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Abstract
The Perseverance rover (Mars 2020) mission, the first step in NASA’s Mars Sample Return 
(MSR) program, will select samples for caching based on their potential to improve under-
standing Mars’ astrobiological, geological, geochemical, and climatic evolution. Geo-
chronologic analyses will be among the key measurements planned for returned samples. 
Assessing a sample’s shock history will be critical because shock metamorphism could 
influence apparent sample age. Shock effects in one Mars-relevant mineral class, plagio-
clase feldspar, have been well-documented using various spectroscopy techniques (thermal 
infrared reflectance, emission, and transmission spectroscopy, Raman, and luminescence). 
A subset of these data will be obtained with the SuperCam and SHERLOC (Scanning Hab-
itable Environments with Raman & Luminescence for Organics & Chemicals) instruments 
onboard Perseverance to inform caching decisions for MSR. Here, we review shock indica-
tors in plagioclase feldspar as revealed in Raman, luminescence, and IR spectroscopy lab 
data, with an emphasis on Raman spectroscopy. We consider how this information may 
inform caching decisions for selecting optimal samples for geochronology measurements. 
We then identify challenges and make recommendations for both in situ measurements per-
formed with SuperCam and SHERLOC and for supporting lab studies to enhance the suc-
cess of geochronologic analyses after return to Earth.

Keywords Mars sample return · Spectroscopy · Perseverance rover

1 Introduction

The Mars Sample Return (MSR) Program is NASA’s first attempt to perform in situ char-
acterization of samples collected and cached on the surface of Mars for later return to Earth 
and analysis in state-of the-art laboratories. The first step of MSR is being fulfilled by the 
Perseverance rover (Mars 2020 mission), which landed on Mars on February 18, 2021, and 
is currently active in the selected landing site, Jezero crater. Jezero, located at the western 
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edge of the Isidis basin, contains considerable lithological diversity, including units that 
may have been formed in deltaic or fluvial settings that may have constituted habitable 
environments (Ehlmann et al. 2008a; Williford et al. 2018; Goudge et al. 2015; Farley et al. 
2020; Stack et al. 2020). Jezero lithologies will be investigated with instruments onboard 
Perseverance and prioritized for cache and Earth return based on their potential to charac-
terize the geologic history and evolution of Mars, including those that that reveal habitable 
environments and potential biosignatures, record Mars’ past geochemical evolution, and 
constrain the longevity of these geologic settings.

This review focuses on informing strategies to achieve the latter goal, and more specifi-
cally, to inform the selection of samples for geochronologic analyses on Earth. We explore 
how impact metamorphism may affect geochronology analyses of returned samples and 
the extent to which shock-altered materials can be identified on Mars using spectroscopy 
instruments onboard Perseverance. We then identify major challenges and make recom-
mendations for spectroscopy analyses onboard Perseverance as well as for supporting lab 
studies, both of which may optimize the selection of samples for geochronologic analyses 
on Earth.

1.1  The Geochronology of Mars and Jezero Crater

A longstanding goal of the Mars Exploration Program has been to understand the timing of 
different geologic processes as the planet has evolved, identified as a major driver of sam-
ple return by multiple reports (MEPAG ND-SAG 2008; McLennan et al. 2012; Mustard 
et al. 2013; Beaty et al. 2019; MASWG 2020; NASA 2020). An improved understanding of 
geochronology has the potential to place Martian climate change into the context of Mar-
tian evolution and solar system history (Doran et al. 2004; Cohen et al. 2019).

Our current understanding of Mars chronology is based on absolute ages (and support-
ing measurements) on the Martian meteorite suite, stratigraphic relationships of geologic 
units on the Martian surface, and in situ dating on the Mars Science Laboratory mission, 
but at present, there are not any large-scale Martian terrains that can be tied to absolute 
radiometric dates to extend our understanding of Martian geochronology planetwide 
(Tanaka 1986; Farley et al. 2014; Grady 2020). Measurements from meteorites show that 
Mars accreted early in the solar system from materials with an isotopic provenance distinct 
from the Earth-Moon system (Dauphas and Pourmand 2011; Warren 2011). Mars formed 
a magma ocean within ~ 100 Ma after solar system formation and then differentiated into a 
crust, mantle, and core (Debaille et al. 2007). Most of the mass of the Martian crust formed 
by ~ 4.35 Ga, but substantial crust may have cooled and solidified earlier to support the 
formation of the Borealis basin very early on Martian history (Humayun et al. 2013). An 
epoch of Late Heavy Bombardment, similar to that proposed for the Moon and asteroid 
belt, probably affected Mars at around 4.1 Ga, creating the Isidis, Hellas and Argyre basins 
(Bottke and Andrews-Hanna 2017; Cohen 2006). Magmatism has been active over most of 
Martian geologic history, as shown by the relatively young ages of shergottites and nakh-
lites (on the order of Ma with most around 350 Ma; Nyquist et al. 2009).

Using relative stratigraphy to understand planetwide Martian chronology is based on 
assumptions derived from lunar crater size-frequency relationships correlated to labora-
tory-dated, returned lunar samples (Neukum et al. 2001; Stöffler and Ryder 2001; Cohen 
et al. 2019). These assumptions include uncertainties anywhere from a factor of 2 or up to 
a billion years, depending on estimated impact fluxes and crater counting techniques (Hart-
mann and Neukum 2001; Bottke and Norman 2017). Additional uncertainty comes from 
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volcanic, fluvial and/or aeolian weathering that can degrade and erase impact craters on 
Mars (Tanaka 1986; Hartmann 1999).

The Mars Science Laboratory (MSL) rover demonstrated radiometric dating techniques 
within Gale Crater, making K–Ar measurements of the detrital minerals in the Sheepbed 
mudstone (Farley et al. 2014) and dating the time of fluid infiltration in the Mojave 2 mud-
stone (Martin et al. 2017). However, these measurements were not precise enough to cross-
calibrate the Martian crater density record with radiometric ages across the whole planet 
(Cohen et al. 2019).

In situ radiometric dating techniques on planetary surfaces hold promise for constrain-
ing geochronology on Mars. A review of flight techniques for geochronology studies cur-
rently in development can be found in Cohen et al. (2019) and references therein. However, 
until in situ geochronology instruments are flown in a mission, the most accurate age meas-
urements are likely to be obtained on samples returned to the Earth from Mars (Stipe et al. 
2012).

Multiple lithologic units within Jezero crater have the potential to place stronger con-
straints on the timing of Martian geologic events when samples are returned to terrestrial 
laboratories (e.g., Beaty et al. 2019; Farley et al. 2020). The Jezero crater floor is largely 
covered by a unit with mafic mineralogy and greater impact crater retention than other bed-
rock exposed in Jezero, though the origin of the unit as volcanic or sedimentary is not yet 
established (Goudge et al. 2015; Rogers et al. 2018; Shahrzad et al. 2019). For a variety of 
reasons explored by Shahrzad et al. (2019), three different ages have been estimated for this 
unit based on its observed crater size-frequency distribution: 1.4 Ga (Schon et al. 2012), 
2.5 Ga (Shahrzad et al. 2019; Rubanenko et al. 2021), and 3.5 Ga (Goudge et al. 2012). The 
wide range of apparent ages hinders interpretations of the Jezero crater formation age and 
subsequent floor filling events, but precise radiometric ages on returned samples may help 
determine a crystallization age that would be relatable to the Martian crater flux function, 
or the formation and exposure age of its detrital precursors. Jezero crater also contains an 
olivine-carbonate assemblage that may be similar to carbonate and olivine-bearing light-
toned fractured rocks around the inner rim of Jezero crater and extend outside the crater 
rim in Nili Fossae (Ehlmann et al. 2008b; Brown et al. 2020; Horgan et al. 2020). A crater 
density age of 3.82 ± 0.07 Ga has been estimated for the Nili Fossae olivine-carbonate unit 
(Mandon et al. 2020). Laboratory-determined ages of this unit would not only place impor-
tant constraints on its origin but may also help establish an absolutely-dated stratigraphic 
horizon well beyond Jezero. Finally, the Jezero delta unit may be the best unit to contain 
potential biosignatures and a past habitable environment. The deltaic/lacustrine deposit 
on the Jezero floor reveals remote-sensing evidence of hydrothermal alteration products, 
including clays and carbonates (Brown et al. 2010; Schon et al. 2012; Goudge et al. 2015), 
some of which may be directly datable to provide precise knowledge of when the delta was 
deposited and how long fluvial activity continued.

1.1.1  Understanding Shock Effects in Returned Martian Samples for Geochronology

To best prioritize samples for caching and for geochronology analyses on returned samples, 
it will be crucial to assess their degree of alteration and understand how their isotopic sys-
tems may have been affected by secondary processes. On Earth as well as Mars, geochro-
nologists need to consider secondary processes overprinting original crystallization ages, 
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since post-crystallization heating events (e.g., burial or metamorphism), aqueous altera-
tion, and shock disturbance can disturb or reset isotopic systems.

Robustness to impact events varies by chronometer and phase; the same impact-affected 
rock can yield different ages by different chronometers (e.g., Schärer et al. 1990; Jourdan 
et al. 2009; Jourdan 2012; Jaret et al 2018b, Schmieder et al. 2020). Multiple relevant dat-
ing methods may be desirable on a single sample to allow an internal cross-check on age 
interpretations performed in terrestrial labs. Multiple geochemical and contextual measure-
ments would be possible with a single sample core (~ 15 g) cached on Mars and returned 
to Earth. For this review, we focus specifically on recognizing shock effects in feldspar, 
most commonly dated using the K–Ar system (e.g. McDougall and Harrison 1999). While 
other chronometers and minerals (e.g., U–Pb in zircon or apatite) are undoubtedly useful 
(e.g., Cavosie et al. 2015; Erickson et al. 2017; Kenny et al. 2017), the effects of shock in 
these systems and how they would be recognized with the Perseverance rover are topics of 
further study. Nevertheless, the ability to recognize shock effects in a single mineral would 
set a reasonable expectation that other minerals in the same rock may have been affected 
by shock pressures that could potentially influence the results from other isotopic systems.

1.1.2  Analyses Favoring Minimally Shock‑Altered Samples

One process that could hamper geochronology analyses is high pressures or temperatures 
associated with impact cratering. Shock metamorphic effects are known from impact 
craters on Earth, from returned lunar samples, and in meteorites (from Mars, Vesta, and 
asteroids; Stöffler et al. 2018). Hypervelocity impact events are extreme in terms of energy 
release, pressures, temperatures, and strain rates (e.g., Melosh 1989). Minerals develop 
shock metamorphic effects as a response to the passing shock wave during impact, and that 
response differs based on mineral type and shock level. For plagioclase feldspars, these 
effects are summarized in Fig. 1.

Impact-induced shock and deformation of geological materials can disturb isotopic 
systems such as Ar–Ar and U–Pb (e.g., Jourdan et al. 2009; Jourdan 2012; Jaret et al. 
2018b; McGregor et  al. 2018). Impact metamorphism combines the effects of shock 
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Fig. 1  Shock effects in different types of plagioclase feldspars. Note that diagram only shows effects with 
increasing pressure (x-axis). After Stöffler et al. (2018). While shock states here are based on the Stöffler 
classification scheme, an optical petrographic classification, note that this is meant to be a guide of general 
shock state. In some cases, linking this traditional and standard optical classification with spectroscopic 
classification can be challenging as optics and spectroscopy can probe different modes of feldspar disorder-
ing (Jaret et al. 2018a, b; Pickersgill et al. 2021)
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wave passage (solid-state deformation, that is, all that happens during shock metamor-
phism, including phase transformations) with subsequent thermal effects (diffusion; 
Nyquist et al. 1987). This can alter boundary conditions of isotopic equilibration and 
decrease the time required to reset ages in certain phases that have low diffusion rates 
(Nyquist et  al. 1987). Therefore, it is important to assess the sample’s origin, post-
crystallization, and post-depositional history for context because geochronology inter-
pretations depend on an understanding of the radiometric part equilibrating prior to 
parent/daughter fractionation as well as perturbation after achieving closure.

Impact effects on isotopic systems can be manifested by mineral age resetting or 
partial resetting, which is, in turn, dependent on conditions during and after impact 
(e.g., pressure, temperature, diffusion), and this may complicate age interpretations 
(in any systems; McDougall and Harrison 1999; Jourdan 2012; Tohver et  al. 2012). 
For example, Jaret et al (2018b) compared 40Ar/39Ar ages of shocked diaplectic glass, 
impact melt, and target rocks at the Manicouagan impact structure, Canada. They 
found that diaplectic glass, produced as a response to shock compression, was partially 
reset, yielding ages indicative of neither the target nor impact age. Additionally, Jaret 
et al. (2018a) inferred Ar resetting in crystalline feldspar grains adjacent to and in con-
tact with the melt sheet, possibly controlled by thermal effects from the impact. Partial 
resetting has been observed in the K–Ar system and 40Ar/39Ar method (Cassata et al. 
2010; Weirich et al. 2012; Walton et al. 2014) in extraterrestrial lunar and meteoritic 
samples due to shock compression and heating and resulting loss of radiogenic Ar, as 
well.

Aside from geochronology, additional science investigations may favor returned 
samples that have experienced minimal shock. One such science objective has been 
outlined by recent reports from the Mars Exploration Program: reconstructing the pro-
cesses that affected the evolution of the Martian dynamo by understanding the ther-
mal and magnetic history of Mars (Beaty et  al. 2019). Paleomagnetic measurements, 
if combined with geochronology measurements on a suite of returned samples, could 
improve our understanding of the Martian dynamo and its connection to climatic and 
planetary thermal and interior evolution (Mittelholz et al. 2018 and references therein; 
Beaty et  al. 2019). Paleomagnetism studies may also benefit astrobiology analyses 
by constraining the potential preservation state of potential biosignatures in samples 
or by constraining the role of atmospheric erosion in Mars’ habitability (Mittelholz 
et al. 2018; Beaty et al. 2019). Even though the effect of specific shock metamorphic 
features on the magnetic properties of rocks are not well constrained (e.g., Reznik 
et  al. 2016), returned samples having experienced shock metamorphism are not rec-
ommended for paleomagnetic studies. Shock may cause complicating effects such as 
demagnetization of a rock (e.g., Rochette et al. 2003), secondary magnetization effects 
(e.g., Halls 1979), or modifications of magnetic anomalies (e.g., Hood et al. 2003).

Additionally, shock effects may reduce or alter the preservation of organic carbon 
or microtextures within rock, which would hinder biosignature analyses. At high pres-
sures and temperatures associated with shock, organic matter could transform in many 
ways, including volatilization of S and other elemental groups, loss of starting organic 
matter (Tingle et  al. 1991), particularly aliphataic groups, selective release of H iso-
topes (Mimura et  al 2007), or even transformation of graphitic carbon to diamond 
(e.g., El Goresy et al. 2001).
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1.1.3  Analyses Possible with Shock‑Altered Samples

For the above reasons, highly shocked samples (considered here to be greater 
than ~ 35 GPa) are likely to be a low caching priority for MSR. However, in other cases, 
shocked samples may be desirable for MSR. Shocked samples may be useful to under-
stand the timing of impact events. For example, highly shocked feldspars are more likely 
to provide reliable ages for impact events than low and moderately shocked (~ 5–20 GPa) 
materials (Jourdan 2012; Jaret et al. 2018b). Additionally, impact-affected rocks would be 
useful to improve the understanding of the early bombardment of Mars in the context of 
the putative late heavy bombardment epoch (Bottke & Norman 2017). Also, weathering 
and impacts may contain geochronologic indicators to help constrain the time of aqueous 
and impact activity (e.g., Jourdan et al. 2011).

An additional rationale for collecting shocked samples might be to sample atmospheric 
gases that were trapped in the samples at the time of shock. Several of the Martian meteor-
ites were found to have atmospheric gases and volatiles trapped inside of them (Bogard and 
Johnson 1983; Wiens et al. 1986; Karlsson et al. 1992). Wiens and Pepin (1988) indicated 
that noble gases and nitrogen were trapped without fractionation. Residence timescales of 
several gases in the Martian atmosphere are short with respect to the age of the planet 
(Jakosky et al. 2017 and references therein), so recovery and measurement of trapped gases 
may be the best way to understand Mars’ climate and volatiles as they existed at the time of 
shock. This would provide a unique window into Mars’ atmospheric composition when the 
planet was more habitable.

2  Shock Effects in Feldspars

A variety of Jezero Crater surface rock types and their weathering products may be useful 
for geochronology studies. Igneous rocks give constraints on crystallization age of melts 
that could represent rocks derived from magmatic or impact melts (Newsom et al. 2015; 
Cohen et al. 2019). This review will focus on plagioclase feldspar. This is because feldspar 
is a major component of most igneous rocks, a rock-forming mineral in Martian crustal 
rock, and an abundant component of crystalline phases found on Mars’ surface (e.g., in 
Gale crater sediments, as identified by the CheMin instrument onboard Mars Science Lab-
oratory (Bish et al. 2013; Morrison et al. 2018; Rampe et al. 2020).

Feldspars show a range of complex deformation products after impact (Fig. 1; French 
1968, 1998; Kieffer et  al 1976; Ostertag 1983; Langenhorst 2002; Ferrière and Osinski 
2013; Jaret et  al. 2014, 2015, 2018a, b; Pickersgill et  al. 2015, 2021). Shock effects in 
feldspars include crystallographic controlled fracturing, solid-state amorphization, phase 
transformation, and melting at high pressure (e.g., Ma et al. 2015). See Pickersgill et al. 
(2021) for a review.

A major shock effect visible in feldspar is the formation of amorphous feldspar-com-
position material, maskelynite. Because formation of amorphous material is achievable 
by different physical processes, some of which can occur together and over small spatial 
scales, this has resulted in inconsistencies in the literature over maskelynite’s formation. 
Tschermak (1872) originally identified maskelynite impact melt glass, seen as an amor-
phous phase in the Shergotty meteorite of plagioclase, which retained grain boundaries 
and petrographic textures. Others concluded that maskelynite results from solid-state 
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amorphization processes (Bunch et  al. 1967; Arndt et  al. 1982; Jaret et  al. 2015). How-
ever, others still consider maskelynite a dense impact melt quenched at high shock pressure 
(Chen and El Goresy 2000). For this manuscript, we follow Pickersgill et al. (2021) and 
avoid using the term maskelynite to reduce confusion. We use the terms “diaplectic feld-
spar glass” to indicate solid-state amorphous plagioclase and “melt glass” to indicate when 
there has been clear evidence of temperature increase-induced melting. “Glass” will be 
used to indicate an unknown formation mechanism or features occurring in both diaplectic 
and melt glasses. These distinctions affect geochronology interpretations since melting and 
quenching of a fused glass would produce a new material whose age would reflect the time 
close to the impact (the age when the melt cooled down to closure temperature), whereas 
a solid-state mechanism may not enable open-system behavior that would reset the K–Ar 
isotope age.

Shock effects in plagioclase occur as degradation of the crystalline order with increasing 
shock pressure (Stoffler 1971; Ostertag 1983; Heymann and Hörz 1990; Fritz et al. 2005). 
Feldspar disordering generally begins at pressures > 15–20 GPa, diaplectic feldspar glass 
formation occurs between ~ 25 and 45 GPa, and significant melting occurs above ~ 45 GPa 
(Bunch et al. 1967; Ostertag 1983; Heymann and Hörz 1990; Johnson et al. 2003; Johnson 
and Hörz 2003). However, precise melting ranges can be dependent on strain rate, initial 
temperature, water content, and shock pulse duration (Sims et al. 2019). The shock pres-
sures at which structural disorder and melting occur depend on pre-shock rock properties, 
such as grain size, porosity, and composition (Ostertag 1983; Jaret et al. 2018a, b; Pick-
ersgill et al. 2021).

3  Perseverance Rover Instrumentation for Shock Analyses

Although analyzing Martian meteorites is one of the best ways to understand natural shock 
processes on Mars, many challenges prevent the extrapolation of such information to the 
planet as a whole. Studies of shock metamorphic effects in meteorites generally involve 
assumptions about their parent lithology and formation regions, which may introduce 
inaccuracies when extrapolating shock levels from individual rocks to planetary surfaces 
(Sharp and DeCarli 2006; Kayama et al. 2012). Furthermore, Martian meteorites are rare 
in scientific collections, and the majority are young (less than 1 Ga), single-lithology igne-
ous rocks, which do not represent the full diversity of Martian lithologies (e.g., Walton 
et al. 2008). Therefore, characterization of shock phases using the in situ instrumentation 
aboard Perseverance will be crucial in correlating the lithologies in Jezero crater to the 
samples that will be returned.

Because diaplectic glass-bearing rocks are not distinctive in hand samples or outcrop 
textures, the ability to distinguish these via in situ analyses could be critical for optimizing 
sample selection on Mars for geochronology studies. Perseverance includes seven payload 
instruments. Among them, two instruments house a combination of Raman and visible/
near-infrared spectroscopy techniques: SuperCam and Scanning Habitable Environments 
with Raman & Luminescence for Organics & Chemicals (SHERLOC).

SuperCam can obtain multiple types of vibrational, structural, mineralogical, and chem-
ical information about organics, minerals, and elements (Maurice et al. 2021; Wiens et al. 
2021). It is capable of characterizing mineralogy and composition, formation and altera-
tion processes, and interpretations of geological context of the samples. SuperCam includes 
time-resolved Raman (532  nm  ns-pulsed laser to remove daylight and luminescence from 
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Raman spectra), time-resolved luminescence (excited at 532  nm and analyzed in the 
range 535–850  nm), and visible-infrared (VISIR) spectroscopy. The spectral ranges are 
150–4400   cm−1 (Raman), 536–850  nm (luminescence), and ~ 400–853  nm/1300–2600  nm 
(passive reflectance across three spectrometers). The spot size of the Raman/VIS and IR anal-
yses varies with distance: 0.75 mrad (FOV) and 1.15 mrad, respectively (Maurice et al. 2021; 
Wiens et  al. 2021), e.g. 2.25  mm and 3.45  mm in diameter at 3  m distance, respectively. 
SuperCam uses time resolution (to 100 ns) to potentially distinguish organic from inorganic 
fluorescence. Fluorescence originating from inorganic sources, with typical lifetimes > 1 μs, 
can be separated from organic fluorescence sources, which typically have lifetimes ≤ 100 ns 
(Bozlee et al. 2005; Misra et al. 2016; Beyssac 2020; Pasteris and Beyssac 2020).

Additionally, SuperCam’s color remote micro-imager (RMI) provides context for tar-
geted samples and characterize sample textures. Laser-induced breakdown spectroscopy 
(LIBS) provides compositions of major, minor, and trace elements. Finally, SuperCam 
includes a microphone to record the resulting LIBS plasma shock waves and to character-
ize rock hardness.

SHERLOC, an arm-mounted instrument, is intended to detect, characterize, and map 
organics and minerals in target rocks on the Martian surface (Bhartia et al. 2020). SHER-
LOC is a Deep UV (DUV) resonance Raman and fluorescence spectrometer utilizing a 
248.6-nm DUV laser and ~ 100  μm spot size (Bhartia et  al. 2020). SHERLOC’s Raman 
spectral range is 800 to > 3600  cm−1 and its fluorescence spectral window is 274–354 nm 
(Bhartia et al. 2020). Note that certain minerals, such as silicates, such as orthoclase and 
microcline, may be identifiable down to ~ 470   cm−1, depending on the strength of the 
Raman scattering (Razzell Hollis et  al. 2021a). SHERLOC also employs two imagers, 
Wide Angle Topographic Sensor for Operations and Engineering (WATSON) and an auto-
focus and context imager (ACI), to provide contextual microimages and maps of targets 
and their surroundings.

SHERLOC is intended to help prioritize samples containing potential biosignatures 
for cache and MSR. The UV excitation wavelength chosen for SHERLOC is based on 
electronic resonances with various organic compounds, making it optimized for organic 
identification (Beegle et al. 2015; Bhartia et al. 2020). Additionally, it utilizes native fluo-
rescence, a complimentary detection mode to Raman, which can distinguish organic from 
mineral sources with high sensitivity using the DUV excitation wavelength. The combined 
usage of these spectroscopy techniques on SHERLOC is designed to enhance the confi-
dence of potential biosignature identifications (Bhartia et al. 2012; Shkolyar et al. 2018).

4  Spectral Features of Shocked Feldspars

This section reviews spectral features of the transition from crystalline plagioclase to glass 
with increasing pressure, as revealed in IR, Raman, and luminescence spectra. However, 
this is not an exhaustive review of the types of features that could be encountered with Mars 
2020. Other shock-related minerals also detectable with these techniques on Mars include 
high-pressure quartz phases, ringwoodite, and phosphates (e.g., Ostroumov et  al. 2002; 
Ohtani et  al. 2006; Baziotis et  al. 2013; Ma et  al. 2015). For example, there is growing 
recognition that phosphates, such as monazite, (La,Ce,Th)PO4, may be useful for recording 
shock ages (e.g., Deutsch et al. 1990; Schärer & Deutsch 1990; Tohver et al. 2012; Erickson 
et al. 2017; Kenny et al. 2020). Additionally, apatites (and zircons), key minerals for obtain-
ing robust ages, may have stronger Raman and luminescence signatures than feldspars. 
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This could make them easier to identify with spectroscopy techniques. However, they are 
expected to be rare at Jezero crater and their REE-induced luminescence peaks (e.g., Sm or 
Nd) do not show systematic behavior with shock pressure changes (e.g., Gucsik et al. 2002).

4.1  Raman Spectroscopy

Raman spectroscopy is a vibrational spectroscopy technique based on inelastic scattering 
of light by a sample and is widely used to characterize shocked minerals. Raman is sensi-
tive to low-frequency lattice modes and crystallinity in mineral crystals, making it ideal to 
characterize shock in feldspars (Velde et al. 1989; Fritz et al. 2005; Jaret et al. 2014; 2015).

The three most intense peaks for assessing shock level in plagioclase feldspars (An35-
75) occur at ~ 509  cm−1, ~ 485  cm−1, and ~ 1030  cm−1, based on studies of both natural and 
experimentally shocked samples. However, their exact positions vary with composition due 
to the solid solution within the plagioclase series (Mernagh 1991; Freeman et  al. 2008; 
Befus et al. 2018). Plagioclase compositions in Gale crater have been found to be andesine 
compositions (An28–An43), based on in situ data from the CheMin instrument on Mars 
Science Laboratory rover (Rampe et  al. 2020), while those of most Martian meteorites 
span a larger range, from andesine to labradorite (~ An20–An70; Harvey et al. 1993; Fritz 
et  al. 2005; McSween and Treiman 2018). The range of Raman active vibrational shift 
ranges for crystalline plagioclase is detailed in Table 1.

Feldspars end members each have their own slightly different Raman spectrum. How-
ever, individual modes related to all feldspars can be classified into groups that are related 
to frequency range, intensity, and vibration environment (e.g., Freeman et  al. 2008). To 
systematize the complexity of the Raman response of different feldspar minerals, the 
sequential v1 to v39 band frequency proposed by Aliatis et al. (2015) has been adopted in 
this work. Table 1 summarizes the mode assignments and their wavenumber range com-
mon for plagioclase feldspar minerals.

The exact peak positions vary with composition due to the solid solution within 
the plagioclase series (Mernagh 1991; Freeman et  al. 2008). Table  2 summarizes the 

Table 1  Raman mode assignments for crystalline plagioclase, where T = Si or Al

Mode assignments are from Sharma et al. (1983), Mernagh (1991), Huang et al. (2000), McKeown (2005), 
Freeman et al. (2008), Aliatis et al. (2015), Jaret et al. (2015), and Befus et al. (2018)
Note that for less enriched anorthite plagioclases, the bands above 600   cm−1 are less intense and broader 
due to the influence of alkaline elements

Classifica-
tion of 
modes

Modes Raman shift 
range  (cm−1)

Mode assignment

Group III ν1–ν10  < 200 Rotation-translation of  SiO4 tetrahedra and external bending of 
alkali cations 

Group II ν11–ν20 200–450 Rotation-translation of  SiO4 tetrahedra and external bending of 
alkali cations

Group I ν21–ν25 450–580 Four membered rings of T–O–T stretching, bending and breathing 
modes. The most intense mode is ν24

Group IV ν26–ν31 600–800 Internal Si–O tetrahedra deformation. Affected by alkali cation con-
tent

Group V ν32–ν39 900–1200 T–O stretch vibrations and breathing
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proposed Raman peak values of the different plagioclase minerals obtained as the mean 
and standard deviation of reported bands at room temperature and pressure, valid for the 
range of anorthite/albite indicated for each solid solution. As seen, there are important 
differences in the wavenumbers of the different Raman bands to differentiate among oli-
goclase, andesine, labradorite, bytownite, and anorthite. The values proposed in Table 2 
could be considered as the reference values for non-shocked plagioclase feldspars.

Upon increased shock pressure, Raman spectral observations of albite, andesine, and 
bytownite have revealed (1) decreased intensities or loss of most lattice mode bands, 
(2) significant broadening of the 900–1060  cm−1 (ν32–ν39) and 200–450  cm–1 (ν11–ν20) 
features, (3) convergence of ~ 475–487  cm1 (ν22–ν25) and ~ 505–510   cm−1 (ν24) Raman 
bands at moderate to high pressures, and (4) shifts to higher wavenumbers (Velde et al. 
1989; Fritz et al. 2005; Freeman et al. 2008; Befus et al. 2018; Jaret et al. 2018a; John-
son et  al. 2020; Xie et  al. 2020). For example, in albite, the 475   cm−1 peak merges 
with the ~ 505   cm−1 band at pressures above 8 GPa during hydrostatic compression in 
a diamond-anvil cell (Aliatis et al. 2017) while for albite and bytownite both bands are 
still clearly differentiated at pressures lower than 4 GPa (Befus et al. 2018; Torre-Fdez 
et al. 2018). Increasing shock pressures can shift bands between 475 and 600   cm−1 to 
higher wavenumbers in oligoclase, labradorite, andesine, and anorthite due to compres-
sion of the crystal lattice, as well (Velde et al. 1989; Befus et al. 2018). With increasing 
amorphization, similar trends are visible as with increased shock in feldspars. Examples 
can be seen in Fig. 2.

Fig. 2  Raman spectra of natural and experimentally amorphized feldspars. Natural diaplectic glass and 
unshocked labradorite  (An64) are from ejecta blocks at the Lonar Crater, India, our only example of a natu-
ral impact into Mars-like basaltic target material (Jaret et  al. 2015). a Comparison of crystalline (blue), 
shocked (yellow) and fused (blue) labradorite from Jaret et al. (2015). Shock pressures for diaplectic glass 
were ~ 25–28 GPa. b Crystalline and experimentally shocked andesine from Jaret et al. (2018a, b), revealing 
decreased peak intensities with increasing shock. Peak shock pressures are indicated (in GPa). SHERLOC 
and SuperCam spectral ranges are noted in red and blue arrows. Lighter red shading on SHERLOC’s spec-
tral range indicates a limited ability to detect certain minerals at lower than 800  cm−1 (Razzell Hollis et al. 
2021a). It should be noted that these are microscopic Raman spectra and comparison to rover instruments is 
cautioned
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Diaplectic glass can be easily discerned from crystalline (or unshocked) plagioclase in 
a Raman spectrum. The two plagioclase-diagnostic peaks of crystalline plagioclase merge 
into a broad hump centered at ~ 570  cm−1 and a shoulder at ~ 580  cm−1 in a diaplectic glass 
spectrum (see Fig. 2). A peak is also often visible at 1000–1200  cm−1 in glass but absent 
in crystalline plagioclase due to the lack of non-bridging   Oatoms in well-crystallized 
tectosilicate (Fritz et  al. 2019; Xie et  al. 2020; Fig.  2–3). The diaplectic glass spectrum 
is clearly contrasted from the crystalline and unshocked plagioclase (Fig. 2, both bottom 
spectra), showing a sharp double band at 475–510  cm−1 and another at 580  cm−1, due to 
an increase in the number of three-membered rings of tetrahedra (Fritz et al. 2019). Some 
Raman bands may vary with intensity in diaplectic glass, due to the localized short-range 
order of the inhomogeneous nature of diaplectic glass, or due to the increased numbers of 
non-bridging Si–O and Al–O after shock pressure/temperature changes (Xie et al. 2020).

Raman band parameters, in the absence of additional compositional data, are unreli-
able indicators of shock extent. For Raman peak ratios and band positions, no systematic, 
reliable trends are revealed with pressure changes (Fritz et al. 2005; Baziotis et al. 2013; 
Jaret et al. 2018a). For instance, spectral differences of progressively shocked feldspars can 
mimic those of unshocked feldspars of varying compositions. Raman peaks shift with solid 
solutions because they affect the lattice environment by shifting bond angles, lengths, and 
strengths (Befus et al. 2018). For example, the 575  cm−1 and 515  cm−1 Raman bands can 
shift linearly with varying Na composition in plagioclase and alkali feldspars (Freeman 
et al. 2008; Befus et al. 2018). Raman bands between 385–447   cm−1 and 856–897   cm−1 
can shift with variable Fe composition in orthopyroxenes since the Na cation translates 
along the X-axis (Huang et al. 2000; McKeown 2005). Bands between 475 and 600  cm−1 
could be mistaken for various types of feldspars of similar compositions that have been 
shocked to 0.1–10  MPa (Sect.  2.2; Geiger and Kolesov 2002; Befus et  al. 2018). Addi-
tionally, the influence of Na/Ca and Si/Al ratios on peak position and intensity is poorly 
constrained in Raman spectra (Xie et  al. 2020). K-feldspar exsolution can be discerned 
from plagioclase by their Raman features to some extent, but according to Xie et al. (2020), 
Raman peak positions are usually insufficient for obtaining compositional information on 
plagioclase solid solutions.

Approaches which do not rely on single band parameters have been explored to cor-
relate shock pressure with spectral information, including assessments of peak ratios and 
standard deviations. In diaplectic feldspar glass, the 485/509   cm−1 ratio decreases with 
high enough shock pressure (> 45  GPa), splitting into two bands at 490 and 505   cm−1, 
due to plagioclase recrystallization (Fritz et  al. 2005). Up to 50 GPa, the 479/507   cm−1 

Fig. 3  Micro-Raman spectrum 
of diaplectic glass (labradorite, 
An64) from a shocked basalt 
obtained in Lonar Crater, India
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peak ratio may approach 1 and/or the 485/509 peak ratio can decrease in albite (Jaret 
et al. 2018a). Standard deviations of spectral band positions and intensities at increasing 
pressures have been used to gauge how accurately certain techniques can be quantitative 
indicators of shock (Kayama et al. 2012; Jaret et al. 2018a; Johnson et al. 2020). This is 
because at low shock pressures, there are individual energy barriers/heterogeneities that 
give local variability, while at higher shock, higher energy causes less heterogeneity to be 
evident. Additionally, a progressive decrease in the standard deviations of Raman the band 
intensities can be observed with increased shock pressure in albite, andesine, and bytown-
ite (Jaret et al. 2018a).

Rather than attempting to extrapolate single pressure values from Raman spectra, 
Fritz et  al (2005) defined four ranges of equilibrium shock pressure estimates: (1) pres-
sures below 26  GPa and diaplectic plagioclase versus unshocked plagioclase, indicated 
by differences in FWHM of characteristic Raman bands and reduced band intensities as 
compared to the luminescence background; (2) spectra characteristic of maskelynite and 
bands at 505  cm−1 and 590  cm−1, indicating pressure ranges between 26 and 40 GPa; (3) 
maskelynite at pressures from 40 to 45 GPa and a relaxation in the diaplectic glass struc-
ture, indicated by a low-intensity 590  cm−1 band; and (4) shock pressures over 45 GPa and 
recrystallization of plagioclase, indicated by splitting of the 505  cm−1 band into bands at 
490  cm−1 and 505  cm−1. However, it should be noted that these ranges were estimated from 
Martian meteorites, and it is unclear how accurate the calculated shock pressures of the 
associated Martian impacts are.

Background luminescence, when captured in a Raman spectrum, appears as a broad 
hump and can also increase with increased shock pressure (Heymann and Hörz 1990; Fritz 
et al. 2005; Pittarello et al. 2020). While luminescence is commonly seen as an impedance 
in the weaker Raman spectrum because of this background, it often carries useful informa-
tion about the target sample when a dedicated luminescence spectrum is collected sepa-
rately (see following section).

4.2  Luminescence Spectroscopy

Luminescence is used here to describe all photoluminescence phenomena (e.g., fluores-
cence, luminescence, or phosphorescence; Beyssac 2020). Photoluminescence allows dis-
crete energy levels of a sample to be excited, which makes it possible to distinguish among 
various luminescence centers (Nasdala et al. 2004).

One common form of luminescence spectroscopy is cathodoluminescence (CL), which 
measures the emission of photons from a material stimulated by an electron beam (e.g., 
Götze et  al. 2000). Limited work has been done on CL properties of progressive shock 
metamorphism and amorphization of plagioclase and glass. A variety of luminescence 
features can be seen in feldspars due to lattice defect centers or cation substitutions with 
increasing shock pressure (e.g., Götze et al. 2000; Kayama et al. 2012, 2018).

It is reasonable to assume that CL analyses may be used as a tool to guide interpreta-
tions of luminescence spectra of shocked minerals on Perseverance Rover. However, direct 
comparisons between laboratory CL data and SuperCam and SHERLOC luminescence 
data have limited applicability. This is primarily because emission features are dependent 
on the excitation source. CL studies stimulate samples with a high-energy electron beam, 
while SuperCam and SHERLOC involve laser-induced (optical) luminescence (fluores-
cence). Because of this difference, CL lab studies should not be considered as reliable 
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analogs of data sets obtained by SuperCam and SHERLOC’s laser-induced fluorescence 
spectroscopy capabilities.

A related technique, optically stimulated luminescence (OSL), may have some appli-
cability to identifying shock extent in samples on Mars using SHERLOC (Cohen et  al. 
2019). OSL has been investigated as a shock indicator (Smith et al. 1986; Godfrey-Smith 
et al. 1988; Spooner 1994; Nasdala et al. 2004) and as a Mars analog sample dating tech-
nique (Jain et al. 2006). OSL is based on trapped charge released as luminescence upon 
photon irradiation, coming from the decay of naturally occurring radionuclides and cos-
mic rays. See Nasdala et  al. (2004) for a review. OSL is sensitive to thermal conditions 
imparted by even mild shock events, erasing the emission signature in seconds by heating 
to 200–400◦C. OSL can potentially be useful for geochronology by determining the dura-
tion of daylight exposure for rock surfaces, which can complement surface exposure dating 
techniques using cosmogenic nuclides. This analysis may indicate a sample’s shock history 
by determining whether it has been heated above a threshold temperature. The technique 
has been successfully used to date quartz and feldspar in terrestrial sedimentary and vol-
canic samples at a variety of wavelengths (Smith et al. 1986; Godfrey-Smith et al. 1988; 
Spooner 1994), though not yet in the range relevant to SHERLOC, the deep UV. On Perse-
verance, OSL may possibly be measurable with SHERLOC and the WATSON CCD, since 
feldspar emits in the range detectable by it (500–600 nm; Bailey et  al. 2011). However, 
this technique poses several challenges. It is unlikely to unlikely to provide quantitative 
exposure dates without extensive calibration and assumptions about the geologic history of 
the sample and the Martian surface cosmic ray flux, which is a crucial aspect for interpret-
ing the meaning of the luminescence signal. Additionally, the rover’s instruments were not 
designed or tested for this technique. Additional work is needed to determine the extent to 
which OSL can guide the identification of shocked samples for caching and MSR.

4.3  IR Spectroscopy

In addition to Raman spectroscopy, there have been many studies of the effects of shock on 
feldspars using IR spectroscopy. IR spectroscopy is a useful tool for mineral identification 
because it probes specific vibrational modes of mineral crystal lattices. IR spectroscopy 
is generally divided into the mid-IR (MIR), also called the thermal IR, from ~ 5 to 50 μm 
(~ 2000–200  cm–1), and the visible to near-infrared (VNIR), from 0.3 to 5 μm.

Most IR spectroscopy shock studies have focused on the thermal IR region (~ 6 
to > 25  μm) for planetary science applications, such as interpreting data from orbiting 
spacecraft, Earth-based telescopes, and in situ observations of feldspar-rich surfaces on the 
Moon, Mercury, and asteroids (Johnson et al. 2002, 2003; Johnson and Hörz 2003; Reitze 
et al. 2021). For studies of shocked planetary analog materials, the focus on spectroscopic 
studies has also been mainly in the MIR since that wavelength range is useful to detect 
silicate minerals with characteristic absorption and reflectance bands due to vibrations of 
the Si and O framework (Pieters and Englert 1993; Johnson et al. 2002, 2003a; Johnson 
and Hörz 2003; Johnson 2012; Jaret et  al. 2015, 2018a, b). Few laboratory studies have 
been performed in the VNIR on experimentally (Johnson and Hörz 2003) or naturally 
(Pieters 1996) shocked feldspars. An added challenge of VNIR for shock identification is 
that VNIR band positions depend on specific feldspar composition, local chemical envi-
ronment, degree of Si-Al order, grain size, and/or substitutions. Finally, the use of MIR 
and VNIR spectroscopy on mission payloads is limited. Both the Spirit and Opportunity 
Rovers included a MIR instrument (Mini-TES). SuperCam employs the visible and lower 
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portion of the NIR range (0.4–2.6 μm), in which range shock effects in feldspars are sig-
nificantly less explored and reveal ambiguous trends, as described below.

Shock-altered spectral changes discernible in IR spectroscopy are known in one impor-
tant Mars-relevant mineral group: phyllosilicates. If clay-bearing Martian samples are 
returned to Earth, they would be valuable as geochronologic tracers of aqueous alteration 
(Hamilton et  al. 1992; Swindle et  al. 2000), which improve interpretations of diagenetic 
processes on ancient Mars. For example, obtaining the absolute ages of clay-bearing sam-
ples and their relationships with other processes (e.g., fluvial activity) could constrain the 
timing of aqueous conditions within Jezero crater (Cohen et al. 2019).

In clays, impact-altered features occur from deformation of the Si–O fundamental bend-
ing and stretching vibrations of the tetrahedral sheet, seen in the MIR, and from octahedral 
sheet vibrations, seen in the VNIR (Gavin et al. 2011; Michalski et al. 2017; Friedlander 
et al. 2015). Illustrations of these features for nontronite are provided in Fig. 4 at NIR and 
MIR wavelengths. Impact-induced structural disorder in the octahedral and tetrahedral 
sheets of smectites produces noticeable spectral changes in the MIR and the VNIR in the 

Fig. 4  Examples of IR spectral changes in nontronite with increasing shock pressure, between ~ 20 and 
40 GPa, after undergoing experimental shock, at a NIR and b MIR ranges. a NIR reflectance spectra of 
nontronite are shown at the pressures indicated in GPa (Michalski et al. 2017). OH corresponds to hydroxyl 
deformation overtones located near 1.4 μm, HOH corresponds to vibrational overtones in adsorbed  H2O, 
and Fe-OH features for nontronite are located at ~ 2.28–2.29 μm (Michalski et al. 2017). b MIR emissivity 
spectra of nontronite are shown at the pressures indicated in GPa (Friedlander et al. 2015). The Si–O–Si 
bending mode, and Si–O stretch band, Al–OH bending mode, Al–OH deformation, and Si–O–Fe bend-
ing mode are indicated (Friedlander et al. 2015). Increasing impact pressure in nontronite causes reduction 
or loss of all Al and Fe bands, and only those resembling amorphous, hydrated silica (Si–O and Si–O–Si 
bands) remain in the MIR at ~ 39 GPa. Spectra have been offset (vertically) for clarity
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range of 10–40 GPa (Friedlander, et al. 2015; Fig. 4). For example, upon increasing pres-
sure (20–40 GPa) structural disorder causes spectral features to appear in nontronite simi-
lar to those of hydrated amorphous silica in the MIR or those of allophane-like phases in 
the VNIR (Friedlander et al. 2015). See Fig. 4 for an example. Smectite absorption features 
centered at 2.2 and 2.29  μm reduce in FWHM at shock pressures of > 25  GPa, indicat-
ing the formation of secondary amorphous phases (Friedlander et al. 2015). Other features 
disappear between 19 and 25 GPa and merge at > 34 GPa, indicating that structural defor-
mation in the octahedral sheet that begins at low pressures and is completely deformed at 
high pressures (Friedlander, et al. 2015). The onset of deformation in the octahedral sheet 
occurs at ~ 10 GPa and total deformation is observed by > 30 GPa (Friedlander et al. 2015).

Despite these useful studies, MIR and VNIR spectroscopy by itself is generally insuf-
ficient to make the distinction between shock and other geological processes in clays. 
Impact-altered smectites have similar features as hydrated aluminum-rich amorphous sili-
cates in VNIR spectra (Friedlander et al. 2015; Fig. 4). Additionally, in most cases, shock 
effects do not dominate NIR spectra for pressures between 10 and 40 GPa in clays (Fried-
lander et al. 2015; Michalski et al. 2017) or in carbonates (but slight changes in secondary 
absorption features have been observed; Pan et al. 2018).

5  Challenges, Recommendations, and Further Work

Based on literature on shocked plagioclase feldspars studies in the lab, potential challenges 
for analyses of shocked minerals using SuperCam and SHERLOC may occur on Mars. These 
challenges include the scale at which shock effects occur (Sect. 5.1) and the non-uniqueness 
of spectral bands as shock indicators (Sect. 5.2). Recommendations are offered for these chal-
lenges for both lab-based shock studies and in situ analyses with Perseverance. Other consid-
erations, including those for analyses not relying on single spectral band parameters for more 
confident shock identifications (Sect.  5.3) and potential challenges of temperature-induced 
spectral shifts mimicking shock effects (Sect. 5.4) are also explored in the following section.

We acknowledge that there are often significant differences between material properties 
and instrument capabilities of small-scale, high resolution lab measurements versus bulk, 
coarser resolution remote measurements (Bishop et al. 2019). For example, grain rough-
ness, incidence angle, and spot size differences can lead to complications for remote inter-
pretations. Specifically, when looking at shock effects, grain orientations can be critical for 
single-grain lab analyses, whereas remote measurements are often bulk analyses that pro-
vide average orientations (Jaret et al. 2018a, b). Although we recognize these challenges in 
comparing laboratory measurements with remote observations, they remain the only way 
to inform, improve, and ground-truth remote planetary surface measurements.

5.1  Micro‑scale Measurement Considerations

The scale of shock deformation is a challenge for the spectral detection of shock effects, 
even in laboratory studies. For low to moderate shock levels (~ 25–35 GPa), the deforma-
tion occurs as atomic dislocations or planar deformation features. These features occur 
within crystalline grains on scales of ~ 1–100 microns, measurable using state-of-the-art 
Raman laboratory instruments with laser spot sizes on the order of a few μm (French 
1968; Jaret et al. 2014, 2018a). Even if single grains are successfully located, increasing 
homogenization seen with increasing shock pressure may prevent precise shock pressure 
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calibrations at the grain scale with spectroscopy (Jaret et al. 2018a). Micro-scale heteroge-
neities in individual grains contain amorphous and crystalline materials, with more hetero-
geneity visible at lower shock regimes (Sharp and DeCarli 2006; Jaret et al. 2014, 2018a). 
Additionally, variations in features related to micro-scale shock effects in basaltic rocks 
could be a result of the mixing between shocked and unshocked materials in Raman (and in 
thermal IR) spectra (Johnson et al. 2020). Analyses on scales larger than the inhomogenei-
ties of shock features (> 100 microns) may yield “averaged” structural information of the 
region sampled (Velde et al. 1989), a potentially advantageous effect to mitigate spectral 
shifts caused by crystal orientation, in Raman and IR spectroscopies (Jaret, et al. 2018a; 
Johnson et al. 2020; Xie et al 2020).

SuperCam’s Raman field of view is on ~ mm scales (e.g., ~ 2.25 mm at 3 m distance; 
Wiens et al. 2021). Still, shock may be detectable with SuperCam spectroscopy analyses 
if single grains are able to be interrogated. It is recommended that single, coarse grains be 
targeted within SuperCam’s laser sampling volume to increase the probability of identify-
ing μm-scale shock effects using mm-size Raman observations.

Even if mm-sized regions of interest are identified in high-resolution images, the ability 
of the SuperCam instrument to target such regions is dictated by the pointing accuracy of 
the Remote Sensing Mast (RSM). Experience with MSL has shown that pointing accu-
racy is subject to uncertainties in the 3D location of a given target (as determined by topo-
graphic models derived from Navigation Camera stereo images), as well as uncertainties 
in the RSM mast motion (e.g., tilt of the rover influenced by robotic arm’s position). Such 
effects may lead to pointing offsets on the order of the feature’s size, but they are small and 
likely to be compensated as experience is gained with the rover system. In the first three 
months of the mission, the instrument was able to target features as small as 2 mm in size.

Micron-scale Raman measurements on shocked mineral grains may be obtainable with 
SHERLOC, which interrogates ≤ 100 μm scale features (Beegle et al. 2015). However, it 
is unclear whether SHERLOC can aid in shocked mineral investigations for two reasons. 
(1) SHERLOC analyses are more likely to prioritize organic investigations over mineral 
analyses and (2) its Raman spectral range (Sect.  3) begins above most features associ-
ated with many mineral bands. Detections of feldspar Al–O or Si–O stretching vibrations 
at 900–1200   cm−1 (Table  1) may be the most likely shock detections with SHERLOC, 
although its spectral cut-off may extend below the stated range of 800   cm−1 in certain 
strong mineral peaks (Sect. 4.1; Razzell Hollis et al. 2021a). Studies are ongoing by the 
authors to assess the extent to which a UV (266-nm) Raman and luminescence spectros-
copy instrument (Shkolyar et  al. 2018, 2021), operating with similar acquisition param-
eters to SHERLOC, will be able to detect and characterize experimentally shocked feldspar 
samples (those from Johnson et al. 2002). It would be useful for further work to explore 
shock identification with UV Raman and luminescence spectroscopy systems analogous 
to SHERLOC to understand the extent to which it can identify shock in minerals on Mars.

If SHERLOC is able to capture maskelynite features, its Raman spectrum is likely to 
be significantly weaker than surrounding crystalline phases captured in the laser’s sam-
pling volume (Wang et al. 2004a, b). A micro-mapping approach used by SHERLOC can 
mitigate this effect. This strategy involves a point-counting traverse, where the surface of 
a target is scanned at fixed distance intervals along a linear traverse and spectra are taken 
at selected intervals, with laser focused only at the first point (Wang et al. 2004a, b). This 
method allows a larger compositional area to be sampled, making it useful for unpre-
pared rock surfaces encountered with a rover, even if it results in a reduced signal-to-noise 
ratio. The accuracy of this technique depends on the characteristics of the minerals sam-
pled and the traverse settings but may yield identifications similar to those obtained with 
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petrographic point counting methods (Haskin et al.1997; Wang et al. 2004a). If attempt-
ing to identify maskelynite or diaplectic feldspar glass with SHERLOC, a micro-mapping 
point-counting traverse approach is recommended. It is important to identify grains large 
enough to fill the sampling volume of the laser such that the signal of maskelynite or glass 
is the main contributor to the spectrum.

One final recommendation to explore whether shock assessments can be made using 
SHERLOC involves luminescence spectroscopy. Since OSL has been used to successfully 
date feldspar samples at a variety of wavelengths, but not yet the DUV (Sect. 4.2), analog 
laboratory studies should assess whether DUV-excitation OSL can guide SHERLOC-based 
shock analyses.

Perhaps a useful way forward for shock studies on Perseverance may be through com-
bined data sets from UV and visible laser-induced Raman (and/or luminescence) spectra, 
like those obtainable from SHERLOC and SuperCam. This is the case with multi-wave-
length Raman studies looking at the structure of carbonaceous materials in the visible and 
UV, which can provide information about carbon structure inaccessible from single-wave-
length Raman spectra. This is possible via plotted relationships between Raman spectral 
peak positions and laser excitation wavelengths (Ferrari and Robertson 2001; Ferrari et al. 
2004). No known work has examined whether any structural information can be inferred 
from a similar multi-wavelength analysis in shocked minerals (although volumes inter-
rogated would be different in the two cases and may affect results). Further work should 
examine whether multi-wavelength (combining UV and visible excitation) spectroscopies, 
Raman and/or luminescence, can assess shock level in Mars relevant samples better than 
single-wavelength spectroscopy.

5.2  Non‑uniqueness of Spectral Bands as Shock Indicators

One significant challenge facing any spectral shock identifications on Mars may be that 
spectral peak identifications, on their own, are not unique or definitive indicators of spe-
cific shock level (Sects. 4.1 and 4.2). In the IR, shock effects may produce similar spectral 
shifts to those indicating changes to the  Fe3+ bonding environment in metal–OH bands, 
varying Fe/Mg abundances, semi-amorphous phyllosilicates, hydrated amorphous silicates, 
and others (Poulet et al. 2005; Friedlander, et al. 2015). In Raman spectra, peaks shift with 
shock extent, but also with changes in solid solutions, and factors such as bond angles, 
lengths, and strengths within the same mineral family (Befus et al. 2018).

Spectral data used for any shock interpretations should be complemented with chemi-
cal data on the same samples. Onboard Perseverance, chemical data will be obtainable via 
abundances and distributions of a wide range of elements using SuperCam’s LIBS capabil-
ity, as well as with PIXL (Planetary Instrument for Xray Lithochemistry). PIXL, a robotic 
arm-mounted micro-X-ray fluorescence (XRF) spectrometer, will collect texturally correlated 
elemental chemistry in areas up to  cm2 with a spatial scales as small as 0.03 mm (Allwood 
et al. 2020). Although the diffraction peaks could interfere with the quantification of elemental 
peaks, their absence in multiple grains of similar chemistry indicates if a phase under the beam 
is either fine grained or truly amorphous. This could allow constraints on diaplectic glass ver-
sus quenching after shock melting. This may be enough to determine composition of an indi-
vidual mineral grain only if it is the same size or larger than the beam size diameter of the 
respective instrument (~ 125 um for PIXL x-ray beam; ~ 350 um for SuperCam laser beam).

Although progress is being made towards increasing Raman and IR lab databases on 
shocked feldspars (e.g., Johnson and Hörz 2003; Johnson 2012; Jaret et  al. 2015), there 
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is still a literature gap on spectroscopy studies of experimentally shocked feldspars over a 
wide range of shock levels, particularly in naturally shocked terrestrial impact structures 
(Xie et al. 2020). This suggests that further studies need to be performed on this topic to 
improve the confidence of Perseverance’s shock interpretations. The creation of lab data-
bases using shocked and unshocked feldspars would be very helpful. These could correlate 
spectroscopic data (VNIR and/or Raman) with compositional (PIXL-like or LIBS-like) 
data to catalog differences in shock extent versus composition within closely related min-
eral types. These studies should clearly differentiate minerals of (a) different shock lev-
els, as identified by different spectroscopies, (b) unshocked feldspars with compositional 
(especially Fe and Fe/Mg) differences, and (c) different solid solutions within one mineral 
series. Similar databases should also be developed for shock-altered clay- and carbonate-
bearing phases and additional minerals relevant for geochronology (Sect. 4.3).

5.3  Shock Indicator Strategies Not Relying on Single Band Parameters

As illustrated here, attempting to infer discrete pressures from spectral data could be chal-
lenging for shock identification with Perseverance. Instead of using single spectral band 
parameters to indicate shock extent, one potentially more reliable approach for SuperCam 
or SHERLOC could include identifying pressure range categories, such as the Raman 
ranges described in Fritz et al. (2005) in Sect. 4.1. Even higher confidence shock interpre-
tations are likely to result if discriminating between shocked and unshocked endmembers. 
For example, Raman can reliably discriminate between diaplectic glass and unshocked 
crystalline plagioclase (Xie et al 2020; Sect. 4.1). Figures 2–3 illustrate this, as well as that 
distinctions between crystalline vs. glassy feldspars are more clearly recognized in Raman 
spectra than are distinctions between shocked vs. fused (laboradorite) samples. SuperCam 
and SHERLOC Raman observations will be more likely to achieve a simple discrimina-
tion between glassy vs. crystalline feldspars when attempting to identify shock extent in 
feldspars than to infer discrete pressures or even pressure ranges from Raman spectral data.

However, even if maskelynite were present on Mars, its confident detection may be con-
founded by the presence of amorphous or glassy material with similar spectral properties. 
This is suggested by the significant proportion (~ 27 wt%) of material at the Rocknest site 
which was found to be XRD-amorphous, interpreted as primary glass and aqueously altered 
material like allophane or iron oxides (Bish et al. 2013). This is also because maskelynite, 
as seen in Martian meteorites, is likely produced by the shock event that launched them 
off the Martian surface (Rubin 2015), suggesting that shocked minerals in Martian ground 
lithologies may be comparatively rare. The geologic interpretation of a unit would also 
provide necessary context to understand whether shock is the most likely explanation for 
glassy and amorphous spectral features (cf., Johnson et  al. 2020). The identification of 
X-ray amorphous materials combined with elemental chemistry from PIXL would further 
help determine if the glassy material is feldspathic, iron oxide-rich, or altered material.

Another approach that may be useful for improving the reliability of any spectral data to 
infer shock extent is to assess the uncertainties of spectral band peak positions and intensi-
ties with changing shock pressures. Examples are discussed in Sect. 4.1 for Raman spec-
troscopy. This has also been observed in albite and andesine thermal IR spectra, where, 
for example, increased shock was associated with a reduction of the standard deviation of 
the 1103  cm−1 reflectance band (Jaret et al. 2018a). Continued laboratory work examining 
similar standard deviations would be useful to understand the effectiveness of such uncer-
tainties of positions and intensities of IR, Raman, and luminescence bands for quantifying 
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shock extent (caused by natural variations in the sample) as compared to spectral bands 
alone. This may lead to quantitative approaches for interpreting shock extent spectroscopi-
cally in the lab and on Mars.

5.4  Temperature‑Induced Spectral Changes Mimicking Shock Effects

Raman and luminescence spectral features of feldspars have been scarcely studied at the 
range of surface temperatures expected at Jezero (~ 150–300 K; Pla-García et  al. 2020). 
One concern is that very low temperatures could cause spectral shifts in SuperCam and 
SHERLOC spectra that mimic shock alteration. Such shifts have been seen in laser-induced 
luminescence spectra of alkali feldspars, where features shifted to longer wavelengths 
at low Mars temperatures (Bozlee et  al. 2005). However, the Raman and luminescence 
spectral resolution of SuperCam (12   cm−1) full-width at half maximum and SHERLOC 
(~ 40.3  cm−1; Razzell Hollis et al. 2021b) is greater than shifts expected due to tempera-
ture fluctuations on the surface (between 150 and 300 K). These temperature-induced shifts 
are < 3   cm−1 for olivine (Weber et  al. 2014) and potentially similar for other minerals. 
Based on this, temperature-induced spectral peak shifts are unlikely to affect spectroscopy 
analyses on Perseverance.

6  Summary and Conclusions

The ages of Martian geological events could be best understood once their stratigraphy 
is tied to an absolute chronology via dating of Martian rocks returned to Earth. The first 
step of returning samples to Earth is now in progress, at the time of this writing, as part of 
Perseverance rover’s MSR campaign. Perseverance is now performing in situ characteri-
zations and selections of samples for cache and return to Earth. Samples are being prior-
itized based on their ability to enhance the understanding of Mars’ geochemical history and 
astrobiological potential.

This review has explored considerations surrounding the selection of samples for cache 
with Perseverance’s spectroscopy instruments, SHERLOC and SuperCam, for geochronol-
ogy analyses in terrestrial labs. We focused on one Mars-relevant mineral type, plagio-
clase feldspar, and impact-induced changes in its spectral signatures (with a brief review of 
impact-altered clay- and carbonate-bearing mineral signatures as well). Impact metamor-
phism of feldspar, and by extension, other minerals in the affected rock, can disturb iso-
topic systems and therefore weaken geochronology interpretations (as well as paleomag-
netism studies and biosignature detection efforts). In other cases, shocked feldspar (and the 
larger sample of which it is part) may be desirable to cache for Earth return because they 
may be useful to constrain Mars’ early bombardment history or its volatile evolution (via 
atmospheric gases trapped in a sample at the time of shock).

We have reviewed spectroscopic shock indicators revealed by SuperCam and SHER-
LOC, which will obtain Raman, luminescence, and VNIR spectra on Martian samples. We 
have focused on Raman spectroscopy studies. This is because Raman is the most well-
developed of the three spectroscopies to inform shock studies on planetary surfaces and 
the most sensitive technique to identify feldspar structure onboard Perseverance. Lumines-
cence lab studies have limited applicability to Perseverance instruments, and VNIR studies 
on shocked minerals have not yet yielded robust trends for feldspars.
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Even though much has been learned from studies defining the ability of Raman spec-
troscopy to characterize shock extent in minerals, especially feldspars, Raman analyses on 
Mars are likely to encounter two major challenges. These include (1) the scale of laser 
beam sizes being large with respect to that of shock features and (2) spectral peak iden-
tifications being poor shock indicators, when considered without additional information. 
Based on these challenges, we have made eight recommendations to enhance the science 
return of shock investigations on Earth. Three of them refer to direct analyses on Mars, and 
five refer to supporting laboratory studies to inform Perseverance’s in situ spectral interpre-
tations of shock-induced deformation, as follows:

On Mars:

• Interrogate single, coarse grains (if available) with SuperCam’s laser to increase the 
probability of identifying μm-scale shock effects using a mm-size Raman laser beam.

• If identifying maskelynite or diaplectic glass with SHERLOC, perform a micro-mapping 
point-counting traverse approach and identify grains large enough to fill the sampling volume 
of the laser (such that the signal of maskelynite is the main contributor to the spectrum).

• Target first-order endmember identifications (glassy versus crystalline phases) in feld-
spars rather than discrete pressures or pressure ranges to provide the most reliable shock 
discriminations.

In supporting lab studies:

• Explore shock identification with UV spectroscopy analyses analogous to SHERLOC 
to understand to what extent it can characterize shock extent.

• Assess the potential for Raman and luminescence multi-wavelength (UV and visible 
excitation) spectroscopies for shock identification.

• Assess the potential of OSL at DUV wavelength excitation to guide shock sample anal-
yses using SHERLOC.

• Create lab databases using shocked and unshocked samples which correlate spectro-
scopic data (VNIR and/or Raman) with compositional data (PIXL-like or LIBS-like) to 
catalog differences in shock extent versus composition for feldspars and related mineral 
types, as well as clay-bearing, and carbonate-bearing phases.

• Assess the effectiveness of using the uncertainties (i.e., standard deviations) of spectral 
values of the characteristic Raman and IR bands for quantifying shock extent.

Finally, this work only investigated shock indicators in feldspars and, briefly, in clay-
bearing minerals. Other minerals may or may not respond to impact in the same manner as 
feldspars, even though all minerals are expected to be affected by impact. To fully optimize 
the success of geochronology measurements on Earth in samples returned from Mars, an 
improved understanding of spectroscopic shock indicators is necessary in feldspars as well 
as in additional datable minerals to be encountered by Perseverance.
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