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Abstract: Pyroxene spectral features in the visible near-infrared (VNIR) and mid-infrared (MIR)
wavelengths are affected by oxidation resulting from traditional metamorphic processes as well
as impact metamorphism. The observed effects are due to modifications in the crystal arising
from changes in crystallization temperature or pressure or from substituting Fe*" for Fe**. Highly
oxidized pyroxenes from terrestrial mantle xenoliths and shock experiments indicate that the
spectral effects of oxidation are greater in clinopyroxene than orthopyroxene because
clinopyroxene can accommodate more Fe** structurally. Changes in clinopyroxene VNIR related
to increasing oxidation include a shift in the 0.8 um absorption band to shorter wavelengths and
a strengthening of the Fe**«<>Fe*" intervalence charge transfer (IVCT) band, which reduces the
band depth of the 1.0 um feature by ~20%. Although shocked clinopyroxenes are oxidized to
similar levels to that seen in the mantle xenoliths, the effects of shock overprint those of
oxidation in the VNIR. These include a decrease of ~76% intensity of the 2.35 um feature and a
decrease of ~70% intensity of the 1.0 pm feature. In the MIR, the effects of oxidation and shock
are minimal, resulting in a 5% overall decrease in band depth. These shifts and changes can be
interpreted as a result of changes in the polyhedra surrounding the Fe cations which reduce
crystal field splitting and the order of the crystal structure. Determination of planetary surface
composition through VNIR remote sensing methods requires careful consideration of potential
changes induced via shock and/or oxidation processes.

1. Introduction

Pyroxene is an abundant rock-forming mineral that serves as an important recorder of
petrologic processes on Earth and throughout the Solar System. Pyroxenes of various
compositions have been observed in a wide-range of planetary materials including the igneous
and metamorphic materials that comprise the surface and interior portions of both
undifferentiated and differentiated bodies [e.g., Papike et al., 2016]. Pyroxene compositional
variations can be used to determine physical conditions such as temperature, pressure, and
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oxygen fugacity (fo2) that were present in a rock’s source region [e.g., Lindsley and Anderson,
1983; Mattioli and Wood, 1988; Ballhaus et al., 1990; Wood, 1991]. This combination of
abundance and ability to act as a geologic recorder have made pyroxene a powerful recorder of
geologic processes from the start of the Solar System through the present and made it imperative
to fully identify and constrain pyroxene composition when encountered either in person or
remotely.

Characterization of pyroxenes using remote sensing methods is integral to determining
planetary surface compositions. Previous studies to characterize pyroxene reflectance spectra as
a function of quadrilateral composition [Hamilton, 2000; Klima et al., 2007, 2011] relied on
samples experimentally grown and equilibrated under reducing conditions [ Turnock et al., 1973].
Spectra of natural pyroxene samples are much more complicated to interpret due to the presence
of additional cations available for substitution, such as Fe’" and Al [i.e., Cloutis, 2002], and to
geologic overprints such as oxidation or shock. It is imperative to document compositional
variations outside the pyroxene quadrilateral and their effects on spectral features to better
constrain planetary surface compositions.

Oxidation is a common terrestrial process, often correlated with the presence of water via
metasomatic episodes. It generally results in increasing amounts of higher valence state cations,
such as Fe**, Cr**, or Ti*". Indeed, the presence of measurable Fe** in minerals and melts is often
used as a proxy for H>O. For example, high H diffusivities in amphibole may result in partial
dehydration during ascent, removing much of the mantle water signature [Dyar et al., 1992,
1993]. The charge on the H ion is left behind in the structure during diffusion, via the
dehydrogenation reaction:

H+mineral + Fez+mineral <~ 1/Z[HZ] gas + F63+minera1-

Such dehydrogenation of amphibole may result in concomitant increases in Fe*
concentration, resulting in higher Fe*/Fe?" ratios. This process may also occur in pyroxenes,
which have been shown to contain H2O in concentrations as high as 387 ppm in martian
nakhlites (Peslier et al., 2019).

It has long been known that significant Fe*" substitution occurs as a result of oxidizing
conditions during the crystallization of terrestrial pyroxenes [Ohashi and Hariya, 1970; Ghose et
al., 1975, 1986, Akasaka, 1983; Kurepin et al., 1981]. For example, Dyar et al. [1989, 1992] and
McGuire et al. [1991] studied mantle samples and noted that clinopyroxenes were typically 12-
33% Fe’*, while orthopyroxene ranged from 4-9% Fe**. Substitution of Fe** for Fe?" in pyroxene
cannot be charge balanced by hydrogen, but rather is accommodated by other cation substitutions
in the structure, especially AI** for Si*". The presence of such substitution presents a
fundamental complication for many oxybarometers [e.g., Buddington and Lindsley, 1964;
Mattioli and Wood, 1988; Ballhaus et al., 1990; Wood, 1991; Sack et al., 1980; Christie et al.,
1986; Kress and Carmichael, 1991; Cottrell et al., 2009], making constraining mineral Fe**
contents important in the context of understanding oxygen fugacity (fo2).

In addition to oxidation occurring via metasomatism, recent work has also documented
oxidation occurring in clinopyroxene as a result of shock metamorphic processes [McCanta and
Dyar, 2017]. However, it was difficult to distinguish between spectral features related to shock
and those arising purely from oxidation because little data from oxidized pyroxenes were
available. Here we present new VNIR and MIR data on additional shocked samples and a large
range of heavily oxidized clino- and orthopyroxenes from a variety of metasomatized mantle
xenoliths [McGuire et al., 1991]. The latter samples have not been subjected to shock and
therefore can be used to constrain the effects of increasing oxidation state on pyroxene spectral
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features. In this study we present 1) new VNIR and MIR data constraining the spectral changes
observed in terrestrially oxidized pyroxenes relative to synthetic pure-Fe?* samples, and 2)
compare the spectral features to those observed in shock oxidized pyroxenes to determine if the
effects of shock and oxidation can be differentiated.

2. Background

Although shock likely induces both high temperatures and pressures, their collective or
individual effects on pyroxene spectroscopy have not been recently studied. VNIR spectral
changes with pressure, temperature, or oxidation should be seen in three types of phenomena:
crystal field (CF) bands, metal-metal intervalence charge transfer (IVCT) bands, and oxygen to
metal charge transfer (OMCT) transitions [Burns, 1993]. Of these, the CF bands have been well-
studied under ambient conditions, most recently by Klima et al. [2008, 2010], but only decades-
old data are available for other conditions. MIR spectral changes with pressure, temperature, or
oxidation are less well described in the literature [e.g., Johnson et al., 2002].

In general, high temperatures are expected to cause broadening of CF bands, movement
to slightly longer wavelengths, and an overall shift to lower reflectance [Burns, 1993; Hinrichs et
al., 1999]. VNIR spectra of enstatite acquired at 400°C by Sung et al. [1977] show intensification
of the 0.9 um band, which indeed moves from 0.93 um at 20°C to 0.95 um at 400°C. However,
the 1.8 um band shift is barely resolved at 400°C due to interferences from thermal emissivity,
which moves toward the visible region at those temperatures. Thus its intensity dramatically
decreases with increasing temperature as thermal emission increases. Clinopyroxene (pigeonite)
studied by Sung et al. [1977] shows analogous trends at VNIR wavelengths: the 0.94 um band
shifts to 0.97 between 20°C and 400°C and absorption ca. 1.8 um decreases with increasing
thermal emissivity.

Pressure effects on VNIR spectra have been studied in past decades mainly through use
of static high-pressure experiments. Fe is accommodated in pyroxene in either the octahedral M1
site or the somewhat distorted 6- or 8-fold coordination M2 site (Figure 1). Pressure shifts in
Fe?" M2 bands in orthopyroxene ranged from 12.7 up to 28.8 cm™!/kbar [Shankland et al., 1974],
i.e., a shift from 11,068 to 12,050 cm™ (0.90 to 0.83 pum) at 5 GPa. Ferrosilite at 2.5 GPa also
shifts to higher wavenumbers (lower wavelength): 4,878 to 5411 cm™ (2.05 to 1.85 um) and
10,627 to 10,693 cm™ (0.94 to 0.93 um) [Mao and Bell, 1971]. Augite at 5 GPA shows blue-shift
(shift to higher frequency) and increased intensity of 9,805 cm™ (1.02 um) band, and almost no
shift of the bands at 18,180 and 19,760 cm™ [Abu-Eid, 1976]. Finally, IVCT in pyroxenes was
studied Bell and Mao [1974] and Mao [1970], where the 0.7 um bands was seen to intensify
significantly at 30 GPa. As summarized by Burns [1993] on page 366 “in general, blue-shifts of
CF absorption bands to higher energies are observed with rising pressures. With an inverse fifth-
power dependence on cation-anion distance, IVCT transitions are relatively insensitive to band
shifts.” Thus it is expected that the high pressures experienced during shock might have
analogous effects.

Finally, it is useful to consider the effect of substituting Fe*>* for Fe?" in pyroxene even at
room temperature. The Fe?* bands arising from the M1 site occur at 10,200 cm™ (0.98 pm) and
8,475 cm™ (1.18 um) [Rossman, 1980; Straub et al., 1991]. Fe*" is also thought to cause an
IVCT band at 12,000-14,000 cm™ (0.8 to 0.7 pm) [Burns, 1993]. Fe?" in M2 occurs at 9,600 and
4,400 cm™ (1.04 and 2.27 um) [White and Keester, 1966; Burns and Huggins, 1973; Hazen et
al., 1978]. Fe’" is thought to occupy only the M1 site, so its substitution should thus affect only
the ~1 um region unless the Fe*" substitution affects the overall geometry of the mineral. In such
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cases spin-forbidden crystal field transitions in Fe*>*-bearing clinopyroxene can result in a sharp
peak near 0.44 um as well as two broad bands near 0.82 and 0.60 um [Burns et al., 1976;
Rossman, 1980]. These features are often too weak to be detected in reflectance spectra, masked
by the Fe**<Fe*" IVCT band.

All of these spectral band shifts result from changes in the geometry and size of the
oxygen polyhedra surrounding the Fe?" and Fe** cations in the pyroxene structure. Insights into
these shifts can be gained by comparisons of the crystal structures of hedenbergite synthesized at
0 and 10 GPa (CaFe?*Si2O¢ from Zhang et al. [1997]) compared with the Fe** pyroxene end-
member esseneite (CaFe*"AlSiOs, from Cosca and Peacor [1987]). Portions of these three
structures are shown in Figure 1 from the same perspective, looking down the x axis.

Close inspection of Figure 1 reveals subtle differences between these three spectra that
are quantified in Figure 2, which shows the cation-oxygen bond distances. Compared with 0 GPa
hedenbergite, both the shocked and oxidized pyroxenes show longer FeM2-O1, FeM2-02, and
M2-03 bond distances. Shocked hedenbergite also has the longest M2-O3 bonds and M1-O1 and
M1-02 as well. Longer bond distances imply higher values of crystal field splitting [Burns,
1993], which is expressed in wavenumbers, and thus high pressure/shock would be expected to
shift peaks to lower wavelengths in VNIR spectra.

In summary, prior research on the effects of temperature, pressure, and changes in
polyhedral size due to oxidation (substitution of smaller trivalent cations such as Fe*") are all
known to affect the positions and intensities of pyroxene spectral bands. This paper seeks to
clarify which of these effects is dominant relative to oxidation state and shock phenomena.

3. Samples studied

3.1. Terrestrial mantle pyroxenes

Spinel lherzolite xenoliths from Dish Hill and Cima, CA, and Kilbourne Hole, NM were
gently crushed and hand-sieved to avoid potential oxidation. Orthopyroxene and clinopyroxene
were hand-picked to create mineral separates that were visually pure and their Fe*"/ZFe was
determined via Mdssbauer spectroscopy (Table 1; Figure 3) following methods of Dyar et al.
[1989] and McGuire et al. [1991]. In previous work, highly oxidized pyroxenes like these were
interpreted to be the result of metasomatic processes active in the upper mantle [McGuire et al.,
1991]. All pyroxenes are Mg-rich because they represent high temperature crystallization
products of mantle assemblages, with the majority of compositions falling between the enstatite
and diopside end-members (Figure 3).
3.2. Shocked pyroxenes

The target sample used in the shock experiments was a diopside from Jaipur, India
(Wou9En47Fs4) with low starting Fe** (9%) (Table 1; Figure 3). All shock experiments were
performed at Johnson Space Center utilizing a 20 mm flat plate accelerator [Horz, 1970].
Samples were prepared asparticulate material sieved to a grain size of 150-250 pm [McCanta
and Dyar, 2017]. The prepared targets were encased in stainless steel containers. Projectiles were
composed of polyethylene mounted with metal flyer plates of varying composition determined
by the desired shock pressure. Experiments were run over a range of shock pressures from 21 to
59 GPa (Table 1) and took place under vacuum, at relatively high po> conditions (~10™* atm). All
pyroxenes were analyzed with Mdssbauer spectroscopy post-experiment and observed to be
oxidized relative to the starting diopside regardless of shock pressure [McCanta and Dyar, 2017].
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4. Analytical Methods

4.1. Reflectance spectroscopy

Shocked and natural samples were gently ground to make a whole-rock powder, which
was sieved to <45 pum prior to spectral analysis. Visible to near-infrared bi-directional reflectance
spectra (0.3-2.6 um, sampled at 5 nm increments) were acquired relative to halon at 30° incident,
0° emergent angles using the Reflectance Experiment Laboratory (RELAB) bidirectional
spectrometer at Brown University. Data were then corrected for the properties of halon.

The same samples (in the same dish) were measured using a Pike diffuse reflectance
attachment (off-axis, biconical) with the Thermo Nexus 870 FTIR spectrometer (2-50 um, 5000-
200 cm™) located at RELAB, using a diffuse gold standard. FTIR spectra were obtained in a
purged environment (H>O and CO; free). Data were typically spliced to the near-infrared data at
2.5 um to use the absolute reflectance of the bidirectional system. Detailed descriptions of the
RELAB facility instruments can be found in the overview by Pieters and Hiroi [2004] (RELAB
information is also available at http://www.planetary.brown.edu/relab/).

All band depths were calculated using methods developed in Pelkey et al. [2007] where
absorption band depths (BD) are determined according to Eq. 1.

BD =1 -Rc/Rc+, (D)
where Rc is the reflectance at the center of the spectral band and Rc+ is the modeled reflectance
at the center of the band (defined in Egs. 2-4).

Rc+=aRstbR; ()
a=b-1 (3)
b= (Ac-As)/(AL-As) 4)

Rcx 1s therefore a linear fit between the long wavelength (Ar) and short wavelength (As) areas
outside the designated band.

4.2. Mossbauer spectroscopy

Approximately 40 mg of each sample were gently mixed with sugar under acetone (to
prevent oxidation via heating), then heaped in a sample holder confined by Kapton ® polyimide
tape. Mdssbauer spectra were acquired at 295K using a source of ~80 mCi °’Co in Rh on a SEE
Co. (formerly WEB Research Co.) model WT302 spectrometer (Mount Holyoke College). For
each sample, the fraction of the baseline due to the Compton scattering of 122 keV gammas by
electrons inside the detector was determined by measuring the count rate with and without a
14.4-keV stop filter (~2 mm of Al foil) in the gamma beam. Compton-corrected absorption was
calculated for each individual spectrum using the formulation A/(1 - b), where b is the Compton
fraction and A is the uncorrected absorption. This correction does not change the results of the
fits per se but does allow accurate determination of % absorption in the spectra. It is necessary
because the range of energy deposited in the detector by Compton events extends from 0 keV to
40 keV, overlapping both the 14 keV and 2 keV energies deposited by the 14 keV gammas.

Run times were 24-48 hours. Spectra were collected in 2048 channels and corrected for

nonlinearity via interpolation to a linear velocity scale, which is defined by the spectrum of the
25 um Fe foil used for calibration. The WMOSS algorithm fits a straight line to the points
defined by the published values of the Fe metal peak positions (as y values) and the observed
positions in channels (x values). Data were then folded before fitting, using the WMOSS Auto-
fold procedure that folds the spectrum about the channel value that produces the minimum least
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squares sum difference between the first half of the spectrum and the reflected second half of the
spectrum.

Maossbauer spectra were modeled using the Mex_disdd program, which was acquired
from the University of Ghent courtesy of E. DeGrave. The program uses Lorentzian line shapes
and solves full hyperfine interaction Hamiltonians for isomer shift and quadrupole splitting but
uses multiple distributions for magnetically split spectral components, where the value of the
magnetic field is given as the value for the most heavily weighted distribution. Errors on isomer
shift, quadrupole splitting, and line widths are £0.02-0.03 mm/s for the doublets and sextets in
these spectra, and errors on hyperfine fields are +2-3 kOe. Errors on total %Fe*" are £1-5 %
absolute based on repeated fits to the same spectra, with a detection limit for Fe*" of roughly 1%.
Spectra from McCanta and Dyar (2017) were re-fit for this project to ensure consistency;
resultant changes were within error bars for the technique as quoted above.

5. Results

5.1. Mossbauer results

Much has been written to explain site assignments used to interpret Mdssbauer spectra of
pyroxenes; see Dyar et al. [2013] for a summary. In brief, there are up to three Fe*" doublets
arising from Fe?* in some combination of M1 and M2 sites, but assignment of those doublets has
varied. In orthopyroxene, Seifert [1983] suggested that minor substitution of trivalent cations
(Fe’" and AI’") into M1 causes distortion in adjacent M2 site. Seifert [1983] posited two types of
MI sites: one with only divalent neighbors, and one with trivalent substitutions in adjacent sites.

In clinopyroxene, Dowty and Lindsley [1973] interpreted their spectra to represent one
Fe**, one M?Fe?* and two M'Fe?" doublets; Zhi et al. [2001] concurred with these assignments and
suggested that Fe** was in M1. Many subsequent papers [e.g., Dyar et al. 1989 and Dyar et al.
2013] also observed the three Fe** doublets in pyroxenes, but reversed the site assignments to
two M?Fe?" and one M!Fe?" doublets. In the latter study of synthetic Ca-Mg-Fe clinopyroxenes,
all samples with Ca®>" > Mg+Fe displayed the one M1 and two M2 Fe?" doublets, each with a
distinctive recoil-free fraction. The second M2" site was suggested by Rossi et al. [1987] and
Bruno et al. [1982] to be the location for divalent cations, leaving the M2 for Ca. However,
M@ssbauer data are most consistent with the presence of some Fe** coexisting with Ca in M2,
some in M2", as well as with other cations in M 1. Thus, three Fe?" doublets are seen in some of
our pyroxene data and assigned as M1, M2, and M2". Note that one sample (Ba-2-101-B opx)
also contained an olivine impurity, distinctive due to its high quadrupole splitting and
constrained by the four-phase mineral assemblage in these rocks.

Those site assignments are given in Table 2 in the Appendix following conventions
established in Dyar et al. [2013] for Fe**. The site with isomer shift () of ~1.18 mm/s and
quadrupole splitting (A) of ~2.50 mm/s is assigned to Fe*" in M1, § = 1.14 mm/s and A = 2.0
mm/s to Fe?" in M2, and &~ 1.14 mm/s, and A = 1.80 mm/s to Fe*" in M2". Site assignments for
Fe** features have not been well-established, although it is generally assumed that the smaller
Fe*" cations will occupy solely the M1 site or possibly substitute for Si*" in the tetrahedral site.
We have labeled the Fe*" doublets as “Fe’”, BFe*", and "Fe** for now, pending eventual
completion of single crystal structure refinements (SREF) that are in progress.

Fe*" is determined directly from peak areas with no correction to account for differential
for recoil-free fraction, 1, for Fe** and Fe’*. At 295K, values of fhave been well-characterized for
Fe?" in M1 and M2 in pyroxene [Dyar et al., 2007, 2013] and are quite similar. However, to our
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knowledge, /' has not been measured for Fe*" in pyroxene, and therefore no correction could be
made. Note also that spectra with the identical proportion of Fe in any given site may not have
the same site occupancies because Mossbauer only measures percentages of the total Fe cations
present rather than the total Fe cations. Thus this study focuses on Fe*" contents rather than on
site occupancies of Fe, which are the subject of ongoing work in our group. The percentage of
the total Fe as Fe*" in our suite ranges from 4 to 14% in orthopyroxene and 8 to 54% in
clinopyroxene. These ranges are consistent with those observed for these minerals by Dyar et al.
[1989], McGuire et al. [1991], and Dyar et al. [1992].

5.2. VNIR results

Fe’"/%Fe contents in the mantle clinopyroxene range from 0.09-0.40 (Table 1), indicating
significant Fe** can substitute into the mineral structure. The metasomatized mantle
clinopyroxene VNIR features show typical clinopyroxene spectral features including 1.0 pm and
2.35 pum features resulting from Fe?* in the M2 site and a Fe**«>Fe’" intervalence charge transfer
(IVCT) band near 0.8 um (Figure 4). Both the 1.0 um and the 0.8 um bands broaden as the
amount of Fe*" increases in the clinopyroxene, with the 0.8 um feature shifting to lower
wavelengths (~0.75 pm; Figure 4). The strengthening of the Fe?"«<>Fe*" IVCT band also results
in the reduction of the band depth of the 1.0 um feature (~20%) with progressive oxidation.
Although the Mossbauer data show the presence of some Fe?" in the M1 site that should give rise
to bands ca. 1.0 and 1.2 um, those are not apparent in the VNIR spectra. Perhaps they overlap
with the 1.0 pm feature from M*Fe?* and/or are not seen because the total M'Fe?" is very small,
about 0.05 formula units or less. A number of the mantle clinopyroxenes exhibit a strong 0.64
pm band related to Cr content [Cloutis, 2002] (Figure 4). Additionally, the presence of spin-
forbidden Fe* is observed as a weak, sharp peak near 0.44 um in the oxidized samples (Figure
4). Spin-forbidden Fe** features at 0.6 and 0.82 um are not observed as they are obscured by the
Cr content of the pyroxene or the Fe**«>Fe** IVCT band, respectively.

The mantle orthopyroxene samples analyzed contain significantly less Fe** than the
associated clinopyroxenes (Fe**/ZFe = 0.06-0.14) due to steric constraints [e.g., McGuire et al.,
1991]. The grains exhibited typical VNIR features including band minima at 0.9 and 1.8 um
resulting from Fe?* in the M2 site (Figure 5). The more oxidized samples show a slight increased
absorption around 0.65 pm due to the presence of a Fe*"«<»Fe*" IVCT band. No indication of
hematite is present in the analyzed orthopyroxene samples [i.e., Straub and Burns, 1991], though
the low overall Fe** content of the orthopyroxenes may prevent this.

The experimentally shocked clinopyroxene showed significant Fe*" concentrations
(unshocked: 9% — shocked average: 25% Fe®") accompanied by an overall flattening of VNIR
spectral features (Figure 6). With shock metamorphism, there is a decrease of ~76% intensity of
the spectral band arising from Fe?* in the M2 site at 2.35 pm. In addition, a decrease of ~70%
intensity of the spectral band arising from Fe?* in the M2 site at 1.0 pm was observed (Figure 6).
A commensurate increase in band intensity for Fe*" features, such as the Fe*"«>Fe*" IVCT band,
was not observed likely because they are of such low intensity and therefore overshadowed by
the shock-induced destruction of VNIR features. No correlation of total shock pressure and
amount of Fe** present in the clinopyroxene is observed.

Oxidation is also recorded in the VNIR region as a strong inverse relationship between
spectral slope from 0.4 and 0.6 pm (absorption edge) and %Fe** in the shocked pyroxenes with a
67% decrease in slope recorded as oxidation increases (Figure 7), although there is not a direct
correlation between increasing amount of shock pressure and slope decrease (i.e., the least
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shocked sample at 36 GPa exhibits the largest decrease in spectral slope). A similar inverse
relationship occurs in the oxidized mantle clinopyroxenes (73% decrease in slope of the
absorption edge as oxidation increases) albeit offset to higher slope values (Figure 7).
Orthopyroxenes, which have low Fe**/ZFe due to steric crystal chemical constraints, do not
appear to have a similar correlation.

5.3. MIR results

The shocked clinopyroxenes and the unshocked starting material all exhibit the five
critical absorptions in the MIR denoted by Hamilton [2000] in reduced synthetic samples (CA1 =
1120 cm™; CA2 =961 cm™; CA3 =916 cm™; CA4 = 560 cm™; CAS5 =482 cm!). However, the
band centers have been offset to slightly different wavelengths due to different compositions
(CA1=1138 cm™'; CA2 =963 cm™'; CA3 =923 cm™'; CA4 = 565 cm™!; CAS = 474 cm™) (Figure
8). In addition, the 515 cm™' spectral absorption generally observed in high Mg pyroxenes is also
present in both shocked and unshocked clinopyroxenes. The shocked clinopyroxenes however
are demonstrably different from the unshocked starting material. Most notably, there is a
decrease in overall band depth of ~5% at all shock pressures (Figure 8), similar to that described
in shocked orthopyroxenites [Johnson et al., 2002]. Additionally, there is a significant shift in the
transparency feature whose center is located at 742 cm™! in the unshocked material and shifted to
higher wavenumbers (798 cm™') in all shocked clinopyroxenes (Figure 8). No obvious correlation
with amount of band depth decrease and shock pressure is observed.

The oxidized mantle clinopyroxenes exhibit the CA1, CA4, and CAS5 critical MIR
absorptions in addition to the 515 cm™! absorption [Hamilton, 2000] (Figure 9). The two
absorption features at 923 and 963 cm! are muted, instead a single broad feature centered at 943
cm! is observed (Figure 9). A decrease in the overall band depth of ~5%, similar to that seen in
the shocked clinopyroxenes is evident when comparing the low Fe** clinopyroxenes to those
with high Fe*" (Figure 9) with the 943 cm™! absorption showing the most significant decrease
(~22%).

All critical absorption features identified by Hamilton [2000] in high Mg orthopyroxene
MIR spectra were observed in the mantle orthopyroxenes in this study (CA1 = 1090 cm™'; CA2 =
980 cm™; CA3 =957 cm™'; CA4 =868 cm™!; CA5 =570 cm™; CA6 =548 cm™'; CA7 =511 cm’!;
CAS8 =451 cm™) (Figure 10). The broad nature of the CA1 feature makes it difficult to assign an
absolute position, but it remains close to that determined for high Mg orthopyroxene. The
amount of Fe*" substitution into the mantle orthopyroxenes studied is small when compared to
that of the clinopyroxenes. As such, no differences are observed as a function of increasing Fe*"
concentration (Figure 10).

6. Discussion

6.1. Effects of oxidation on pyroxene spectra

The effects of oxidation on pyroxene VNIR spectra can be summarized as a shift in the
0.8 um feature to lower wavelengths and a strengthening of the Fe?*«<>Fe’" intervalence charge
transfer (IVCT) band, reducing the band depth of the 1.0 um feature. Recall that the introduction
of Fe** in the pyroxene structure increases the FeM2-O1, FeM2-02, and M2-O3 bond distances.
The higher crystal field splitting would imply a shift to lower wavelength of the M2 bands, and
that is indeed what is observed. It is also logical to conclude that the increase in [VCT band
strength results from the higher Fe*" contribution to it. Additionally, oxidation results in an
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inverse relationship between the spectral slope in the absorption edge and the %Fe**. Shock can
be ruled out as contributing to this feature as similar changes are observed in oxidized samples
from both shock experiments and natural mantle assemblages (Figure 7).

6.2. Effects of shock on pyroxene spectra

Shock overprints these effects in the VNIR and results in a decrease of ~76% intensity of
the 2.35 um feature and a decrease of ~70% intensity of the 1.0 um feature. Although all
pyroxenes analyzed in this study were oxidized, clear differences exist between their spectra.

The effect is most striking in the VNIR region. When comparing shocked and unshocked
clinopyroxenes with similar Fe*" contents (31% vs. 35%), the spectral band at 2.35 um,
representative of Fe?* in the M2 site, is nearly completely gone in the shocked sample while it
remains unchanged in the oxidized sample (Figure 11). The depth of the 1.0 um band that
reduces as oxidation progresses in the mantle clinopyroxene is similarly reduced in the shocked
samples, but to a much larger degree (80% reduction in intensity when Fe*" is controlled for;
Figure 11). The slight shift in the position of the 1.0 um band between the plotted pyroxenes may
be due to the compositional difference between the mantle clinopyroxene and shocked starting
material and/or it could be a shock effect. Finally, the 0.8 um Fe**«>Fe** IVCT band is not
present at all in the shock oxidized clinopyroxenes although visible in the mantle oxidized
samples. For the studied clinopyroxenes, the effects of shock appear to overprint those of
oxidation in the VNIR region.

Based on the background presented earlier, it would be expected that the effects of high
temperature experienced during shock, if quenched in the structure, would result in broadening
and redshift of crystal field bands. This is not seen. Pressure effects from shock should be
manifest as blueshifts to lower wavelengths of both M?Fe?" bands potentially accompanied by
intensification of IVCT features. Only the first of these is observed, accompanied by the
disappearance of the 2.35 pm band and a very diminished 1.0 um band. These results suggest
that shock is reducing the size of the polyhedra surrounding the Fe cations, reducing CF splitting
and order of the crystal structure and blueshifting the peaks. However, at some point in the shock
process, the long-range order in the structure breaks down completely. Some CF splitting
remains at 1.0 um but not at 2.35 um. It is possible that the M2 site falls apart because it is larger
and thus more vulnerable to distortion and disintegration from shock. This might leave only a
small 1.0 um feature from M1. Moreover, IVCT is no longer possible because the regular atomic
structure that permits exchange of electrons between Fe cations in adjacent sites no longer exists.
Confirmation of the nature of the residual structure of shocked pyroxenes remains elusive to our
efforts to date; so far, we have not succeeded in finding well-diffracting crystals from any
meteorite to examine the extent of ordering (though we are continuing to try).

In the MIR, both shocked oxidized and mantle oxidized clinopyroxenes show a decrease
in band depths of absorption features of similar magnitude. The most obvious difference between
the samples is the CA2 and CA3 features which are both observed in the shocked clinopyroxenes
(Figure 8) but are combined into a single broad feature in the mantle clinopyroxenes (Figure 9).

6.3. Crystallographic controls on Fe*" incorporation in pyroxene

Steric controls prevent significant incorporation of Fe** into the orthopyroxene crystal
structure though some substitution does occur ca. 0-16% of Fe*"/>Fe [e.g., Annersten et al.,
1978; Canil et al., 1994; McGuire et al. 1989, 1991; Dyar et al. 1989, 1992]. However, this study
and many prior ones have demonstrated that clinopyroxene can accommodate significant
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(Fe**/ZFe values of 10-66%) amounts of Fe*" into its structure [McGuire et al. 1989, 1991; Dyar
et al. 1989, 1992]. The presence of Fe** in clinopyroxene is controlled not only by redox state
(i.e., the amount of Fe’" present in the system to be incorporated into the crystal), but also by the
pyroxene Mg# (= Mg/Mg+Fe?"). Clinopyroxenes with Mg# >90 exhibit Fe**/SFe concentrations
of less than 20% (Table 1). Those pyroxenes with Mg# 80-90 contain significantly more Fe**
(Table 1). It may be this correlation results from the overall bulk concentration of iron in the
system such that when more iron present more is available to be oxidized. This is complicated by
temperature and pressure controls as well, although these should be minimized in this sample set
as all pyroxenes come from similar mantle xenoliths. This question will be resolved in our
ongoing program to obtain SREF on all these samples where possible.

6.4. Comparison with previous studies

Previous studies have looked at the effects of either shock [Jeanloz and Ahrens, 1977;
Adams et al., 1979; Johnson et al., 2002] or oxidation [Cloutis, 2002] in pyroxene spectra
separately. In contrast to the significant changes in the shocked pyroxene VNIR spectra
discussed in this study, Adams et al. [1979] observed no change in pyroxene VNIR spectra at
experimental shock pressures of 59.7 GPa. An experimental study of the effects of increasing
shock pressure on MIR spectra of orthopyroxenites (bronzite-rich) found little change beyond a
general shallowing of minor absorption features at 976 cm™ and 567 cm™ [Johnson et al., 2002].
Direct comparisons cannot be made with the shocked pyroxenes in this study and those in
previous studies due to starting composition differences (clinopyroxene vs. orthopyroxene). The
crystallographic and crystal chemical changes associated with these differences are significant.
Clinopyroxene appears to behave in a different manner when subjected to high shock pressures
(30-59 GPa) resulting in changes to characteristic VNIR spectral features, including loss of the
2.35 um band and shallowing of the 1.0 pm band, and decreasing band depths in the MIR
(Figures 4 and 8).

Shock oxidation has also been observed in the mafic mineral olivine in experimental
samples where the shock took place under high po> conditions [Bauer, 1979]. Shock oxidation in
natural olivine has proven more difficult to quantify. Ostertag et al. [1984] proposed shock
oxidation as the reason for the brown olivine observed in martian meteorite ALHA 77005,
although Burns [1989] showed that minimal Fe** (<1%) was present in the natural shocked
olivines. A more recent study of martian chassignite NWA 2737 reported shocked olivine with
up to 3% total iron as Fe** [Treiman et al., 2007; Pieters et al., 2008] suggesting the potential for
some production of Fe** during the shock process. The amounts of Fe** proposed for olivine
incorporation are very small due to crystallographic controls

6.5. Implications for remote sensing

Assigning values to the location of the 1.0 um (Band 1) and 2.0 pm (Band 2) pyroxene
VNIR features remains one of the most common means by which to determine planetary surface
compositions remotely [e.g., Adams, 1974; Pieters, 1993; Mustard et al., 2005; Burbine et al.,
2010]. Even the high levels of Fe*" incorporation measured in the oxidized mantle clinopyroxene
samples do not significantly change the location of either of these features in either the studied
ortho- or clinopyroxene. However, either the shifting of the Fe*"«<>Fe*" IVCT band from near 0.8
pum to ~0.75 pm as a function of progressive oxidation in the clinopyroxene or the observation of
the weak, but sharp peak at 0.44 pm due to spin-forbidden Fe** (Figure 4) could be used to
determine if the clinopyroxene was oxidized (i.e., contained significant amounts of Fe**). This
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shift was not observed in the orthopyroxene samples, although the low total Fe** contents of
those grains might hinder this.

It may also be feasible to use the negative slope observed in the absorption edge as a
function of %Fe*" to quantify clinopyroxene oxidation state remotely (Figure 7). The oxidized
mantle samples exhibit this correlation. Significantly, the shock oxidized samples do as well.
Although shock appears to obliterate much of the oxidized spectral signal (Figure 11), the
negative slope of the absorption edge remains. Therefore, the shifting of the Fe** «—Fe** IVCT
band could be used to determine that a clinopyroxene was oxidized and the slope of the
absorption edge could determine the degree of that oxidation.

A more significant implication for remote sensing studies of planetary surfaces is the
effect of shock. The 2.35 um feature suffers a decrease of ~76% in spectral intensity via shock
processes (Figure 6), although a minor band is still present at all shock pressures studied. In the
absence of this feature, pyroxene presence and composition cannot be determined using VNIR
observations alone. The 1.0 um feature remains in our shock experiments, although the band
depth is greatly diminished, suggesting that higher shock pressures might result in its loss as
well. MIR pyroxene spectral features are minimally affected by shock (Figure 8) and therefore
could be used to identify the presence of pyroxene even if shocked. Therefore, a combination of
wavelengths may be required to accurately identify and determine pyroxene composition
remotely. Careful consideration of both VNIR and MIR wavelengths collectively may also allow
for information about the shock and/or oxidation history of the pyroxene to be evaluated which
would not be possible individually.

7. Conclusions

The effects of shock on pyroxene spectra are most prevalent in the VNIR, causing an
overall flattening of spectral features. Decreases in band depth due to shock are also observed in
the MIR, but to a much smaller degree. The effect of oxidation on pyroxene spectra is observed
in VNIR spectra of clinopyroxenes as an overall shallowing of slope from 400 to 600 nm and a
shifting of the Fe**«<>Fe** IVCT band with progressive oxidation. This is observed in all oxidized
samples, both shock-oxidized and mantle, and results from the charge transfer reactions at these
wavelengths. Oxidation effects in the MIR were minimal and do not appear to be linked to
pyroxene %Fe*" concentration. It is evident that when interpreting spectral data from surfaces
that may contain pyroxene, especially clinopyroxene, the effects of shock and oxidation need to
be considered.
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Table 1. Summary of Pyroxene Compositions.

Sample Locality Wo En Fs Mg# Fe’'/ZFe
Ba-1-61 cpx Dish Hill, CA 46.7 482 51 919 16
DH-210 cpx Dish Hill, CA 40.4 503 93 872 21
Ba-2-101-E cpx  Dish Hill, CA 458 490 5.1 933 32
DH-218 cpx Dish Hill, CA 43.6 427 137 823 34
DH-201 cpx Dish Hill, CA 438 443 119 851 35
DH-211 cpx Dish Hill, CA 433 435 133 832 35
DH-213 cpx Dish Hill, CA 440 433 12,6 84.0 36
DH-231 cpx Dish Hill, CA 438 419 143 819 37
DH-217 cpx Dish Hill, CA 443 420 13.7 829 39
DH-101-E opx Dish Hill, CA 1.6 89.8 8.6 917 6
Ba-2-101-Bopx  Dish Hill, CA 1.2 80.8 85 905 9
Ba-2-101-D opx  Dish Hill, CA 9.3 82.6 81 922 14
EP-3-72 cpx Kilbourne Hole, NM 46.2  48.5 53 919 18
EP-3-162 cpx Kilbourne Hole, NM 46.6  47.4 59 911 22
EP-1-42A cpx Kilbourne Hole, NM  51.5  46.7 0.7 749 25
EP-1-42B cpx Kilbourne Hole, NM 46.2 41.0 0.70 69.5 25
EP-3-72 opx Kilbourne Hole, NM 1.7 88.6 9.7 908 4
Ki-5-235 cpx Cima, CA 46.5 483 52 917 16
Jaipur diopside® Jaipur, India 493  47.0 37 948 8
3493 (36 GPa)® Jaipur, India 493 470 3.7 948 31
3494 (43 GPa) Jaipur, India 493 470 3.7 948 24
3496 (52 GPa) Jaipur, India 493 470 3.7 948 17
3495 (59 GPa) Jaipur, India 493 470 3.7 948 27

*Composition from McCanta and Dyar [2017]
®Shock sample pressure in parentheses from McCanta and Dyar [2017]
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Figure Captions

Figure 1. Portions of the crystal structures of the Fe** (left) and Fe** (center and right) forms of
Ca clinopyroxene, essenite from Cosca and Peacor [1987] and hedenbergite from Zhang et al.
[1997], at 0 GPa (center) and 10 GPa (right). In these nominal end-members, Ca fills the M2 site
and Fe the M1 site, but in most naturally occurring pyroxenes, Mg, Fe?*, and Fe** compete for
the M1 site, and some Fe?" also enters the M2 site.

Figure 2. Comparison of bond distances for the three pyroxenes for which structures are shown
in Figure 1. Esseneite is the Fe*" clinopyroxene that forms in fused sedimentary rocks. The two
hedenbergite refinements are taken from Zhang et al. [1987] from the same sample at ambient
and 10 GPa. The Fe** sample behaves more like the high-pressure hedenbergite and supports the
idea that both high pressure and small cations affect bond distances.

Figure 3. Pyroxene quadrilateral showing the range of pyroxene compositions investigated in this
study in red squares.

Figure 4. Visible and near-infrared spectra of mantle clinopyroxene. Spectra are offset for clarity.
Spectral line color indicates amount of Fe** measured in the pyroxene (%Fe*" values for
individual pyroxenes listed in Table 1). Red = 35-39%Fe*"; orange = 30-34%Fe’"; green = 20-
29%Fe’"; blue = 10-19%Fe**; purple = 8%Fe*". Location of the Fe?*«<»Fe** IVCT band is shown
as the black dashed line. Note the shift to lower wavelengths as a function of progressive
oxidation. Location of the spin-forbidden crystal Fe*" feature at 0.44 pum is shown as black dash-
dot line.

Figure 5. Visible and near-infrared spectra of mantle orthopyroxenes. Spectra are offset for
clarity. Numbers on right side of plot indicate the %Fe*" measured in each pyroxene. Location of
the Fe**«»Fe*" IVCT band is shown as the black dashed line.

Figure 6. Visible and near-infrared spectra of shocked clinopyroxenes and unshocked starting
material. Spectra are offset for clarity. Numbers on right side of plot indicate the %Fe**
measured in each pyroxene. Experimental shock pressures are given on the left side of the plot.

Figure 7. Relationship between spectral slope between 0.4 and 0.6 um (absorption edge) and
%Fe*". Slope calculated using the median of 3 channels on either side of respective wavelength
to reduce stochastic noise. Green triangles = shocked clinopyroxene; green star = shocked
clinopyroxene starting composition; red squares = mantle clinopyroxene; blue circles = mantle
orthopyroxene.

Figure 8. Mid-infrared spectra of shocked clinopyroxenes and unshocked starting material.
Spectra are offset for clarity. Numbers on right side of plot indicate the %Fe*" measured in each
pyroxene. Experimental shock pressures are given on the left side of the plot. Dashed lines
indicate the critical absorptions (CA1-CAS5) identified by Hamilton [2000] for high Mg
clinopyroxene and the additional 515 cm™ absorption observed in high Mg pyroxenes.
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Figure 9. Mid-infrared spectra of selected mantle clinopyroxene. Spectra are offset for clarity.
Numbers on left side of plot indicate the %Fe*" measured in each pyroxene. Dashed lines
indicate the critical absorptions (CA1, CA2+CA3, CA4, CAS) identified by Hamilton [2000] for
high Mg clinopyroxene and the additional 515 cm™! absorption observed in high Mg pyroxenes.

Figure 10. Mid-infrared spectra of mantle orthopyroxene. Spectra are offset for clarity. Numbers
on left side of plot indicate the %Fe** measured in each pyroxene. Dashed lines indicate the

critical absorptions (CA1-CAS) identified by Hamilton [2000] for high Mg orthopyroxene.

Figure 11. Comparison of VNIR spectra of mantle oxidized clinopyroxene (%Fe*" = 35) and
shocked clinopyroxene (%Fe** = 31).
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