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Abstract 12 

Impactites generally consist of target rocks subjected to a shock wave during an impact event, 13 

but theoretically can be composed of surficial materials such as soil or other unconsolidated 14 

surface materials.  Frothy samples found in the impact melt-bearing breccia circum Lonar crater, 15 

India have a significantly lower density than shocked bedrock basalts.  Analyses of petrographic 16 

and back-scattered electron images, along with mineralogical and geochemical comparisons 17 

between the target basalts and local Deccan soils suggest that these are shocked soils that were 18 

compressed and lithified during the impact event.  Hyperspectral images reveal both unshocked 19 

and shocked silicates and glasses along with organics on a scale of millimeters.  Shocked 20 

soils/regolith could hold tremendous value as recorders of ancient lithosphere-hydrosphere-21 

atmosphere reactions on this planet as well as Mars. 22 

 23 

Plain Language Summary 24 

A fresh ejecta blanket of an impact crater contains two layers: an underlying lithic breccia and an 25 

overlying, thinner breccia with clasts of glasses of shock-metamorphosed materials.  These 26 

shocked clasts generally have a protolith/precursor that are bedrock lithologies of the target rock 27 

sequence.  However, rare clasts in the suevite breccia have been identified that used to be 28 

paleosol (“old soil”) in the Deccan region surrounding what is now Lonar crater, India.   We 29 

compared the minerals, whole rock geochemistry of major elements, and microscopic texture of 30 

these glassy clasts to shocked basalts, unshocked Deccan basalt, and local soil samples.  31 

Comparisons to previously-published data were also performed.   Shocked soils likely exist at 32 

other terrestrial impact sites; however surficial materials at the most common terrestrial impact 33 

crater targets – felsic granites or metagranites and clastic sedimentary rocks – resemble the 34 
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mineralogy and texture of the local bedrock.  Thus a shocked soil would be difficult to recognize 35 

at these locations.  Mafic basalt, however, alters to clays at much higher rates and to finer soil 36 

grain sizes.  While rare on Earth, basaltic shocked soils might be more widespread on Mars and 37 

candidates for sample return or up-close rover investigations. 38 

 39 

 40 

Introduction and Background 41 

Impactites are the products of impact cratering.  A large majority of impactites are rocks that 42 

have been fractured and transported at relatively low shock pressures during the impact process. 43 

A smaller amount of impactites have experienced higher shock pressures that result in 44 

mineralogical changes and transformations to impact melts and other impact glasses such as 45 

diaplectic glasses and partial melts (all 19 chapters of Osinski and Pierazzo 2013, including 46 

Newsom et al. 2013).  Lonar crater in Maharashtra, India is a ~1.8-km-diameter impact crater 47 

with a wide range of well-preserved impactites (Kieffer et al. 1976) of tremendous geological 48 

value for understanding fundamental impact processes on this planet or other planets containing 49 

basaltic target rocks. 50 

As the majority of the target sequence at Lonar crater, India was bedrock Deccan basalt, clasts of 51 

these dense volcanic rocks are found in two ejecta layers (as breccias). In addition, ground-52 

hugging ejecta flows have incorporated surface materials (such as soils) as rip-up clasts 53 

incorporated into the lower lithic ejecta layer (Maloof et al. 2010; Stewart et al. 2005).  54 

Shoemaker (1960) described the emplacement of these two breccias at Meteor Crater as the 55 

upper “fall out” ejecta unit overlying the lower, thicker “throw out” ejecta unit.  Here, we 56 
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introduce the findings of a surficial material, pre-impact soil, that was shocked to a glass and 57 

deposited as clasts into the upper “suevite” breccia unit (aka impact melt-bearing breccia). 58 

The soil in the Deccan region (Nagelschmidt et al. 1940; Bhattacharyya et al. 1993; Widdowson 59 

et al. 1997; Salil et al. 1997; Ghosh et al. 2006; Sayyed and Hundekari 2006; Pal et al. 2013) has 60 

a basaltic geochemistry (Nesbit and Young 1989; Nesbit and Wilson 1992; Babechuk et al. 61 

2014) with occurrences of smectite and growths of heulandite, other zeolites, hematite, silica, 62 

and carbonates.  The black clay-rich soil found on the Deccan basalt flows is noted by several 63 

previous field workers at Lonar crater (Fudali et al. 1980; Maloof et al. 2010) as being an ideal 64 

marker bed because it dates to the time just prior to/at impact and it clearly underlies the lithic 65 

ejecta unit (Stewart et al. 2005).  As the lithic ejecta layer was emplaced during the impact event 66 

576 ± 47 ka (Jourdan et al. 2011; Schmieder and Kring 2020), it covered and incorporated some 67 

of this pre-impact paleosol, as clumps of soil are found as cm-sized clasts throughout the lower 68 

lithic breccia (Fudali et al. 1980; Stewart et al. 2005).  In this paper, we investigate this same 69 

paleosol being shocked and emplaced as the smallest clasts in the overlying impact melt-bearing 70 

“suevite” breccia unit at Lonar crater. 71 

 72 

Sample collection and preliminary petrography 73 

Fieldwork in the Lonar ejecta blanket over several field seasons (e.g., Wright et al. 2011; 74 

Newsom et al. 2013) in 2010, 2016, and 2018 yielded a collection of frothy, low-density samples 75 

unlike traditional shocked basalt in which bedrock basalt was the protolith (Kieffer et al. 1976) 76 

(Figure 1, supplemental figure S1).  All of these samples shown (Figure 1) and discussed in this 77 

paper are clasts from the suevite breccia or impact melt-bearing breccia (Shoemaker 1960, 78 
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Kieffer et al. 1976).  These clasts were pulled directly from the breccia in the eastern ejecta 79 

blanket.  Supplemental figure S1 describes the location and ejecta characteristics of the suevite 80 

or impact melt-bearing breccia in the eastern ejecta blanket.   Note that at times, the very fine 81 

suevite matrix adheres to some breccia clasts, but these fines are not the topic of this paper.  One 82 

unique sample clast in the suevite breccia was found to be a contact of a shocked bedrock basalt 83 

with diaplectic labradorite glass and the unique material described here; a cut slice of this clast 84 

and the contact between the two are shown in Figure 1.  Other, smaller samples shown in Figure 85 

1 were found as clasts amidst other clasts from a range of shock pressures resulting in both 86 

maskelynite-bearing shocked basalts (Class 2 or shock stage M-S4) through impact melts (Class 87 

5 classified by Kieffer et al. 1976) or shock stage M-S7 (Stöffler et al. 2018)).  Petrographic 88 

images of three polished thin sections revealed a texture unlike that of Deccan basalt or any 89 

target bedrock at Lonar crater as shown in petrographic images in Kieffer et al. (1976), Wright et 90 

al. (2011), and supplemental figure S2 accompanying this paper.  The apparent mineralogy of 91 

these samples (from our petrographic observations) matches mineralogies described for Deccan 92 

soils (Nagelschmidt et al. 1940; Bhattacharyya et al. 1993; Widdowson et al. 1997; Salil et al. 93 

1997; Ghosh et al. 2006; Sayyed and Hundekari 2006; Pal et al. 2013), but with melt glass and 94 

maskelynite needles in addition to the secondary minerals listed above and described in these 95 

references.  Back-scattered electron (BSE) images of two of the shocked samples and a paleosol 96 

were taken for more insight into the sample texture and composition, and other means described 97 

below were used to understand the mineralogy and texture at a higher scale.  The analyses used 98 

for the three shocked soils and three paleosols are shown as Supplemental Figure S3. 99 

 100 

Methods 101 
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Thin sections of two purported shocked soils and one thin section of a definitive pre-impact soil 102 

were examined on the JEOL JXA-8530F electron probe at Johnson Space Center.  A pre-impact 103 

soil sample LC15-PS-460 (supplemental figure S3) was collected under the distal lithic ejecta in 104 

the western ejecta blanket at ~ 2.1 crater radii from crater center (Stewart et al. 2005; Maloof et 105 

al. 2010).  The XRF geochemistry of this sample and a second paleosol collected from under the 106 

Lonar ejecta were averaged with previously-published geochemistries of Lonar paleosol (Ray et 107 

al. 2017) to produce an average of Lonar paleosols for comparisons to both bedrock basalt and 108 

the shocked soil. 109 

X-ray diffraction (XRD) data were acquired for six samples: two paleosols, two shocked soils, an 110 

unshocked Deccan/Lonar basalt, and a shocked Lonar basalt.  X-ray data were collected from 111 

random powder mounts over 2° to 80° 2-theta in 0.1° steps using cobalt radiation on a Rigaku 112 

MiniFlex instrument in the Planetary Spectroscopy and Mineralogy Laboratory at the University 113 

of Hong Kong.  Data processing and mineral identification were carried out using JADE 114 

software and the MDI 500 mineral library. This reference library contains sufficient minerals for 115 

most geological applications, but we note that no widely available reference library contains a 116 

wide range of poorly crystalline materials.  117 

Samples of three shocked soils and two paleosols were finely powdered and sent to the Franklin 118 

and Marshall XRF Lab to measure the abundance of major, minor, and trace elements in the 119 

samples with X-ray fluorescence (XRF).  Five to ten grams of material was necessary for minor 120 

and trace element geochemistry.  Powders were heated until molten, and then quenched into a 121 

glass disk.  After standards are analyzed for each major element, 30 to 50 data points are 122 

acquired for each element, with the results presented as percent oxides.  The goal was to examine 123 

if the geochemistry of soil differed from Deccan and Lonar basalt.  Whereas wholly similar, 124 
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there are very slight geochemical differences between basalt in the Lonar region (from the 125 

Poladpur Formation of the Wai sub-group of the Deccan) and other members of Deccan basalt 126 

(Vanderkluysen et al. 2011; Babechuk et al. 2014; Suhr et al. 2018).  Soils, however, should be 127 

dissimilar from bedrock basalt (Nesbit and Wilson 1992; Babechuk et al. 2014).  We use an 128 

average of 19 bedrock basalt samples from the Lonar region from Osae et al. (2005) that Ray et 129 

al. (2017) suggest be used as an “average Lonar basalt” geochemistry, and use another five fresh 130 

Lonar basalt geochemistries from Peng et al. (2014) for additional comparisons between basalt, 131 

paleosol, and shocked soils. 132 

We examined thin sections of the three shocked soils on a Nicolet Continuum FT-IR microscope 133 

in the Planetary Spectroscopy and Mineralogy Laboratory at the University of Hong Kong. 134 

Calibrated hyperspectral reflectance images were collected using a gold reference standard from 135 

~650 to 4000 cm-1 at 4 cm-1 spectral resolution. The spectral spot size was ~30 µm collected 136 

systematically over the field of views. This work is focused on interpretation of spectra from 137 

700-2000 cm-1 in order to identify minerals and amorphous phases from fundamental vibrations 138 

(e.g. Si-O, C-O).  Data reduction and compositional mapping were carried out using principal 139 

component analysis (PCA). 140 

 141 

Results 142 

Petrography and High Resolution Images 143 

The petrography of two shocked soils are shown in Figure 2 (A through F) and compared to one 144 

of the unshocked paleosols (Figure 2GH).  Whereas unshocked paleosol shows comminuted 145 
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pieces of labradorite and augite (from basalt) within opaque organics and calcite/caliche, the 146 

shocked soils show schlieren of “flowing” calcite evident as high birefringence regions under 147 

cross polarized light (Figures 2CDEF).  This calcite can also be seen on the hand samples 148 

(Figure 1).  The shocked soils contain augite and labradorite, but these are now 5-10 µm 149 

comminuted particles (labelled in Figure 3B and 3D) and no longer their original state as larger 150 

euhedral crystals seen in unshocked and shocked basalts from Lonar crater (supplemental figure 151 

S2, Kieffer et al. 1976; Wright et al. 2011).  These specks of augite and labradorite are 152 

surrounded by organics and clays best seen in the PPL images (Figures 3A and 3C). 153 

The petrography of one shocked soil sample (LC09-316) showed many more remnants or relics 154 

of unshocked soil clumps within the glass than the other two shocked soils.  Thus, we obtained 155 

photomicrographs with a higher magnification (20X to 40X) on the petrographic microscope to 156 

reveal their texture with this sample (Figure 3).  Figure 3 shows these remnants still have the 157 

original desiccation cracks seen in terrestrial soils such as the petrography of the unshocked soil 158 

sample seen in Figure 2GH.  Figure 3E shows nearly the same field of view as the BSE image in 159 

Figure 4A and a contextual petrographic image of this region is shown as supplemental figure 160 

S5. 161 

Where compared to BSE images of shocked basalt (Wright et al. 2011; Newsom et al. 2013), 162 

BSE images of the shocked soils show melted labradorites and melted augites from a full range 163 

of shock pressures (Stoffler et al., 2018) (Figure 4).  This particular BSE image (Figure 4A) was 164 

selected to display a typical BSE image texture of the shocked soils but with a region of 165 

unmelted, unshocked soil protolith within the shocked soil.  On the right of the BSE image are 166 

the same small, irregular fragments of augite, oxides, labradorites, and maskelynites that can be 167 

seen on the right sides of petrographic images in Figures 2AB and 2CD, and throughout 2EF, but 168 
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at a higher resolution and scale.  On the left are dark organics, clays and frothy calcite with three 169 

labradorites or maskelynite regions at the top.  This texture is different from the texture of 170 

bedrock Deccan basalt (Kieffer et al. 1976; Wright et al. 2011).  The Figure 4 caption discusses 171 

the findings of regions of unshocked soil with pre-shock dessication features within the shocked 172 

glasses.   A “halo” of melt texture around the unshocked soil remnants best seen in Figures 4C 173 

and 4D suggest that the protolith of the melt around the remnants was also soil. 174 

Mineralogy 175 

A comparison of the six XRD patterns (Figure 4) shows several key features of shocked and 176 

unshocked soils and rocks.  The two most important aspects of the XRD patterns of the shocked 177 

materials (Figure 4A) is that they have wider diffraction peaks (larger FWHM) in general and a 178 

broad background of amorphous material located from ~20° to 40° 2-theta.  This is true of the 179 

shocked soils and shocked maskelynite-bearing bedrock basalt (Figure 4C), and suggests a 180 

decrease in crystallinity as compared to the XRD patterns of unshocked materials in Figure 4B 181 

and 4C. 182 

The mineralogies of all four soils agree with previous minerals described for Deccan soils 183 

(Nagelschmidt et al. 1940; Bhattacharyya et al. 1993; Widdowson et al. 1997; Salil et al. 1997; 184 

Ghosh et al. 2006; Sayyed and Hundekari 2006; Pal et al,. 2013).  XRD results of the unshocked 185 

paleosols show three major components (smectite, plagioclase and quartz), and several minor 186 

components (augite, hematite and calcite). The shocked soils contain similar evidence for 187 

plagioclase, quartz, augite and hematite components, but the shocked samples contain much less 188 

smectite. Experimental results show that clays could be converted to amorphous materials at 189 

shock pressures of 30 – 40 GPa (Michalski et al. 2017; Ebert et al. 2018). As we see evidence for 190 
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the shock pressure being distributed heterogeneously in the shocked soil samples, we suggest 191 

that shocked clay minerals could make up a significant fraction of the amorphous component of 192 

the shocked soil. Alternatively, the particular protolith of the shocked soils might have had less 193 

clay minerals than the paleosols used here as a comparison. 194 

It should be noted that exact matches of XRD patterns and mineralogies between the four soils 195 

should not be expected as there are slight heterogeneities over even the short distances (~5-6 km 196 

from west to east ejecta) of the Lonar region before impact.  Whereas the unshocked paleosols 197 

show evidence of plagioclase, which is likely labradorite, the presence of local unshocked 198 

labradorite in the shocked soils cannot be ruled out due to the heterogeneous nature of shock.  199 

Petrography of the shocked soils show both shocked regions with melt and maskelynite needles 200 

(formerly labradorite) along with regions of comminuted, unmelted fragments of labradorite and 201 

augite (Figure 2).  The shocked region is the schlieren of the unshocked region. 202 

 203 

Geochemistry 204 

Previous works (Son and Koeberl, 2007; Osae et al. 2005; Schulz et al. 2016; Ray et al. 2017) 205 

discussed below on Lonar basalts, impact melts, melt spherules, and paleosol geochemistry have 206 

shown an increase in silica and potassium in the soils along with a decrease in aluminum as 207 

compared to bedrock basalt.  Based on these, we created a ternary plot showing the normalized 208 

(to 100%) molar abundances of Si+K, Al, and Ca+Na, or a SK-A-CN plot (Figure 6).  This 209 

differs from the traditional ternary plots that show S-A-CNK or FM-A-CNK to calculate the 210 

chemical or mineralogical alteration of basalts such as Chemical Index of Alteration (CIA) or 211 

Mineralogical Index of Alteration (MIA) or Index of Laterization (IOL) (Babechuk et al. 2014).  212 
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Calculation of these three alteration indexes (CIA, MIA, IOL) are shown for the three shocked 213 

soils, average Lonar basalt, and average Lonar paleosol in the supplementary material using 214 

methods described by Babechuk (2014) for normalizing moles from geochemical abundances.  215 

The values of CIA, MIA, and IOL for basalts and soils agree with those reported for the 216 

alteration of basalts from Babechuk (2014) for normalizing moles from geochemical abundances.  217 

Figure 6 shows a ternary plot of SK-A-CN in which the three shocked soils plot in between a 218 

cluster of 24 published geochemistries of Lonar basalts and six Lonar paleosols. 219 

 220 

Texture and Spectroscopy 221 

Figures 7 through 10 show the textural relationships among primary igneous minerals, alteration 222 

minerals and amorphous phases in three shocked soils.  The textures – primarily showing 223 

comminuted, rounded silicates is unlike that of Deccan porphyritic basalt (supplemental figure 224 

S2; Kieffer et al. 1976; Wright et al. 2011).  The spectral signature of these materials in Figures 225 

7, 8, and 9 (marked comminuted basalt) looks like average Deccan basalt because the fine-226 

grained minerals are mixed at the sub-pixel scale. Several larger grains are observed however, 227 

these include primary igneous phases such as pyroxene (e.g. pigeonite) and shocked plagioclase 228 

(i.e. maskelynite), which has the spectrum of amorphous material of labradorite composition 229 

reflected from a lath-shaped pseudomorph of plagioclase.  Clay minerals occur as disseminated 230 

aggregates of particles throughout, and also have laminated structures in the soil.  Note that the 231 

precise clay mineralogy is not accessible using infrared reflectance (or emission) in this spectral 232 

range. The clays present in this case appear to be trioctahedral (e.g. saponite) based on the 233 

position of the Si-O reflectance peak, which is located near 1030 cm-1 in this case, but would be 234 

located near 1060 cm-1 in the case of dioctahedral clay (Michalski et al. 2006).  Also note that 235 
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trioctahedral clays exhibit very few shock effects, unlike dioctahedral clays (Michalski et al. 236 

2017), unless the phyllosilicates are completely melted.   Another TIR spectral end-member, 237 

basaltic glass (Wyatt et al. 2001), is also detected in the samples.  Silicic glass (Wyatt et al. 2001; 238 

Jaret et al. 2015) formed from secondary silica deposition and subsequent shock compression 239 

(Jaret et al. 2015) show the heterogeneous nature of the shock in the shocked soils.  Regions of 240 

vesicularity are represented by where epoxy is now evident in the hyperspectral images.  A 241 

contact between a basaltic region and pockets of organics with rounded silicate minerals and 242 

glasses entrained in the organics is suggested in Figure 10.  Supplementary figure S6 shows a 243 

small region of the same sample LC09-316 (Figures 9, 10) with much clay and some organics. 244 

 245 

Discussion 246 

Several previous works have examined the major, minor, and trace element geochemistry of 247 

Lonar basalts by comparing the target Deccan basalt to impact melts and various sizes of impact 248 

spherules (Son and Koeberl, 2007; Osae et al. 2005; Schulz et al. 2016; Ray et al. 2017).  A few 249 

have compared the major element and minor element geochemistries of Deccan/Lonar basalt 250 

with those of both the paleosol and ejecta fines using spider diagrams (Misra et al. 2006; 251 

Newsom et al. 2007; Newsom et al. 2010).  These ejecta fines represent pulverized basalt that 252 

became the matrix of the lithic breccia.  The works comparing paleosols to bedrock basalt show 253 

increased silica and potassium in the soils along with a decrease in aluminum attributed to 254 

labradorite feldspar being chemically altered and/or physically eroded away (Newsom et al. 255 

2012; Bose et al. 2013), whereas silica is secondary (Jaret et al. 2015).  These major element 256 

trends agree with previous works examining both soils derived from and emplaced onto Deccan 257 
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basalt, and the alteration of Deccan and other basalts (Nesbitt and Wilson, 1992; Babechuk et al. 258 

2014; Wille et al. 2018). 259 

The geochemistries of Deccan paleosol throughout the Deccan region have been noted as being 260 

basaltic and very similar to the underlying Deccan basalt (Bhattacharyya et al. 1993; Widdowson 261 

et al. 1997; Salil et al. 1997; Ghosh et al. 2006; Sayyed and Hundekari 2006; Pal et al. 2013; 262 

Craig et al. 2017).  We also note that the geochemistries of the soils used in this study have an 263 

overall basaltic composition.  It should be noted that mature soils are relatively easy to identify 264 

from their geochemistry because mobile elements become depleted and the soil geochemistry 265 

and mineralogy contrasts strongly with local bedrock. Immature soils are the opposite case, 266 

where the regolith is more similar to underlying rock. As a general trend, mature soils will be 267 

thicker and therefore more voluminous (a greater fraction of underlying bedrock and other 268 

sources) than immature soils.  We focused on five major elements (Si, K, Al, Ca, Na) to 269 

emphasize the slight differences between bedrock Deccan basalt and soils.  We suggest our 270 

ternary plot shows that the three purported shocked soils have a geochemistry different than fresh 271 

Lonar basalt, and roughly along the mixing line between fresh basalt and unshocked paleosol 272 

(Figure 6).  This suggests these shocked soils may have more of a bedrock component than the 273 

paleosols, but have some geochemical characteristics of paleosol such as higher Si and K in 274 

addition to the soil textures shown in Figures 2, 3, 4, 7, 8, 9, and 10.  The alteration mineralogies 275 

of the shocked soils are more similar to the palesols than altered basalt (Figure 5).  An 276 

amorphous component is identified in the shocked soils (Figure 5A) comparable to M-S4 277 

maskelynite-bearing basalt (Figure 5C) and not seen in paleosols (Figure 5B) or unshocked 278 

basalt (Figure 5C).  This amorphous feature can be directly compared in XRD patterns when 279 

comparing Figures 5A and 5B, or the shocked and unshocked basalts in Figure 5C. 280 
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Regolith breccias are common among lunar meteorites (Korotev 2012), and have been 281 

recognized among Martian meteorites (Cao et al. 2019).  However, shocked soils should not be 282 

confused with regolith breccias.  Regolith breccias are defined as the products of many impacts 283 

(Stöffler et al. 2018), or theoretically as a breccia from one impact into a regolith target that 284 

required many impacts to form.  A soil must be shocked to be classified as a shocked soil.  Soil 285 

or shocked soil can be inclusions within a regolith breccia, and perhaps future investigations of 286 

martian regolith breccias NWA 7034, its pairs NWA 7475 and NWA 7533 (McCubbin et al. 287 

2016; Santos et al. 2015; Cannon et al. 2015; Wittman et al. 2015) or NWA 8171 or NWA 11220 288 

(Cao et al. 2019) might yield the discovery of pockets of martian soil similar to that proposed to 289 

exist as melt veins in martian basalt EET79001 (Schrader et al. 2016).  Shocked soil should also 290 

not be confused with a recent term “lunar impact glasses” (review by Zellner 2019), which are 291 

melt droplets emplaced ballistically.  Theoretically, a soil could be the protolith of a melt droplet, 292 

though the Moon’s uppermost surface is generally described as a regolith (Wilcox et al. 2005). 293 

 294 

The rarity of shocked soils at the other ~200 terrestrial impact sites is likely due to several 295 

factors.  The most apparent reason is that a soil surficial unit generally only makes up a very 296 

small percentage of the strata affected by the impact.  At Lonar crater, even a thicker 297 

accumulation of 1-2 meters of soil development is but a small fraction of total strata, with 298 

hundreds of meters up to over half a kilometer of bedrock subjected to the shock wave in a crater 299 

with an original radius of 0.8-0.9 kilometers.  Other factors contributing to the rarity of shocked 300 

soil are the small compositional ranges of either granitic or sedimentary target compositions and 301 

their ancient ages not contributing to the preservation of impact glasses (such as shocked soil).  302 

Regions with granitic-metagranitic “granitoid” compositions or clastic sedimentary rocks and 303 
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limestones are the most abundant target sequences for a large majority of the ~200 terrestrial 304 

impact sites (Schmieder and Kring 2020), but these terrains generally have a paucity of soil 305 

development.  At impact sites emplaced into these lithologies, local soils resemble the target 306 

rocks with little to no alteration, such as pebble-rich sediment from granitic and foliated 307 

metamorphic terrains or clastic sediments derived from sedimentary rocks.  Their preservation 308 

ages are much longer than basalt, and hence the reason they make up the surfaces of continents 309 

and a large majority of target rocks at terrestrial impact sites.  Essentially, if granitoid or 310 

quartzofeldspathic clastic sediments/soils were shocked and found by the field geologist, it 311 

would be difficult to recognize them as shocked sediments without a detailed petrographic 312 

examination and comparison to their bedrock protoliths.  Szokaluk et al. (2019) recently 313 

described several reasons why impact sites into consolidated sediments (with no local bedrock) 314 

are also rare on Earth and are not preserved for long periods of time.  For similar reasons, 315 

shocked soils are not preserved as well.  Whereas impact melts are found in several terrestrial 316 

impact craters as inner crater impact melt pools (review by Dressler and Reimold 1990), intact 317 

impact melt-bearing suevite breccias are only found in the ejecta blankets of a handful of the 318 

younger impact sites - Ries, Meteor Crater, and Lonar crater.  Lonar is one of the youngest of the 319 

~200 terrestrial impact sites (Schmieder and Kring 2020).  The mafic target rock, before impact, 320 

alters to a soil that can be geochemically, mineralogically, and texturally identified as being 321 

unlike the original bedrock basalt that altered to it.  This likely would not be true for granitic or 322 

clastic sedimentary targets.   323 

The discovery of shocked soil is the first of its kind.  There are reports of loess (a fine-grained 324 

windblown sedimentary deposit) melted to glass in the Pampas region and other regions of 325 

Argentina (Schultz et al. 2004; Schultz et al. 2014).  However, it has been suggested that these 326 
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are fulgerites or the result of fires due to the high frequency of impacts necessary to generate 327 

multiple layers of impactites over a short time scale (Chen et al. 2017; Melosh, 2017).  328 

Conversely, Howard et al. (2013) discovered organic biomarkers in impact melt, but the protolith 329 

was rock and not soil. 330 

Shocked soil is likely not rare on basaltic surfaces with many impact craters and an atmosphere, 331 

such as Mars, but is on Earth due to a lack of impact craters into basaltic targets, the 332 

aforementioned poor preservation of glassy impactites, and the difficulties with identifying a 333 

shocked soil from the majority of terrestrial ejecta blankets.  The rarity is shown on Table 12 of 334 

Stöffler’s (2018) Classification system RE (for “regolith”) as the sediment type for 335 

unconsolidated sediments of basaltic minerals plagioclase, pyroxene, and olivine is listed as 336 

“None”, as shocked mafic sediments had not been located in the terrestrial record.  The samples 337 

described in this paper represent the first examples of shocked unconsolidated basaltic minerals.  338 

We suggest these samples be labelled or classified as shocked soils with the evidence presented 339 

here that the protolith was soil and not bedrock or sediments.  This paper’s title alludes to the 340 

rarity on Earth (in the sample collections of field geologists) whereas likely more abundant on 341 

Mars. 342 

 343 

Conclusions 344 

The microscopic texture of the three samples reported here (in Figure 1) showing comminuted 345 

basaltic minerals with shock features (Figures 2, 3, 7-10) suggests these samples are shocked 346 

soils.  Unshocked remnants of soil within the shocked soils (Figures 2, 3 and 4) agree with this 347 

interpretation, as does the mineralogy (Figures 5, 7-10) and major element geochemistry (Figure 348 
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6).  These shocked soils likely have a complicated geologic history, from volcanism to alteration 349 

and diagenesis and finally to being shocked to become clasts in an impact melt-bearing breccia 350 

unit. 351 

 352 

The shocked soils are examples of the complicated nature of impactites that can be expected 353 

from planetary surfaces in which soil development occurs.  Whereas progressive soil formation 354 

will overprint and potentially destroy records of earlier climate, the lithification of a paleosol 355 

during impact represents a valuable snapshot of a well-constrained moment in time.  These 356 

samples represent excellent candidates for sample collection from sample return missions that 357 

are unmanned or manned for their information on climatic and geologic conditions for which the 358 

soil was created.  Further, melted or highly-shocked clasts in them might provide information on 359 

the age of the impact event that resulted in the soil being incorporated into the impact breccia.  If 360 

unshocked remnants exist, whether monomineralic or a rock lithology, then the age of the target 361 

rock before impact could be dated and/or constraints on the timing of soil development may be 362 

estimated.  All of these investigations would benefit the determination of the geologic history of 363 

the target rock, the soil development, and the impact event, which are all generally goals of any 364 

landed mission. 365 

 366 

 367 

 368 
 369 

 370 

 371 

 372 
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 375 

OPEN RESEARCH 376 

Data Availability Statement:  All data acquired for samples discussed are made publicly 377 

available within figures of the paper and in supplementary material. 378 

 379 

 380 

Supplementary material 381 

Supplemental Figure S1 describes the field context of the eastern ejecta blanket of Lonar crater 382 

from which the three shocked soils were found.  Examples of the petrography of Deccan basalt 383 

and M-S4 maskelynite-bearing shocked basalt are shown as supplemental figure S2 to compare 384 

to the petrography of shocked and unshocked soils in Figures 2 and 3.  Table S3 lists the 385 

analyses performed in each figure for the three shocked soils.  All geochemical calculations used 386 

for Figure 6, including those for all Alteration Indexes derived from molar abundances per 387 

Babechuk et al. 2014, can be found as a supplemental .xls file S4.  Supplemental figure S5 shows 388 

PPL and CPL images of the context of the smaller PPL image in Figure 3E.  Supplemental figure 389 

S6 shows a smaller clay-rich region with organics in the same sample as Figures 9 and 10. 390 
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 626 

 627 

 628 

FIGURE CAPTIONS 629 

 630 

Figure 1.  Hand samples of shocked soils.  On the left is a cut surface of a maskelynite-bearing 631 

basalt (shock stage M-S4) with shocked soil adhered to the bottom and bottom right of the 632 

sample.  Within the lighter gray shocked soil adhered to the bottom right of the sample, note 633 

lighter gray color and small white calcite portions similar to the samples on the right.   On the 634 

right are cut billets (upper four) and natural sides (lower three) of shocked soils samples LC15-635 

497, LC09-304, and LC09-316 discussed in the text.  Note layered white shocked calcite in 636 

several samples that we interpret as caliche horizons in the original soil and shown in Figure 2. 637 
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 638 

 639 

Figure 2.  Petrography of samples LC09-316 (A-D) and LC09-304 (EF) interpreted to be 640 

shocked soils, with plane polarized light (PPL) on the left and the same field of view in cross 641 

polarized light (CPL) on the right.  Scale bar measuring 500 µm in (EF) applies to all 8 panels; 642 

all 8 images are taken with 5X magnification.  Sample LC09-316 in AB shows light brown 643 

caliche from top to bottom through the center of the top two images, with tiny ~5-10 µm 644 

comminuted particles of augite and labradorite (labeled “aug, lab”) on the right.  The second set 645 

of photomicrographs (CD) shows schlieren calcite from the top right to the bottom left of the 646 

images.  The calcite has high birefringence in CPL in (D).  In EF, flowing caliche is shown in 647 

sample LC09-304 from the upper left to bottom center (white in CPL) with melted basaltic glass 648 

(light brown in PPL and labeled “melt”) on the left and a maskelynite needle on the right 649 

(labeled “mask” and isotropic in CPL in (F)).  In GH, an unshocked paleosol collected from 650 

under the Lonar lithic breccia unit shows a similar texture as pockets of comminuted augite and 651 

labradorite on the right sides of AB and CD along with examples of caliche layers and pockets 652 

that presumably was melted and flowed in the shocked soils shown in the first six panels. 653 

 654 

Figure 3.  High resolution (20X – 40X) petrographic images of unshocked soil remnants within 655 

shocked soil sample LC09-316.   All scale bars for A through E are 100 µm while the scale bar 656 

for F is 50 µm.  (A) in PPL and (B) in CPL show a remnant paleosol with desiccation crack 657 

features at 20X magnification amidst glass around it.  The background glass is blurry whereas 658 

the unshocked soil remnant is focused under these higher resolutions.  (CD) shows the 4 clumps 659 

of unshocked soil (darker in PPL) that are shown in the context BSE image in Figure 4A and 660 
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focused BSE images Figures 4C and 4D.  Figure 3E (only PPL) shows another set of remnant 661 

relicts of soil, but with melted glassy edges.  Supplemental figure S5 shows the context image of 662 

Figure 3E at 5X magnification in both PPL and CPL, and compared to other basaltic end 663 

members besides soil in supplemental figure S2.  (F) in PPL shows a circular unshocked soil 664 

remnant with desiccation crack features at 40X magnification.  Scale bar for F measures 50 µm. 665 

 666 

Figure 4.   Backscattered electron (BSE) images of shocked soil LC09-316 (in A, C, and D) and 667 

unshocked Deccan soil (B) showing nearly the same area as the petrography shown in Figure 668 

3CD.  The magnification on the image and the measure of each scale bar is noted under each of 669 

the four panels.  In all four panels, bright white are oxides, the darkest grays are glasses or 670 

crystals of labradorite composition, and the lightest grays are augites.  In A, note three teardrop-671 

shaped regions across the middle of the BSE image with desiccation cracks within the clasts, but 672 

flow textures outside the three clasts.  We interpret these as unshocked soil remnants within the 673 

shocked soil, suggesting the protolith of the impactite was soil.  A fourth similarly-textured 674 

region is a smaller triangle-shaped region just below the region in between the middle and 675 

rightmost circular area with desiccation cracks, but does not exhibit desiccation cracks.  Panel C 676 

shows a higher resolution of leftmost two (at 300X resolution) and panel D shows the rightmost 677 

clast (at 650X resolution).  There is a boundary of melted/shocked and unmelted around the 678 

unshocked soil remnants.  The desiccation textural features of these regions match the texture of 679 

unshocked Deccan soil (in panel B) shown at the same resolution (120X) as the shocked soil in 680 

panel A. 681 

 682 

 683 
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Figure 5.  XRD patterns of several Lonar samples for comparison and mineralogic analyses.  An 684 

amorphous component and alteration minerals are found in the shocked soils (A).  Similar 685 

alteration minerals, but no amorphous component, are found in the unshocked paleosols (B).  (C) 686 

shows a comparison of unshocked and shocked bedrock basalt to note the added amorphous 687 

component (maskelynite) of shocked basalt not found in unshocked basalt (also C) or paleosols 688 

(B). 689 

 690 

 691 

Figure 6.   The lower right portion of a A-CN-SK geochemical plot of basalts and soils.  19 692 

Lonar fresh basalts (from Osae et al. 2005 and described by Ray et al. (2017) as the basis of “avg 693 

Lonar basalt”) are shown as blue circles, another 5 Lonar fresh basalts from Peng et al. (2014) 694 

shown as orange circles, three shocked soils as black triangles, average Lonar paleosol (n=6 from 695 

Misra et al. 2006) as a gray circle, and the geochemistry of one paleosol in green (from Figures 696 

2GH and 3B) collected with the same methods as the three shocked soils.  The major element 697 

geochemistry of all shown here and various chemical alteration indexes (Babechuk et al. 2014) 698 

are shown in the supplemental material.  A mixing line between the cluster of 24 fresh basalts 699 

and the gray or green paleosol point would be identical to the mixing line suggested by Newsom 700 

et al. 2010. 701 

 702 

 703 

Figure 7. A micro-infrared image of shocked soil sample LC09-497 displays principal 704 

components 4, 3 and 2 as RGB respectively.  Image measures 3 mm by 10 mm.  In this band 705 

combination, diaplectic maskelynite (marked “M”) and an example of flowing labradorite glass 706 
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both appear blue in the image, calcite (Cal) appears white, clay minerals appear purple-indigo, 707 

comminuted, fine grained basaltic materials appear green to green-yellow-brown (marked 708 

“Bas”). The spectra extracted from the reflectance image are color coded to the PCA image with 709 

the exception of calcite, which appears white in the image but is displayed as a black spectrum.  710 

“E” labels the epoxy that is a proxy for the vesicularity of the original sample before adhering it 711 

to a thin section.   712 

 713 

 714 

Figure 8.  A micro-infrared image of shocked soil sample LC09-304 displays principal 715 

components 4, 3 and 2 as RGB respectively. Image measures 4 mm by 10 mm.  In this band 716 

combination, pigeonite (marked “Pyx”) appears red in the image, amorphous silica (Si) appears 717 

bright green, clay minerals appear indigo, comminuted, fine grained basaltic materials appear 718 

yellow-brown (marked “Bas”). The spectra extracted from the reflectance image are color coded 719 

to the PCA image. “E” labels the epoxy that is a proxy for the vesicularity of the original sample  720 

before adhering it to a thin section.   721 

 722 

Figure 9.  Two micro-infrared images of one sample LC09-316 showing rounded augites, 723 

pigeonites, and needles of maskelynite or glass of plagioclase composition after shock 724 

compression converted the original labradorite to a glass.  Silica glass is also apparent 725 

throughout the sample.  Whereas light blue is plagioclase glass, dark blue is epoxy and not 726 

shown on the spectral plot. 727 

 728 

Figure 10.   A 6 mm by 6 mm micro-infrared reflectance image of sample LC09-316 showing the 729 

likely contact between organics and silicates in the shocked soil.  Rather than PCA’s shown in 730 
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Figures 7, 8, 9, Figure 10 displays bands 110-97-86 (1079 cm-1, 1022 cm-1, 979 cm-1) in red, 731 

green, and blue, respectively.  Whereas most dark black regions are epoxy (not shown in the 732 

spectral plot) indicating vesicularity as small circles within larger black pockets, isolated black 733 

pixels at the top left and bottom right have a flat spectrum with little spectral character and low 734 

reflectance.  Whereas these could be oxides or sulfides, the previously-published mineralogies of 735 

Deccan soil (see text) and petrography (Figures 2 and 3) suggest these are organics with no 736 

discerning spectral features such as the lowest gray-black spectrum shown in the spectral plot.  737 

All spectra in the spectral plot are color-coded to the RGB image save for white augite in the 738 

image is displayed as a black spectrum in the spectral plot.  Tiny bits of pigeonite (pink), 739 

maskelynite (red), Si glass (yellow), while one large clump and many small bits of clay (cyan) 740 

can be seen.  Rare pixels of Si-K glass (blue) can be see above and to the right of the largest cyan 741 

clay region.  Comminuted basalt in forest green is not shown in the spectral plot. 742 

 743 

 744 

 745 

SUPPLEMENTAL FIGURE AND TABLE CAPTIONS 746 

 747 

Figure S1.   The names of GPS points from several field seasons are plotted on a subset of a 748 

QuickBird image of Lonar crater from Maloof et al. (2010) of the eastern ejecta blanket.  North 749 

is up.  The eastern rim is on the left of this subset, and thus the crater interior is west of this 750 

proximal eastern ejecta blanket. The three shocked soils described in Wright and Michalski 751 

(2024) were found in the eastern ejecta blanket at and nearby GPS point labelled “EES” for east 752 

ejecta suevite. The coordinates are 19.975° N, 76.518° E.   Examples of the east ejecta suevite 753 

outcrops are shown as shocked soil samples LC09-304 and LC09-316 were both collected next 754 
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to a large clast LC09-EES-315 (top and middle field photos).  A suevite outcrop showing M-S7 755 

impact melt as a dark black glass clast is also shown (bottom field photo).  Rock hammer pick 756 

points to the crater rim or crater center in all pictures. 757 

 758 

 759 

Figure S2.  The petrography of Deccan bedrock basalt in plain polarized light (left) and cross 760 

polarized light (right) can be compared to the petrography of shocked soils in Figures 2, 3, and 761 

S5.  Scale bar in lower right corner of top two images measures 500 µm for all four images.  762 

Shocked soil and unshocked paleosol (Figures 2 and 3 in Wright and Michalski 2024) contain 763 

organics, calcite, clays, and tiny bits of comminuted, rounded augite and labradorite and not the 764 

larger euhedral grains of augite and labradorite seen here.   Note that twinned labradorite (in 765 

CPL) is converted to diaplectic maskelynite in the shock stage M-S4 shocked basalt in the lower 766 

two panels, whereas augites are fractured.  The grain sizes of the silicate minerals are not 767 

comminuted and rounded by shock.  Secondary hematite is seen as red in the M-S4 shocked 768 

basalt in the lower images. 769 

 770 

 771 

Table S3.    The analyses performed for three shocked soils and three paleosols and the 772 

corresponding figure in Wright and Michalski (2024) are shown. 773 

 774 

sample sample 

texture 

petrography,  

BSE images 

XRD mineralogy geochemistry µFTIR 

LC09-304 1 2 5 6 8 
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LC09-316 1 2, 3, 4, S5 5 6 9, 10, S5 

LC15-497 1   6 7 

LC15-PS-456   5   

LC15-PS-460  4 5 6  

LC15-PS-287  2    

 775 

 776 

 777 

 778 

 779 

 780 

Figure S4.  (entire 24 kilobyte .xls file is a shared Supplemental File and not a table) 781 

Figure S4.   The geochemical data used for a ternary plot in Figure 6.  The XRF geochemistry 782 

data was converted to moles using the methods described in Babechuk et al. (2014) to compare 783 

the abundances of Si, K, Al, Ca, Na for 24 bedrock Deccan basalts (Osae et al. 2005; Peng et al. 784 

2014; Ray et al. 2017), seven Deccan palesols (Misra et al. 2006; Ray et al. 2017), and three 785 

shocked soils. 786 

 787 

 788 

 789 

Figure S5.  High resolution petrographic images, in plain polarized and cross polarized light, of 790 

the context of the field of view seen in Figure 3E of Wright and Michalski (2024).  The red box 791 

denotes the approximate area of the entirety of Figure 3E.  All dark circles and shapes are 792 

remnants of unshocked soil within glass that used to be unshocked soil, but is now shocked soil.  793 
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The scale bar in the lower right corner measures 500 µm.  Figure 3E shows melting on the edges 794 

of these unshocked soil remnants. 795 

 796 

 797 

 798 

Figure S6.  Bands 4, 3, and 2 of a principle component analyses are displayed as red, green, and 799 

blue, respectively, of a 2.9 mm by 1.8 mm region of shocked soil LC09-316.  Two clays are 800 

shown as red and green in the PCA image with white bits of basalt in the image being 801 

represented as a black spectrum in the spectral plot.  In addition, in the lower right of the image, 802 

a brownish spectrally featureless material with a small amount of clay (note same 1030 cm-1 803 

peak as the clay in the red spectrum) is interpreted to be organics in the shocked soil.  The clay in 804 

the green pixels of the image are spectrally similar to the red pixels, and thus only the red clay 805 

end-member is shown in the spectral plot with basalt (black spectrum, white pixels) and organics 806 

(brown). 807 

 808 
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Figure 6.





Figure 6 legend.



 

●   19 Lonar basalts (Osae et al. 2005; Ray et al. 2017) 

●    5 Lonar basalts (Peng et al. 2014) 

♦    3 shocked soils 

●    avg Lonar paleosol (n=6) (Misra et al. 2006) 

●    1 Lonar paleosol 

 

 

 

 



Figure 7.
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Figure 8.



%
Re

�e
ct

an
ce

50

40

30

20

10

0

Wavenumbers (cm-1)
1600140012001000800

pigeonite
clay mineral
amorphous silica/silica glass
comminuted and melted basalt

clay

Si

Pyx

Bas

E



Figure 9.
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Figure 10 uFTIR.





Figure 10 spectral plot.
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