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Abstract Petrographic, micro‐Raman and micro‐Fourier transform infrared spectral analyses of
experimentally shocked basalt and basaltic andesite samples (up to ~63 GPa) indicated that progressive
amorphization of plagioclase feldspar with increasing pressure resulted in detectable spectral variations that
mimic those of the experimentally shocked, plagioclase‐dominated rocks analyzed in earlier studies.
However, variations in starting sample composition and/or shock propagation through the minerals and
mesostasis within these basaltic rocks resulted in variable distribution of shock effects within the samples, as
manifested in their infrared and Raman spectra. In particular, the presence of primary igneous glass within
the starting samples subdued the observed effects because of the spectral similarity between the glass and
shocked plagioclase (maskelynite and plagioclase glass). This caused ambiguity in distinguishing between
amorphization resulting from shock effects and that associated with primary glass, particularly for the more
hypocrystalline basaltic andesite (~30% glass) compared to the basalt sample (~10% glass). Nonetheless, the
correlation between shock pressures and key spectral parameters (Raman peak ratios, infrared reflectance
peak band heights) for plagioclase‐bearing sample areas terminated in the ~25–30 GPa pressure range. This
was consistent with the amorphization onset pressures of andesine and reflected the increasing presence of
maskelynite at these higher pressures. Higher spatial resolution mapping using these techniques could
provide better insight regarding the influence of grain boundaries and mineralogical variations on shock
propagation in fine‐grained, glassy, basaltic samples. This would help refine the nature and magnitude of
shock propagation effects in naturally shocked basaltic samples analyzed during in situ investigations of
planetary surfaces.

Plain Language Summary During formation of an impact crater, minerals in rocks experience
very high pressures that cause damage to their crystal structures. The primary mineral most easily
changed by pressure is plagioclase feldspar, a common mineral in volcanic rocks (basalts) that occur on
planetary surfaces. We used two basalts compressed to high shock pressures in the laboratory to analyze how
their minerals changed with increasing pressure. We created thin slices of the shocked rocks and viewed
their infrared reflectance and Raman spectra under a microscope to document the onset of formation of less
crystalline, glassier materials that appeared at high pressures. Similar experiments were conducted
previously on plagioclase minerals to document their changes at high pressures. The basaltic rocks analyzed
here showed slightly more subdued changes compared to nearly monominerallic plagioclase samples, but
overall trends were comparable. This was mainly due to the differences in glass content in the starting
samples, because glasses share similar spectral shapes to highly shocked plagioclase. This ambiguity
between impact‐shocked materials and preexisting glass in volcanic rocks may complicate efforts to
distinguish between the two when analyzing rocks with robotic instruments on planetary surfaces, but the
techniques shown here demonstrate that such efforts would be valuable.

1. Introduction

Understanding the magnitude of shock pressures experienced during hypervelocity impact cratering events
is a fundamental requirement for modeling impact processes on planetary surfaces, as well as a key compo-
nent in recognizing impact‐generated deposits (e.g., Melosh, 1989; Osinski & Pierazzo, 2013). Observations
of pressure effects at the microscopic level can reveal important aspects of shock wave propagation through
mineral grains and the resulting deformation to crystalline structures. Vibrational microspectroscopy using
Raman and thermal infrared techniques provides a useful means to systematically analyze progressive
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amorphization with pressure as manifested by variations in the position and magnitude of spectral features,
particularly in plagioclase feldspars (Fritz et al., 2005, 2011; Heymann & Hörz, 1990; Jaret, Johnson, Sims,
DiFrancesco, et al., 2018; Johnson et al., 2002). For example, plagioclase demonstrates progressive loss of
complex spectral features with increasing pressure associated with Si–O bending and stretch vibrations in
silica tetrahedra. Stronger, fourfold (tetrahedral) Si–Al coordination bonds transition to less polymerized,
weaker bonds associated with sixfold (octahedral) coordination (e.g.,Fritz et al., 2005 ; Johnson et al.,
2002), to which both thermal infrared and Raman techniques are sensitive.

Jaret, Johnson, Sims, DiFrancesco, et al. (2018) used optical petrography, micro‐Raman, and micro‐Fourier
transform infrared (FTIR) spectroscopy to document structural changes in experimentally shocked (0–56
GPa) albite‐, andesine‐, and bytownite‐rich rocks as a function of composition and pressure (cf.Johnson,
2012 ; Johnson et al., 2002). They confirmed that sodic plagioclase samples began transformation to an amor-
phous phase at higher shock pressures than more calcic plagioclase. Average infrared reflectance spectra
from two‐dimensional (2‐D) microscopic hyperspectral images of these samples mimicked emissivity mea-
surements acquired previously on the bulk samples (Johnson, 2012; Johnson et al., 2002). However, hetero-
geneity in the shock response was observed on the microscopic scale. They suggested that the variability of
the shock wave topology combined with differences in crystal orientation and composition were the
likely causes.

Johnson et al. (2007) collected thermal infrared emission spectra of a suite of chips recovered from experi-
mentally shocked (0–63 GPa) basalt (Grand Falls, AZ) and basaltic andesite (SP Flow, AZ) samples and
documented variations in spectral features with increasing pressure that were consistent with deformation
of the structure of plagioclase feldspars. Spectral features in the unshocked rocks arose from Si–O–Si octahe-
dral bending vibrations (350–700 cm−1) and Si–O antisymmetric stretch motions of the silica tetrahedra
(1,000–1,250 cm−1). These were altered at shock pressures >20–25 GPa into two spectral features broadly
near 960 and 400 cm−1. Spectral unmixing models for the Grand Falls basalt shocked samples were
improved by including shocked plagioclase spectra in the end‐member libraries (Johnson et al., 2002,
2003). However, unshocked SP Flow basaltic andesite spectra were modeled erroneously using shocked feld-
spar spectra. Johnson et al. (2007) concluded that this was caused by the greater glass content of the basaltic
andesite samples (~30%) compared to the Grand Falls basaltic samples (~10%).

Here we apply the microspectroscopy and petrographic techniques used by Jaret, Johnson, Sims,
DiFrancesco, et al. (2018) on these shocked basaltic rocks to investigate systematically the structural damage
induced by experimental shock processes within and among mineral grains and primary glasses at micro-
scopic scales. Such information is relevant for laboratory spectral analyses of meteorites and naturally
shocked terrestrial samples to better constrain shock pressure levels, as well as in the development and test-
ing of in situ instruments on planetary spacecraft that would be capable of distinguishing impact shocked
materials at high spatial resolution.

2. Background
2.1. Shock Experiments and Pressure Estimates

Previous petrographic investigations of experimentally and naturally shocked minerals attributed shock
pressures to specific deformation features, the abundance of diaplectic glass, and variable degrees of melting
(cf.Fritz et al., 2017; Grieve et al., 1996; Stöffler & Langenhorst, 1994; Thoma et al., 2005). These types of
investigations have included samples ranging from meteorites (e.g., Stöffler et al., 1991, 2018; Bischoff &
Stöffler, 1992; Cooney et al., 1999; Sharp & DeCarli, 2006; Gyollai et al., 2012; Rubin, 2015; Filiberto et al.,
2018; Herd et al., 2017; Sharp et al., 2019; Chen et al., 2019) to lunar regolith samples (e.g.,Fernandes
et al., 2009, 2013; Hörz & Cintala, 1997; Pickersgill et al., 2015; Zeng et al., 2019) and terrestrial impact crater
materials (e.g.,Dence et al., 1977; Pickersgill, Osinski, & Flemming, 2015; Pickersgill, Flemming, & Osinski,
2015; Reimold, 1982; Short, 1970), all to better constrain their shock and thermal metamorphic histories.
When plagioclase feldspars experience high pressures from impacts, disordering of the mineral lattice and
increased abundance of amorphous phases typically occur at shock pressures above ~20 GPa (Ahrens
et al., 1969; Arndt et al., 1982; Bunch et al., 1967, 1968; Johnson, 2012; Lyon, 1963; Ostertag, 1983;
Stöffler, 1971, 1972, 1974; Stöffler & Hornemann, 1972). Based on laboratory shock experiments, formation
of maskelynite (diaplectic glass) from plagioclase is complete between ~30 and 45 GPa and significant
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melting occurs at greater than ~45 GPa (Gibbons et al., 1975; Hörz & Cintala, 1997; Stöffler, 1972; Velde
et al., 1987, 1989). For comparison, pyroxene and olivine are more resistant to the levels of shock pressure
examined here, as was exemplified by no observed changes in thermal infrared spectra of experimentally
shocked pyroxenes by Johnson et al. (2002) and by Raman spectroscopy for experimentally shocked olivines
(Farrell‐Turner et al., 2005; Harriss & Burchell, 2016).

The absolute strain rate, shock pulse duration, porosity, and initial temperature all influence the nature of
the pressures experienced at the microscopic level by individual grains (Beck et al., 2005; DeCarli et al.,
2002; Fritz et al., 2017; Hörz & Cintala, 1997; Sharp & DeCarli, 2006; Sims et al., 2019; Stöffler, 1972,
1974; Stöffler, 2001). At such scales, the reflection and rarefaction of shock waves across grain boundaries
can cause inhomogeneous shock pressure distributions in small sample volumes (~1 cm3; e.g., Hanss
et al., 1978) and variations in local shock intensities on the millimeter scale (Trepman, 2008). Along some
mineral boundaries, local melting occurs at lower pressures than expected (e.g., Sazonova et al., 1996).
Stöffler (2001) suggested that polycrystalline rocks with minerals of different shock impedance would likely
experience such “local pressure peaks.” This is particularly important in localized shock veins (tens of
microns across) concentrated along grain boundaries that occur at intermediate pressures as a result of het-
erogeneous pressure‐induced heating (Fritz et al., 2017; Herd et al., 2017; Hirata et al., 2009; Kubo et al.,
2010; Sharp et al., 2019).

2.2. Thermal Infrared Spectroscopy of Experimentally Shocked Samples

As shock pressures increase, diaplectic glasses can mutually exist with crystalline phases, resulting in
changes to characteristic vibrational frequencies in the thermal infrared. As detailed in many spectroscopy
investigations, bending vibrations near 400–550 cm−1 (Si–O–Al structures) are paired with weaker bending
Si–O–Si absorptions near 450–700 cm−1, SiO6 stretching vibrations near 750–850 cm−1, and Si–O antisym-
metric stretch motions in the 900–1,200‐cm−1 region (Arndt et al., 1982; Bunch et al., 1967; Daniel et al.,
1995, 1997; Heymann & Hörz, 1990; Iiishi et al., 1971; Ostertag, 1983; Stöffler & Hornemann, 1972; Velde
et al., 1987; Williams, 1998; Williams & Jeanloz, 1988, 1989; Yamaguchi & Sekine, 2000).

Johnson et al. (2002, 2003) and Johnson (2012) acquired thermal infrared spectra (5–40 μm; 250–2,000 cm−1)
of experimentally shocked, nearly monominerallic rocks composed of bytownite (An79), andesine (An36–46),
and albite (An02) over peak pressures from ~15 to ~60 GPa. In unshocked bytownite prominent absorption
bands were noted at 1,115 and near 945 cm−1 and weaker bands occurred near 500–650 cm−1. In unshocked
albite sharper spectral features occurred at 1,010, 1,040, and 1,150 cm−1, whereas the positions of andesine
spectral features were near 1,005 and 1,145 cm−1. Spectral features related to Si–O bending and stretching
vibrations in plagioclase feldspars were lost during the change to amorphous glass with increasing pressure.
Only twomajor spectral features remained at the highest pressures: a band near 440–460 cm−1 (related to Si–
O–Al bending vibrations) and Si–O stretch bands at ~1,040 cm−1 (albite), ~1,020 cm−1 (andesine), and ~960
cm−1 (bytownite). The differences in Si–O stretch band positions are likely caused by the weaker Al–O bonds
in Ca‐rich plagioclase (e.g., Fritz et al., 2011; Johnson et al., 2003; Sazonova et al., 2007).

2.3. Raman Spectroscopy of High‐Pressure Phases

Because Raman spectroscopy is also sensitive to molecular vibrational modes that are affected by crystal
composition and lattice structure, it is a common method to study variability in minerals. Velde et al.
(1989) used Raman spectra to study three feldspar compositions experimentally shocked from 21 to 54
GPa and noted the greatest resiliency of albite to shock pressure. Raman spectra of experimentally shocked
(24–40 GPa) andesine (An49) and oligoclase (An19) from Heymann and Hörz (1990) exhibited a loss and/or
broadening of several spectral bands with increasing pressure. At pressures greater than 30 GPa the transi-
tion to diaplectic glass resulted in the loss of the Si–O–Al stretch bands. Daniel et al. (1995) noted the appear-
ance of a band near 1,000 cm–1 in the Raman spectrum of shocked anorthite. This was similar to the result of
Freeman et al. (2008), who presented Raman spectra of a variety of plagioclase feldspars, including a
shocked anorthite from lunar meteorite NWA 773 that showed broadening of band widths with pressure,
consistent with partial conversion to maskelynite. Fritz et al. (2005) used Raman measurements to quantify
shock effects in meteorites through detailed analyses of plagioclase and maskelynite. They demonstrated
that the progression in shock pressures, as indicated by refractive index changes, can be matched to charac-
teristic degradation of the Raman spectra. In their microspectroscopic analyses of shocked plagioclase, Jaret,
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Johnson, Sims, DiFrancesco, et al. (2018) also documented the loss of
spectral peaks associated with plagioclase and the development of
broader peaks centered near 480–500 cm–1 beginning at pressures
above ~28 GPa.

2.4. Microspectroscopy

As a shock wave propagates along grain boundaries or within an
individual grain, the pressure and temperature can vary locally. High
spatial resolution spectroscopy can enable analysis at the grain scale of
the spectral effects of pressures and shock propagation. This was shown
effectively by Palomba et al. (2006), who acquired infrared bidirectional
reflectance spectra (1.6–16.7 μm, 600–6,000 cm−1) of the Martian
meteorite Zagami at small spatial scales (20–400 μm) to characterize
maskelynite's Christiansen Feature position (~1,247 cm−1) and broad
band at 950 cm−1. Thin sections and pressed powders of meteorite
samples have also been analyzed using transmission/absorption
spectroscopy (e.g., Benedix & Hamilton, 2007; Morlok, Bowey, et al.,
2006; Morlok, Kohler, et al., 2006; Morlok et al., 2010). In addition,
many studies have noted that microscopic reflectance measurements
are affected by crystal orientation in samples. Nonisotropic crystals will
exhibit variable thermal infrared spectra depending on grain
orientation relative to the incident beam (e.g., Jaret, Johnson, Sims,
DiFrancesco, et al., 2018; Martin et al., 2018; Pernet‐Fisher et al., 2017).

3. Materials and Methods
3.1. Samples

We used the basalt and basaltic andesite rocks from Johnson et al. (2007), who experimentally shocked sam-
ples at 10 to 11 specific pressure levels ranging from ~17 to ~63 GPa. The starting sample for each experimen-
tal pressure step was taken from the same rock core. The basalt was from the base of the Grand Falls (AZ)
lava flow and contained glass (11%), pyroxene (28%), olivine (4%), and plagioclase (48%) with an average
composition of labradorite (~An57). The basaltic andesite was a finer‐grained sample from the west side of
the SP Flow (AZ) cone, and contained more glass (31%), less pyroxene (18%), some olivine (<1%), and pla-
gioclase (45%) with average composition of andesine (~An48). The Flat Plate Accelerator at the Johnson
Space Center was used to conduct the shock experiments through a shock‐reverberation process (Gibbons
& Ahrens, 1971). Chips recovered from the shocked samples ranged from 2 to 10 mm. The Johnson Space
Center sample numbers and experimental shock pressures are listed in Table 1.

3.2. Data Acquisition

Polished thin sections were made from the shocked chip samples. A standard Olympus petrographic micro-
scope was used to obtain cross‐polarized and plane‐polarized transmitted light images, as shown in Figures 1
and 2 for representative unshocked and shocked samples at shock levels of 0, ~29, and ~57 GPa. Owing to the
relatively isotropic nature of the samples when viewed between crossed polarizers, those images were
enhanced using a gamma correction (γ = 3). (The supporting information includes images of samples from
all shock pressures.)

Micro‐FTIR hyperspectral maps of thin sections were obtained using a liquid nitrogen‐cooled HgCdTe
(MCT) detector with a Nicolet iN10MX FTIR microscope in the Center for Planetary Exploration at Stony
Brook University. Hyperspectral images were acquired between 7,000 and 715 cm−1 (1.4–14.0 μm) at 25
μm/pixel and 8‐cm−1 spectral sampling. Observations of gold mirrors were acquired as background
measurements prior to each sample, using the same spot size and acquisition times as the sample. Spectra
were normalized to 100% maximum reflectance for ease of comparison. Table 1 includes the number of
2‐D infrared hyperspectral images made from the thin sections from each sample.

Micro‐Raman spectra were acquired of a variety of regions in each sample using the Center for Planetary
Exploration (CPEx) WiTec alpha300R confocal imaging system equipped with 532‐nm neodymium:

Table 1
Basaltic Rock Shock Recovery Experiment Samples

Grand Falls
EIL no.a

Peak
pressure
(GPa)

Number of
2‐D infrared
images

SP flow
EIL no.a

Peak
pressure
(GPa)

Number of
2‐D infrared
images

‐ 0 1 ‐ 0 1
3377 17.4 3 3455 17.2 1
3378 24 3 3456 23.9 2
3442 26.7 1 3457 28.4 8
3379 29 2 3458 30.3 3
3380 30.4 7 3463 35 3
3381 33.5 2 3459 38.9 2
3390 40.9 1 3462 43.8 2
3383 46.4 3 3460 52.2 1
3382 52.3 2 3482 57.2 1c

3485 56.2 1b 3481 57.8 1c

3483 57.3 1b 3470 62 1c

3469 59.8 3b 3472 63 1c

3465 60.6 3b

aEIL no. (Running Flat Plate Accelerator experiment number in Experimental
Impact Laboratory (EIL) at Johnson Space Center); cf. Johnson et al. (2007).
bGrand Falls samples 3483 and 3485 were physically combined (average
pressure 56.75 GPa), as were samples 3465 and 3469 (average pressure
60.2 GPa).
cSP flow samples 3481 and 3482 were physically combined (average pressure
57.5 GPa), as were samples 3470 and 3472 (average pressure 62.5 GPa).
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yttrium/aluminum/garnet laser with 2.24‐mW nominal power at the sample surface, and a 50X (NA = 0.8)
objective (resulting in spot size of 763 nm). Each analysis consisted of 240 one‐second integrations that were
averaged. To alleviate potential uncertainties induced by baseline correction or background subtraction
techniques, Raman spectra are provided as raw data with arbitrary intensity units.

3.3. Data Analysis
3.3.1. Thermal Infrared Spectra
The thermal infrared hyperspectral image cubes for each thin section were used to create images to empha-
size spectral variability, including false color (red = 1,103 cm−1, green = 1,018 cm−1, blue = 787 cm−1),
1,103‐cm−1

“band depth” maps (reflectance band height maps), and 1,103/1,018‐cm−1 ratio maps
(Figures 3 and 4). In combination with the optical thin section images, these maps were used to guide the
manual selection of locations from which spectra were extracted from 3 × 3‐pixel (75 × 75 μm) areas in
the hyperspectral image cubes of representative end‐member assemblages. These regions are numbered in
Figures 3a–3c and 4a–4c, and are shown in Figure 5 with laboratory spectra for comparison. Supporting
information included with this paper contains similar derived data products for all samples listed in
Table 1.

Figure 1. Plane‐polarized photomicrographs of (left column) Grand Falls and (right column) SP Flow at different shock
pressures: (a) unshocked, (b) 29.0 GPa, (c) 56.8 GPa, (d) unshocked, (e) 28.4 GPa (note much of central sample region is
missing and filled with epoxy), and (f) 57.5 GPa. Grand Falls samples (a–c) are larger grained, with distinct plagioclase
laths visible, compared to the SP Flow samples (d–f) that show phenocrysts in an otherwise very fine grained groundmass.
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Average spectra were calculated from each thin section hyperspectral image for comparison to bulk emissiv-
ity spectra obtained from the original extracted chip samples (Johnson et al., 2007) as shown in Figures 6b
and 6e. Also presented are average spectra of plagioclase or maskelynite end‐member pixels obtained
through the Spectral Angle Mapper (SAM) supervised classification tool within the Environment for
Visualizing Images (ENVI) software package. The SAM algorithm determines spectral similarity by compar-
ing the angle between each pixel vector in n‐D space and the end‐member spectrum vector, where closer
matches to the reference spectrum are represented by smaller angles. We selected a region of interest within
each hyperspectral image with a typical plagioclase or maskelynite spectrum (usually regions with lime‐
green colors in the false‐color images shown in Figures 3a–3c and 4a–4c) and used a constant maximum
angle (0.08 radians) in all SAM calculations. Pixels meeting these criteria were used to create a mask that
allowed extraction of average spectra (Figures 6c and 6f). The mask was also used to extract average reflec-
tance band heights at 1,103 cm−1 and their standard deviations, as shown in Figure 7 as a function of shock
pressure for each thin section's 2‐D infrared map (cf. Table 1).
3.3.2. Raman Spectra
Raman spectra were acquired at locations selected in optical mosaics either to provide regions of crystals
sufficiently large to encompass the 763‐nm spot size, or to represent areas typical of the thin section.
Figure 8 shows these locations for the three representative thin sections, and Figures 9 and 10 show
the Raman spectra with prominent peaks labeled. These spectra (along with all other samples provided
in the supporting information) were analyzed to identify major peaks in each spectrum. Typical peak

Figure 2. Cross‐polarized photomicrographs (contrast stretched with gamma correction = 3) of (left column) Grand Falls
and (right column) SP Flow at different shock pressures: (a) unshocked, (b) 29.0 GPa, (c) 56.8 GPa, (d) unshocked, (e) 28.4
GPa (note much of central sample region is missing and filled with epoxy), and (f) 57.5 GPa.
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positions included those associated with plagioclase near 480 and 510 cm−1 related to the stretching
motion of the SiO4 or AlO4 tetrahedra (Freeman et al., 2008; Mernagh, 1991). Comparison to
laboratory data of standard minerals (Figure 11) demonstrates other Raman peaks associated with
olivine doublet Si–O symmetric stretching modes (824, 855 cm−1) or pyroxene Si–O–Si stretch (670
cm−1) and Si–O bridging stretch modes (1,015 cm−1; cf. Wang et al., 1995, 2001, 2015). These were not
tracked as a function of pressure owing to their greater resistance to shock at the pressures examined here
(e.g., Farrell‐Turner et al., 2005; Harriss & Burchell, 2016; Johnson et al., 2002; Zhang et al., 2018). The
broad humps near 1,000 cm−1 may also vary with composition (Al–O to Si–O ratios) in plagioclase
glass or maskelynite (e.g., Fritz et al., 2019).

For reference, the Raman spectra from experimentally shocked andesine‐ and bytownite‐rich rocks from
Jaret, Johnson, Sims, DiFrancesco, et al. (2018) are shown in Figure 12 (which bracket the plagioclase com-
positions of the basalts studied here). These exemplify the loss of Raman peaks with increasing pressure for
the three representative shock pressures presented here. The peak intensities for the dominant bands
decreased substantially with pressure as the plagioclase became more disordered, where the peak intensity
ratios of ~480/~505 cm−1 exhibited a weak positive linear correlation with increasing pressure. Figure 13
shows similar peak intensity ratios for those plagioclase pixels categorized using the SAM technique, which
also show a weak positive linear correlation, as discussed further below.

4. Results
4.1. Petrography

Unshocked Grand Falls samples showed typical fabrics of basalts, containing plagioclase, clinopyroxene,
and minor olivine. Plagioclase laths were fine‐grained, approximately 100 × 20 μm. Olivine and pyroxene
were subhedral to euhedral and approximately 100 μm. Shock effects in the Grand Falls samples were lim-
ited to only within plagioclase. Plagioclase in the shocked samples showed slight decreases in birefringence

Figure 3. Grand Falls spectral parameter images for (a–c) false color (using red = 1,103 cm−1, green = 1,018 cm−1, blue = 787 cm−1), (d–f) 1,103‐cm−1 reflectance
band height, and (g–i) 1,103/1,018 cm−1 ratio at (left column) 0 GPa, (middle column) 29.0 GPa, and (right column) 56.8 GPa. Numbered points in false‐color
images designate approximate areas from which spectra were extracted (Figure 5).
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between 17.2 and 26.7 GPa, but did not show mosaicism or undulatory extinction. In all samples above 26.7
GPa all the plagioclase grains were uniformly isotropic, yet retained grain boundaries. No flow textures were
observed within plagioclase grains nor was there evidence for polymineralic melt generation. Olivine and
pyroxene remained birefringent throughout all pressure steps, and did not show any textural evidence of
shock deformation.

SP Flow samples exhibited smaller plagioclase grains than Grand Falls (~50 × ~10 μm), whereas pyroxene
phenocrysts were up to 50–60 μm. Additionally, SP contained up to 30% glass. In the shocked samples pla-
gioclase appeared isotropic at 17.2 GPa and in all samples of higher pressure. Similar to Grand Falls, the pla-
gioclase retained its grain boundaries and showed no evidence of internal melting or vesiculation. Pyroxenes
and olivine remained birefringent throughout all pressure steps, and lacked cracking, fracturing, or other
textural effects of shock deformation.

Figure 4. SP Flow spectral parameter images for (a–c) (false color, using red = 1,103 cm−1, green = 1,018 cm−1, blue = 787 cm−1), (d–f) 1,103‐cm−1 reflectance
band height, and (g–i) 1,103/1,018‐cm−1 ratio at (left column) 0 GPa, (middle column) 28.4 GPa, and (right column) 57.5 GPa. Numbered points in false‐color
images designate approximate areas from which spectra were extracted (Figure 5).
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Figure 5. Thermal infrared spectra extracted from hyperspectral images of (a–c) Grand Falls and (d–f) SP Flow at pressures shown. Numbered locations correspond
to those shown in Figures 3 and 4. Each spectrum represents a 3 × 3‐pixel (75 × 75 μm) region. Average spectrum for entire sample shown in white (cf. Figures 6a
and 6d). Laboratory spectra of example minerals from Christensen et al. (2000) are shown in (g), converted to reflectance for ease of comparison. Vertical lines
represent bands used in false‐color images shown in Figures 3 and 4 (red = 1,103 cm−1, green = 1,018 cm−1, blue = 787 cm−1).
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4.2. Infrared Spectroscopy

The spectra extracted from the 2‐D hyperspectral images (Figures 3 and 4) verify that the Grand Falls
unshocked sample is dominated by plagioclase, olivine, and pyroxene, with minor minerals such as gypsum.
The SP Flow unshocked sample contains similar major minerals, but a less well defined plagioclase spec-
trum that is likely a consequence of its finer grain size and higher primary glass content compared to the
Grand Falls sample. Both samples are sufficiently fine‐grained that the 75 × 75‐μm regions of interest from
which spectra were extracted often comprised multiple minerals, including the presence of plagioclase
microlites and/or crystalline domains in the mesostasis (Johnson et al., 2007). For example, spectrum 3 in
Figure 5a exhibited spectral features consistent with both olivine and plagioclase, although variations in
crystal orientations could shift peak locations and increase uncertainty in some specific mineral identifica-
tions (cf. Jaret, Johnson, Sims, DiFrancesco, et al., 2018; Martin et al., 2018; Pernet‐Fisher et al., 2017, and

Figure 6. Average thermal infrared spectra extracted from hyperspectral images of entire thin section for (a) Grand Falls and (d) SP Flow samples, offset and
labeled with peak shock pressure. For comparison, emissivity spectra of chip samples from Johnson et al. (2007) (converted to reflectance and scaled to 100%)
are shown for (b) Grand Falls and (e) SP Flow samples. Also shown are collections of average plagioclase/maskelynite spectra from (c) Grand Falls and (f) SP Flow
hyperspectral maps (see text). Note the absorption near 1,000 cm−1 in the higher pressure Grand Falls samples (a–c) that is discussed in section 5.2.
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references therein). At higher shock pressures (Figures 5b/5e and 5c/5f) the plagioclase spectra lost their
prominent spectral features and exhibited a broad peak centered near 950–1,000 cm−1 in the Grand Falls
samples and near 1,000–1,060 cm−1 in the SP Flow samples. This difference in peak positions is
consistent with the more calcic nature of the plagioclase in Grand Falls samples (cf. Jaret, Johnson, Sims,
DiFrancesco, et al., 2018; Johnson et al., 2002, 2007).

Some shocked Grand Falls samples also exhibited an inconsistent and unusual spectral band centered near
1,000 cm−1

. This feature appeared in several of the average reflectance spectra from higher‐pressure samples
(Figure 6a; 26.7, 33.5, 52.3, 56.7, and 60.2 GPa). It also occurred in some of the macroscale emissivity spectra
from Johnson et al. (2007) (Figure 6b; 24.0–40.9 GPa). The plagioclase and/or maskelynite average spectra
extracted using the SAM algorithm (Figure 6c) also exhibit the 1,000‐cm−1 band, suggesting that plagioclase
and/or maskelynite are responsible for this band. Comparisons to laboratory mineral spectra suggest that
this spectral feature derives from contributions of olivine and pyroxene to the maskelynite spectrum (cf.
Figure 5g) at spatial scales below the region of interest size (75 × 75 μm). The prevalence of such fine‐grained
combinations depends on the nature of shock propagation through variable distributions of crystalline,
glass, and mesostasis materials among the unshocked samples. The suppression of this band in some of
the macroscale spectra in Figures 6b and 6e (Johnson et al., 2007) may result from a combination of aver-
aging over a greater sample area (~1 cm) that includes more types of minerals and glasses than observed
at 75 × 75‐μm scales, and/or the influence of more randomized crystal orientations, both of which would
serve to subdue the 1,000‐cm−1 band.

Figure 7. Average 1,103‐cm−1 reflectance band heights computed from average plagioclase spectra (Figure 6) for (a) Grand Falls and (c) SP Flow samples as a func-
tion of shock pressure, alongside (b and d) standard deviations of those averages. Each point corresponds to an individual 2‐D infrared map (Table 1). Grand Falls
samples exhibit moderate negative correlation between reflectance band heights and pressure, reaching a minimum at about −0.35 for samples above ~30 GPa.
Grand Falls standard deviations exhibited a moderate positive correlation with pressure. SP Flow samples exhibit no correlations with pressure.
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Using microscopic hyperspectral images of shocked plagioclase, Jaret, Johnson, Sims, DiFrancesco, et al.
(2018) demonstrated that the depths (or peaks in reflectance spectra) of the 950–1,150‐cm−1 reststrahlen
bands exhibited variable positive linear correlations with pressure, depending on the plagioclase composi-
tion or band of interest. They also demonstrated that the standard deviation of those averages often exhibited
a negative correlation with pressure, suggestive of increasing homogeneity of the samples at the scale of
observation (75 × 75 μm). Figure 7 shows the average 1,103‐cm−1 reflectance band heights and standard
deviations for both basaltic samples. The Grand Falls sample exhibited a decrease in band height with

Figure 8. Locations of Raman spectra (shown in Figures 9 and 10) shown on plane‐polarized photomicrographs for (left
column) Grand Falls (GF) and (right column) SP Flow (SP) at different shock pressures: (a) unshocked, (b) 29.0 GPa, (c)
56.8 GPa, (d) unshocked, (e) 28.4 GPa, and (f) 57.5 GPa. Spectral locations with two sample numbers correspond to
locations within the size of the colored circle.
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pressure until 33.5 GPa, at which point a value of about −0.35 was maintained. The standard deviations
increased moderately with pressure, suggesting that the samples became more heterogeneous at the
75‐μm scale, as discussed below. Conversely, the SP Flow exhibited no correlations with either average
band height or standard deviations (Figures 7c and 7d).

4.3. Raman Spectroscopy

Raman spectra of selected locations in the Grand Falls and SP Flow samples show peaks associated with pla-
gioclase, pyroxene, and olivine (Figures 9 and 10). Some spectra exhibited peaks representative of multiple
minerals even within the 763‐nm spot size (e.g., Figures 10 (spectra 003 and 006) and S3g (spectrum 004)),
owing to the fine grain size of the samples. Although olivine and pyroxene peaks remain present through
all pressures, plagioclase peaks were lost at relatively low shock pressures and transitioned to weak, broad
peaks after ~24–29 GPa. Along with the plots in the supporting information, Figure 13 demonstrates this
by plotting the intensity ratios of the two main plagioclase peaks near 480 and 510 cm−1 as a function of
pressure. A positive correlation is shown, but it is also apparent that the ratio values leveled to near 1.0 after
pressures of ~24–29 GPa in both samples. These values are slightly lower than the pressures at which
plagioclase Raman spectral peaks were lost in experimentally shocked andesine and bytownite samples from
Jaret, Johnson, Sims, DiFrancesco, et al. (2018) (Figure 12). This may result from the primary glass in the
basaltic samples studied here, which tends to exhibit one broad band near this spectral region rather than
two separate peaks (e.g., Fritz et al., 2019; Gucsik et al., 2004; Prinsloo et al., 2011). The lower pressures
for amorphization may be due to either the smaller grain size of the plagioclase compared to the nearly
monominerallic plagioclase rocks used in previous shock experiments (Johnson, 2012; Johnson et al.,
2002, 2003). Alternatively, this could be due to impedance with the higher‐density pyroxenes, which would
tend to generate slightly higher particle velocities (and average shock levels) compared to the more
monominerallic plagioclase samples.

Figure 9. Example Raman spectra extracted from Grand Falls samples (cf. Figure 8 for locations), with approximate spec-
tral peak positions labeled. Compare to Figure 11 for typical peaks associated with representative minerals. The spectra
were not baseline corrected or background subtracted and the intensities are given in arbitrary units.
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5. Discussion

Jaret, Johnson, Sims, DiFrancesco, et al. (2018) noted that thermal infrared and Raman spectra of
experimentally shocked plagioclase exhibited heterogeneity at scales <75 μm such that amorphous
materials would be in direct contact with more crystalline grains, as is often observed in natural impact
samples. They suggested that this could result from shockwave heterogeneities either within the shock
wave itself, from refractions and associated impedance mismatches among adjacent grains, or from var-
iations in crystal orientation. In their analysis of the Northwest Africa 8159 meteorite, Herd et al. (2017)
noted a relationship between crystalline plagioclase and shock‐amorphized phases of plagioclase (An50‐
62) directly associated with shock veins. They presented Raman spectra of plagioclase in the host rock
with peaks at 480 and 509 cm−1, and plagioclase glass with a broad hump near 509 cm−1. This is simi-
lar to the broad peaks between 487 and 498 cm−1 that Jaret, Johnson, Sims, DiFrancesco, et al. (2018)
identified in micro‐Raman spectra of experimentally shocked andesine and bytownite, respectively,
beginning at shock pressures near 28–29 GPa.

The types of heterogeneities noted by Jaret, Johnson, Sims, DiFrancesco, et al. (2018) were observed in the
basaltic samples studied here, likely resulting from a combination of multiple species and sizes of mineral
grains, interstitial primary glass, and mesostasis within the original, unshocked rock samples. Plagioclase
in the Grand Falls and SP Flow samples were noted from petrographic analyses here to become amorphous
at different pressures. This could be explained by the finer sizes of the SP Flow plagioclase grains, which
were more easily converted to glass because of the shorter length scales of dislocations, as well as the slightly
different plagioclase composition between the Grand Falls (~An57) and SP Flow (~An48) plagioclase.
Additionally, the larger and higher‐density pyroxene grains in the SP Flow sample could generate slightly
higher local shock conditions because of impedance mismatching with the plagioclase.

Figure 10. Example Raman spectra extracted from SP Flow samples (cf. Figure 8 for locations), with approximate spectral
peak positions labeled. Compare to Figure 11 for typical peaks associated with representative minerals. The spectra were
not baseline corrected or background subtracted and the intensities are given in arbitrary units.
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Figure 11. Raman spectra (background‐subtracted) of representative minerals from the RRUFF database (http://rruff.
info/), with relevant peak positions labeled.

Figure 12. Example Raman spectra of unshocked and shocked andesine and bytownite from Jaret, Johnson, Sims,
DiFrancesco, et al. (2018), with approximate spectral peak positions labeled.
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Despite the observed heterogeneities, the average plagioclase thermal
infrared spectra extracted from the 2‐D hyperspectral images for the
Grand Falls samples exhibited a moderate negative correlation between
the 1,103‐cm−1 reflectance band heights and shock pressure until ~30
GPa (Figure 7a). This is consistent with the andesine amorphization onset
pressure determined by Jaret, Johnson, Sims, DiFrancesco, et al. (2018) of
28.4–29.4 GPa. However, unlike the moderate negative correlation of the
standard deviation of similar band depths with pressure for the Jaret,
Johnson, Sims, DiFrancesco, et al. (2018) plagioclase, the Grand Falls
samples' band depth standard deviations exhibited a positive correlation
(Figure 7b). The implication is that the plagioclase‐like spectra became
more heterogeneous with increasing pressure. This is consistent with
the physical mixing of additional materials within the 75 × 75‐μm region
sampled by the spectra. Such mixing could result from increased presence
of the olivine and pyroxene grains incorporated with deformed and frac-
tured plagioclase grains at higher pressures. This could help explain the
~1,000‐cm−1 absorption band observed in several of the more highly
shocked Grand Falls samples (Figures 6a–6c), although variations in oli-
vine or pyroxene grain abundance within the original sample splits
and/or residual effects caused by crystal orientation variations cannot be
ruled out. For comparison, the SP Flow samples' plagioclase‐like spectra
exhibited no band depth or standard deviation correlations with pressure,
and none exhibited the ~1,000‐cm−1 band (Figures 6d–6f, 7c, and 7d). The
most straightforward explanation is that the 3 times greater primary glass
content in the unshocked SP Flow samples resulted in spectra that were
sufficiently similar to maskelynite spectra so as to result in little apparent
variation with pressure.

The plagioclase‐bearing Raman spectra for both Grand Falls and SP Flow
samples exhibited a moderate positive correlation between peak intensity
ratios and shock pressure (Figure 13). In both samples constant ratio
values near 1.0 were reached after pressures of ~25–30 GPa, although
the scatter among the Raman points demonstrated the variability in the

samples. Also, the effect was less pronounced for the SP Flow samples, likely another indication that the
greater amount of primary glass played a key role. Nonetheless, the ~25–30‐GPa pressure range was again
consistent with the amorphization onset pressure of andesine and increasing presence of maskelynite at
higher pressures.

6. Conclusions

Petrographic, micro‐Raman, and micro‐FTIR infrared spectral analyses of experimentally shocked
basalt and basaltic andesite samples indicated that progressive amorphization of plagioclase with increasing
pressure (up to ~63 GPa) resulted in detectable spectral variations that mimic those of the experimentally
shocked, plagioclase‐dominated rocks analyzed in earlier studies (Jaret, Johnson, Sims, DiFrancesco, et al.,
2018; Johnson, 2012; Johnson et al., 2002). However, variations in starting sample composition and/or shock
propagation through the minerals and mesostasis within these rocks resulted in variable distribution of
shock effects within the samples, which was manifested in their high‐resolution infrared and Raman
spectra. In particular, the presence of primary glass within the starting materials subdued the apparent
pressure effects because of the spectral similarity between the glasses and maskelynite. This resulted in
some ambiguity in distinguishing between amorphization caused by shock effects and that associated with
initial glass contents, particularly for the more hypocrystalline SP Flow basaltic andesite (~30% glass)
compared to the Grand Falls basalt (~10% glass). Nonetheless, infrared reflectance band peaks and
Raman peak intensity ratios associated with plagioclase weakened with increasing pressure at slightly lower
to comparable shock pressures as those observed for plagioclase‐rich rocks by Jaret, Johnson, Sims,
DiFrancesco, et al. (2018). As such, the relative contribution of plagioclase to overall knowledge of the

Figure 13. Peak intensity ratios of dominant peaks in Raman spectra of pla-
gioclase‐bearing locations in (a) Grand Falls and (b) SP Flow samples as a
function of shock pressure, with linear correlations shown.
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shock state still holds some promise even in complicated, multicomponent basaltic rocks, albeit depending
on their primary glass content. It is noteworthy that attempts to use the shocked plagioclase infrared spectra
in linear unmixing models of Thermal Emission Spectrometer orbital spectra of Mars (Johnson et al., 2006;
Rogers, 2011; Glotch & Rogers, 2013) and Miniature Thermal Emission Spectrometer spectra from the
Mars Exploration Rovers (Ruff et al., 2006; Rogers & Aharonson, 2008) may have resulted in null detections
of highly shocked plagioclase in part owing to the difficulty in distinguishing between spectra of primary
glass and maskelynite.

Future work would benefit from Raman 2‐D mapping efforts (e.g.,Foucher et al., 2017 ; Wang et al., 2015)
such as the preliminary data acquired on the 17‐GPa Grand Falls sample by Jaret, Johnson, Sims, and
Glotch (2018), and/or from visible/near‐infrared microimaging (e.g., Manzari et al., 2019). Raman mapping
would enable a more spatially comprehensive view of spectral variations at submicron scales, which could
provide better insight regarding the influence of grain boundaries and mineralogical variations on shock
propagation in fine‐grained basaltic samples. Application of these techniques to terrestrial impact samples
(e.g., Glotch & Ferrari, 2011; Glotch et al., 2011; Jaret et al., 2013) would also help refine the nature and mag-
nitude of shock propagation effects of naturally shocked samples, whose shock durations are about 103 times
longer than those associated with laboratory shock experiments. Indeed, many authors have noted that the
types of shock experiments used to create these samples encompass different temperatures and/or strain
rates than those associated with natural impacts (e.g., Hörz & Cintala, 1997; Jaret, Johnson, Sims,
DiFrancesco, et al., 2018; Sharp & DeCarli, 2006). Nonetheless, it is uncertain whether naturally shocked
samples would become amorphous at the same pressure values as those generated in the laboratory experi-
ments (cf.Fritz et al., 2019; Sharp et al., 2019; Sharp & DeCarli, 2006).

It is apparent from this work that a priori knowledge of primary glass contents may be necessary in order to
fully recognize and/or quantify shock states in basaltic samples when analyzing in situ materials with infra-
red or Raman methods on planetary surfaces. Variations in spectral features potentially related to shock
effects that are observable on the <1‐mm scale could reflect mixing of shocked and unshocked materials,
particularly if they are associated with the types of veins analyzed in Martian meteorites (e.g.,Herd et al.,
2017; Sharp et al., 2019). More precise distinctions between impact melts and primary igneous glass may
eventually benefit from petrographic analyses of crystal size distributions of the type proposed by Neal
et al. (2015), detailed laboratory Raman analyses of returned samples (Fritz et al., 2019), and/or nanofield
infrared measurements at submicron scales (Dominguez et al., 2014; Glotch et al., 2019; Kebukawa
et al., 2019).
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