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ABSTRACT

New measurements of thermal infrared emission spectra (250-1400 cm™'; ~7—40 pum) of experi-
mentally shocked basalt and basaltic andesite (17-56 GPa) exhibit changes in spectral features with
increasing pressure consistent with changes in the structure of plagioclase feldspars. Major spectral
absorptions in unshocked rocks between 350—-700 cm™! (due to Si-O-Si octahedral bending vibrations)
and between 1000-1250 cm™ (due to Si-O antisymmetric stretch motions of the silica tetrahedra)
transform at pressures >20-25 GPa to two broad spectral features centered near 950-1050 and
400-450 cm'. Linear deconvolution models using spectral libraries composed of common mineral
and glass spectra replicate the spectra of shocked basalt relatively well up to shock pressures of 20-25
GPa, above which model errors increase substantially, coincident with the onset of diaplectic glass
formation in plagioclase. Inclusion of shocked feldspar spectra in the libraries improves fits for more
highly shocked basalt. However, deconvolution models of the basaltic andesite select shocked feldspar
end-members even for unshocked samples, likely caused by the higher primary glass content in the

basaltic andesite sample.
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INTRODUCTION

The surfaces of the terrestrial planets have been altered
extensively by impact cratering throughout their evolution at
scales ranging from mineral boundaries to impact basins. At
the smallest scales, minerals experience structural disorder to
varying degrees when subjected to high shock pressures from
impacts. Such deviations in crystal lattices can be documented
with thermal infrared spectroscopy owing to the sensitivity
of this technique to vibrational motions in crystal structures.
For example, thermal infrared analyses of experimentally and
naturally shocked minerals and rocks reveal degradation in the
spectral detail and position of absorption features with increas-
ing shock pressure. This is attributable to lattice disordering and
increasing glass content, particularly at shock pressures above
~20 GPa for plagioclase feldspars (Lyon 1963; Bunch et al. 1967,
1968; Stoffler 1971, 1972, 1974; Stoffler and Hornemann 1972;
Arndtetal. 1982; Ostertag 1983). These types of spectral effects
also have been observed in thermal infrared laboratory studies of
meteorites (e.g., Cooney etal. 1999; Xie et al. 2001; Wright et al.
2006; Palomba et al. 2006). Although remotely sensed thermal
infrared observations of planetary surfaces provide important
constraints on surface mineralogy and/or physical properties
(e.g., Christensen et al. 1998, 2001; Sprague et al. 2002; Salisbury
etal. 1995, 1997; Morris et al. 1999; Ramsey 2002), few studies
have investigated the spectral effects of high shock pressures in
detail (cf. Wright et al. 2004; Johnson et al. 2006).
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Because pyroxene and olivine crystal lattices are relatively
resistant to shock pressure compared to feldspars, changes in
the structure and thermal infrared spectral features of feldspars
provide the best means to study shock effects in basaltic rocks
(cf. Johnson et al. 2002). Slight disordering in the feldspar
structure begins at pressures >15-20 GPa. Diaplectic glass
(maskelynite) formation is complete between ~30—45 GPa and
significant melting occurs greater than ~45 GPa (Stoffler 1972;
Gibbons et al. 1975; Horz and Cintala 1997; Velde et al. 1987,
1989), depending on the absolute strain rate, shock-pulse dura-
tion, and initial temperature (Stoffler 2001; DeCarli et al. 2002;
Fritz et al. 2002). As pressures increase, the mutual existence of
crystalline phases and diaplectic glasses cause the characteristic,
fourfold (tetrahedral), strong coordination bonds of Si and Al in
feldspars to alter to weaker, less polymerized bonds that approach
sixfold (octahedral) coordination. This change influences the
characteristic vibrational frequencies in the thermal infrared. For
example, the bands near 400-550 cm ™! are caused by bending vi-
brations in the Si-O-Al planar ring structures in tectosilicates and
diaplectic glasses. Si-O-Si octahedral-bending vibrations cause
several weaker absorptions between about 450-700 cm™!, and
SiOy4 octahedral-stretching vibrations occur between 750—-850
cm™'. Absorptions in the 900—1200 cm™' region are due to Si-O
antisymmetric stretch motions of the silica tetrahedral units and
Al-O vibrations in the structure (Bunch et al. 1967; liishi et al.
1971; Stoffler and Hornemann 1972; Arndt et al. 1982; Ostertag
1983; Velde et al. 1987; Williams and Jeanloz 1988, 1989; Hey-
mann and Horz 1990; Daniel et al. 1995, 1997; Williams 1998;
Yamaguchi and Sekine 2000; King et al. 2004).
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Johnson et al. (2002, 2003) acquired thermal infrared spectra
(2501400 cm™) of experimentally shocked nearly monomineral-
lic anorthosite (bytownite, Anyo) and albitite (Any,) samples over
peak pressures from 17 to 56 GPa. They documented changes in
the appearance and position of spectral features with increasing
pressure due to depolymerization of the silica tetrahedra. Un-
shocked anorthosite samples exhibited strong absorption bands
at 1115 cm™ and near 940 cm™, and weak bands in the 500-650
cm' region. Unshocked albitite spectral features were sharper
and shifted to higher wavenumbers in the 800-1200 cm™ region.
At the highest shock pressures, both types of feldspars lost all
but two major spectral features, a deep band near 440—460 cm’!
(caused by bending vibrations in the Si-O-Al planar ring struc-
tures) and broad Si-O stretch bands at 960 cm™! (anorthosite)
and 1035 cm™ (albitite).

Here we expand on previous studies of shocked feldspars by
presenting thermal infrared emission spectra of experimentally
shocked basalt and basaltic andesite (17—63 GPa). These two
rock types represent a relevant range of lithologies known or
postulated to exist on the surfaces of the terrestrial planets. To
investigate the degree to which combinations of other minerals
and glasses can replicate the spectra of shocked rocks, we used
combinatorial spectral deconvolution techniques incorporating
spectral libraries composed of standard mineral end-members
with and without supplementary spectra of shocked bytownite
and albite feldspars. By expanding the study of shock effects in
thermal infrared wavelengths from minerals to igneous rocks,
we provide data useful in analyzing remote sensing observations
of rocky planetary surface materials.

METHODS

Samples

We selected samples of basalt and basaltic andesite, both of which are fine-
grained, minimally altered rocks with few phenocrysts. Samples with randomly
oriented, millimeter-sized crystals minimized the possible bias of crystal-lattice
orientation on the degree and type of shock deformation from the propagating
shock wave. Rocks with minimal primary glass content were selected to better
observe the loss of crystalline structure (glass formation) with increasing shock
pressure. A fine-grained basalt with little glass was selected from the base of the
Grand Falls (Arizona) lava flow, and a basaltic andesite with higher glass content
was selected from the west side of the SP Flow (Arizona) cone (Ulrich 1987),
representing pieces of lava that capped the cone rim.

Quantitative mineral abundances for each sample were calculated from
scanning electron microscope (SEM) back-scattered electron (BSE) images of
polished thin sections (Fig. 1) and chemical maps (Al, Si, P, Na, Mg, K, Ca, Fe,
Ti, and O) produced using energy dispersive spectroscopy (EDS). Each element
was mapped to a separate 512 x 512 pixel image file, where the 8-bit value of each
pixel represented the relative abundance of that element. A supervised classification
was then performed on each image set using a maximum likelihood classification.
Regions of interest (ROIs) were selected for each mineral class on the basis of
relative elemental abundances. A subsequent low-pass filtering algorithm was run
to reduce noise in the classification maps by reclassifying spurious pixels to match
the major class of pixels within a 3 x 3 pixel kernel. Post-classification statistical
analyses of the mineral maps provided the areal abundance of each mineral class
per scene. The results from multiple mineral maps from each sample were averaged
to acquire final mineral abundances.

Shock recovery experiments

The Flat Plate Accelerator at the Johnson Space Center, Houston was used
to conduct the shock experiments. As detailed by Johnson et al. (2002), a powder
propellant gun launches flat metal plates for the production of planar shock waves
in targets (cf. Gibbons et al. 1975; Thoma et al. 2005). The geologic target was a
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disk cored from the rock sample, 12 mm in diameter and 1 mm thick. The disk was
encapsulated into a metal holder and placed into a vacuum chamber where it was
impacted by a metal flyer plate of some measured velocity. Table 1 lists the details
of each experiment for both rock types, including the measured velocity, the metal
composition of the flyer plate, and that of the target assembly container. Following
an experiment, excess metal from the holder was removed using a lathe until the
silicate target could be pried from its original target well. Careful prying allowed
for the recovery of relatively large chips (2—10 mm) that were washed with water to
remove any clinging fines and dried. Use of the 25 mm barrel allowed for recovery
of up to 400 mg. Unshocked samples included both chips broken from the parent
rock and the sample blocks from which the thin sections were made.

Thermal infrared spectroscopy

The Nicolet Nexus 670 spectrometer at Arizona State University (ASU) was
used to acquire emission spectra (250—-1400 cm™) of the samples. This instrument
is equipped with an uncooled, deuterated triglycine sulfate (DTGS) detector and is
adapted for emission spectroscopy (Ruffetal. 1997). The spectrometer and samples
were placed in a chamber continuously “scrubbed” to remove particulates, CO,,
and water vapor. Energy from a heated particulate sample (maintained at 80 °C)
was collected by a parabolic mirror and directed toward the interferometer, and
blackbodies at 70 and 100 °C were used for radiometric calibration. The infrared
beam was confined to the sample by adjusting the sample location within the opti-
cal path. The spectrometer was configured to provide 4 cm™ resolution with 270
scans co-added per spectrum.

TABLE 1A. Detailed conditions for the Grand Falls basaltic rock shock
recovery experiments

EILno*t  Impact velocity Flyer Assemblyt  Peak pressure
(km/s) platef (GPa)
3377 1.370 Al2024 SS304 174
3378 1.121 SS304 55304 24.0
3442 1.228 SS304 SS304 26.7
3379 1.322 SS304 SS304 29.0
3380 1.381 SS304 55304 304
3381 1.184 FS77 SS304 335
3390 1.406 SS304 FS77 40.9
3383 1.181 FS77 FS77 46.4
3382 1.299 FS77 FS77 523
3485 1.272 FS77 FS77 56.2
3483 1.299 FS77 FS77 57.3
3469 1.372 Tungsten FS77 59.8
3465 1.391 Tungsten FS77 60.6

* EIL no. [Running Flat Plate Accelerator experiment number in Experimental
Impact Laboratory (EIL) at Johnson Space Center].

1 Samples 3483 and 3485 were physically combined (average pressure 56.75
GPa), as were samples 3465 and 3469 (average pressure 60.2 GPa).

# Projectile and assembly materials (Equation of State): Al2024 = Aluminum
2024 (Marsh 1980), SS304 = Stainless Steel 304 (Marsh 1980), FS77 = Fansteel
77 (@ W-Ni alloy; Jones et al. 1966).

TaBLE 1B. Detailed conditions for the SP Flow basaltic rock shock
recovery experiments
EILno*t  Impact velocity Flyer Assembly+ Peak pressure
(km/s) plate (GPa)
3455 1.357 Al2024 SS304 17.2
3456 1.114 SS304 SS304 239
3457 1.304 SS304 SS304 284
3458 1.377 SS304 SS304 30.3
3463 1.232 SS304 FS77 35.0
3459 1.349 FS77 SS304 389
3462 1173 FS77 FS77 43.8
3460 1.294 FS77 FS77 52.2
3482 1.296 FS77 FS77 57.2
3481 1.307 FS77 FS77 57.8
3470 1.420 Tungsten FS77 62.0
3472 1.439 Tungsten FS77 63.0

* EIL no. [Running Flat Plate Accelerator experiment number in Experimental
Impact Laboratory (EIL) at Johnson Space Center].

1 Samples 3481 and 3482 were physically combined (average pressure 57.5 GPa),
as were samples 3470 and 3472 (average pressure 62.5 GPa).

# Projectile and assembly materials (Equation of State): Al2024 = Aluminum
2024 (Marsh 1980), SS304 = Stainless Steel 304 (Marsh 1980), FS77 = Fansteel
77 (aW-Ni alloy; Jones et al. 1966).
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FIGURE 1. (a) BSE images of Grand Falls basalt and (b) corresponding mineral phase map showing distribution of modeled plagioclase (“P”

= medium gray), glass (“G” = light gray), and other mineral phases (“O”

= dark gray); fields of view are 0.38 mm across. (¢) BSE image of SP

Flow basaltic andesite, and (d) mineral phase map showing zoned clinopyroxene crystals (“CPX”), with same grayscale key as in b; fields of view

are 0.19 mm across.

Spectral deconvolutions

We used a combinatorial linear deconvolution model modified from the
multiple end-member spectral mixing algorithm (MESMA) of Roberts et al.
(1998) to deconvolve emission spectra of the unshocked and shocked basalts. Our
implementation of the MESMA algorithm models an emissivity spectrum using
a linear combination of specific end-members (e.g., Thompson and Salisbury
1993; Ramsey and Christensen 1998; Ramsey 2002; Bandfield 2002; Dennison
et al. 2004) by solving for the best subset of mineral components from a larger
reference library (e.g., Johnson et al. 2003; Staid et al. 2004). We selected 32
common minerals from the Arizona State University database (Christensen et al.
2000), and K-rich and silica-rich glasses from Wyatt et al. (2001) and Hamilton
et al. (2001), respectively, to comprise our default end-member spectral library

(Table 2a), identical to that used by Johnson et al. (2002). Additional models
were run in which the end-member library was supplemented with the shocked
and unshocked anorthosite chips from Johnson et al. (2002) and the shocked and
unshocked albitite chips from Johnson et al. (2003) (Table 2b). The combinatorial
deconvolution algorithm selected the best subset of components required to model
the input spectrum through iterative comparisons to the spectral library to minimize
uncertainties in the derived fractional abundances.

The algorithm initially compared all possible four-end-member combinations
based on the spectral library components and a blackbody (Staid et al. 2001, 2004).
The blackbody was used to compensate for grain size variations between the rock
spectra and the library spectra (cf. Ramsey and Christensen 1998; Hamilton and
Christensen 2000). The best model containing positive end-member abundances
for each input spectrum was identified on the basis of the root-mean-square (rms)
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TABLE 2A. End-member library used in MESMA deconvolutions (unshocked)

Andesine BUR-240
Serpentine HS-8.4B

Biotite BUR-840

Enstatite HS-9.4B

Hematite BUR-2600

Augite BUR-620

Calcite ML-C9

Diopside NMNH-R17421
Bytownite WAR-1384
Ca-montmorillonite STx-1 solid
Fe-smectite SWa-1 granular
Silica-rich glass

Dolomite C17

Bronzite BUR-1920

Muscovite WAR-5474

Albite WAR-0612

Chlorite WAR-1924

Quartz BUR-4120

Gypsum var. Alabaster ML-S11

Fayalite WAR-RGFAYO01
Anorthite BUR-340
Na-montmorillonite SWy-2 solid
Hedenbergite NMNH-16168

Forsterite BUR-3720A
Oligoclase WAR-0234
Actinolite HS-116.4B
Microcline BUR-3460
Labradorite WAR-4524
Anhydrite ML-S9

Augite NMNH-119197
Hornblende NMNH-R7208
Kaolinite KGa-1b solid
Nontronite WAR-5108 granular
K-rich glass

Note: All end-members acquired from Christensen et al. (2000), except for K-rich and silica-rich glasses, which were from Wyatt et al. (2001) and Hamilton et al.

(2001), respectively.

error computed for each four-end-member combination. Then each unused library
end-member was alternately added to the four end-members and a new rms er-
ror was calculated. The spectrum that provided the best improvement (and was
selected with a positive abundance for all end-member components) was then kept
as a fifth end-member. If no additional spectrum resulted in all positive fractions
and an improved error, four end-members comprised the solution. This procedure
was then repeated until as many as 12 end-members were selected. The algorithm
produced fractions for each member chosen from the spectral library and a black-
body component. We ran the combinatorial demixing algorithm over the spectral
range 400 to 1400 cm™ with and without spectra of the shocked feldspars in the
spectral library.

RESULTS
BSE analyses

The main mineral classes and their modeled abundances for
the Grand Falls basalt derived from the BSE images included
plagioclase (48%), glass (11%), pyroxene (28%), and olivine
(4%). Plagioclase and glass were distinguishable in chemical
maps primarily via Al, Ca, K, and Si abundances. Aluminum
and Ca correlate with plagioclase, whereas K is sequestered in
the interstitial glass phase, and the Si content was significantly
higher in the glass phase compared to plagioclase. Sodium cor-
related most strongly with plagioclase rims but also occurred in
the glass. A second plagioclase ROI was defined to account for
this composition. There was less distinction between Na-rich
plagioclase and glass ROIs, and it is possible that some Na-rich
plagioclase was misidentified as glass. The errors in Grand Falls
plagioclase and glass content were estimated to be <5% within
the region sampled in the BSE images.

The main mineral classes and their modeled abundances for
SP Flow basaltic andesite were plagioclase (45%), glass (31%),
pyroxene (18%), and olivine (<1%). Although plagioclase and
glass were distinguished on a basis similar to the Grand Falls
sample, the K in some SP Flow feldspars made plagioclase and
glass less chemically distinguishable than in the Grand Falls
sample. Further, the SP Flow sample was more difficult to ana-
lyze by this method because of its much finer grain size. In BSE
images of the SP Flow sample, the glassy regions appeared less
uniform, suggesting that they included more plagioclase micro-
lites. As such, the glass content reported for SP Flow probably
represents an upper limit. Given these characteristics, the errors
associated with plagioclase and glass contents in the SP Flow
sample were estimated to be ~8% within the region sampled in
the BSE images.

Thermal infrared spectra

The spectra of the unshocked and shocked Grand Falls
samples are shown in Figure 2. Unshocked spectra were acquired

Wavelength (um)

75 8 9 10 12 15 18 20 25 30 40
‘ ‘ L IR

o
[}
]
}

0.95 P ¢

17.4GPa
0.9

0.85

26.7 GPa :

29.0GPa

30.4GPa

335GPa:

40.9GPa :

46.4GPa:

vity (offset for clarity)

523GPa:

56.8 GPa

602(3Pa§

i
i
I
i
i i : : 3 !
AN S U N S NI AN NNPU NS SR MY
1400 1300 1200 1100 1000 900 800 700 600 500 400
Wavenumber (cm'])

|
300

FIGURE 2. Emissivity spectra of Grand Falls basalt chips recovered
from shock experiments, with shock pressures labeled below each
spectrum. Two spectra for unshocked samples (0 GPa) are overlain: The
chips spectrum is shown in gray (top light), and the block from which
thin sections were made is shown in black. All shocked spectra are offset
from the unshocked spectra. Vertical lines represent spectral regions of
interest at 1235, 1050, 920, 652, 581, 520, 440, and 400 cm™".

TABLE 2B. End-member library of shocked

of'both chips and the and unshocked feldspars used
blocks from which in MESMA deconvolutions
the thin sections were  Anorthosite Albitite
made. Absorptions in f)GPa) E)Gpa)
the unshocked sam- ;,, 170
ple near 1100, 920, 21.0 24.0
520, and 400 cm ! re- ;;2 g;g
sult from Si-O vibra- 555 200
tions in dominantly 27.0 314

. . 375 34.8
Ca-rich plagloclase 380 380
feldspars with some 492 446
contributions from 563 gg‘g

pyroxene and olivine.
With increasing pres-
sure, the progressive
structural disorder
caused the Si-O absorption bands in feldspars to shift and
merge such that the highest shock pressures resulted in spectra
with absorptions broadly centered near 960 and 400 cm™'. As a
result of the two principal long-wavenumber bands merging, the
Christiansen Feature (CF; the maximum emissivity in the 1200

Note: Anorthosite data from Johnson et al. (2002);
Albitite data from Johnson et al. (2003).
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FIGURE 3. Variation of Christiansen Feature (CF) position with
pressure for Grand Falls basalt samples. Linear fit and correlation
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FIGURE 4. Increase of 520 cm™ band depth with pressure for Grand
Falls basalt samples. Linear fit and correlation coefficient (#) shown.

cm™ region) shifted to smaller wavenumbers with increasing
pressure, as shown in Figure 3. At shorter wavenumbers other
absorption bands disappeared, and the spectral slopes related to
such bands flattened. For example, the 520 cm™ band depth for
each pressure (Fig. 4) was calculated by computing [ 1 — (gs,¢/con-
tinuum)] where €s,1s the emissivity value at 520 cm™, and the
continuum was computed between bands at 559 and 484 cm™!
(cf. Clark and Roush 1984; Bell and Crisp 1993). In Figure 5, the
440/400 cm™' ratio is highly negatively correlated with increasing
shock pressures owing to the loss of the narrow 400 cm™! band
and the 440 cm™! local emissivity maximum. The 652/581 cm™!
ratio is less well correlated with pressure, although the initially
steep spectral slope in this region related to the 535 cm™ band
was minimized by 3540 GPa (Fig. 5).

The SP Flow basaltic andesite spectra are shown in Figure
6, where a broader absorption centered near 1050 cm™ in the
unshocked sample is characteristic of basaltic andesite (e.g.,
Bandfield et al. 2000), and the relative lack of prominent spec-
tral features in the <500 cm™ region is attributable to the lower
abundances of olivine and pyroxene relative to primary glass

JOHNSON ET AL.: THERMAL IR OF SHOCKED BASALTS

T T T T T T T T T T T T

® 440400 cm’ (r=-0.96)| |
A 652/581 em” (r=-0.88)

1.06

7 P

1.02—

1.00 —

| L | L | L
0 10 20 30
Pressure (GPa)

1 1
40 50 60

FIGURE 5. Decrease in 440/400 cm™ and 652/581 ¢cm™ ratios as a
function of shock pressure in the Grand Falls samples, with linear fits
and correlation coefficients shown.
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FIGURE 6. Emissivity spectra of SP Flow basaltic andesite chips
recovered from shock experiments, with shock pressures labeled below
each spectrum. Two spectra for unshocked samples (0 GPa) are overlain:
The chips spectrum is shown in gray, and the block from which thin
sections were made is shown in black. The contrast of the block spectrum
has been reduced by 25% to better fit on the plot. All spectra are offset
from the unshocked spectra. Vertical lines represent spectral regions of
interest at (left to right) 1235, 1050, 652, 581, 453, and 354 cm™'.

content. Spectra acquired at higher pressures mainly exhibited the
development of a band centered near 450 cm™'. Figure 7 shows
how the 652/581 cm™ ratio decreases with increasing pressure
and the gradual loss of crystal structure, as does the 453/354
cm ' ratio. The band near 1050 cm ' and the CF near 1235 cm™!
changed little in position from the unshocked spectra. The dif-
ferences in spectral contrast among the data evident in Figure 6
likely resulted from subtle variations in the amount of sample
available to fill the ~1 cm field of view of the spectrometer.

Spectral deconvolutions

Table 3 compares the mineral abundances calculated from
the BSE analyses for each sample type to those from the spectral
deconvolutions for the unshocked chips and blocks. The plagio-
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clase contents of both samples derived from the BSE method are
5-10% lower than the spectral deconvolution abundances. This
difference may result from the presence of plagioclase microlites
(and/or crystalline domains in the mesostasis) to which infra-
red spectroscopy is more sensitive than the BSE technique (P.
Christensen, pers. comm.). The BSE-derived pyroxene and glass
contents are consistently higher than the deconvolution results,
although typically within the 5-15% uncertainties associated
with deconvolution models (e.g., Feely and Christensen 1999).
The overestimation of glass contents by the BSE technique may
be a consequence of the similarity in chemistry between the
glass and plagioclases, as discussed above. If the ~10% excess
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FIGURE 7. Decrease in 453/354 and 652/581 cm ™ ratios as a function
of shock pressure in the SP Flow samples, with linear fits and correlation
coefficients shown.
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glass abundances were distributed among the plagioclase and
“Other” category, the BSE and deconvolution abundances in
Table 3 would balance better. Olivine abundances for the SP
Flow samples are consistently very low, whereas those derived
for the Grand Falls basalt vary between 4 and 15%. The higher
abundance in the chips sample may simply reflect the presence
of additional olivine phenocrysts that were absent in the block
sample. Similarly, variations in pyroxene phenocrysts between
the Grand Falls chips and block samples may explain their
variations in Table 3.

Figure 8 shows a comparison of four representative shocked
Grand Falls basalt spectra and model results from the decon-
volutions in which shocked anorthosite and albitite feldspars
were absent (Fig. 8a) and included (Fig. 8b) in the end-member
library. These results demonstrate an improvement in rms error
and visual fit quality when shocked feldspars were included in
the spectral library. The number of end-members selected for
the deconvolutions using the shocked feldspars was less than
or equal to the number used for the deconvolutions without the
shocked feldspars, further indicating that inclusion of the shocked
feldspars provides an overall better fit. A similar result was found
for the SP Flow basaltic andesite data in Figure 9, where inclusion
of the shocked feldspars improved the rms error and overall fit
quality, and decreased the number of required end-members for
all but the 57.5 GPa case. Although the deconvolution results
potentially could be improved further by experimenting with
additional minerals in the spectral library, the main conclusion
that the shocked feldspars improved the overall fits is clear.

Figure 10 further illustrates this point by comparing the varia-
tion in model rms error with pressure for both Grand Falls and SP
Flow data sets when deconvolutions were run with and without
shocked feldspars. The improvement in rms error for deconvolu-
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of measured (thick line) and
deconvolved (modeled; thin
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line) spectra of Grand Falls
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contained shocked feldspars

rms=0.0046
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(b). Deconvolution rms errors
shown along with number of
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TaBLE 3. Mineral group abundances (areal percent) calculated from BSE analyses and spectral deconvolutions of unshocked Grand Falls and
SP Flow basalts
Grand Falls Grand Falls Grand Falls SP Flow SP Flow SP Flow

(BSE) (spectral: chips) (spectral: block) (BSE) (spectral: chips) (spectral:block)
Plagioclase 47.8 56.0 55.6 44.5 49.0 47.7
Pyroxene 27.8 6.5 16.6 17.8 43 6.6
Olivine 4.0 15.1 8.2 0.3 1.6 0.0
Glass 11.1 0.0 1.9 30.7 19.0 20.1
Other* 9.3 23.7 17.7 6.7 26.1 25.6

*“Other”includes sheet silicates, carbonates, Fe-oxides, and apatite.
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FIGURE 9. Comparison of measured (thick line) and deconvolved (modeled; thin line) spectra of SP Flow shocked chips (23.9, 30.3, 43.8, 57.5
GPa) using a spectral library that withheld shocked feldspars (a) and a library that contained shocked feldspars (b). Deconvolution rms errors shown
along with number of selected end-members (EMs) from deconvolution run. Note decrease in rms error using shocked feldspars end-members, as

well as general decrease in number of end-members selected by fit.

tions that included shocked feldspars is evident in both samples.
In the Grand Falls data (Fig. 10a), the improvement in rms errors
increased substantially at pressures >17 GPa, consistent with the
onset of diaplectic glass formation that is much better modeled
by inclusion of the shocked feldspars. Conversely, the SP Flow
data (Fig. 10b) showed a more constant difference in rms errors
with pressure. This may result from the greater proportion of
primary glass content in these samples compared to the Grand
Falls rocks. To investigate this further, we calculated the mod-
eled shock pressure value from each deconvolution by scaling
the pressure of each selected shocked feldspar by its modeled
abundance and summing the results. Figure 11 compares the

measured and averaged modeled pressures for the two basaltic
samples. For the Grand Falls data, the unshocked sample was
modeled with low shock pressures as expected, and the data
were relatively accurate until a plateau was reached at measured
shock pressures >30 GPa. We interpret the observed trend to
reflect the onset of diaplectic glass formation between 20 and
25 GPa. At higher pressures, the increasing amount of diaplectic
glass disproportionately biases the modeled shock pressures to
inappropriately large values until about 45 GPa. In this pressure
range, nearly complete melting of the feldspar occurs and the
model more accurately reports the measured shock pressure of
the basalt. The fall-off of this trend at the highest shock pressures
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FIGURE 10. RMS error variations as a function of shock pressure for
(a) Grand Falls and (b) SP Flow samples for deconvolutions in which
shocked feldspars were included and withheld from spectral libraries.
Both sample sets exhibit lower rms errors when shocked feldspars
are included. The divergence in rms error trends after 17 GPa for the
primary glass-poor Grand Falls samples is indicative of the onset of glass
formation in more highly shocked samples. The lack of such divergence
in the SP Flow samples indicates the effects of primary glass.

(>50 GPa) may result from the relatively low spectral contrast
of these samples owing to their small retrieved volume from the
shock experiments and subsequent inability to completely fill the
field of view of the spectrometer.

For the SP Flow sample, the model incorrectly predicted a
high shock pressure for the unshocked sample. This was followed
by a small increase in modeled pressure until a similar plateau
was reached near 25-30 GPa, after which the modeled pressures
were consistently ~50 GPa. We interpret this trend to reflect the
higher primary glass content of the SP Flow samples, which
confuses the model even at 0 GPa shock pressure because of the
apparent spectral similarity between highly shocked feldspars
and volcanic glass. The two dominant end-members selected for
the unshocked SP Flow sample from deconvolutions run without
the shocked feldspars were bytownite (47%) and K-rich glass
(18%). When the shocked feldspars were added to the library,
the same sample was modeled to contain bytownite (5%), mildly
shocked anorthosite feldspars (16% of 22.6 GPa, and 8% of
25.5 GPa), and a large amount of highly shocked albitite (39%
of 44.6 GPa). Indeed, one common theme among the SP Flow
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FIGURE 11. Measured and average modeled shock pressures for
Grand Falls and SP Flow samples. Grand Falls samples exhibit an upturn
in modeled pressures after 17 GPa, followed by a relatively constant
modeled pressure (~47 GPa) after 30 GPa measured pressure and a slight
downturn >50 GPa measured pressure. The SP Flow samples show high
pressures even for the unshocked sample, followed by a nearly constant
modeled pressure similar to the >30 GPa Grand Falls sample results.
Solid line is 1:1 correlation. Error bars represent 15% uncertainties on
modeled pressures and 2% error on measured pressures.

deconvolutions that included shocked feldspars was the selection
of shocked albitite in every model except the 23.9 GPa sample.
For comparison, the only shocked Grand Falls sample to be
modeled with any shocked albitite was the 24.0 GPa sample.
The preference for albitite likely occurs because the SP Flow
and albitite spectra exhibit similar long-wavenumber bands in
the 1000-1200 cm™ region. The Grand Falls and anorthosite
spectra share similar, shorter-wavenumber bands in this region
(e.g., Johnson et al. 2003). Furthermore, the position of the main
long-wavenumber absorptions in highly shocked feldspars vary
from ~950 cm™ in bytownite to ~1050 cm™ in albite (near the
main band in the highly shocked SP Flow sample). Combined
with the characteristic of albite to maintain its structural integrity
(and infrared spectral features) to higher shock pressures than
anorthite (Williams 1998; Johnson et al. 2003; Milyavskiy et
al. 2000), the overestimation of shock pressures in the SP Flow
samples may be abetted by the models’ selections of shocked
albitites.

CONCLUDING REMARKS

The experimentally shocked basalt and basaltic andesite
presented here exhibit thermal infrared spectral absorptions that
degrade, shift, and/or merge with increasing pressure. These
distinctive spectral changes are caused by pressure-induced
structural distortions in the bending and stretching motions of Si
and Al tetrahedra dominantly within plagioclase feldspars (e.g.,
Ostertag 1983; Johnson et al. 2002, 2003). As shock pressures
increase, spectral features vary in a relatively linear fashion and
result in broad bands near 960 and 400 cm™'. Similar types of
absorptions are observed in some glasses (e.g., Wyatt et al. 2001;
Byrnes et al. 2007), silica coatings (Kraft et al. 2003; Michalski
et al. 2005), clay minerals (Michalski et al. 2006), altered/oxi-
dized basalts (Minitti et al. 2002; Hamilton and Minitti 2003),
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and zeolites (Ruff 2004).

Spectral deconvolution models of the unshocked rock spectra
provided abundances of plagioclase and glass that were consis-
tent with the values determined from supervised classification
models run on BSE images. However, deconvolution models run
for shocked samples using the same mineral reference libraries
resulted in poorer overall fits, particularly at high shock pressures.
By adding shocked feldspars to the end-member libraries (John-
son et al. 2002, 2003), the deconvolution model fits improved
both quantitatively and qualitatively. In particular, the Grand
Falls basalt samples exhibited improved rms errors beginning
at shock pressures ~20-25 GPa at which the onset of diaplectic
glass formation occurs in plagioclase. For these samples, mod-
eled shock pressures were accurate to +10 GPa except between
~28 and 40 GPa, where the model overestimated the measured
shock pressures. Although the SP Flow basaltic andesite ex-
hibited similar improvements in model fits upon inclusion of
shocked feldspars in the end-member library, shocked feldspars
were incorrectly selected by models of unshocked sample spectra.
This result suggests that the higher primary glass content of the
basaltic andesite samples (20-30%) confused the deconvolution
algorithm. Indeed, all modeled pressures were overestimated for
the SP Flow samples until ~40 GPa, after which values accurate
to £10 GPa were modeled.

The shocked samples studied here are large chips, which
have significant spectral differences compared to their powdered
counterparts (e.g., Johnson et al. 2002, 2003). As such, the
data presented here are more relevant for comparison to rocky,
large-grained surfaces than to the fine-grained regoliths that
dominate large portions of the Moon, Mercury, and asteroids.
However, because linear mixture models of fine-grained materi-
als are inappropriate owing to the non-linear effects of volume
scattering (e.g., Ramsey and Christensen 1998), the large chip
samples provide the most direct means to study the spectral ef-
fects of shock pressures from remotely sensed planetary data,
particularly for Mars and Earth. Indeed, the results presented
here suggest that incorporating spectra of shocked feldspars or
basaltic rocks as end-members for deconvolutions of remotely
sensed data may provide useful information regarding the shock
state of the surfaces analyzed (e.g., Tornabene et al. 2005; John-
son et al. 2006). However, the first-order similarity in spectral
absorptions among primary volcanic glass and other crystalline
or amorphous/glassy compositions could lead to spurious inter-
pretations of the inferred shock pressures. Additional laboratory
studies are needed to better distinguish among volcanic glass,
impact-generated glasses, and other poorly crystalline or amor-
phous materials such as coatings. Further experimental work on
the shock-induced spectral changes observed for intermediate
composition plagioclase feldspars (e.g., labradorite) should pro-
vide additional constraints on interpreting the effects of shock
on planetary bodies.
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