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Abstract

Argon–argon dating (a variation of potassium–argon dating) of ordinary chondrites is being used to reconstruct the col-
lisional impact history of their parent bodies. However, due to the fine-grained, multi-mineral, highly shocked nature of chon-
drites, the sources of potassium (K) in these meteorites have not been fully identified. By locating and isolating the different
sources prior to analysis, better ages can be obtained. To distinguish between possible sources, we have analyzed Chico and
Northwest Africa 091 (both L6 chondrites) via K mass balance, Raman spectroscopy, and argon (Ar) diffusion studies.

In accordance with previous studies on other ordinary chondrites, the Ar in these two chondrites is nearly equally split
between two releases, and the lower temperature release is identified as sodium-rich feldspar. Various scenarios for the higher
temperature release are investigated, but no scenario meets all the required criteria. The Ar activation energy of the higher
temperature release is the same as pyroxene, but the pyroxene has no detectable K. The K mass balance shows feldspar
can account for all the K in the chondrite; hence feldspar must be the ultimate source of the higher temperature release.
Raman spectroscopy rules out a high-pressure phase of feldspar. Neither melt veins, nor feldspar inclusions in pyroxene,
are abundant enough to account for the higher temperature release in these meteorites.
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Argon–argon (40Ar–39Ar) dating, a variant of potas-
sium–argon dating, is an effective tool for studying low-
temperature chronology and thermochronology of potas-
sium (K) bearing rocks. While 40Ar–39Ar dating has been
widely used for terrestrial processes, it has also played a
key role in determining the collisional impact history of
meteorites and the Earth–Moon system, both of which have
implications for the formation of our solar system (Bogard,
2011). Many meteorites that have been dated using the
40Ar–39Ar system are shocked ordinary chondrites. Unfor-
tunately, because the minerals in ordinary chondrites are
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often fine-grained and intergrown (Cressy, 1971), whole-
rock analyses dominate the literature. This has led to a
dearth of information about the source of K in shocked or-
dinary chondrites.

While the source of K is not fully understood, for some
time now it has been observed that step-heating experi-
ments on shocked ordinary chondrites produce two releases
of Ar. This is graphically demonstrated in Fig. 1, which
shows step-heating data of shocked host material and shock
melt from the average of many meteorites. The potassium
to calcium (K/Ca) ratio of the lower temperature release
(<�1000 �C) is always very similar to the K/Ca ratio mea-
sured during microprobe chemical analysis of feldspars
from the same meteorite (Bogard and Hirsch, 1980; Brear-
ley and Jones, 1998). Feldspar, then, is the most likely
source for the lower temperature release. Although the
higher temperature release (>�1000 �C) contains �50% of
the K-derived Ar in many meteorites, the K/Ca ratio of
that release is much lower than that of the feldspar, and

http://dx.doi.org/10.1016/j.gca.2012.09.006
mailto:jweirich@asu.edu
http://dx.doi.org/10.1016/j.gca.2012.09.006


Fig. 1. Average 39Ar release pattern from host and melt rocks of
the chondrites Bluff (a), Rose City, Taiban, Walters, and Yanzhu-
ang. 39Ar has been normalized to the duration of each heating step
(Dt) and the difference in temperature between heating steps (DT).
(With permission from Meteoritics & Planetary Science: Kunz et al.
(1997) Fig. 10a).
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does not match any of the minerals that have been found in
ordinary chondrites. As a result, the higher temperature re-
lease has never been identified, although a few possibilities
are listed below. Fig. 1 shows the host material releases
more Ar at low temperature than at high temperature,
and this pattern is reversed in the impact melt (which is of-
ten re-crystallized). Apparently something inherent to the
melting process, or a process that follows melting, converts
the low temperature release into the high temperature re-
lease. However, the presence of a high temperature release
in the un-melted host-rock shows that melting cannot be
the only explanation. Possible explanations are a chemical
difference, an effect of shock, a change of the diffusion dis-
tance from grains to melt veins, and enclosure in a higher
temperature mineral (Bogard and Hirsch, 1980; Bogard
et al., 1995; McCoy et al., 1995; Kunz et al., 1997). Pyrox-
ene and/or olivine, the most abundant minerals in L chon-
drites, are the most likely high temperature candidates for
enclosing feldspar or containing trace amounts of K. A po-
tential complicating factor is the recoil of K-derived 39Ar
from high-K minerals into low-K minerals. However, re-
coiled 39Ar, if present, will have an obvious influence on
the age spectrum, and on this basis can usually be ruled
out as a major contribution to the high temperature release.
Nonetheless, the presence of recoil will be investigated.

The purpose of the present work is to study two meta-
morphosed and shocked L chondrites, Northwest Africa
(NWA) 091 and Chico, with a variety of approaches, to
try to determine the source of the K. To distinguish be-
tween scenarios, K mass balance calculations are performed
on host material from the Chico meteorite and NWA 091,
and Raman spectroscopic data on the feldspar of Chico and
NWA 091 are acquired. The Ar diffusion system in these
two meteorites is also studied, and Ar diffusion of artifi-
cially shocked samples (Weirich et al., 2012a) is also
considered.
2. SAMPLES AND METHODS

2.1. Sample description

The petrology and 40Ar–39Ar age of the Chico meteorite
has been well studied (Bogard et al., 1995), and it was se-
lected precisely for this reason. While much of this meteor-
ite is impact melt, we chose to analyze the host material
because it has a larger grain size, making microprobe and
Raman data easier to acquire. Additionally, the meteorite
contains two releases of Ar (Bogard et al., 1995), making
it a good candidate to study the source of the high temper-
ature release. Chico is classified as an L6 S6, the latter of
which translates to a shock pressure of 45–75 GPa (Stöffler
et al., 1991). This is at the higher end of the pressures inves-
tigated by Weirich et al. (2012a). We also analyzed NWA
091, an L6 S4 (Grossman and Zipfel, 2001), which trans-
lates to a shock pressure of 15–35 GPa. While not much
is known about this meteorite, we expected it to provide a
shock pressure at the lower end of the pressures investi-
gated by Weirich et al. (2012a).

NWA 091 and Chico are highly blackened and opaque
such that conventional optical petrographic analysis and
shock classification is not possible. Instead we examined
polished thin sections using backscattered electron (BSE)
imaging in an FEI XL30 field-emission SEM.

2.2. Microprobe data

Thin sections of Chico host and NWA 091 were scanned
to create an X-ray map, and major minerals were measured
with point analyses using the Cameca SX-50 and SX-100
microprobes with four or five wavelength dispersive spec-
trometers, respectively. The Na-rich feldspar in Chico and
NWA 091 were measured at two different conditions to pre-
vent volatilization of Na and K. Details of all microprobe
conditions used during analysis are given in Table 1.

2.3. Modal abundances

NWA 091 and the host material from Chico are both
metamorphic grade 6 ordinary chondrites, meaning they
have undergone extensive thermal equilibration that has
homogenized their minerals. Grade 6 chondrites are ex-
pected to have small-scale (<100 mg) variations in the min-
eral abundances, but on a large scale (�10 g) will be
uniform. Powder X-ray Diffraction (XRD) measurements
of shocked L6 chondrites with shock stages S4 to S5 show
that different L6 meteorites have mineral abundances with a
standard deviation of �2 wt.% or less (Dunn et al., 2010).
Therefore, Chico and NWA 091 likely have mineral abun-
dances in that same range.

In this study we will not fully determine the modal abun-
dance of all minerals in these two meteorites. Instead, the
aim is to identify two reservoirs that have roughly equal
amounts of K. Since a large portion of the total K is found
in feldspar, any potential reservoir with a smaller K concen-
tration would need to be more abundant than feldspar to
have a significant contribution. Conversely, if a potential
reservoir is less abundant than feldspar, it will need to have



Table 1
Microprobe conditions.

Meteorite Condition Voltage
(V)

Current
(nA)

Counting
time (s)

Spot size
(lm)

Na K Si Mg Ca Fe Al Mn Cr Ti P

Chico Feld #1a 15 6 10 5 X X
Feld #2a 15 20 20 5 X X X X X X X X
Mafic 15 20 20 1 X X X X X X X X X X Xb

Melt veins 15 20 20 20 X X X X X X X X X X

NWA 091 Feld #1c 15 10 10 5 X X
Feld #2c 15 20 20 5 X X X X X X X
Mafic 15 20 20 1 X X X X X X X X X X

a A few Na-rich feldspars used a 20 lm spot size, 4 nA beam current, and 8 s counting time for Na and K. No differences were found and the
measurements are not distinguished in the text. These modified conditions were also used on a small feldspathic phase, but with a spot size of
2 lm instead of 20 lm.

b No P was detected above background.
c These conditions were used to measure melt veins and a K-rich phase, though the K-rich phase used a spot size of 2 lm.
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a higher K concentration than feldspar. To be sure that a
mineral with high K content but low modal abundance is
not present in these meteorites, X-ray maps of various ele-
ments were taken of both thin sections. For Chico, an area
of �117 mm2 was mapped at a resolution of �13 lm/pixel
using the elements Na, Mg, Al, Si, P, Ca, Cr, and Fe.
Unfortunately, the K was not mapped at this resolution
due to a low signal-to-noise ratio on the SX-50. To counter-
act this limit of the SX-50, Chico was also mapped at a
higher resolution of �2 lm/pixel, though in this case the
area is only �16 mm2 (a little over 10% of the thin section)
and only the elements Na, Al, K, and Fe were measured.
For NWA 091, we used an SX-100, which did not have a
low signal-to-noise ratio in K at lower resolution. There-
fore, an area of �114 mm2 was mapped at a resolution of
�18 lm/pixel, using the same elements as the low resolu-
tion map of Chico plus the elements S and K. A high-reso-
lution X-ray map of NWA 091 was not created, because the
low-resolution K map is already sufficient to identify any
phases with a K abundance greater than feldspar. However,
BSE images were taken of an �11 mm2 area at a resolution
of either 0.9 or 0.45 lm/pixel.

In principle, maps of different elements can be combined
together to determine the modal abundance of all grains
that are at least a few pixels across (Knight et al., 2002).
BSE images can also be used to determine modal abun-
dances because pixel brightness is proportional to the aver-
age atomic number (Z) of the mineral. However, BSE
images must first be calibrated, and minerals with similar
average Z are difficult to distinguish.

While the X-ray maps collected for Chico and NWA 091
were useful for determining parts of the thin section that
have high concentrations of particular elements or miner-
als, they were not as useful for determining absolute min-
eral abundances. Likewise, the BSE maps were not very
helpful. For a single meteorite, different reasonable thresh-
olds for various elements gave modal mineral abundances
that vary by a few volume percent or more. The range is
consistent with the values measured by Dunn et al. (2010)
for a particular class, but the uncertainty is at least as large
as the difference between the meteorites they observed. In
other words, the range of modal abundances for all L6
chondrites measured by Dunn et al. (2010) is comparable
to the range of values we determined for a single chondrite.
While an accurate determination of the mineral abundances
in each meteorite is preferable, we are only interested in
finding two reservoirs that have roughly the same amount
of K. For our purposes, the values determined by Dunn
et al. (2010) are better suited because they are the same with
smaller errors, and these values were combined with the K
concentrations measured in the various minerals to perform
mass-balance calculations.

2.4. Raman spectroscopy

A basic theoretical description of the Raman technique
is given in Electronic annex EA-1. The Raman spectrum
is unique for each structural state, and can be used to aid
mineral identification. Raman spectroscopy using Stokes
scattering on Chico and NWA 091 feldspar/glass was per-
formed with a Thermo Nicolet Almega microRaman sys-
tem having an excitation wavelength of 532 nm and
partial polarization. A different laser frequency may pro-
duce different peak intensities, but will not change the loca-
tion of the peaks. Therefore, a spectrum collected with any
laser frequency that excites the crystal can be used for min-
eral identification, assuming there is no fluorescence or
luminescence. Feldspar grain locations were determined
using combined X-ray maps (Fig. 2a and b), and are visible
with reflected light. At grain boundaries, the spectrum
sometimes exhibited peaks from adjacent pyroxene and
olivine. The major peaks of pyroxene and olivine are easily
distinguishable from feldspar, and do not affect the
interpretation.

2.5. 40Ar–39Ar data collection

Ar data collection followed the procedure of Weirich
et al. (2012a). Temperatures measured using a thermocou-
ple were calibrated by melting pure metals of various com-
positions in the crucible. Two extractions at each
temperature were used for all samples (see Section 2.6). In
addition, temperature cycling (i.e. prograde and retrograde
temperature steps) was used for some samples, resulting in
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up to four extractions at some temperatures. Two splits
each of Chico and NWA 091 were used for diffusion anal-
ysis, and three additional splits of NWA 091 were used to
determine the average whole rock K concentration. All
splits are 15–25 mg.
Fig. 2. Most black areas in both meteorites is Fe–Ni metal or troilite. H
grains. (a) Combined element map of Chico host using Mg (red), Al (gre
outline. (b) Combined element map of NWA 091 using the same scheme
NWA 091. Scale is the same as in panel b, but more area is mapped in the
grains. Remaining areas with bright pixels correspond to feldspar. For th
the pixel footprint, and do not correlate with K content. (For interpret
referred to the web version of this article.)
Whole rock chips of NWA 091 and Chico, and splits of
the standards CaF2, K2SO4, and PP-20 (a recollection of
Hb3gr hornblende, 1074 ± 4 Ma) were wrapped in Al foil
and sealed in a quartz tube (Jourdan et al., 2006). Samples
were irradiated at the Cadmium-Lined, In-Core Irradiation
oles constitute �1.3 vol.% in both meteorites, assuming no plucked
en), and Ca (blue). Fine-grained melt veins are indicated by dotted

as in panel a. Melt veins are not indicated. (c) K element map of
lower left. Brightest areas correspond to melt veins and K-enriched
e feldspar, dim pixels indicate feldspar grains that are smaller than
ation of the references to color in this figure legend, the reader is



Fig. 2. (continued)
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Tube (CLICIT) reactor at Oregon State University, which
converted some 39K to 39Ar and 40Ca to 37Ar. Measured
reactor correction values are: (39Ar/37Ar)Ca =
(6.75 ± 0.06) � 10�4; (38Ar/37Ar)Ca = (2.05 ± 0.11) � 10�5;
(36Ar/37Ar)Ca = (2.77 ± 0.02) � 10�4; and (38Ar/39Ar)K =
(1.225 ± 0.004) � 10�2. The measured value for
(40Ar/39Ar)K is negative, but zero to within error, which
means atmospheric argon dominated the release. We instead
used (1.1 ± 1.2) � 10�3, an unweighted average of the val-
ues for the CLICIT reactor as measured by Renne et al.
(1998). While this value is still zero within error, it is positive
and thus more realistic. The other reactor correction values
were the same as Renne et al. (1998) within error.

Unfortunately, the mass discrimination value of
0.997 ± 0.006 per AMU was reliably determined only for
the time period over which a little less than half of the sam-
ples were analyzed. However, because mass discrimination
does not change rapidly with time, the mass discrimination
was assumed to be the same for all samples. During irradi-
ation, two splits of the 40Ar–39Ar geochronology standard
PP-20 were placed at each end of the quartz tube, for a total
of four PP-20 splits in the tube. To determine the J factor
for each meteorite split, the samples of PP-20 at each end
were averaged together to obtain a value of
(8.81 ± 0.13) � 10�3 at one end, and (9.25 ± 0.06) � 10�3

at the other. The J factor for each meteorite split was then
determined from a linear interpolation between these two J

values based upon the relative position in the tube. Measur-
ing the K/Ca production ratio gave uncertain results. One
K salt (K2SO4) gave a 39Ar production rate �3 times that
of the other two K salts. Averaging all three salts together
gave a K/Ca ratio of �5; excluding the outlier gave a ratio
of �2.88. However, most reactors give a K/Ca ratio of
�1.8. This is similar to values obtained if PP-20 is used in-
stead of the K salts, where we found a ratio of 1.9 ± 0.4.
This value is much more reasonable, and is the value used
for this irradiation package.

All Ar data for individual heating steps can be found in
Electronic annex EA-2.
2.6. Measurement of diffusion parameters

The diffusion rate as a function of temperature is defined
by the Arrhenius equation

D ¼ D0 � e
�E
RT ð1Þ

where D0 is the frequency factor, E is the activation energy,
T is the temperature, and R is the gas constant. D0 and E

are constants for a given mineral phase; therefore these dif-
fusion parameters can be used to distinguish between Ar re-
leases from different minerals. Bulk loss experiments, as
used here, can only measure D0/a2, where “a” is the charac-
teristic diffusion distance (usually assumed to be the radius
of the grain). Dividing both sides of Eq. (1) by a2 can over-
come this limitation. However, mineral identification is eas-
iest by comparing values of E for the two samples, and is
the approach used here.

K-derived 39Ar collected from each extraction of a step-
heating experiment can be converted to log D/a2 for that
temperature (McDougall and Harrison, 1999). The results
are then graphed in an Arrhenius plot (log D/a2 vs. 1/T)
and fractional releases following Eq. (1) will form a straight
line with a slope proportional to E and an intercept of D0/a2.
Errors in 39Ar and 37Ar were propagated using the method
of Lovera et al. (1997), along with errors in the temperature
and heating duration. To determine which points fit the best
straight line, we use the method of Lovera et al. (1997) and
multiply a goodness-of-fit parameter (the P-value, hereafter
referred to as P) defined by Press et al. (1992) by the number
of points (N) in the fit. The set of points that gave the largest
value of P � N was taken to represent the best-fit line. As in
Weirich et al. (2012a), we normally only accept fits with a
P > 0.05, though due to the large number of fits analyzed
we have accepted a single fit with a P of �0.01.

To obtain accurate diffusion parameters, a single do-
main must be measured, and gas from other domains must
not be included in the reduction. If multiple domains are
present, as in these two meteorites, domain separation must
be performed mathematically using P � N. Re-extractions
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aid this procedure, because the second extraction at a tem-
perature will only have the same log D/a2 as the first extrac-
tion if a single domain was outgassing. Hence, extractions
that contain gas from multiple domains will form a line
with very small P. Due to the overlap between Ar releases
from different size domains, multiple cutoff temperatures
were assumed between the two domains, and the line with
the largest P � N for each cutoff was determined. The cutoff
that gave a line with largest P � N was taken to represent
the most accurate measurement of the diffusion parameters
for that domain.

Further procedural information can be found in Weirich
et al. (2012a).

3. RESULTS

The age data for Chico is consistent with that found in
Bogard et al. (1995), and the age data for NWA 091 can
be found in (Weirich et al., 2012b). Recoiled 39Ar, if pres-
ent, manifests as old ages at low temperature, a plateau at
medium temperature, and young ages at high temperature.
This occurs because kinetic energy transports 39Ar from K-
rich grains (artificially raising the measured 40Ar/39Ar ratio)
to K-poor grains (artificially lowering the measured
40Ar/39Ar ratio), and because the K-rich grains usually out-
gas before the K-poor grains. Chico has no evidence of re-
coil since most splits have a plateau at low temperature, and
the high temperature release, while partially reset, is older
than the low temperature plateau. The complicated age
spectrum of Chico prevents a conclusive determination that
there is no recoil, but the 39Ar release spectrum is very sim-
ilar to that of NWA 091, and NWA 091 certainly does not
appear to be affected by recoil. Both the low and high tem-
perature steps in NWA 091 form a plateau, showing that all
the 40Ar is supported by 39Ar.

3.1. Petrographic descriptions

Mineralogy and texture of NWA 091 and Chico are
shown in EA-1, please refer to that section for further
information.

3.1.1. Nwa 091

The olivines and pyroxenes in this sample are laced with
thin metal and sulfide veins up to 100 lm long. Much of the
metal and sulfide occurs as irregular blebs up to about one
lm in size, which are commonly aligned in what appear to
be healed fractures. These features indicate that the sample
was heavily fractured in the presence of metal-sulfide liquid
(Rubin, 1992). This disseminated metal and iron sulfide re-
sults in the opacity of the sample and silicate darkening.

The sample has silicate shock veins up to 100 lm in
width. The minerals in the silicate shock veins are too fine
to identify, but the contrast and textures in BSE images
suggest that they are composed of olivine, pyroxene and
plagioclase. The mafic minerals are euhedral to subhedral
whereas the putative plagioclase is anhedral and surrounds
the olivine and pyroxene.

BSE images show that the plagioclase grains in this sam-
ple are poikiolitic with irregular shapes that are common in
type 6 L chondrites. BSE images show no contrast varia-
tions in the plagioclase. The olivines and pyroxenes in-
cluded in the plagioclase are subhedral. A small amount
of poikiolitic plagioclase with abundant euhedral to subhe-
dral chromites also occurs in this sample. The portions that
have intergrowth of plagioclase and chromite suggest a
molten mixture of the two minerals during or after shock.

The abundance of silicate shock melt, the pervasive
blackening of the silicates and the lack of maskelynite or
other high pressure minerals in NWA 091 suggests that
the sample is highly shocked (S6), with the sample remain-
ing at high temperature after pressure release, consistent
with the extensive resetting of the Ar–Ar age.

3.1.2. Chico

The blackening of silicates in Chico is also a result of
disseminated metal and iron sulfides in the silicates (Rubin,
1992). In this case the density of metal-sulfide veins and
blebs is lower than in NWA 091, but they also indicate
abundant fracturing and mobile metal-sulfide melt during
shock. As in NWA 091, there is no indication of high-pres-
sure minerals or maskelynite.

This sample has abundant coarse-grained shock melt
veins and melt pockets up to several cm in size. Much of
the sample shows igneous textures that indicate crystalliza-
tion of low-pressure minerals (olivine, pyroxene, plagioclase
and metal-sulfide) from shock melt. Coarse-grained melt
veins observed with SEM show euhedral olivines enclosed
in subhedral pyroxenes, surrounded by interstitial plagio-
clase. Most striking is the texture of the plagioclase in these
portions. Plagioclase-rich regions have clearly igneous tex-
tures, with euhedral olivines and pyroxenes within and
especially at the margins of the plagioclase. The plagioclase
crystals have distinct radiating acicular habits, with crystals
about 2 lm wide and up to �50 lm long. These euhedral
plagioclase crystals commonly have interstitial pyroxene
and metal-sulfide. This texture indicates pervasive melting
of plagioclase rich parts of the sample with relatively slow
cooling after shock-pressure release.

Fine-grained shock melt veins are also present, but are
much less abundant than the coarse-grained shock melt,
and are similar to the shock veins in NWA 091.

3.2. Potassium mass balance

A K mass balance was performed on host material from
the Chico L6 impact melt breccia and NWA 091 by com-
bining the K abundance of each mineral with its modal
abundance. Microprobe measurements of the major sili-
cates in Chico host and NWA 091 are found in Tables 2
and 3, respectively. The coarse-grained melt in Chico is
compositionally the same as the un-melted portions, and
the two are not distinguished in Table 2, In Chico, a K sig-
nal was found in the fine-grained melt veins and two feld-
spathic phases. One of the feldspathic phases is
chemically oligoclase (Ab83An13Or4) and the identification
of the other could not be determined by its chemical com-
position, but it is enriched in K. This K-enriched phase is
a few lm in size, making it difficult to analyze, and to deter-
mine its nature a more thorough investigation would be
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needed. As noted below, however, this phase has a negligi-
ble effect on the K mass balance due to its low modal abun-
dance. NWA 091 has K signals in the same three phases as
Chico, though the oligoclase has slightly more K (Ab83A-
n12Or5), as do the fine-grained melt veins and K-enriched
phase (Table 3).
Table 2
Chico Major Silicate Mineral Composition.

Element
(wt.%)

Oligoclase-like
(n = 27)

K-enriched
(n = 4)

Olivine
(n = 10)

Na 6.64 ± 0.51 1.79 ± 1.79c <0.029
K 0.51 ± 0.12 2.17 ± 0.82 <0.019
Si 31.44 ± 1.25 30.91 ± 2.11 17.74 ± 0.13
Mg 0.08 ± 0.08a 3.71 ± 2.25 23.28 ± 0.24
Al 10.65 ± 0.76 6.70 ± 0.44 <0.016
Ca 1.84 ± 0.71 0.66 ± 0.81 0.07 ± 0.02
Mn <0.04 0.08 ± 0.02 0.37 ± 0.03
Fe 0.74 ± 0.43 3.38 ± 1.55 17.70 ± 0.26
Cr <0.05 0.06 ± 0.07b 0.05 ± 0.02b

Ti 0.10 ± 0.06b 0.11 ± 0.03 <0.06
O 48.79 ± 0.80 46.04 ± 1.55 40.80 ± 0.23
Total 100.81 ± 1.16 95.60 ± 2.01 100.06 ± 0.49
COMP An6–25Ab73–90

Or2–6

An2–17Ab28–69

Or14–63

Fo74–76Fa24–26

Cationsd 4.77–5.04 4.65–4.90 3.00–3.01

n.a. = not available.
For entries listed as <0.0XX, all measurements are zero or below detectio

a Detection limit is 0.02, all measurements are at least twice detection,
b Detection limits are 0.03–0.07, some measurements are above detecti
c Detection limit is �0.58, one measurement is below detection.
d Based on eight (Oligoclase-like and K-enriched), four (Olivine), or si

Table 3
NWA 091 major silicate mineral composition.

Element
(wt.%)

Oligoclase (n = 24) K-enriched
(n = 1)

Olivine
(n = 10)

Na 6.95 ± 0.29 3.26 <0.023
K 0.67 ± 0.09 5.19 <0.014
Si 30.11 ± 0.60 32.03 17.89 ± 0.06
Mg 0.19 ± 0.27a 0.04 23.40 ± 0.19
Al 11.25 ± 0.57 10.85 <0.018b

Ca 1.72 ± 0.17 0.09 0.03 ± 0.01
Mn <0.04b 0.02 0.37 ± 0.02
Fe 0.77 ± 0.56 0.61 17.59 ± 0.25
Cr n.a. n.a. 0.04 ± 0.07c

Ti 0.02 ± 0.01c 0.06 <0.016b

O 47.92 ± 0.40 48.62 40.97 ± 0.11
Total 99.62 ± 0.80 100.77 100.31 ± 0.36
COMP An10–16Ab81–84

Or4–6

An1Ab51Or48 Fo75–76Fa24–

Cationsd 4.86–5.08 4.83 3.00–3.01

n.a. = not available.
Unless otherwise noted, for entries listed as <0.0XX, all measurements
value is the detection limit.

a Detection limit is 0.02, most measurements are at least twice detectio
b The maximum measured value is slightly greater than the detection lim

the oligoclase).
c Detection limit is 0.02, some measurements are above detection, som
d Based on eight (Oligoclase and K-enriched), four (Olivine), or six (Py
Feldspar has five cations for every eight oxygen atoms.
The feldspathic phases in Chico do not seem to be crystal-
line feldspar, due to a cation number that is typically less
than 5. The K-enriched phase has an average cation num-
ber of 4.77, with the highest being 4.9, though this could
just be due to missing an important cation during analysis
Low-Ca Pyx
(n = 10)

High-Ca Pyx
(n = 10)

Melt vein or pocket
(n = 15)

0.04 ± 0.02b 0.35 ± 0.08 1.31 ± 0.58
<0.018 <0.019 0.10 ± 0.05
25.76 ± 0.23 24.89 ± 0.44 21.49 ± 2.06
17.12 ± 0.30 10.22 ± 0.57 14.88 ± 1.11
0.13 ± 0.04 0.40 ± 0.15 2.15 ± 0.84
0.96 ± 0.40 14.46 ± 1.87 1.92 ± 1.52
0.38 ± 0.02 0.20 ± 0.05 0.31 ± 0.05

10.50 ± 0.34 4.91 ± 1.54 14.79 ± 2.84
0.17 ± 0.07 0.61 ± 0.08 0.17 ± 0.13b

0.12 ± 0.04 0.23 ± 0.09b 0.07 ± 0.04b

44.42 ± 0.40 43.26 ± 0.52 41.88 ± 1.38
99.60 ± 0.82 99.53 ± 0.82 99.06 ± 1.25
En75–78Fs19–22

Wo2–5

En47–56Fs7–17

Wo30–46

n.a.

4.00–4.01 3.99–4.03 n.a.

n, strongly indicating 0 wt.%. The listed value is the detection limit.
large variability is due to a few large values.

on, some are below.

x (Pyroxene) oxygen atoms.

Low-Ca Pyx
(n = 13)

High-Ca Pyx
(n = 7)

Melt Pocket
(n = 1)

0.01 ± 0.01c 0.40 ± 0.05 0.89
<0.014 <0.014 1.58
25.91 ± 0.13 24.76 ± 0.10 24.03
17.55 ± 0.07 9.89 ± 0.06 14.05
0.09 ± 0.03 0.27 ± 0.05 3.21
0.57 ± 0.11 15.61 ± 0.38 1.29
0.39 ± 0.03 0.13 ± 0.02 0.23
10.77 ± 0.14 4.05 ± 0.27 10.32
0.08 ± 0.03 0.53 ± 0.10 n.a.
0.12 ± 0.03 0.27 ± 0.03 0.06
44.71 ± 0.13 42.95 ± 0.12 43.70
100.21 ± 0.23 98.87 ± 0.27 99.36

25 En77–78Fs20–21

Wo1–2

En46–47Fs8–9

Wo44–46

n.a.

4.00–4.02 4.01–4.02 n.a.

are zero or below detection, strongly indicating 0 wt.%. The listed

n, large variability is due to a few large values.
it (at most �30%), but only for a single analysis (two analyses for

e are below.
roxene) oxygen atoms.
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(such as Rb, Sr, Cs, or Ba), as evidenced by the low element
totals (Table 2). The oligoclase-like phase is much closer,
but still has an average cation number of 4.94, with only
four of 27 measurements equal to 5.0. While the element to-
tals of the oligoclase-like phase in Chico sum to �100, the
cation number is <5, suggesting the meteorite does not have
crystalline feldspar (but see Section 3.3). The oligoclase in
NWA 091 has an average cation number of 5.01. Fourteen
of the 24 measurements are within 0.01 of 5, with only one
measurement more than 0.1 away from 5. This is a good
indication the oligoclase in NWA 091 is crystalline feldspar.
The K-enriched phase has a cation number of 4.83, indicat-
ing it, like that in Chico, is not crystalline feldspar.

Fig. 2a and b show X-ray maps of Mg, Al, and Ca for
Chico and NWA 091, respectively. As explained in Sec-
tion 2.3, the techniques used for phase mapping on both
meteorites gave results consistent with L6 chondrites, but
with some scatter, so we used major silicate abundances
measured by XRD and reported in Dunn et al. (2010).
The coarse-grained recrystallized melt in Chico has a simi-
lar composition and grain size when compared to the meta-
morphic texture, and here no distinction between the two is
made. The fine-grained melt veins/pockets in Chico were
identified by optical microscope and constitute �1.5 vol.%
of the meteorite (Fig. 2a). The abundance of the K-enriched
phase in Chico was determined using the high-resolution K
maps, and choosing a threshold that gives the maximum
modal abundance (Table 4). For NWA 091, the melt
veins/pockets and the K-enriched phase have more K in
them than the oligoclase and can be identified in the low-
resolution K map (Fig. 2c). The sum of the melt and K-en-
riched phase was determined by choosing reasonable ranges
of threshold settings, which gives a summed abundance of
0.06–0.20 vol.%. A high-resolution K map of NWA 091
was not created, so the abundance of the K-enriched phase
cannot be separated from the melt. However, this separa-
tion is not needed to perform a sufficient K mass balance.
Visual inspection of BSE images indicates that the melt
veins are more abundant than the K-enriched phase, which
is usually contained within the melt. Hence, the maximum
abundance is closer to 0.06 vol.%, and not 0.20 vol.%.
Table 4
K mass balance of chico.

Phase K wt.% Phase wt.% of average L6 chondritea

Oligoclase-like 0.51 ± 0.12 9.5 ± 0.5
K-enriched 2.17 ± 0.82 <0.02b

Total n.a. n.a.
Melt Veinc 0.10 ± 0.05 �1.5b

Olivine <0.019d 43.0 ± 1.6
Low-Ca Pyx <0.018d 21.7 ± 0.9
High-Ca Pyx <0.019d 8.1 ± 0.4

n.a.-Not applicable.
a From Dunn et al. (2010), unless otherwise noted.
b This work. This measurement is actually vol.%, but conversion to wt
c Melt veins are not included in the total because, if re-crystallized, they

proper handling would be a second order effect.
d Detection limit for K. All measurements are below detection. While th

the K, there is no evidence they contain any K.
e The high T release contains 30–40% of the 39Ar.
Table 4 combines the microprobe data with the mineral
abundance to get the total K concentration of Chico, and
also shows the K concentration determined by 40Ar–39Ar
analysis of whole rock chips. The oligoclase-like phase
dominates the K budget of the meteorite. The K-enriched
phase has a negligible contribution to the overall K budget,
and the fine-grained melt vein contribution (while not fully
accounted for) would be a second-order effect. The maxi-
mum K contribution (see Section 2.2) from olivine, low-
Ca pyroxene, and high-Ca pyroxene is listed in Table 4.
Realistically though, these three minerals probably have
virtually no K at all, since they had no measurement above
the detection limit of �0.019 wt.% K. The K mass balance
and 40Ar–39Ar analysis for NWA 091 are shown in Table 5,
with similar results. Tables 4 and 5 show that olivine and
pyroxene could at most account for �22% and �13% of
the K in Chico and NWA 091, respectively. These values
are below the 30–40% and 60–70% needed to account for
the high temperature release in Chico and NWA 091,
respectively.

In Table 5, the samples of NWA 091 used for 40Ar–39Ar
analysis give a K abundance that varies by �30%. This
should not be a cause for alarm, because 15–20 mg samples
are too small to be representative of the meteorite. In fact,
100 mg samples of L6 chondrites are not even large enough
to represent the meteorite, and will produce a feldspar var-
iability of �10% (Haas and Haskin, 1991). The K mass bal-
ances in Tables 4 and 5 both give a lower K concentration
than that measured by 40Ar–39Ar analysis. However, be-
cause they are still within error, and because the splits used
to make thin sections were different from the splits used for
40Ar–39Ar analysis, feldspar variability is a likely
explanation.

A more accurate K mass balance would be needed to
determine how much of the K is located in the fine-grained
melt, K-enriched phase, or other silicates. However, many
meteorites have �50% of the K in the high temperature
39Ar release. None of the other K sources come close to
having an amount of K equal to that in the oligoclase. In
fact, we can rule out a large contribution from other reser-
voirs even without measuring their K concentration, since
K ppm contribution (microprobe data) K ppm (Ar data)

485 ± 117 n.a.
<4 ± 2 n.a.
�489 ± 117 544–640e

�15 ± �8 n.a.
<�82 n.a.
<�39 n.a.
<�15 n.a.

.% would be nearly identical.
will have been counted as feldspar. They are included here to show

ese minerals could contain a combined total of as much as �22% of



Table 5
K mass balance of NWA 091.

Phase K wt.% Phase wt.% of average L6 chondritea K ppm contribution (microprobe data) K ppm (Ar data)

Oligoclase 0.67 ± 0.09 9.5 ± 0.5 637 ± 92 n.a.
K-enriched 5.19 <0.06b <31 n.a.

Total n.a. n.a. �668 ± 92 900 ± 284e

Meltc 1.58 <0.20b <32 n.a.
Olivine <0.014d 43.0 ± 1.6 <�60 n.a.
Low-Ca Pyx <0.014d 21.7 ± 0.9 <�30 n.a.
High-Ca Pyx <0.014d 8.1 ± 0.4 <�11 n.a.

n.a.-Not applicable.
a From Dunn et al. (2010).
b This work. This measurement is actually vol.%, but conversion to wt.% would be nearly identical.
c Melt veins are not included in the total because, if re-crystallized, will have been counted as feldspar. They are included here to show

proper handling would be a second order effect.
d Detection limit for K. All measurements are below detection. While these minerals could contain a combined total of as much as �13% of

the K, there is no evidence they contain any K.
e The high T release contains 60–70% of the 39Ar.

Fig. 3. Raman spectra of Chico and NWA 091 feldspathic phases,
along with an oligoclase standard. One other spectrum of Chico,
and fourteen other spectra of NWA 091, are very similar to the
ones shown here. The remaining spectra have obvious peaks from
feldspar, but also exhibit pronounced peaks from pyroxene or
olivine (Fig. 4).
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oligoclase can account for all the K-derived 39Ar in both
meteorites. If there is another large reservoir of K in these
meteorites, the oligoclase should account for only about
half the K-derived 39Ar.

3.3. Raman spectroscopy

The transformation of feldspar (ordered) to diaplectic
glass (disordered) has a distinct effect on vibrational modes.
Velde et al. (1989) and Heymann and Hörz (1990) studied
the effect of this transformation on Raman spectra and
found it to cause progressive line broadening, decrease in
line intensity, and the loss of low signal lines. Additionally,
Velde et al. (1989) found heavily shocked albite to have
three types of spectra; those of normal feldspar, disturbed
feldspar, and glass. The disturbed feldspar spectra are
accompanied by spectra of glass, which they attribute to in-
ter-layering of crystalline and glassy zones. Another possi-
ble shock effect is a high-pressure polymorph of feldspar,
such as feldspar that has been converted to a hollandite
structure (Ringwood et al., 1967; Liu, 1978). Synthetic
NaAlSi3O8-hollandite can be created at �1025 �C and 12–
24 GPa (depending upon chemistry), but is only rarely
found in natural samples (Gillet et al., 2000; Tomioka
et al., 2000), making it a potential, though unlikely, candi-
date for the high temperature release. Raman spectroscopy
can be used to identify NaAlSi3O8-hollandite because its
spectrum is distinct from glass and feldspar. Spectra for
feldspar glass and NaAlSi3O8-hollandite can be found in
Velde et al. (1989) and Gillet et al. (2000), respectively, as
well as in EA-1.

Raman spectra were collected from the feldspathic phase
in Chico and NWA 091, the results of which are shown in
Figs. 3 and 4. Also shown in Fig. 4 are spectra of olivine,
pyroxene, and feldspar from the RRUFF repository
(Downs, 2006). The feldspar spectra in Figs. 3 and 4 are
not an exact match to the oligoclase standard, but both
are nonetheless crystalline feldspar. Fourteen of the NWA
091 spectra and two of the Chico spectra are of pure feld-
spar, like spectrum “Chico” in Fig. 3. Most of the rest
are a mixture of feldspar and pyroxene and/or olivine, such
as the spectrum labeled “Chico (Fsp+Px+Ol)” in Fig. 4,
although two spectra from each meteorite (out of 20 for
Chico and 21 for NWA 091) exhibit background fluores-
cence. The larger number of pure feldspar spectra in
NWA 091 is not due to larger grains (or any other intrinsic
effect), but instead is due to more successful repositioning of
the laser when adjacent minerals were present. Addition-
ally, the feldspar in Chico has more pyroxene and olivine
inclusions than the feldspar in NWA 091, and even though
the spot size is small (1 lm), some sampling of minerals be-
low the surface can occur.

Spectrum “Chico” in Fig. 3, and the others like it, ap-
pear to be from mostly crystalline material. Spectrum
“Chico” has peaks at 281, 477, 509, 572, 793, and
1102 cm�1 that are nearly identical with those found in
the oligoclase standard. There is another peak at



Fig. 4. Raman spectra showing peaks from adjacent/included
minerals. Note that peaks from all three minerals can be seen in
spectrum ”Chico (Fsp+Px+Ol)”. Fsp = feldspar; Px = pyroxene;
Ol = olivine. Further details of the spectra and terrestrial minerals
can be found at rruff.info/X050080, rruff.info/X050068, and
rruff.info/R070268, respectively.

Fig. 5. Plot of 39Ar (or 37Ar) released from Chico host (split CA4)
and NWA 091, normalized by the heating duration and difference
in temperature. Solid line shows an Arrhenius model built using the
measured diffusion parameters of 39Ar in NWA 091.
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408 cm�1, which coincides with feldspar, and is also present
in most of the other spectra. However, many spectra have
peaks from pyroxene, one of which is at 401 cm�1

(Fig. 4). While the pyroxene lines at 234, 341, 662, 681,
and 1006 cm�1 are not present in spectrum “Chico”, differ-
ent orientations of grains can cause some lines to not be
present (i.e. that mode may not be excited by the sample
in a particular orientation), so we will be cautious and dis-
regard the line at 408 cm�1 (Smith and Dent, 2005). Finally,
spectrum “Chico” has a peak at 962 cm�1, which is proba-
bly due to an olivine peak at 965 cm�1, and should also be
disregarded. All spectra contain a very broad peak at
�280 cm�1, and sharper peaks at �480 and �510 cm�1.
Most spectra contain a peak at �580 cm�1, while some con-
tain a peak at �790 and/or �1100 cm�1. In the region from
200 to 400 cm�1, none of the spectra contain lines that can
be definitively interpreted as coming from feldspar, except
for the line at �280 cm�1. The “NWA 091” spectrum in
Fig. 3 is nearly identical to “Chico”, but with slight peaks
from olivine.

Given the similarity of the Chico and NWA 091 feldspar
spectra to the oligoclase standard, there is not much evi-
dence for glass. Glass would exhibit very broad peaks cen-
tered around 500, 800, and 1100 cm�1, something which is
not seen in either meteorite. All spectra have a very strong
signal from crystalline feldspar, and no evidence of hollan-
dite is seen. The minor line broadening that is seen in the
major lines indicates the crystalline feldspar has Si/Al and
K/Na disordering (Bendel and Schmidt, 2008).

3.4. Diffusion parameters of shocked meteorites

3.4.1. Criteria for domain separation

To obtain accurate diffusion parameters, the two Ar re-
leases must be properly separated (Section 2.6). The criteria
for these two meteorites follow essentially the same criteria
as those found in Weirich et al. (2012a). Basically, we as-
sume that there is a low temperature (T) release and a high
T release and that no extraction contains gas from both,
and then treat each release separately. The criteria for the
low T release are the same as for the albitite in Weirich
et al. (2012a), and the criteria for the high T release are
the same as for the pyroxenite. The description of the pro-
cedure is briefly repeated in EA-1.

3.4.2. Diffusion parameters of Chico

Both the K-derived 39Ar and the Ca-derived 37Ar are
used in this study. The release plot for sample CA4 is shown
in Fig. 5. Both isotopes show an obvious change of domain
around 900–950 �C. A potential change of domain can also
be spotted around 575 �C, where the slope of both isotopes
changes sharply. The isotopes mirror one another fairly
well until about 1100 �C, where 39Ar drops much more rap-
idly than 37Ar. An Arrhenius plot of Chico sample CA4 is
shown in Fig. 6. Notice that at 575 �C (11.8 � 10�4 K�1 in
Fig. 6) the slope changes here as well. This is a good indi-
cation that there are two releases below 1000 �C in the Chi-
co meteorite, though because of significant overlap,
mathematical domain separation is impossible. We can
only say that 3–5% of the K-derived 39Ar is released below
�575 �C, and 55–60% between �575 and �950 �C, depend-
ing upon the split. In the other sample of Chico (CA2), this
second low T release is seen in 39Ar, but does not appear to
be present in 37Ar, though it could just be a problem of low-
er temperature resolution. Because domain separation is
impossible, the gas below 1000 �C will continue to be re-
ferred to as the low T release, even though it technically
contains at least two overlapping releases.

The criteria of Section 3.4.1 were followed as closely as
possible, but given the overlapping releases, modifications
are required. Rather than trying to separate the gas below
1000 �C into two releases, it is instead left as a single re-
lease, but a line is fitted to both linear portions. While a
lack of domain separation will often lead to erroneous val-
ues for log D0/a2, the shape and slope of the linear portions
are only mildly affected (see the difference between 39Ar and
37Ar in Fig. 6, and the similarity of 39Ar and 37Ar in Fig. 7).
Deviations from the criteria in Section 3.4.1 are listed in
EA-1. Results are shown in Fig. 7 and Table EA-1-1. Note



Fig. 6. Arrhenius plot for 39Ar (39) and 37Ar (37) from Chico host
(split CA4) and NWA 091 (split NB5). Note that, in this plot, 39Ar
and 37Ar behave differently at low temperature.

Fig. 7. Comparison of domain separated 39Ar (39) and 37Ar (37) of
two splits of Chico host. The points used to determine the diffusion
parameters are given in Table EA-2-1. Note the effect of domain
separation on the low temperature releases (L) of 39Ar and 37Ar,
which are now nearly the same. H = high temperature release.

Fig. 8. Comparison of domain separated 39Ar (39) and 37Ar (37) of
two splits of NWA 091. The points used to determine the diffusion
parameters are given in Table EA-2-2.
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that sample CA4 used temperature cycling, while sample
CA2 did not.

3.4.3. Diffusion parameters of NWA 091

As in the case of Chico, both K-derived 39Ar and Ca-de-
rived 37Ar for NWA 091 are used to determine the diffusion
parameters. The release plot for NWA 091 is shown in
Fig. 5. As for Chico, there is an obvious change of domain
around 850–950 �C in 39Ar and 37Ar. Also like Chico, at
high temperature 39Ar drops more rapidly than 37Ar,
though in this case the 39Ar begins dropping at a lower tem-
perature (�1025 �C instead of �1100 �C). Unlike Chico,
the low T domain of 39Ar appears to only have a single re-
lease, which contains 35–40% of the K-derived 39Ar. 37Ar at
low T in Fig. 5 is a bit more complicated. There is a sharp
rise in 37Ar from �475 �C to 525 �C, and then a rapid drop
back down to a mostly flat profile. Evidently a Ca-bearing/
K-free domain began outgassing and was quickly ex-
hausted. The other split of NWA 091 did not have a Ca-
bearing/K-free domain at low temperature; instead 39Ar
and 37Ar mirror each other quite closely. As discussed be-
low, this domain may represent a single grain of anorthite
or Ca phosphate.

An Arrhenius plot of NWA 091 is shown in Fig. 6. The
Arrhenius plot confirms that the low temperature release of
39Ar is indeed only a single release; there is no change of
slope. The presence of another release in 37Ar is also con-
firmed in the low temperature regime, and we can now
see that the E (slope) for the intervening release is larger
than the main low T 37Ar release. The small number of
points prevents a rigorous determination of the slope for
the intervening release, but it is in the range of 40–
60 kcal/mol, consistent with unshocked anorthite, as indi-
cated by the Ca-rich but K-free nature of the source. Ca
phosphate is another potential source, though because the
activation energy (E) for Ar in Ca phosphates has never
been measured, we do not know if this release is consistent
with Ca phosphate. Because this release is quickly ex-
hausted, it must be from a single grain size. Multiple grain
sizes would extend the release over a larger temperature
range. Because the source is a single grain size that is not
present in the other sample, we propose the release is due
to a single grain of anorthite or Ca phosphate that just hap-
pened to be in the split we analyzed, and is not representa-
tive of the entire meteorite.

As for Chico, the domains are separated mathematically
(deviations from the criteria of Section 3.4.1 are listed in
EA-1). The results are shown in Fig. 8, and Table EA-1-
2. Note that sample NB5 used temperature cycling, while
sample NB1 did not.

4. DISCUSSION

The K mass balance of Chico host and NWA 091 both
show that oligoclase can account for all the K in the mete-
orite; no other phase is necessary, and no lamella were
found in the thin section. Raman spectroscopy of Chico
and NWA 091 feldspar show that the oligoclase is crystal-
line feldspar; no glass or high-pressure phases of feldspar
are present in substantial quantities. Because the presence
of two K domains is only found in the Ar data, understand-
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Fig. 9. Activation energies (E) of the releases in Chico host (dark
gray), NWA 091 (light gray), and common meteoritic minerals
(white). Minerals are from Weirich et al. (2012a,b). UA = unshoc-
ked albite, C1L/C2L = Chico 1st/2nd low T release, SA = shocked
albite, NL = NWA 091 low T release, UP = unshocked pyroxene,
SP = shocked pyroxene, UHP = unshocked high-Ca pyroxene,
CH = Chico high T release, NH = NWA 091 high T elease,
Ol = Olivine.*Excludes results from split CA2. See Table 5.
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ing the Ar diffusion system of chondrites is critical. An
equally critical, and related, problem is that the melt often
appears older than the host due to shock re-distribution of
40Ar (McConville et al., 1988), though this related problem
is left to a future study (see below).

Previous experiments had a second temperature release
between 1300 and 1400 �C (Fig. 1), while we see the second
release between 1000 and 1100 �C in both meteorites. We
confirmed our temperatures by melting pure metals of var-
ious compositions, so it cannot simply be an issue of uncal-
ibrated temperature. Because the K/Ca ratio and age
spectrum of Chico is consistent with that found in Bogard
et al. (1995), the two releases must be the same, despite
the temperature difference. Previous work on the diffusion
parameters of the ordinary chondrite releases showed the
low temperature release has an Ar activation energy (E) be-
tween 20 and 50 kcal/mol, while the high temperature re-
lease has an E > 70 kcal/mol (Turner et al., 1978; Bogard
and Hirsch, 1980; Bogard et al., 1995; Kunz et al., 1997).
We have measured the diffusion parameters of Chico and
NWA 091 with two extractions at each temperature, and
using a high temperature resolution, to ensure a robust re-
sult. In addition to broadly confirming previous results, a
detailed understanding of diffusion in these two meteorites
is obtained. Results are shown in Table 6. Weirich et al.
(2012a) measured the Ar diffusion parameters of terrestrial
Na-rich feldspar and terrestrial pyroxene for experimental
shock pressures of 0 to �60 GPa, as well as extraterrestrial
olivine of an undetermined shock pressure. Fig. 9 compares
the Ar activation energies of Chico and NWA 091 to the re-
sults of Weirich et al. (2012a). Implications for the low and
high temperature releases are discussed below.

As in previous studies, the K/Ca ratio of the low temper-
ature release in both meteorites matches that of the feld-
spar. The similarity of the Ar activation energies (E) of
the low temperature release of NWA 091, the 1st low tem-
perature release of Chico, and shocked feldspar, indicate
that both meteorites have shocked feldspar. The shocked
feldspar contains 35–40% of the K-derived 39Ar in NWA
091, and 3–5% of the 39Ar in Chico, depending upon the
split. The 2nd low temperature release of Chico has an Ar
activation energy (E) that matches unshocked feldspar to
within 1r, and contains 55–60% of the 39Ar.

The low temperature Ar measurements of Chico are
completely consistent with the Raman spectra (Section 3.3),
which indicate the feldspathic material is indeed dominated
by crystalline (though disordered) feldspar. The lack of an
obvious Raman signal from glass is somewhat curious,
Table 6
Diffusion summary.

Chico

E (kcal/mol) log D

1st Low T release 25.13 ± 4.54 �0.01 ±
2nd Low T Release 51.24 ± 4.70 6.54 ±
High T Release 135.5 ± 6.5b 16.5 ±

a Probably not accurate due to lack of proper domain separation.
b Excludes results from CA2: 37Ar lacks statistical significance, and 39A
�115 ± 35 kcal/mol and log D0/a2 of �13 ± 6 1/s.

c Includes all results (even the questionable ones), a more careful picki
but given the low abundance of gas in the first low temper-
ature release in Chico (�5% of the 39Ar), and the fact that
glass and crystal would be intimately mixed, it is not clear
that an obvious signal should be present. The S6 shock
stage of Chico (Bogard et al., 1995) would normally indi-
cate the presence of glass, but post-impact cooling has
caused re-crystallization. If small amounts of glass are in-
deed mixed with the feldspar, it may explain the slightly
low cation numbers found via the microprobe (Section 3.2).

The lack of glass in NWA 091 is curious, because the Ar
E of the low temperature release matches shocked feldspar
that was converted to maskelynite (i.e. converted to glass
without melting). If �40% of the feldspar is maskelynite,
which seems to be indicated by Ar diffusion, it is highly un-
likely that a signal from glass would not be present in any
of the grains analyzed by Raman spectroscopy. Evidently
the diffusion rate of Ar can be lowered without changing
the structural state of the feldspar. Without further investi-
gation, such as using cathodoluminescence to detect the
presence of maskelynite, this issue cannot be resolved.

Both Chico and NWA 091 show that the high tempera-
ture release has an E that is much too high for feldspar, and
is similar to that of unshocked pyroxene (Fig. 9). As stated
previously, this release cannot be recoil from feldspar, be-
cause the age of this release is either the same (NWA 091)
NWA 091

0/a2 E (kcal/mol) log D0/a2

1.10a 27.35 ± 6.24c 1.32 ± 1.60c

1.23a n.a. n.a.
1.5b 117.0 ± 10.7 13.7 ± 1.8

r appears to be an outlier. Including 39Ar from CA2 gives an E of

ng would only produce changes within error.
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or older (Chico) than the low temperature release (Bogard
et al., 1995; Weirich et al., 2012b). There is some evidence
for high E pathways in gem quality feldspar, though none
are above 65 kcal/mol (Arnaud and Kelley, 1997; Wartho
et al., 1999). Moreover, if the source of the high tempera-
ture release were a high E pathway in the feldspar, the dif-
fusion rate would have to be similar to the diffusion rate in
pyroxene, which is possible but not probable. Sources such
as feldspathic melt or glass, whether created by shock or by
step heating during Ar extraction, will have a lower E than
crystalline feldspar, not a higher E (Behrens, 2010). The
high E suggests pyroxene contains the K, though as shown
in Section 3.2, the pyroxene does not contain K measurable
by microprobe. Because the Raman spectra have no indica-
tion of a high-pressure phase of feldspar, pyroxene with
feldspar inclusions would seem to be the best explanation
of the Ar data.

To demonstrate how well the measured diffusion param-
eters capture the actual release pattern, Fig. 5 compares a
model to actual 39Ar data from NWA 091 split NB5. The
model was built using the heating schedule for split NB5,
the measured diffusion parameters from Table EA-1-2 for
split NB5, and by partitioning the gas <850 �C into the
low temperature domain, and the gas >850 �C into the high
temperature domain. If we were to instead use the E values
for shocked feldspar and unshocked pyroxene from Weirich
et al. (2012a), and treat log D0/a2 as a free parameter, an
equally good fit can be obtained using values that are within
1r of the measured log D0/a2 for the low T release, and
within 2r for the high T release.

The low T release is a very good fit; only the first few
points are different. This difference is probably due to smal-
ler grains that are quickly exhausted, or due to alteration
phases. The high T release is a good fit until �1025 �C,
where the measured Ar drops off rapidly but the model rolls
Fig. 10. BSE image of melt (center: mottled appearance) in NWA 091. B
(Ol, slightly brighter) or pyroxene (Px, slightly dimmer), dark gray is fel
over before dropping. A mismatch at high T is not unex-
pected, since bulk loss models assume the initial 39Ar is
evenly distributed in the diffusing medium, an assumption
that is violated by inclusions. The release plot for Ca-de-
rived 37Ar (Fig. 5), however, does indeed roll over just as
the model, showing that we have properly described the
Ar release from pyroxene. Another feature that the model
does not capture is the increase of 39Ar at 1150 �C. Recoil
cannot be important for this portion of the release either,
because all steps have the same apparent age (Weirich
et al., 2012b). Presumably there is another domain at high
T, though due to the low temperature resolution it cannot
be identified via the Arrhenius plot. If this domain is due
to inclusions, it could be either inclusions in a larger grain
size of pyroxene, or another chemical domain such as oliv-
ine. A precise fit cannot be obtained with either scenario,
but larger pyroxene grains seem to work better than olivine.

While the Ar data give a strong indication that the high
T release is from feldspar grains enclosed in pyroxene, is
this actually seen in the thin section? Most of the feldspar
in Chico host and NWA 091 appears interstitial. Volume
diffusion initially transports Ar to the surface of a feldspar
grain, and then grain boundary diffusion transports the Ar
out of the sample almost instantaneously. For volume dif-
fusion to transport Ar through another mineral, the feld-
spar must be fully enclosed by a single grain, and no
cracks or other faster pathways can be available. As an
upper limit, we assume feldspar grains surrounded in two
dimensions by another mineral are enclosed, and ignore
grain boundaries and cracks. Using BSE images, the per-
centage of feldspar “enclosed” is determined by area, not
by number of grains. Even with these loose requirements,
a 1.6 mm2 area of NWA 091 has only 12% of the feldspar
“enclosed” in pyroxene; much less than the 60–70% that
would be required by the Ar data. For comparison, 14%
right material is Fe–Ni metal or troilite (M/Tr), light gray is olivine
dspar (Fsp).
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of the feldspar is “enclosed” in olivine, even though the Ar
data does not at all indicate enclosure in olivine. Visual
inspection of Chico host also does not show a large amount
of feldspar inclusions, where 30–40% would have to be en-
closed to explain the high T release.

The melt in Chico host and NWA 091 might appear to
be an attractive source of the high T release. In other mete-
orites, the Ar in the melt is mostly contained in the high T

release (Fig. 1). Additionally, the fine-grained melt in both
Chico and NWA 091 has a fine mottled appearance in BSE
images, and contains grains of feldspar (Fig. 10). A higher
resolution image of the fine-grained melt is found in EA-1.
It is possible that the melt contains fine-grained pyroxene
that is rich in K, or that the melt is re-crystallized and all
the pathways leading from the feldspar to the edge of the
melt have a high E, but these ideas are both just specula-
tion. Regardless, the fine-grained melt is not abundant en-
ough to constitute a large portion of the K budget in
these two meteorites (Tables 4 and 5), and therefore cannot
be the source of the high T release.

This study appears to have eliminated all the previous
suggestions of the source of the high T release. It is not a
chemical difference, since virtually all the K is in oligoclase.
Shock has not converted large amounts of oligoclase to a
high-pressure phase of feldspar, and shock has not simply
increased the diffusion distance because that cannot explain
the high E. Feldspar inclusions in pyroxene, or some as yet
unknown characteristic of the melt, may satisfy the con-
straints, but neither appear to be abundant enough to con-
stitute �50% of the K.

Since mineral separation of ordinary chondrites is diffi-
cult (Cressy, 1971), Ar analysis via ablation with a laser
microprobe might be the logical next step. While laser
microprobe data cannot be used to determine diffusion
parameters, it can be used to determine the age. Because
the two temperature releases have different diffusion param-
eters, they will have different ages in some meteorites, Chico
being one of them (Bogard et al., 1995). By spatially resolv-
ing the high temperature release in the host material, it
could be possible to take a major step towards understand-
ing the source of that release.

5. CONCLUSIONS

� Crystalline oligoclase can account for all the K in host
material from Chico host and NWA 091; no evidence
for glass or a high-pressure phase of feldspar is found.
� The low temperature Ar release in host material from

Chico host and NWA 091 is from shocked and/or
unshocked feldspar.
� The formation of glass or maskelynite is apparently not

required to lower the activation energy of feldspar.
� The nature of the high temperature Ar release is better

understood, but its source remains unidentified. What
is known is that the high temperature Ar release must
be related to the feldspar to satisfy the K mass balance,
and it also has an activation energy similar to pyroxene.
Feldspar inclusions in pyroxene satisfy these constraints,
but they are not abundant enough to be the source. Melt
veins/pockets are also not abundant enough to be the
source. Recoil is ruled out by the age data.
� Using a 40Ar/39Ar laser microprobe to spatially resolve

the older high temperature release from the younger
low temperature release in host material, such as Chico,
may provide a major step towards identification of the K
sources in ordinary chondrites.
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Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
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