaromatic carbon (Bonal et al., 2016), FeNi metal textures and composition (Kimura et al.,
2008), and Cr content in olivine from Type II chondrules (Grossman and Brearley, 2005). One of
the first examples of UOCs from Antarctica was the ALH 77011 pairing group identified by
Scott (1984) and later studied in greater detail with NTL by Sears et al. (1991). This group
comprises >70 samples, and the challenges involved with pairing them as a single group versus
multiple groups are discussed in those studies. Most of these are L3.4 to L3.6, where in spite of
few readily visible textural changes, significant geochemical equilibration has occurred, making
them less valuable for nebular studies than more primitive chondrites. Similarly, the lack of
obvious textural distinctions between many low-petrographic-type Antarctic samples led
classifiers to pair numerous samples in the 1990s. Pairing groups from dense collections areas
(DCA) are common but often only become evident over time and thus need to be re-evaluated
regularly. More detailed follow-up studies have identified more primitive materials within these
pairing groups, sometimes leading to the reclassification of one or more specimens (e.g., Bonal
et al., 2016; Benoit et al., 2002). Identification of such new material is exciting, but has rarely
included the systematic examination of all members or all specimens from one area.

With the goal of discovering previously un-identified specimens of low-petrographic-
type we have systematically examined large L3.x pairing groups from the Meteorite Hills

(MET), Elephant Moraine (EET), Lewis Cliffs (LEW), and Grosvenor Mountains (GRO) areas.
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Using standard microprobe analysis of olivines from Type II chondrules, we have undertaken
surveys of Cr in olivine from these groups to identify the most primitive L3s from these areas
and re-examine the pairing accordingly. Grossman and Brearley (2005) showed that the Cr
content of ferroan olivine is an extremely sensitive indicator of metamorphic grade in low
petrographic-type chondrites. At the time of accretion, ferroan olivine in ordinary chondrites had
elevated Cr contents, most likely due to rapid cooling during chondrule formation. During the
initial stages of metamorphism, Cr exsolved from olivine, causing precipitation of fine-grained
chromite. Further heating caused coarsening of chromite into equant grains, interior to and
rimming olivines. These changes at low petrologic type make Cr contents of olivine an excellent
classification tool for chondrites of types 3.0-3.2 (Grossman and Brearley, 2005). Using these
new olivine analyses, we have identified many previously unrecognized 3.00-3.05 UOC and

have proposed new pairing relations for others.

Samples and analytical approach

Thin sections analyzed for this work were either the JSC library section or, if available, a
larger-area section that would allow analysis of the most possible olivine grains. The thin section
numbers (TS#) for each meteorite sample are listed in Tables 1-4. Chemical analyses of the
olivines in the unequilibrated ordinary chondrites were made by wavelength dispersive X-ray
spectroscopy using a Cameca SX100 electron microprobe at NASA-JSC, with an accelerating
voltage of 15 kV, a beam current of 20 nA, and peak counting time of 60 sec. The standards used
for silicate and oxide analyses were chromite (Cr), rutile (T1), rhodonite (Mn), oligoclase (Na,
Al), Marjalahti pallasite olivine (Mg), fayalite (Fe), diopside (Ca), and natural glass K411 (Si,

Al). Detection limits for minor elements TiO,, Al,O;, Cr,0;, MnO, NiO, and CaO were 0.01
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wt%. Typically 30 to 50 random points on FeO-rich chondrules in one thin section were

analyzed and a mean and 1 sigma (o) calculated for each sample (Tables 1-4).

Results

The olivine microprobe analyses from each sample were used to calculate 6—Cr,03, and
then plots constructed of Cr,O3 versus 6—Cr,03, and compared to the sub-fields defined by
Grossman and Brearley (2005) (Figure 1). The new analyses in many cases fall outside of the
boundaries from Grossman and Brearley (2005), suggesting the position of the metamorphism
trends may vary from those originally defined in that work. This has been recognized in other
studies as well (e.g., Simon and Grossman, 2015; Davidson et al., 2014). In cases where our
analyses fall off the original trendline (or metamorphic curve) of Grossman and Brearley (2005),
we assigned sub-types by extending the dashed lines that are orthogonal to the curve. Therefore,
the 3.00 have low o—Cr,0O; values, and then as metamorphism proceeds o—Cr,O3 values
increases to higher values while remaining at similar Cr,O; (beginning of Cr in olivine
exsolution), and then finally 6—Cr,05 and overall Cr,0;, decrease forming a positive correlation
to higher degrees of metamorphism as Cr,0s5 is lost to chromite and the 6—Cr,0O; values decrease
with homogenization (Grossman and Brearley, 2005).

Several samples were analyzed by both Grossman and Brearley (2005) and our study,
allowing comparison of results. EET 90161 exhibits high Cr,0O3 (0.43) and moderate to high
6—Cr,03 (0.09), although our study found slightly lower values than Grossman and Brearley
(2005) with Cr,03 = 0.50 and 6—Cr,03 = 0.21. The MET 96503 olivines yielded nearly identical
values of Cr,0; (0.32) and 6—Cr,05 (0.22) to those reported by Grossman and Brearley (2005)

(Cr,03 = 0.31 and 6—Cr,05 = 0.22). Similarly, the MET 00526 olivines yielded nearly identical
5
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values of Cr,0; (0.48) and 6—Cr,05 (0.16) to those reported by Grossman and Brearley (2005)
(Cr,03 = 0.47 and 6—Cr,03 = 0.16). Finally, GRO 95544 and 95502 both yielded lower Cr,O3
(0.08-0.12) and 6—Cr,05 (0.05-0.07) both in agreement with those values reported by Grossman
and Brearley (2005) (Cr,05 = 0.08 and 6—Cr,0; = 0.05-0.06).

For each DCA there is a map (Figures 2, 3, 4 and 5), a Cr in olivine plot (Figure 1), and
a table of analytical results for olivine (Tables 1-4). These will be called out in the text for
clarity.

Elephant Moraine (EET) !

Twenty-one L3 chondrites were recovered from the Elephant Moraine (EET) icefields in
the 1982, 1983, 1987, 1990, 1992, and 1996 field seasons (Figure 2). Only a few have been
paired together, such as EET 90080-90161-90261, and classified initially as L3.4. Benoit et al.
(2002) and Grossman and Brearley (2005) identified EET 90161 as a primitive L3.05-3.1. Benoit
et al. (2002) also measured EET 90066 and 90628—they suggested the former is 3.05 and the
latter is 3.4. Meanwhile, Bonal et al. (2016) suggested on the basis of Raman spectroscopy that
EET 87735, 90066, 90628, and 90909 are all 3.05-3.1, and 90083 is 3.1-3.4, while 82601 is 3.5-
3.7. Given the suggestion that many samples could be more primitive than L3.4, we have

undertaken a survey of 17 samples using Cr in olivine approach of Grossman and Brearley

! Notes on Icefield Naming: Antarctic meteorites are typically recovered from areas of exposed blue ice high on
the East Antarctic icesheet, with those in the US collection assigned a formal name that includes a 3-letter prefix
representing a nearby geographical feature. Unfortunately, the scarcity of named features on the icesheet combined
with the expansive and often discontinuous nature of some blue ice areas can mean that specimens bearing the same
prefix often were recovered from sites as many as 50 km apart. This is the case for several of the pairing groups in
our study. The EET specimens, for example, can originate from several geographically-distinct blue ice areas
associated with the Elephant Moraine (the only named feature in this region). Where possible we have used the
informal names for these distinct icefields (used by ANSMET field parties) to help specify the geographical location
of specimens. For the EET region these include Meteorite City, Texas Bowl and the Northern Ice Patch as well as
the main Elephant Moraine icefield. Specimens from icefields in the Grosvenor Mountains (GRO) region are
similarly designated with informal names to better distinguish those from the Mt. Bumstead, Block Peak/Mauger
Nunatak/ Mt. Block and Mt Cecily-Raymond icefields.
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(2005). Indeed, there are 12 members of this group that are 3.00-3.15, and based on the find
locations and detailed olivine compositions, below we propose new pairings for these samples

(Figure 1 and Table 1).

Lewis Cliffs Ice Tongue (LEW)

A similar situation exists for L3 chondrites from the Lewis Cliffs Ice Tongue (LEW) area
that include a total of 57 meteorites from the 1985, 1986, 1987, 1988, 1992, and 1997 seasons,
with numerous small groups proposed as paired (Figure 3). Sears et al. (1991) identified LEW
86134, LEW 86018, LEW 86549 and LEW 86207 as potentially primitive based on their NTL,
and LEW 86134 was confirmed with Cr in olivine studies of Grossman and Brearley (2005).
Bonal et al. (2016), on the other hand, suggested LEW 87208 is primitive, while suggesting
LEW 86018, LEW 86549 are 3.4 and 3.6, respectively. Given the potential for finding primitive
members amongst this large group of L3s, and also the disagreement between previous studies in
identifying the most primitive samples, we have undertaken a systematic survey of 49 LEW L3s
using the Cr in olivine approach. We have confirmed the primitive nature of LEW 86134, while
also identifying LEW 97202 and LEW 87208 as L3.00 to 3.05 (Figure 1 and Table 2). Some
identified in previous work as potentially primitive have low Cr in olivine (e.g., LEW 86018 and
LEW 86207) and thus are not as primitive as LEW 86134, LEW 87208, and LEW 94202. All

other LEW UOC:s studied here are of petrologic type 3.15 or higher.

Grosvenor Mountains (GRO)
Fifteen L3 meteorites have been recovered from the Grosvenor Mountains (GRO) area,

with twelve of them from the Mt. Cecily-Mt. Raymond area (Figure 4a) and four others from the
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Otway, Bumstead, and Mt. Block-Mauger-Block Peak areas (Figure 4b). GRO 95502, 95504,
95505, 95512, 95536, 95539, 95544, 95545, and 95546 were all measured for NTL, revealing
low values suggesting primitive 3.1 material. Grossman and Brearley (2005) examined Cr in
olivines from 95502 and 95504 and suggested 3.1/3.2 for these two samples. Bonal et al. (2016)
also found a wide range from 3.1 to 3.5 represented within members of this group, as well as a
very primitive sample GRO 06054 — L3.05, based on Raman spectral analyses. Due to the
dispersion of results and the large number and size of samples from GRO, we have again
undertaken a systematic survey of Cr in olivines from these fifteen samples. The results are
surprising and reveal a range of petrologic types, including four primitive UOCs (GRO 95558,
GRO 06054, GRO 03015 and GRO 03061). All other GRO samples from this group appear to be

of petrologic type 3.2 or higher (Figure 4 and Table 3).

Meteorite Hills (MET)

The Meteorite Hills (MET) area yielded many low petrologic type ordinary chondrites in
the 1996, 2000, and 2001 seasons (Figure S), many of which were initially classified as L3.4 to
L3.6. Benoit et al. (2002) found low NTL values for MET 96503 and MET 96515 indicating
these two samples could be as low as L.3.0-3.1. Detailed analysis of olivine composition revealed
several groups, with one comprised of primitive chondrites (3.05 and 3.10; MET 00452 and
MET 00526, Grossman, personal comm.), and MET 96503 (L3.1/3.2). Bonal et al. (2016)
confirm the low petrologic type for MET 00452 and 00526, as well as the previous suggestions
for MET 96503 and 96515. They also suggested MET 00489, originally classified as L.3.6, is of
primitive nature. Given that there are >15 L3s from this region, we have undertaken a systematic

survey of this region and combined our data with previous work (Grossman and Brearley, 2005;
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Grossman, unpublished). From these combined results, we suggest multiple pairing groups for
the MET region. Our results confirm the primitive nature of MET 00452 and 00526, and suggest
that MET 00621 be included with this pairing and L/LL3.05. The L3 chondrites MET 96503,
96515, 01051, 01056, and 01057 all have lower Cr,O5 contents in the olivine and appear to be
L3.10 to 3.15. The H3 chondrites MET 00506, 00552, and 00607 have similar and low Cr,O;
contents in the olivine and appear to be H3.10. And finally, MET 01182, 00570, and 00489 all
have very low Cr,0; contents (< 0.09 wt%) and are consistent with their current classifications

of 3.6 or higher petrologic type.

Discussion

Pairing is a difficult task as has been identified and highlighted by previous workers
(Marvin, 1989; Benoit et al., 2000; Welten et al., 2001). Proximity of find is a major and
pragmatic component of pairing, but is subject to interpretation. Paired samples can be the result
of a single sample being broken up into multiple pieces after hitting the ice or snow and being
dispersed by ice flow, wind transport, or weathering in general. Pairing groups can also originate
from a strewnfield, where multiple meteorites have fallen at the same time as part of a shower.
Such a strewnfield can then become distorted or modified by ice flow or wind transport. It must
be remembered that many Antarctic meteorites have long histories in or on the icesheet.
Terrestrial ages of meteorites in excess of 500,000 years have been reported from the Lewis Cliff
and other meteorite stranding sites in the Beardmore region. (Welten et al., 1999). These dense
accumulations are coincident with areas of stagnant to slow-moving glacial ice flow (Schutt et.al,
2020). Ice flow measured by ANSMET indicate rates of 5 to 30 cm/yr in the slower moving

areas (ANSMET, unpublished data) where abundant meteorites have been found. Over long
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periods of time substantial deformation of an initial strewnfield extent can result. Surface
exposure studies of moraines and bedrock in the Central Transantarctic Mountains are beginning
to paint a picture of a relatively stable icesheet over several glacial cycles with higher ice surface
thicknesses of 25-50 m higher prior to ~12,000 years, at the end of the Last Glacial Maximum
and 50 to <100 m over the last 300,00-500,000 years. (Bader, et al., 2017, Kaplan et. al., 2019,
Balter-Kennedy, 2020). Therefore, only small changes to ice velocities and dynamics are
expected in most of the stranding sites mentioned in this study.

Strewnfield geometry can also change with meteorite type - irons, ordinary chondrites,
carbonaceous chondrites, and achondrites all have different physical properties and will form
strewnfields of distinct size and mass distribution. Such geometries are also dependent upon
impact angle, and other physical parameters (e.g., Kress, et al., 2007). In addition, mineral
assemblages, mineral compositions, magnetic susceptibility, terrestrial ages (if available), and/or
NTL have all been used to help elucidate pairing relations. To further complicate interpretation,
in dense collection areas like those searched in Antarctica, all members of a strewnfield may not

have been recovered.

We examine potential pairing among the specimens from the four dense collection areas
studied and compare their recovery mass and locations with those of some known pairing groups
and strewnfields that include irons and stony irons, achondrites, ordinary (with E and R)
chondrites, and carbonaceous chondrites (Figure 6; Supplementary Figures and Tables S1 and
S2). In some cases unique meteorite types that are easy to justify as representing a strewnfield
can be used to examine the scale and size of potential Antarctic strewnfields in general (e.g.,
distinct iron meteorites such as MET 00400 IIIAB or rare CMS 04061 pallasites or EET 87711

CR chondrite; Table S2) Such straightforward examples can then be applied to more difficult

10
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cases such as pairing groups comprised of more common meteorite types or numerous members
(some less straightforward exceptions might be the Larkman Nunatak shergottites, LEW
angrites, or Almahata Sitta polymict breccia all of which have more than one lithology or
multiple pairing groups within a dense collection area — special caution must be observed in
interpretations in those cases). We then propose some pairing adjustments to reflect updated
information available for the samples and a re-assessment of pairing in light of newer additional

field seasons since the last assessment (Benoit et al. 2000).

Elephant Moraine Icefields

We recommend that pairing among the Elephant Moraine icefields L3 chondrites be
revised substantially based upon our work, and propose new pairing groups.
Texas Bowl Icefield (L3.00)

Our results confirm the primitive nature of EET 90161 and are consistent with its
classification of L3.00, along with EET 90066, 90261, and 90909 (Table 1). Although these
chondrites and other low grade unequilibrated ordinary chondrites from EET exhibit textures of
close-packed aggregate of chondrules in a dark matrix containing minor iron-nickel metal and
troilite (e.g., Score and Lindstrom, 1992, 1994), these four samples have a distinctly higher c-
Cr,05 than the other 3.00 samples from EET (see below and Figure 1), and exhibit a slightly
higher range of Cr,O; contents. These four samples are from a tight cluster of specimens within
1.5 kilometers each other (purple squares, Figure 2). The mass of the four Texas Bowl L3.00
specimens totals ~18 g; these mass and distance values are consistent with a small shower
(Figure 6), such as Kosice (e.g., Borovicka et al., 2013).

Northern Ice Patch (L3.00)

11
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EET 92100, is from the Northern Ice Patch, and is nearly 30 km from Texas Bowl group
(Figure 2, purple square and only sample plotted in the northern ice patch). If these samples
were part of a single strewnfield or shower, a 30 km extent would imply mass of ~ 100 kg, such
as Pultusk or Weston (Lang and Kowalski, 1971; Schultz et al., 1972). The masses recovered
from EET are not nearly this high, and suggest instead that EET 92100, with a mass of 3.4 g, is a
single unpaired L3.00 fall.

Texas Bowl (L3.05)

EET 87735, 90080, 90519, and 90916 are all L3.05 chondrites, and this group (EET
87735) is likely a small shower (Figure 6). As noted above, these samples all exhibit textural
and petrographic features of low grade UOC, such as close-packed aggregate of chondrules with
matrix containing minor iron-nickel metal and troilite, but the Type II chondrule olivines exhibit
slightly higher o-Cr,0O5 values, and variable Cr,O3 compared to the EET 90161 group of L3.00,
and thus represent a distinct grouping (Figure 2, yellow pentagons).

Texas Bowl (L3.10)

EET 90628 is a lone L3.10 meteorite (Figure 2, green cross; Figure 1).
Meteorite City (L3.15)

The two L3.15 chondrites from Meteorite City, (EET 96015 and EET 96216; white
diamonds) found ~0.4 kilometers apart, are paired together and are too distinct in their olivine
Cr,05 content to be paired with any other L3.x chondrites, whether from Meteorite City or Texas
Bowl (Figure 1).

Elephant Moraine (L3.2)

12
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EET 83274 is an L3.2 from the ice in close proximity to the Elephant Moraine that looks
distinct from the other 4 L3 breccias that have been recovered in that area (Figure 2, black
asterisk, Figure 1).

Meteorite City and Texas Bowl (>L3.2)

Four other L3s from EET — 90083, 90098, 90542, from Texas Bowl and EET 96160 from
Meteorite City (Figure 2, blue star; Figure 1) - have very low Cr,0O; contents in olivine, and
thus by this approach can only be stated as >L3.2. In these cases we have not suggested any

change to the current classification.

Lewis Cliffs

We also recommend that pairing among the Lewis Cliffs L3s be revised substantially.
All samples have texture and petrology expected for UOC such as abundant close packed
chondrules of various type, as well as dark matrix with minor iron-nickel metal and troilite (e.g.,
Score and Lindstrom, 1988), but our olivine compositions exhibit distinct groupings, and we thus
propose the following new pairing groups.
L3.00

LEW 86134 and LEW 87208, both identified here as L.3.00, are likely too far apart —
nearly 25 km — to be paired together, and thus are most likely two isolated finds (Figure 3,
magenta squares). Continuous ice in the past may have allowed windblown separation of
originally paired samples, but such a connection remains speculative.

L3.05

13
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LEW 97202 is found close to LEW 87208 in the southernmost part of the region (Figure
3, blue hexagon), but their olivine compositions are distinctly different (Figure 1), and thus not
paired based on our work.
L3.15

We have identified six L3.15’s that are mostly on the northernmost ice tongue and could
represent a shower (Figure 3, white diamonds), but could also be two groups (a group of 2 and a
group of 4) since the two groups are ~ 25 km apart (LEW 87248 group; Figure 6). LEW 88462
has a lower Cr,O3 content and a higher o-Cr,05 value plotting higher than the trend, but in this
case it is grouped with the 3.15 (Figure 1)
L3.2

Our analyses also reveal eight L3.2°s that have olivine Cr,0O5 contents between 0.1 and
0.15, and fall within 4 km of each other (Figure 3, black crosses; and LEW 86207 group; Figure
6). In addition, four samples were found to contain lower olivine Cr,O; contents than expected
for their petrologic type. LEW 86018 and LEW 86270 were previously classified as L3.1, but
their olivine Cr,O; contents are not high enough to support such a low petrologic type; they are
here re-classified as L3.2. Similarly, LEW 86144 and LEW 86158 were previously classified as
L3.0, but their olivine Cr,O3 contents are also not high enough to support such a low petrologic
type; they are here re-classified as L3.2.
>13.2

All the remaining LEW samples we examined have olivine Cr,O; contents that are lower
than those expected for 3.2, and thus we retain their classification (Table 2). In addition, the

LEW DCA also contains 7 L breccias and these are also plotted in Figure 3, with all members

14
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isolated finds and unpaired. In general, the LEW area contains a wide diversity of low petrologic

type L chondrites, including three very primitive samples (Figures 1 and 3).

Grosvenor Mountains

The GRO samples were recovered over a very large geographic area — nearly 50 km in
largest extent (Figure 4a). The GRO 95502 pairing group (Satterwhite and Lindstrom, 1997) is
here reduced in number by two, with the suggestion that GRO 95558 be re-classified to L3.05
and GRO 95536 classification be retained as L.3.3. The main group of GRO 95502 is re-
classified as L3.2, consistent with the very similar Cr,O; contents of its Type II chondrule
olivine.
L3.05

GRO 06054 (Figures 1 and 4, purple star) was found in the more isolated region near
Mauger Nunatak, and GRO 95558 (Figures 1 and 4, green star) was recovered from the Mt.
Cecily-Mt. Raymond icefields, ~21.6 kilometers between their recovery locations (Figure 4b).
The masses of the samples, 1318 g for GRO 06054 and 202 g for GRO 95558, might argue for a
pairing. Ice flow and wind direction in the region are orthogonal to the line between the
specimens, so neither are likely to have substantially contributed to their separation if they were
paired specimens from a single fall. However, even though these samples are both L3.05, their
mass—length traits fall below the main trend of strewnfields and other pairing groups (Figure 6),
which might be more consistent with them being individual finds than paired stones (Figure 1).
A close comparative analysis and terrestrial age dating of these samples would be appropriate
and may increase the level of confidence in this pairing issue.

L3.10

15
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GRO 03015 and 03061, on the other hand, were recovered near each other on the Otway
Massif icefield, only 0.88 kilometers apart (Figures 1 and 4; purple triangles). The close
proximity, similar petrography and textures, and similar olivine Cr,O3 content suggests that these
L3.10 specimens are paired from a shower (Figure 4).

L3.2

Ten L chondrite GRO samples from the GRO group appear to be of petrologic type 3.2
(Figures 1 and 4, red diamonds). Nine specimens were recovered from the Mt. Cecily-Mt.
Raymond bare ice areas (GRO 95502; Satterwhite and Lindstrom, 1997; Figure 6 and Table
S2) and have been paired together since their original classification as L.3.5 (suggested here to be
L3.2 instead). A single specimen was found at the Mt. Bumstead Icefield, ~14.0 kilometers from
the nearest Cecily-Raymond L3.2 (Figures 1 and 4; blue diamond). Neither ice flow nor wind
direction would likely have contributed much to this physical separation; as with the L 3.05
specimens mentioned above, the possibility that the Mt. Bumstead specimen being paired with
the Cecily-Raymond group cannot be ruled out, but seems unlikely.
>L3.2

One meteorite examined from the Cecily-Raymond icefield (GRO 95536; Figure 4,
yellow pentagon) has the lowest olivine Cr,O; content and thus we suggest retaining its current

classification as an L3.3 (Table 3 and Figure 4a, 4b).

Meteorite Hills
In contrast to the EET and GRO meteorite recovery areas, The Meteorite Hills represent a
fairly continuous and relatively small localized icefield. The meteorites from this site in our

study are found within a relatively small area, and thus could represent a shower fall. H, L, and

16
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L/LL UOC were identified here (e.g., Satterwhite and Allen, 2002; Satterwhite and Righter,
2010; Satterwhite and Lindstrom, 1998), and the textural and petrographic features within the L
and L/LL are certainly permissive of large pairing groups, but the diversity of petrologic types
suggests otherwise, as described below.
L/LL3.05

MET 00452 and 00526 were previously re-classified as L/LL3.05 (Satterwhite and
Righter, 2010), and our work indicates that MET 00621 may be paired together as well (Figures
1 and 5; blue squares). MET 00452 and 00526 were found 0.2 kilometers from one another
while MET 00621 was found ~4.5 kilometers from the other two. This makes three L/LL3.05
meteorites that are likely part of a small shower (Figure 6).
L3.10 and H3.10

There are five MET L3.10 specimens from the 1996 and 2001 field seasons, and three
H3.10 from the 2000 field season (Figures 1 and 5; yellow diamonds and purple stars,
respectively; Satterwhite and Lindstrom, 1998; Satterwhite and Righter, 2003); these represent
two pairing groups (MET 96503 and MET 00506, respectively; Figure 6). The furthest any
specimen of the L3.10 group was found apart from one other fragment was 7.9 kilometers. Two
fragments, MET 00506 and MET 00552, of the H3.10 group were found 0.26 kilometers from
each other while MET 00607 was found ~2.6 kilometers distant.
>L3.2

There are three MET samples that have olivine Cr,O; contents <0.10 wt% and their
classifications are thus unchanged; one of these samples, MET 00489, remains classified as L3.6

(Figures 1 and 5; cyan pentagon), while the other two MET 00570 and 01182, are H3.8
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(Figures 1 and 5; red triangles) and may be paired with each other, having been found only 5.0
kilometers from one another (Table 4 and Figure 5).

Given the spatial distribution of these small showers and the setting at Meteorites Hills it
is speculated that the meteorites have not travelled a great distance in the ice or moved

significant distances while on the ice surface since they arrived.

Summary

Although the primary goal of this work was to identify primitive chondrites that may
have been unrecognized in previous work, we have included a large number of samples from
regions where pairing has not been re-assessed in decades and samples have been recovered over
multiple and successive collection seasons. We have identified additional primitive members,
and where possible updated or re-assessed pairing. Specifically, we have identified 23 additional
primitive (3.10 or lower) ordinary chondrites that will be of interest to many meteoriticists who
study origins and nebular processes. However, because the measurement of Cr,O; in olivine is
not especially sensitive to identification of petrologic type >3.2, we have not been able to fully
update samples and pairings from every area. Detailed pairing assessments would benefit from
cosmic ray exposure age dating; such studies would undoubtedly shed light on these groupings

and thus be of some value in future work.
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Figure Captions

Figure 1: Summary of Cr,O; analyses for olivines in Type II chondrules in unequilibrated
ordinary chondrites from the four dense collection areas considered in this work: EET, LEW,
MET and GRO. Petrologic type boundary curves and labels are from Grossman and Brearley
(2005). Individual samples labels and Cr,O5; and oCr,03 values are as specified in Tables 1 to 4.

The symbols in each plot correspond to the symbols in each DCA map — Figures 2, 3, 4, and 5.

Figure 2: EET region showing the locations of L3 chondrites and newly recognized primitive
chondrites reported in Table 1, as well as the subfields Northern Icefield, Texas Bowl, Meteorite
City, and Elephant Moraine. EET 92100 in the Northern Icefield is L3.00. Texas Bowl samples
EET 90066, 90161, 90261, and 90909 are L3.00. Texas Bowl samples EET 87735, 90080,
90519, 90916 are L3.05. EET 90628 is L3.10, and EET 90083, 90098, and 90542 are L3.5, L3.7,
and L3.8, respectively. Meteorite City samples EET 96015, and 96216 are L3.15 and EET 96160
is L3.6. Finally, Elephant Moraine sample EET 83274 is L3.2.  Satellite Image
Acknowledgement: Figure 2 — Landsat Image - Landsat Image Mosaic of Antarctica (LIMA)

Project.

Figure 3a and Figure 3b: Figure 3a is a mosaic image of the Lewis Cliff Icefields showing the
locations of all L3 chondrites. Figure 3b shows the locations of the newly recognized primitive
chondrites from the Lewis Cliff Ice Tongue as reported in Table 2. LEW 86134 and 87208 are
L3.00. LEW 97202 is L3.05. LEW 87248, 87284, 88254, 85434, 85437, and 88462 are all
L3.15. LEW 86207, 86102, 88634, 88520, 86018, 86144, 86158, and 86270 are all L3.2. Other
samples are >L3.2, as indicated in Table 2. Satellite Image Acknowledgement: Figure 3a —

ASTER Image - NASA/GSFC/METI/ERSDAC/JAROS, and U.S./Japan ASTER Science Team
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and Worldview 2 image — 27 January 2014 (© 2014 DigitalGlobe Inc.). Geospatial support for
this work provided by the Polar Geospatial Center under NSF-OPP awards 1043681 and
1559691. Figure 3b - ASTER Image - NASA/GSFC/METI/ERSDAC/JAROS, and U.S./Japan

ASTER Science Team.

Figure 4a and Figure 4b: GRO region (left) showing the locations of L3.x chondrites and the
newly recognized primitive chondrites reported in Table 3, and the subfields Otway Massif, Mt.
Bumstead, Mt. Cecily-Mt. Raymond, and Block Peak-Mauger-Mt. Block. Right side map
shows an enlarged portion of the Mt. Cecily-Mt. Raymond region. GRO 95558 (Cecily-
Raymond) and GRO 06054 (Block Peak-Mauger-Mt. Block) are L3.05. GRO 03015 and 03061
(both Otway Massif) are L3.10. GRO 95502, 95504, 95512, 95539, 95542, 95544, 95545,
95546, 95550 (all Cecily-Raymond) and 95505 (Mt. Bumstead) are all 3.2, and GRO 95536 is
L3.3 (Cecily-Raymond). Satellite Image Acknowledgement: Figure 4a — MODIS RapidFire
Hole Filler V1.4. MODIS South Pole Mosaic created by the Polar Geospatial Center. Support for
this work provided by the Polar Geospatial Center under NSF-OPP awards 1043681 and

1559691). Figure 4b — Worldview 1 image — 10 February 2010 (© 2010 DigitalGlobe Inc.).

Figure 5: MET region showing the newly recognized primitive chondrites reported in Table 4.
MET 00452, 00526, and 00621 are all L/LL3.05; MET 96503, 96515, 01051, 01056, and 01057
are L3.10; MET 00506, 00552, and 00607 are H3.10. MET 00489 is L3.6, and MET 00570 and
01182 are H3.8. Satellite Image Acknowledgement: Landsat Image - Landsat Image Mosaic of

Antarctica (LIMA) Project.

Figure 6: Mass and approximate length of known strewnfields (open symbols) for (A) irons and

stony irons (Campo del Cielo; Canyon Diablo; Gibeon, Henbury, Vaca Muerta, Lowicz), (B)
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achondrites (Camel Donga, Johnstown, Stannern, Puerto Lapice, Tirhert, and Almahata Sitta),
(C) ordinary chondrites (S1=SaU 001, W=Weston, Tenham, Villalbeto de la Pena, SS=St.
Severin, Stubenberg, Pu=Pultusk, Modoc, Mocs, L’Aigle, Ku=Kunashak, Kr=Krymka, Kosice,
Kn=Knyahinya, Jilin, Hs=Homestead, Chelyabinsk, Br=Bruderheim, Ba=Barwell, PF=Park
Forest, Plainview), and (D) carbonaceous chondrites (Allende, DaG 749, Kainsasz, Sutters Mill,
Orgueil, Moss, Murchison, Tagish Lake, and Aguas Zarcas). All data were assembled from
sources as described in the Supplementary information Table S1. These well documented
strewnfields are compared to some ANSMET pairing groups (grey symbols; supplementary
information, Table S2 and Figures S1-S14), as well as 8 potential pairing groups discussed in
this work (solid symbols; EET, LEW, GRO, and MET areas). All data are summarized and

described in Supplementary Tables and Figures.
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Table 1: Olivine analyses from UOC from Elephant Moraine Icefield (EET); meteorites part of a pairing group are separated by a blank row

sample

EET 83274

EET 90066
EET 90161
EET 90261
EET 90909

EET 87735
EET 90080
EET 90519
EET 90916
EET 90628
EET 90083
EET 90098
EET 90542
EET 92100

EET 96015
EET 96216

EET 96160

TS# = thin section number studied; n = number of olivine analyses per section;

Mass (g)

82.70

9.764
9.708
6.640
6.428

4.160
4.104
5214
4.645
23.056
3.601
4.717
4.968
3.383

0.521
0.868

0.882

TS#

7

w LW N W

W~ W

o)}

3

Si0,

38.88

39.87
40.26
40.80
39.65

39.27
39.09
39.79
39.55
39.26
38.16
37.81
38.72
39.85

38.53
38.53

38.86

Al O;

0.04

0.09

0.07

0.04
0.057

0.03
0.04
0.05
0.02
0.056
0.03
0.02
0.03
0.13

0.01
0.02

0.05

CI'203

0.188

0.411
0.428
0.414
0.420

0.409
0.438
0.430
0.451
0.350
0.083
0.059
0.052
0.430

0.246
0.179

0.055

FeO MnO NiO MgO CaO

18.23

13.76
13.90
11.77
14.19

15.50
15.78
14.00
14.48
15.15
22.49
23.01
19.21
13.79

19.68
19.49

17.79

0.03

0.041
0.080
0.029
0.025

0.047
0.031
0.034
0.08
0.035
0.042
0.02
0.02
0.03

0.03
0.05

0.09

28

42.47

45.99
45.42
47.67
45.94

44.46
44.16
45.82
45.53

44.79

39.14

38.61

41.86

45.87

41.35
41.60

43.05

13313

0.13

0.12
0.12
0.11
0.12

0.13
0.14
0.12
0.12
0.11
0.044
0.06
0.07
0.11

0.13
0.07

0.09

Total

99.97

100.28
100.28
100.83
100.40

99.84
100.03
100.24
100.22
99.75
99.99
99.59
99.97
100.21

99.96
99.93

99.99

(e} Cr203

0.085

0.098
0.086
0.110
0.120

0.138
0.136
0.140
0.139
0.180
0.110
0.096
0.047
0.080

0.165
0.193

0.073

signifies not analyzed

n

16

28
15
22
36

18
34

36
38
28
24
29
31
31

23
25

25

subfield

Elephant
Moraine

Texas Bowl
Texas Bowl
Texas Bowl
Texas Bowl

Texas Bowl
Texas Bowl
Texas Bowl
Texas Bowl

Texas Bowl
Texas Bowl
Texas Bowl

Texas Bowl

Northern

Meteorite City
Meteorite City

Meteorite City

current

L3.6

L33
L3.0
L3.4
L3.6

L3.4
L3.4

L3.6
L3.6
L3.4
L3.5
L3.7
L3.8
L3.4

L3.4
L3.8

L3.6

new
data
L3.2

L3.00
L3.00
L3.00
L3.00

L3.05
L3.05
L3.05
L3.05
L3.10
>L3.2
>L3.2
>L3.2
L3.00

L3.15
L3.15

>1L3.2

revised

L3.2

L3.00
L3.00
L3.00
L3.00

L3.05
L3.05
L3.05
L3.05
L3.10
L3.5
L3.7
L3.8
L3.00

L3.15
L3.15

L3.6
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Table 2: Olivine analyses from UOC from Lewis Cliffs Icefield (LEW) ; meteorites part of a pairing group are separated by a blank row

(*=southernmost grouping)

Sample

LEW 86134
LEW 87208*

LEW 97202*

LEW 87248*
LEW 87284*
LEW 88254
LEW 85434
LEW 85437
LEW 88462

LEW 86207
LEW 86102
LEW 88634
LEW 88520
LEW 86018
LEW 86144
LEW 86158
LEW 86270

LEW 85401
LEW 86127
LEW 88033

LEW 85339

Mass

€9)
28.935

34.460
117.596

13.847
38.600
13.487
19.358
9.373
8.064

17.732

21.753
7.712
3.127
502.0
11.056
8.593
4.230

3.940
11.938
1.930

28.776

TS#  SiO,
4 3819
12 3855
5 3828
2 3931
3 3885
3 3957
5 3867
4 3936
3 3957
7 3915
8 3947
7T 3796
3 3915
25 39.10
8 3753
6 3828
33890
3 3892
6  39.67
33966
9 39,08

TiO,

AlLO;

0.02

0.03

0.08
0.02
0.02
0.05
0.02
0.02

0.02
0.03
0.04
0.01
0.02

0.04
0.03
0.09
0.03

0.03

CI'203

0.410
0.38

0.44

0.27
0.28
0.24
0.22
0.25
0.10

0.144
0.170
0.15
0.15
0.142
0.088
0.100
0.132

0.10
0.114
0.09

0.073

FeO

14.61
13.9

15.55

15.44
17.46
14.35
18.23
15.71
17.83

16.03
15.05
16.93
18.78
15.48
17.52
18.24
17.02

16.82
15.11
18.46

17.13

MnO NiO MgO CaO

0.38
0.36

0.42

0.36
0.36
0.38
0.40
0.42
0.44

0.33
0.39
0.37
0.40
0.38
0.37
0.41
0.34

0.33

0.37
0.41

29

46.06
46

44.31

43.79
42.54
45.06
41.95
43.43
42.90

43.92
42.80
43.47
41.67
44.92
43.51
42.60
43.20

43.25
44.41
42.62

43.58

0.13
0.12

0.14

0.16
0.13
0.12
0.14
0.11
0.07

0.07
0.09
0.11
0.10
0.10
0.20
0.10
0.11

0.11
0.12
0.11

0.08

Total

99.78
99.33

99.17

99.41
99.64
99.74
99.65
99.30
100.92

99.69
98.04
99.03
100.25
100.17
99.22
99.73
99.77

99.57
99.90
101.38

100.01

() Cr203

0.082
0.095

0.143

0.16
0.15
0.08
0.110
0.180
0.25

0.118
0.067
0.066
0.11
0.067
0.057
0.072
0.073

0.060
0.071
0.05

0.119

n

25
18

28

16
32
33
30
21
27

18
23
30
32
34
25
25
30

31
21
26

38

current

L3.0
L3.4

L3.4

L3.5
L3.5
L3.4
L3.4
L3.4
L3.7

L3.2
L3.4
L3.4
L3.5
L3.1
L3.0
L3.0
L3.1

L33
L33
L33

L3.4

New
data
L3.00

L3.00

L3.05

L3.15
L3.15
L3.15
L3.15
L3.15
L3.15

L3.2
L3.2
L3.2
L3.2
L3.2
L3.2
L3.2
L3.2

>13.2
>[.3.2
>1.3.2

>1.3.2

revised

L3.00
L3.00

L3.05

L3.15
L3.15
L3.15
L3.15
L3.15
L3.15

L3.2
L3.2
L3.2
L3.2
L3.2
L3.2
L3.2
L3.2

L33
L33
L33

L3.4



LEW 86246
LEW 86367
LEW 86505
LEW 88175
LEW 88261
LEW 88452
LEW 86105
LEW 86213

LEW 86408
LEW 86417
LEW 86436
LEW 86495
LEW 88286
LEW 88617
LEW 88632
LEW 88644

LEW 85396
LEW 85452
LEW 86347
LEW 88146

LEW 88263
LEW 88328

LEW 88594
LEW 88621
LEW 88696
LEW 93891
LEW 97216*

2.315
10.525
43.935
111.301
17.550
13.352
6.392
27.883

1.445
1.556
3.865
2.450
3.899
3.150
10.250
15.859

60.247
9.240
3.113
4.976

8.772

43.147
5.401

7.507
6.034
25.470
22.995

W W W oo ~ W

W W K~ W W W W W W W W W

AW DA W WW W

38.26
38.97
38.60
36.78
39.40
38.35

38.55
38.49
38.78
39.19
38.97
39.01
38.40
38.34

38.99
39.40
38.40
38.40

38.71
40.40

38.26
39.47
39.29
39.82
38.97

0.07
0.08
0.02
0.19
0.04
0.01

0.04
0.01
0.03
0.02
0.04
0.02
0.03
0.17

0.14
0.03
0.02
0.05

0.03
0.03

0.05
0.02
0.04
0.22
0.07

0.045
0.070
0.061
0.057
0.086
0.11

0.097

0.077

0.040
0.04
0.10
0.06
0.08
0.06

0.09
0.07
0.030
0.05

0.05
0.06

0.06
0.06
0.06
0.04
0.08
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20.70
16.50
18.31
21.58
17.21
16.28

18.10
18.24
16.56
16.44
17.03
17.23
19.66
18.87

16.48
15.46
17.34
19.55

21.63
14.23

23.11
18.35
19.87
17.05
18.91

0.41
0.41
0.35
0.4
0.33
0.37

0.39
0.42
0.33
0.45
0.39
0.40
0.43
0.35

0.32
0.35
0.44
0.33

0.40
0.33

0.46
0.46
0.48
0.43
0.41

30

40.15
42.36
42.58
39.34
42.44
43.68

42.69
42.67
44.14
43.92
43.13
42.81
41.13
42.09

43.73
44.54
42.09
41.44

39.51
45.77

38.43
42.67
41.30
43.47
41.92

0.10
0.16
0.05
0.06
0.10
0.11

0.12
0.10
0.06
0.07
0.10
0.08
0.10
0.07

0.11
0.10
0.06
0.11

0.12
0.11

0.04
0.06
0.09
0.07
0.07

99.80
98.59
99.99
98.41
99.62
98.91

100.02
100.04
99.96
100.13
99.76
99.61
99.82
99.94

99.88
99.95
98.41
99.93

100.45
100.96

100.40
101.11
101.13
101.09
100.43

0.037
0.037
0.106
0.07
0.15
0.068

0.060
0.036
0.029
0.04
0.07
0.07
0.041
0.052

0.201
0.056
0.028
0.050

0.03
0.07

0.13
0.11
0.07
0.04
0.10

19
21
34
30
30
34

27
35
35
28
33
34
31
36

36
27
26
31

33
27

33
37
37
37
18

L3.4
L34
L3.4
L34
L3.4
L34
L3.4
L34

L3.5
L3.5
L3.5
L3.5
L3.5
L3.5
L3.5
L3.5

L3.6
L3.6
L3.6
L3.6

L3.7

L3.7
L3.7

L3.7
L3.7
L3.7
L3.7

>1.3.2
>13.2
>1.3.2
>13.2
>1.3.2
>13.2

>13.2
>1.3.2
>13.2
>1.3.2
>13.2
>1.3.2
>13.2
>1.3.2

>1.3.2
>13.2
>1.3.2
>13.2

>13.2

>1.3.2
>[.3.2

>13.2
>[.3.2
>13.2
>[.3.2
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L3.4
L3.4
L3.4
L3.4
L3.4
L3.4
L3.4
L3.4

L3.5
L3.5
L3.5
L3.5
L3.5
L3.5
L3.5
L3.5

L3.6
L3.6
L3.6
L3.6

L3.7

L3.7
L3.7

L3.7
L3.7
L3.7
L3.7
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LEW 88467 0610 3 4028 - 005 0.05 1439 024 - 4569 0.12 10081  0.03 30 L38 2032 L33
LEW 87093  7.047 - - - - - - - - i N - - L3.8 - L3.8
LEW 86021 325800 6 3902 - 0.03 004 17.15 039 - 4322 0.08 9993  0.040 35 L3.5-3.9 =L3.2 L3.5-3.9
LEW 86307 4897 3 3852 0.0l 0.05 0.080 1891 045 001 40.15 0.10 9829  0.057 26  L33-35 =132 L133-35
LEW 85420  12.447 - - - - - - - - - ; R - - L3-6 - L3-6
LEW 86022 351.700 - - - - - - - - - - N } - L3.2-3.5 . L3.2-3.5
LEW 86549  50.140 - - - - - - - - - - , ; - L3.0-3.7 . L3.0-3.7
LEW 88549  4.909 - - - - - - - - - - - } - L3.0-3.7 . L3.0-3.7
LEW 97221% 47963 - - - - - - - - - _ N - - L3-6 3 L3-6
TS# = thin section number studied; n = number of olivine analyses per section; “-* signifies not analyzed; b.d.l. = below detection limits
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Table 3: Olivine analyses from UOC from Grosvenor Mountains (GRO); meteorites part of a pairing group are separated by a blank row

Sample

GRO 95558
GRO 06054

GRO 03015
GRO 03061

GRO 95502
GRO 95504
GRO 95505
GRO 95512
GRO 95539
GRO 95542
GRO 95545
GRO 95544
GRO 95550
GRO 95546

GRO 95536

TS# = thin section number studied; n = number of olivine analyses per section;

Mass (g) TS#

202.386
1319.400

480.000
455.000

5362.700
4018.300

2031.000
840.400
269.800
276.700
142.051
626.000
169.955
200.840

331.200

9]

11

Si0,

38.24
38.94

39.02
38.61

38.96
39.15
39.12
38.91
37.99
38.66
38.49
39.27
38.41
38.58

39.15

TiO,

0.01
0.01

0.01
0.01

ALO

3

0.02
0.02

0.02
0.03

0.04
0.03
0.03
0.02
0.04
0.02
0.02
0.02
0.02
0.02

0.02

Cr,0 FeO MnO NiO MgO CaO Total

3

0.460
0.417

0.323
0.328

0.112
0.093
0.116
0.128
0.126
0.105
0.111
0.124
0.088
0.054

0.052

17.23
15.48

15.07
17.35

17.32
17.18
16.95
17.84
20.05
19.48
17.04
14.46
17.19
17.70

17.22

32

0.39
0.38

0.38
0.40

0.38
0.37
0.36
0.38
0.41
0.41
0.40
0.35
0.41
0.48

0.41

13313

0.04
0.03

0.03
0.06

43.18
4436

44.70
42.89

43.46
43.70
43.52
4291
40.81
41.68
43.77
45.73
43.60
43.20

43.31

0.13
0.11

0.11
0.13

0.12
0.12
0.10
0.13
0.13
0.12
0.12
0.10
0.12
0.04

0.05

99.70
99.74

99.67
99.81

100.38
100.64
100.19
100.32
99.55

100.47
99.98

100.08
99.88

100.16

100.20

(¢ Cr203

0.147
0.167

0.098
0.153

0.049
0.068
0.066
0.064
0.063
0.072
0.087
0.067
0.054
0.153

0.046

n

33
32

32
37

35
38
35
36
30
35
36
35
39
26

38

Current

L3.5
L3.6

L3.6
L3.6

L3.2
L3.5

L3.4
L3.5
L3.1
L3.5
L3.5
L3.2
L3.5
L3.8

L33

signifies not analyzed; b.d.l. = below detection limits

New
data
L3.05

L3.05

L3.10
L3.10

L3.2
L3.2

L3.2
L3.2
L3.2
L3.2
L3.2
L3.2
L3.2
L3.2

>13.2

Revised

L3.05
L3.05

L3.10
L3.10

L3.2
L3.2

L3.2
L3.2
L3.2
L3.2
L3.2
L3.2
L3.2
L3.2

L33
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Table 4: Olivine analyses from UOC from Meteorite Hills (MET); meteorites part of a pairing group are separated by a blank row

Sample

MET 00452
MET 00526
MET 00621

MET 96503
MET 96515
MET 01051
MET 01056
MET 01057

MET 00506
MET 00552
MET 00607

MET 00489

MET 00570
MET 01182

TS# = thin section number studied; n = number of olivine analyses per section;

Mass
(8)

774.900
208.200
88.835

404.000
308.700
621.100
397.100
189.290

301.100
97.300
76.550

232.000

157.015
69.860

TS#

15

W o0

DN W W D D

6

Si0,

38.99
39.53
38.54

38.79
39.07
38.97
38.72
39.35

38.92
38.9
38.68
38.27

38.51
36.57

TiO,

0.01
0.01

0.02
0.01
0.01
0.01
0.01

0.01

0.02

0.03

Al O;

0.04
0.02
0.03

0.03
0.03
0.02
0.02
0.03

0.01
0.01
0.01
0.04

0.09
0.02

CI'2O 3

0.44
0.48
0.49

0.32
0.29
0.29
0.3
0.41

0.40
0.33
0.39
0.09

0.03
0.06

FeO

17.52
13.36
13.98

13.99
18.49
17.22
18.96
15.25

14.84
17.59
15.22

20.14

18.18
26.10

33

MnO

0.47
0.5
0.35

0.53
0.44
0.4
0.45
0.4

0.37
0.43
0.38
0.44

0.47
0.46

13313

NiO MgO CaO

0.09

0.02
0.03
0.03
0.02

0.02

0.03

0.12

42.17
44.94
45.88

43.98
42.27
43.03
41.31
44.25

4491
42.43
44.63
40.94

41.43
36.16

0.19
0.17
0.13

0.17
0.14
0.16
0.16
0.15

0.11
0.15
0.12
0.07

0.52
0.15

signifies not analyzed

(e} CI'203

0.17
0.16
0.257

0.22
0.14
0.15
0.21
0.22

0.297
0.16

0.194

0.135

0.108
0.080

Total

99.92
99.01
99.39

97.83
100.76
100.13
99.96
99.87

99.57
99.87
99.42
100.03

99.39
99.52

n

81
42
28

37
44
44
45
45

37
41
36
27

30
16

current revised

L/LL 3.05 no change

L/LL 3.05 no change
L3.6 L/LL 3.05
L3.1 L3.10
L35 L3.10
L3.6 L3.10
L3.6 L3.10
L3.6 L3.10
H3.4 H3.10
H3.4 H3.10
H3.4 H3.10
L3.6 >L3.2
H3.8 >H3.2
H3.8 >H3.2
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