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Key Points:17

� A > 1 meter thick SiO2- and tridymite-rich layer in Gale crater likely extends over18

several kilometers.19

� This layer is stratigraphically conformable, with low water content consistent with20

signi�cant volcanic glass.21

� This material is consistent with an evolved igneous material deposited in a lacus-22

trine environment.23
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Abstract24

The Dynamic Albedo of Neutrons instrument aboard the Mars Science Laboratory rover,25

Curiosity, has been used to map a stratigraphically-conformable layer of high-SiO2 ma-26

terial in Gale crater. Previous work has shown this material contains tridymite, a high-27

temperature/low-pressure felsic mineral, interpreted to have a volcanic source rock. We28

describe several characteristics including orientation, extent, hydration, and geochem-29

istry, consistent with a volcaniclastic material conformably deposited within a lacustrine30

mudstone succession. Relationships with widely dispersed alteration features and orbital31

detections of hydrated SiO2 suggest that this high-SiO2 layer extends at least 17 km lat-32

erally. Mineralogical abundances previously reported for this high-SiO2 material indi-33

cated that hydrous species were restricted to the amorphous (non-crystalline) fraction,34

which is dominated by SiO2. The low mean bulk hydration of this high-SiO2 layer (1.85 � 0.13 wt.%35

water-equivalent hydrogen) is consistent with silicic glass in addition to opal-A and opal-36

CT. Persistent volcanic glass and tridymite in addition to opal in an ancient sedimen-37

tary unit indicates that the conversion to more ordered forms of crystalline SiO2 has not38

proceeded to completion and that this material has had only limited exposure to water39

since it originally erupted, despite having been transported in a 
uviolacustrine system.40

Our results, including the conformable nature, large areal extent, and presence of vol-41

canic glass, indicate that this high-SiO2 material is derived from the product of evolved42

magma on Mars. This is the �rst identi�cation of a silicic volcaniclastic layer on another43

planet, and has important implications for magma evolution mechanisms on single-plate44

planets.45

Plain Language Summary46

Using the Dynamic Albedo of Neutrons instrument aboard the Mars Science Lab-47

oratory rover, Curiosity, we mapped a silica-rich layer throughout a small region in Gale48

crater known as Marias Pass. Previous work has shown that some rocks in Marias Pass49

contain minerals formed in explosive volcanic eruptions. We determined several key char-50

acteristics including orientation, extent, hydration, and elemental composition, which51

are consistent with material derived from a volcanic deposit. This layer is likely related52

to nearby silica-rich material deposited by groundwater along subsurface fractures, and53

geometric relationships to hydrated silica identi�ed from orbit suggest that this high-54

silica layer extends over at least 17 km. Mineralogical data from previous work indicates55
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the crystalline fraction is anhydrous. As such, we interpret the low hydration of this ma-56

terial, attributable to the amorphous (non-crystalline) fraction, as being consistent with57

a signi�cant abundance of volcanic glass in addition to other hydrated phases. The pres-58

ence of volcanic glass indicates that this material has had limited exposure to water since59

its formation, because glasses tend to preferentially weather. Our results show that this60

layer is parallel to surrounding rocks, covers a large area, and contains volcanic glass,61

indicating that it derived from an explosive volcanic product.62

1 Introduction63

Orbital and surface investigations as well as laboratory analyses of martian mete-64

orites have shown that the surface of Mars is dominated by basalt (e.g., Singer et al.,65

1979; McSween Jr., 1984; Mustard et al., 2005; McSween et al., 2006; Taylor et al., 2010;66

Agee et al., 2013; McSween Jr., 2015), though felsic (e.g., Christensen et al., 2005; Carter67

& Poulet, 2013; Humayun et al., 2013; Gross & Filiberto, 2014; Mangold et al., 2016;68

Cousin et al., 2017) compositions have also been identi�ed. Orbital identi�cation of sili-69

cic igneous lithologies in various regions of the martian southern highlands (e.g., Chris-70

tensen et al., 2005; Wray et al., 2013) lend support to the existence of evolved igneous71

lithologies on early Mars. Felsic-intermediate compositions are common on Earth where72

plate tectonics provides a familiar mechanism for magma evolution, but there is a lack73

of evidence for plate tectonics on Mars, requiring other felsic-intermediate rock forma-74

tion mechanisms (Band�eld et al., 2000; Wyatt & McSween Jr., 2002).75

Recent results from the Mars Science Laboratory (MSL) Curiosity rover have shown76

evidence for a large diversity of igneous materials in Gale crater, including SiO2-rich rocks.77

One such SiO2-rich deposit is at a location known as \Marias Pass", where Curiosity de-78

tected SiO2 abundances> 80 wt.% (Frydenvang et al., 2017) as well as tridymite, a high-79

temperature/low-pressure SiO2 polymorph formed in silicic volcanic eruptions (Morris80

et al., 2016). Hardgrove et al. (2011) demonstrated that high-SiO2 material in the near81

subsurface (< 50 cm), if it is associated with depleted levels of iron, would have a sig-82

ni�cant e�ect on the neutron 
ux measured by the MSL Dynamic Albedo of Neutrons83

(DAN) instrument. We use in-situ neutron spectroscopy provided by the DAN instru-84

ment in conjunction with in-situ geochemical,in-situ multispectral, and mineralogical85

results to characterize the extent and hydration of this material in Marias Pass. We also86
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incorporate other surface and orbital observations to map the layer's extent outside Marias87

Pass, and to investigate the implications for its origin.88

1.1 Geologic setting89

Since landing in August 2012, Curiosity has been exploring Gale crater, an�140 km90

diameter sedimentary basin on Mars. Curiosity has conducted detailed geologic inves-91

tigations while traversing the crater 
oor and up the slopes of the �5 km tall central peak,92

Aeolis Mons (informally Mt. Sharp, Figure 1a). The data returned are used to interpret93

the depositional environments of geologic units which include lacustrine, 
uvial, and ae-94

olian deposits of primarily basaltic material (Grotzinger et al., 2015). Some of these de-95

positional environments have been interpreted as habitable (Grotzinger et al., 2014) with96

sedimentary sequences deposited�3.8 - 3.6 Ga (Thomson et al., 2011), and possibly as97

late as �3.46 Ga with 
uvial resurfacing up to �1.10 Ga (Le Deit et al., 2013).98

While traversing up the slopes of Mt. Sharp, Curiosity has encountered several rock99

units including those of the Bradbury group, the Murray formation of the Mt. Sharp group,100

and the Stimson formation of the Siccar Point group (Figure 2). The Murray, which this101

study focuses on, has a regional dip of� 3� to the northwest (Kite et al., 2013; Lewis102

& Turner, 2019), away from Mt. Sharp. The Murray formation is primarily a lacustrine103

mudstone (Fedo et al., 2017), though it also contains sandstones and conglomerates (Grotzinger104

et al., 2015). As of July 2019, over 300 meters of Murray stratigraphy has been observed.105

The lowest exposed unit of the Murray formation is the Pahrump Hills member, a lam-106

inated lacustrine mudstone with layers and lenses of cross-strati�ed 
uvial sandstone (Grotzinger107

et al., 2015; Stack et al., 2018). As shown in Figure 2, the Pahrump Hills member is strati-108

graphically overlain by the Hartmann's Valley member of the Murray formation and un-109

conformably overlain by the Stimson formation, an aeolian sandstone (Fraeman et al.,110

2016; Banham et al., 2018).111

1.2 Marias Pass112

\Pahrump Hills" is the location (Figure 1b) where the geologic member of the same113

name was �rst described in detail (Grotzinger et al., 2015), and where the \Telegraph114

Peak" mudstone drill sample was obtained. Marias Pass, a 20 - 30 meter-wide shallow115

topographic depression, is�500 meters to the southwest (Figure 1b), and 6 meters above116

{4{
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Figure 1. Maps on Mars Reconnaissance Orbiter High-Resolution Imaging Science Experi-

ment image mosaics from Calef III and Parker (2016). (A) Map of the Curiosity traverse showing

the location of cross-section E-E' (Figure 8e) and orbital (CRISM) detections of hydrated SiO 2

(� , 
 , � ). (B) Map of a section of the traverse showing drill locations, an unnamed fracture alter-

ation halo, and cross-sections C-C' and D-D' (Figure 8c,d). Location shown in (A). (C) Map of

Marias Pass showing DAN and ChemCam measurements. Location shown in (B). DAN surface

footprints for analyzed sites are shown as numbered black ellipses. The location of the Site �

Mastcam multispectral image discussed in the text is marked by a yellow �. Cross-sections A-A'

and B-B' are shown in Figure 8a,b.

{5{
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Figure 2. Stratigraphic column showing geologic units de�ned by the MSL team for the low-

est �145 meters of stratigraphy investigated by Curiosity. The Buckskin drill target in Marias

Pass is located at about the midpoint of the �23 meter thick Pahrump Hills member, which is

primarily composed of laminated lacustrine mudstone.

{6{
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(Figure 2) Pahrump Hills. Curiosity entered Marias Pass on sol (martian day) 991 af-117

ter landing. Marias Pass is located at the approximate midpoint of the Pahrump Hills118

member stratigraphy (�-4448 to -4445 meters; Figure 2).119

Calcium sulfate veins are present throughout the lower Pahrump Hills member (Nachon120

et al., 2017) as well as in Marias Pass, and indicate a post-depositional history of aque-121

ous alteration. Intact calcium sulfate veins present in the Stimson at Marias Pass indi-122

cate that alteration continued after the deposition of the Stimson. Cross-cutting rela-123

tionships between calcium sulfate veins and high-SiO2 fracture alteration halos, which124

we discuss further in Section 1.3, indicate that the calcium sulfate veins continued to form125

during and possibly after alteration halo formation (Yen et al., 2017; Frydenvang et al.,126

2017).127

The goal of our work is to map and characterize high-SiO2/low-FeO T material ob-128

served in Marias Pass to determine the origin of this anomalous material. The lower�100129

meters of Murray stratigraphy (including the Pahrump Hills member) has a mean SiO2130

abundance of 54.4� 7.0 wt.% (1 � ) and FeOT abundance of 17.8� 5.2 wt.% (1� ) as131

measured by the MSL Chemistry and Camera (ChemCam) instrument (Bedford et al.,132

2019). As reported previously by Frydenvang et al. (2017), SiO2 abundances ranging from133

57 - 82 wt.% and FeOT abundances ranging from 2 - 18 wt.% were observed in the Mur-134

ray mudstone at Marias Pass. SiO2 and FeOT are anti-correlated throughout the Mur-135

ray (Bedford et al., 2019), including in Marias Pass (Figure 3), where the highest-SiO2/lowest-136

FeOT material was measured in the Murray \Elk" and \Lion" areas exposed on the north-137

ern slope of Marias Pass (Figure 1c).138

Elevated thermal neutron counts in DAN data were observed at several locations139

in Marias Pass. This suggested that the subsurface is enriched in hydrogen, depleted in140

neutron absorbing elements (e.g., iron), or both (these e�ects are discussed in Section 2.1).141

A drill sample was obtained from the high-SiO2 target \Buckskin" on sol 1060 (Figures 1, 3,142

Table 1). X-ray di�raction (XRD) experiments with the MSL Chemistry and Mineral-143

ogy (CheMin) instrument have shown that Buckskin contains 17.1� 1.0 wt.% tridymite144

and 3.0 � 0.4 wt.% cristobalite, high-temperature/low-pressure SiO2 polymorphs com-145

monly formed in felsic-intermediate volcanic eruptions (e.g., Morris et al., 2016; Rampe146

et al., 2017).147

{7{

©2020 American Geophysical Union. All rights reserved. 



manuscript submitted to JGR-Planets

Figure 3. Plot of SiO 2 vs. FeOT for ChemCam targets of Murray mudstone within Marias

Pass. Labeled data points are reference geochemistries used in simulations (Table 1). Colors

represent macroscopic neutron absorption cross-section (� abs ) for each target. This strong SiO 2-

FeOT anticorrelation demonstrates that low-� abs (low-FeOT ) compositions in Marias Pass can be

interpreted as having high-SiO 2 abundances. These data were �rst reported by Frydenvang et al.

(2017). Representative error bars are provided for end-member compositions.

{8{
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The absence of high-SiO2 mudstone just above the Lion area suggests that this ma-148

terial is con�ned to a stratigraphic layer, as suggested by Frydenvang et al. (2017). The149

DAN instrument is sensitive to di�erences in the depth distribution of hydrogen and neu-150

tron absorbers such as iron in the top� 50 cm of the subsurface, allowing us to deter-151

mine the depth-distribution of the high-SiO 2/low-FeO T material in Marias Pass and map152

its extent and relationship to other SiO2-rich deposits in the Murray and Stimson for-153

mations.154

1.3 Fracture alteration halos155

A rare exposure of the Murray/Stimson unconformity is at the southern end of Marias156

Pass (Banham et al., 2018). Several light-toned alteration zones surrounding fractures157

have been discovered in Gale crater, including in the Stimson just above the exposed un-158

conformity in Marias Pass (Figure 4). Upsection from Marias Pass, drill samples were159

taken from fracture alteration halo targets and nearby unaltered bedrock targets in the160

Stimson. The alteration halo target \Greenhorn" is located in \Bridger Basin" �300 me-161

ters south of and �10 meters above Marias Pass, and the alteration halo target \Lubango"162

is located in \Naukluft Plateau" �640 meters southwest of and �5 meters above Bridger163

Basin (Figure 1b). Geochemical analyses of sample drill tailings show that these alter-164

ation halos have elevated SiO2 content (53 - 60 wt.%) relative to nearby unaltered bedrock165

targets (43 - 45 wt.%) (Yen et al., 2017). Unlike Buckskin, these high-SiO2 alteration166

halo samples did not contain tridymite. The association of these alteration halos with167

fractures indicates their formation is a result of aqueous alteration that post-dated the168

lithi�cation of the Stimson formation (Frydenvang et al., 2017; Yen et al., 2017). Other169

light-toned fracture alteration halos have been observed elsewhere in the Stimson for-170

mation (Banham et al., 2018), in the Murray formation (Gasda et al., 2016; Frydenvang171

et al., 2017; Yen et al., 2017), and in the Bradbury group.172

The SiO2 enrichment mechanism which formed these alteration halos has been de-173

bated in the literature and hypotheses include both passive enrichment through acid leach-174

ing and active enrichment through SiO2 sintering. Yen et al. (2017) argued that the Stim-175

son alteration halos were passively enriched in SiO2 through an acid leaching process,176

in which acidic 
uids preferentially remove some geochemical species, leaving relatively177

more SiO2 behind. This is consistent with some geochemical di�erences observed between178

the altered and unaltered Stimson samples. Evolved Gas Analysis (EGA) by the MSL179

{9{
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Table 1. Bulk mineralogy, SiO 2 , FeOT , and Cl abundances of modeled geochemistries as well

as the Telegraph Peak drill sample. Oxide, elemental, and mineral abundances are listed in wt.%.

Baseline Marias Pass

Murray Bedrocka

High-SiO2

Murray Bedrockb

Buckskinc Telegraph Peakd

SiO2
e 56.3 � 5.2 82.0� 5.9 71.0� 5.4 51.4� 5.0

FeOT
e 18.0 � 3.8 1.63� 1.70 5.60� 2.10 18.7� 3.9

Clf 0.34 � 0.01 0.34� 0.01 0.34� 0.01 0.34� 0.01

� abs
g 0.0088� 0.0011 0.0055� 0.0007 0.0065� 0.0007 0.0086� 0.0009

Plagioclase - - 17.1 � 1.2 27.1� 2.8

Sanidine - - 3.4 � 0.7 5.2 � 2.2

Magnetite - - 2.8 � 0.3 8.2 � 0.9

Hematite - - - 1.1 � 0.5

Quartz - - - 0.9 � 0.4

Anhydrite - - 0.7 � 0.2 -

Tridymite - - 13.6 � 0.8 -

Cristobalite - - 2.4 � 0.3 7.3 � 1.7

Otherh - - - 12.1 � 3.6

Opal-CT - - 6.0 10.9

Amorphous - - 54 27.2 � 15

a SiO2 and FeOT averaged from \Mission", \Piegan", and \Fisch Scale", representative low-SiO2

endmember ChemCam targets in Marias Pass and Bridger Basin. Cl abundance from APXS of

Telegraph Peak drill tailings. No drill sample taken for mineralogical analysis.

b SiO2 and FeOT averaged from high-SiO2 endmember ChemCam targets in the \Lion", \Elk",

and \Meeteetse" areas in Marias Pass and Bridger Basin. Cl abundance from APXS of Buckskin

drill tailings. No drill sample taken for mineralogical analysis.

c SiO2 and FeOT from \Blind Gulch" ChemCam target at the Buckskin drill hole. Cl abundance

from APXS of Buckskin drill tailings. Mineralogy from Morris et al. (2016).

d SiO2 and FeOT from \Telegraph Peak ccam" ChemCam target. Cl abundance from APXS of

Telegraph Peak drill tailings. Mineralogy from Rampe et al. (2017).

e SiO2 and FeOT reported with accuracy uncertainties from ChemCam.

f Cl reported with precision uncertainties from APXS.

g Macroscopic thermal neutron absorption cross-section (� abs ) is a measure of the probability

that a material will absorb thermal neutrons, reported in cm 2 /g.

h Other crystalline components include forsterite, pigeonite, orthopyroxene, and 
uorapatite. See

Rampe et al. (2017) for abundances.

{10{
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Figure 4. Portion of Mastcam mosaic mcam04395 looking south, showing the southeastern

area of Marias Pass including Sites 16 and�. Light-toned fracture alteration halos are visible

in the overlying Stimson sandstone. Similar light-toned Stimson alteration halos were analyzed

upsection at \Greenhorn" and \Lubango", and are enriched in SiO 2 . Mastcam image IDs are

listed in Section S1.

Sample Analysis at Mars (SAM) instrument of the Greenhorn sample has shown reduced180

nitrate and oxychlorine abundances relative to nearby unaltered Stimson material (Sutter181

et al., 2017). This is also consistent with an acid leaching event during the formation of182

the Stimson alteration halos. Alternatively, it has been suggested that the Stimson high-183

SiO2 alteration halos were actively enriched in SiO2 via mobilization from an underly-184

ing source in the Murray formation (Frydenvang et al., 2017; Yen et al., 2017). This helps185

explain the large SiO2 enrichment observed in the Stimson halos, which is unlikely to186

be entirely due to acid leaching, and it is possible that both passive and active enrich-187

ment occurred in multiple diagenetic (post-depositional alteration) stages (Yen et al.,188

2017). Additionally, CO 2 releases detected by the SAM instrument from the Greenhorn189

drill sample are consistent with the presence of minor carbonates, which in turn would190

indicate that alkaline alteration occurred after acidic alteration in this halo (Sutter et191

al., 2017). The most likely source for the SiO2 mobilized into the Stimson alteration ha-192

los is the tridymite-bearing material observed in Marias Pass that underlies the Stim-193

son (Frydenvang et al., 2017).194

2 Methods195

We determined the the area of Curiosity's traverse in Marias Pass and identi�ed196

another location consistent withlayered geochemical structure and hydration of 16 sites197

covering a high-SiO2/low-FeO T composition. This involved integrating compositional198

{11{
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data from the DAN, ChemCam, Alpha Particle X-ray Spectrometer (APXS), and Mast199

Camera (Mastcam) instruments aboard the Curiosity rover.200

2.1 Instruments201

DAN is a neutron spectrometer with passive and active modes which is composed202

of a pulsed neutron generator (PNG) and two He-3 neutron detectors. In passive mode,203

DAN detects neutrons created by galactic cosmic ray spallation in the martian subsur-204

face. These data are gathered while the rover is stationary as well as during rover mo-205

bility (Jun et al., 2013). In active mode, the PNG produces 14.1 MeV neutrons over a206

typical measurement duration of 20 minutes. The time-of-
ight and energy of neutrons207

which return to the detectors are dependent on the subsurface composition, primarily208

hydrogen (which e�ciently scatters neutrons, reducing kinetic energy) and elements like209

iron and chlorine which increase the macroscopic thermal neutron absorption cross-section210

(� abs), a measure of the probability that a material will absorb thermal neutrons. DAN211

detects neutrons scattered within the top � 50 cm. Since both hydrogen and iron are212

very e�cient at thermalizing and absorbing neutrons, respectively, DAN is sensitive to213

abundances of these species in the martian subsurface (e.g., Sears, 1992; Hardgrove et214

al., 2011; Mitrofanov et al., 2012) as well as their depth distribution (e.g., Gabriel et al.,215

2018). Further details on the DAN instrument and its operation can be found in the lit-216

erature (Litvak et al., 2008; Mitrofanov et al., 2012).217

To derive results from DAN, we compare DAN data to simulation data which in-218

corporates in situ geochemical abundances from the ChemCam and APXS instruments.219

ChemCam uses Laser-Induced Breakdown Spectroscopy (LIBS) which ablates material220

from a target up to seven meters away and records the spectrum of the resulting plasma221

over the 240 - 905 nm wavelength range (Wiens et al., 2012; Maurice et al., 2012; Clegg222

et al., 2017). Typically, a raster of several LIBS target points (e.g., 5x1 or 3x3) is per-223

formed and 30 LIBS shots are taken per point, with each point being 300 - 500�m in224

diameter. The �rst 5 shots are removed from analyses due to sur�cial target dust con-225

tamination. The APXS sensor head is located on the rover arm and can be placed in con-226

tact with selected targets. Curiosity is equipped with a dust removal tool to minimize227

the e�ect of dust cover for APXS surface measurements. Further details on the APXS228

instrument can be found in the literature (e.g., Campbell et al., 2014). Several elements,229

such as silicon and iron are quanti�ed by both ChemCam and APXS. Since the geochem-230

{12{
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istry varies considerably in Marias Pass, we primarily use ChemCam-derived geochemistries231

because the small ChemCam spotsize and larger dataset captures more geochemical vari-232

ability. But because ChemCam does not typically quantify chlorine abundance, we use233

chlorine abundances determined by APXS from nearby and geochemically similar tar-234

gets in our analyses.235

The Mastcam instrument is a pair of charge-coupled device (CCD) cameras with236

�xed focal lengths (34 mm in the left camera and 100 mm in the right camera) mounted237

roughly two meters above the surface on the rover's mast (Malin et al., 2017). Each cam-238

era obtains images through a Bayer pattern of red, green, and blue �lters and telecen-239

tric microlenses bonded onto the CCD and an 8-position narrowband �lter wheel that240

provides the ability to obtain spectra in 12 unique wavelengths between 445 and 1013 nm241

(Bell III et al., 2017).242

2.2 DAN active data analysis243

After each pulse from the DAN PNG, neutrons from each detector are counted and244

recorded in 64 lognormal time bins totaling 0.1 seconds. Total counts for each bin are245

summed over all pulses for a given measurement, resulting in what is known as a neu-246

tron \die-away" curve because the neutron signal �rst increases then decreases back to247

the background level. We subtract the background galactic cosmic ray-induced neutron248

count rate, weighted by bin width, from each time bin as in Gabriel et al. (2018). See249

Gabriel et al. (2018) for further DAN active preprocessing details.250

To improve the statistical precision of data from those DAN active measurements251

with a signal-to-noise ratio (SNR) less than 5, we coadded (summed the neutron counts252

on a bin-by-bin basis) multiple such measurements together as performed in Gabriel et253

al. (2018). Measurements are only coadded if they are proximal both laterally (within254

2 - 3 meters) and topographically (within 2 - 3 cm vertically), and there is no signi�cant255

visible change in the material exposed at the surface, determined using rover camera im-256

agery (Abercrombie et al., 2019). Die-away curves for each coadded measurement are257

also compared to ensure thermal neutron peak location, relative peak height, etc. are258

similar. DAN active measurements that had an SNR less than 5 for any time bin used259

in our analysis and could not be coadded to improve SNR, were not included in our �-260

nal results. Figure 5 is an example showing the individual die-away curves of the two261

{13{
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Figure 5. Example of coadded DAN active measurements. Shown are DAN CTN (thermal

neutron) data for sols 992 and 1037a, which were coadded for Site 4, plotted along with the

coadded data. Measurements are only coadded if they are spatially proximal and exhibit similar

die-away curves. Because measurement uncertainty is statistical, the coadded measurement has

better precision than either constituent measurement.

DAN active measurements coadded for Site 4, as well as the coadded die-away curve. Sec-262

tion S2 describes the process of DAN active collocation and coaddition used in this work.263

To estimate the subsurface geochemical composition, we use a forward modeling264

scheme where the thermal neutron die-away data measured with DAN is compared to265

synthetic die-away data produced in simulations using the Monte-Carlo N-Particle 6 (MCNP6)266

particle transport code (Werner et al., 2017). These simulations model a 3-dimensional267

environment which includes the DAN PNG and detectors, a rover model, the martian268

atmosphere, and various subsurface geochemistries. We achieved a relative statistical un-269

certainty < 5% for neutron counts in each analyzed time bin in every simulation used270
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for this study. We use the same MCNP6 input �le as that used by Gabriel et al. (2018)271

with subsurface geochemical abundances from ChemCam and chlorine from APXS. Ta-272

ble 1 lists the SiO2, FeOT , Cl, � abs, and mineralogy for the two in situ geochemistries273

used in our models (\Baseline Marias Pass Murray Bedrock" and \High-SiO2 Murray274

Bedrock") along with the Buckskin and Telegraph Peak geochemistries for reference. The275

SiO2, FeOT , and � abs are derived from ChemCam data of speci�c targets (listed in the276

table notes) and Cl values are from relevant APXS targets (listed in the table notes).277

The APXS target \Wallace" is the nearest APXS measurement to the Marias Pass Chem-278

Cam targets used to generate the Baseline Marias Pass Murray Bedrock geochemistry.279

The Wallace � abs of 0.0092� 0.0001 cm2/g agrees with the Baseline Marias Pass Mur-280

ray Bedrock value of 0.0088� 0.0011 cm2/g. No APXS measurements were taken at the281

locations of the Marias Pass ChemCam measurements used to create the High-SiO2 Mur-282

ray Bedrock geochemistry. The APXS Buckskin drill tailings � abs value of 0.0060� 0.0001283

cm2/g agrees with the ChemCam Buckskin value of 0.0065� 0.0007 cm2/g and the APXS284

Telegraph Peak drill tailings � abs value of 0.0089� 0.0001 cm2/g agrees with the Chem-285

Cam Telegraph Peak value of 0.0086� 0.0009 cm2/g. We conducted simulations to test286

the e�ect of calcium sulfate veins on derived DAN results since these veins are present287

throughout the Murray stratigraphy (Vaniman et al., 2018). In Section S3 we demon-288

strate that these veins are not in su�cient volumetric abundance in the subsurface to289

have a measurable e�ect on our analysis of data in this region.290

Depending on the type of model, we vary several parameters including layer thick-291

ness/depth, hydrogen abundance, and �abs. The parameters spanned by our `grids' of292

models are listed in Table 2. Our initial simulations for each site used a 1-layer subsur-293

face model grid in which individual models varied both hydrogen abundance (reported294

as water-equivalent hydrogen or WEH) as well as iron and chlorine (as proxies for �abs)295

in a homogeneous subsurface. In order to span the range of �abs observed in Gale crater,296

our 1-layer models vary iron between 0.48 and 14.22 wt.% and chlorine between 0.1 and297

3.0 wt.%. Most sites in Marias Pass �t best with lower-� abs values than the � abs of Base-298

line Marias Pass Murray Bedrock (Table 1). Sites that had signi�cant sand/rubble cover299

within the DAN �eld-of-view, or with a surface bedrock geochemistry that was incon-300

sistent with the � abs of the best-�t 1-layer models, were analyzed using one or both of301

the 2-layer model grids. All 2-layer models used in this study varied hydrogen abundance302

and depth for each layer. Model grid 2A varied the bottom layer geochemistry with the303
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Table 2. Tabulated parameter ranges for model grids used in MCMC analyses.

Model Grid WEH Range [wt.%] � abs Range [cm2/g] Depth Range [cm]

1 0.2 - 6.0 0.0042 - 0.0237 -

2A Top: 1.4 - 3.8

Bottom: 0.2 - 3.0

Top: 0.0088

Bottom: 0.0055 - 0.0086

5 - 25

2B Top: 1.8 - 3.4

Bottom: 1.2 - 2.8

Top: 0.0063 - 0.0101

Bottom: 0.0055

5 - 25

top layer set to the Baseline Marias Pass Murray Bedrock geochemistry, and model grid304

2B varied the top layer geochemistry with the bottom layer set to the High-SiO2 Mur-305

ray Bedrock geochemistry (Table 2). Chlorine abundances measured by APXS of drill306

tailings from the Telegraph Peak and Buckskin samples are both 0.34� 0.01 wt.% (Ta-307

ble 1), indicating that chlorine does not vary signi�cantly between the high-SiO2 Buck-308

skin material and the Murray immediately downsection which was sampled at Telegraph309

Peak. No other elements measured by ChemCam and APXS contribute enough to the310

� abs of these samples to be responsible for signi�cant variations in �abs. The low � abs311

determined for most DAN active measurements analyzed in this work (see Section 3) do312

not allow for signi�cant abundances of other e�cient neutron absorbers which are not313

measured by ChemCam or APXS without requiring Fe or Cl to have non-physical, neg-314

ative abundances. For the above reasons, we take the variations observed in �abs to be315

the result of variable FeOT , following the trend seen in Figure 3. Section S4 describes316

the process of model generation and implementation for the modeling grids used in this317

work.318

To compare DAN data to MCNP6 simulation data, we analyze the time bins with319

the most dynamic thermal neutron count rates (from 249 - 1838�s after the pulse). At320

about �249 �s, the PNG-induced epithermal neutron count rate falls to background lev-321

els, so the background-subtracted neutron count rate is due to only thermal neutrons.322

The area under the die-away curve in this range is normalized for both the DAN data323

and the simulation data (Gabriel et al., 2018). Using the data processing and analysis324
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pipeline from Gabriel et al. (2018), a Markov-Chain Monte-Carlo (MCMC) analysis is325

performed to evaluate the active DAN data across the modeled grid of simulations. See326

Section S5, Gabriel et al. (2018), and Foreman-Mackey et al. (2013) for further details327

concerning MCMC analyses.328

2.3 Mastcam multispectral data analysis329

Mastcam multispectral observations (Table S1) were acquired at Marias Pass and330

at nearby fracture alteration halos with elevated SiO2 and low FeOT . Spectra from the331

high-SiO2/low-FeO T targets were compared to those from other observations of Mur-332

ray rocks to determine spectral characteristics that distinguish high-SiO2/low-FeO T ma-333

terials in Mastcam spectra. Spectra from additional Marias Pass targets (at Site� ) were334

then evaluated for these characteristics. See Section S6 for further details concerning our335

Mastcam multispectral analysis.336

3 Results337

The results of MCMC analyses for each investigated DAN active site are listed in338

Table 3. WEH (water-equivalent hydrogen) is a unit which represents the water abun-339

dance if all measured hydrogen is in the form of H2O, and � abs is the macroscopic ther-340

mal neutron absorption cross-section. Sites 1 - 10 are located in northeastern Marias Pass,341

and DAN results show that all but one of these sites have relatively low-�abs which is342

consistent with a high-SiO2/low-FeO T composition (Figure 3). DAN results show that343

Sites 5, 6, 8, and 10 contain over 10 cm of unconsolidated material covering low-�abs bedrock344

consistent with a high-SiO2/low-FeO T composition. Sites 15 and 16, in southern Marias345

Pass, also are shown to contain relatively low-�abs material beneath over 10 cm of Base-346

line Marias Pass Murray Bedrock (Figure 1). Results from Sites 2 (in northeastern Marias347

Pass), 11 - 13 (in northwestern Marias Pass), and 14 (in southern Marias Pass) are not348

consistent with low-� abs material, likely due to unconsolidated bedrock fragments and/or349

windblown sand in the top � 50 cm. The hydration of subsurface low-�abs material in350

Marias Pass ranges from 0.94 - 2.74 wt.% WEH (Table 3).351

Plots showing the results of our DAN active MCMC analyses are available in Fig-352

ures S1-S16. An example plot is shown in Figure 6 for Site 16. Site 16, on the south side353

of Marias Pass, is�25 meters southwest of the high-SiO2 material exposed at the Lion354
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Table 3. Results from MCMC analysis of each site investigated for this study. Both 1- and

2-layer models were used in Marias Pass, with 2-layer models only being used when the surface

geochemistry did not agree with 1-layer modeled � abs �t values.

Site Sola WEH [wt.%] b � abs [cm2/g] b Depth [cm]c Model Grid

1 991 1.88� 0.29 0.0053� 0.0003 - 1

2 1037c 2.08� 0.38 0.0080� 0.0004 - 1

3 1037b 2.59� 0.32 0.0058� 0.0003 - 1

4 992, 1037a 2.74� 0.32 0.0056� 0.0003 - 1

5 1035d, 1042a 2.03� 0.37 0.0055d 12.0 � 4.6 2B

6 1035c 1.92� 0.41 0.0055d 12.1 � 4.5 2B

7 1035b 2.01� 0.32 0.0055� 0.0003 - 1

8 1049 1.54� 0.52 0.0055d 14.3 � 4.0 2B

9 1051 1.54� 0.25 0.0046� 0.0003 - 1

10 1053, 1056 1.76� 0.41 0.0055d 12.4 � 4.3 2B

11 1042b 2.03� 0.46 0.0126� 0.0009 - 1

12 1044a, 1066 1.22� 0.31 0.0110� 0.0007 - 1

13 1044b 0.92� 0.23 0.0090� 0.0005 - 1

14 995 0.93� 0.25 0.0074� 0.0005 - 1

15 1030, 1067 0.94� 0.37 0.0061� 0.0005 10.3� 5.1 2A

16 997-1028 1.36� 0.38 0.0060� 0.0004 10.2� 4.7 2A

a Measurements with multiple Sols listed have been co-added (see Section 2.2). Site 16 is coad-

ded from six measurements in the listed sol range.

b Reported WEH and � abs are bulk values for 1-layer models and high-SiO2 layer values for

multiple-layer models.

c Burial depth of high-SiO 2 material in the bottom layer of a 2-layer model

d Bottom layer geochemistry for these sites was set to the High-SiO2 Murray Bedrock geochem-

istry (Table 1) based on preliminary 1-layer model results (see Section S4).

{18{

©2020 American Geophysical Union. All rights reserved. 



manuscript submitted to JGR-Planets

area (Figures 1c, 4). MCMC analysis shows that a low-�abs material is buried beneath355

surface bedrock. This low-� abs material does not match the geochemistry of the bedrock356

exposed at the surface, but is consistent with the highest-SiO2/lowest-FeOT material present357

in the Lion area.358

We also �nd that trends in DAN passive data in the Marias Pass region are con-359

sistent with our DAN active results above. In the vicinity of Sites 1 - 8 the mean pas-360

sive neutron count rate is relatively high (61.9 neutrons/second), suggesting elevated hy-361

drogen content and/or lower neutron absorber content. Lower mean passive count rates362

in the vicinity of Sites 11 - 13 (29.7 neutrons/second) and moderate mean passive count363

rates near Sites 14 - 16 (37.6 neutrons/second) suggest a lower level of hydration and/or364

higher neutron absorber content near these sites. These DAN passive count rate trends365

are consistent with a high abundance of high-SiO2/low-FeO T material near sites 1 - 8,366

a lower abundance of high-SiO2/low-FeO T material near sites 14 - 16, and no high-SiO2/low-367

FeOT material near sites 11 - 13.368

In Mastcam spectra, the high-SiO2/low-FeO T targets from the observations listed369

in Table S1 were found to exhibit small 937 nm band depths and steep blue-to-red (447 -370

638 nm) slopes compared to other rock targets in the Murray formation (Figure 7). The371

937 nm band depth is de�ned as the percent drop in R* at 937 nm beneath a contin-372

uum line with shoulder positions at 805 nm and 1013 nm. This parameter indicates the373

presence of the broad Fe2+ absorption in iron-bearing primary basaltic minerals (e.g.,374

Clark et al., 1990). The absence of this absorption (as indicated by negative band depth375

values) can be an indicator of iron depletion. The blue-to-red slope is an indicator of the376

overall \redness" of the visible spectrum and is strongly in
uenced by nanophase iron377

oxide in Mars' ubiquitous red surface dust , which exhibits a steep� 400 - 600 nm iron-378

oxygen charger transfer absorption edge. Light-toned rocks are more easily \reddened"379

by a thin layer of surface dust than are dark-toned ma�c rocks. Therefore, high blue-380

to-red slope values can indicate bright but otherwise spectrally-bland materials, as would381

be expected for the spectra of high-SiO2/low-FeO T targets (e.g. Smith et al., 2013). SiO2-382

rich rocks observed by the Mars Exploration Rover Spirit's Pancam (a multispectral cam-383

era system similar to Mastcam) at Gusev crater were also characterized by large blue-384

to-red spectral slopes (Rice et al., 2010).385

{19{

©2020 American Geophysical Union. All rights reserved. 



manuscript submitted to JGR-Planets

Figure 6. Corner plot showing MCMC free parameter posterior distributions of models at

Site 16 (Figure 1c, 4). Non-diagonal frames represent 2-D posterior distributions and are used to

understand instrument response to multiple parameters and the measurement degeneracy. The

diagonal frames represent the 1-D (marginalized) posterior distribution and are used to determine

the optimized value of the free parameters (shown above the frames). This analysis most strongly

discriminates the value of the lower layer water content (1.36 � 0.38 wt.%) and the depth to

the bottom layer (10.23 � 4.65 cm). The top layer water content is not strongly constrained

by this analysis, likely due to the fact that it is thin (as shown by the depth result). The lower

layer contains a low-� abs material consistent with the lowest-� abs material observed in Marias

Pass (0.0055 barns). The `f' parameter, plotted here as log(f) in the �fth column, parameterizes

underestimated uncertainty. See Figures S1-S16 for corner plots of each site.
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Although these spectral characteristics are not unique to the high-SiO2/low-FeO T386

targets, they are consistent among this compositional class and can be used to determine387

whether other surface targets are spectrally similar. Indeed, Figure 7 shows that Mast-388

cam spectra of rocks at Site� (from the \Red Horn" and \Red Sheep" targets) fall within389

the same region of this parameter space as all other known high-SiO2/low-FeO T targets.390

The speci�c bounds on these parameters (grey box in Figure 7) exclude 70% of the other391

832 rock spectra from the Murray formation analyzed here.392

4 Discussion393

4.1 Orientation and extent of high-SiO 2 layer394

4.1.1 Subsurface expression in Marias Pass395

Sites 1, 3 - 10, 15, and 16 all contain material in the subsurface that has a �abs value396

consistent with high-SiO2/low-FeO T material measured by ChemCam and APXS in the397

Elk and Lion areas (`Hi-SiO2 Murray' and `Buckskin' in Figure 3 and Table 1). Mast-398

cam multispectral analysis (Figure 7) of Site � is also consistent with the high-SiO2/low-399

FeOT material exposed in the Elk and Lion areas. Sites 2 and 11 - 14 do not contain high-400

SiO2/low-FeO T material within the DAN �eld-of-view, suggesting that the top � 50 cm401

of the subsurface is detrital material transported from another location that �lled in an402

eroded volume. This is supported by rover imagery showing a heterogeneous mixture of403

transported bedrock fragments and sand at the surface in this area (see Section S4).404

A single sub-horizontal layer can project through all high-SiO2/low-FeO T mate-405

rial observed in Marias Pass, and our depth results constrain the thickness and orien-406

tation of this layer. Figures 8a,b are cross-sections within Marias Pass, locations of which407

are shown in Figure 1c. Relationships shown in Figure 8a require a layer thickness of at408

least one meter. The Lion area, Sites 5 - 10, and Site 12 are approximately colinear (for409

clarity, Figure 8a only shows results from Site 8 of those near the center of the cross-section).410

Since the upper and lower contacts of the high-SiO2/low-FeO T layer are not observed411

within the DAN �eld-of-view at these sites, the east-west dip (stratigraphic layer orien-412

tation relative to horizontal) is unknown, but we note that a smaller or larger dip an-413

gle than that shown in Figure 8a requires a thicker high-SiO2/low-FeO T layer. The dip414

from the Lion area to the top of the high-SiO2/low-FeO T material at Site 16 is at most415

0.6� southwest (Figure 8b). The Murray has a regional dip of�3 � northwest (Kite et416
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Figure 7. Mastcam parameter-space plot comparing spectra of high-SiO2 /low-FeO T tar-

gets to spectra of other rock targets in the Murray formation. The shaded region indicates a

Mastcam-based spectral characterization of the high-SiO2 /low-FeO T targets at Marias Pass and

nearby fracture alteration halos (observations listed in Table S1): high values of the blue-to-red

slope (447 - 638 nm) and small to negative values of the 937 nm band depth (measured beneath

a continuum line with shoulder positions at 805 nm and 1013 nm). Representative error bars

for each parameter are calculated from uncertainties in the relative band-to-band re
ectance.

Spectra from Site � share the same spectral characteristics of known high-SiO2 /low-FeO T tar-

gets. This is consistent with the prediction, based on DAN active analysis, that Site � exposes

high-SiO2 /low-FeO T bedrock. See Figures 1c, 4 for Site� location.
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al., 2013; Lewis & Turner, 2019), and the orientation of the high-SiO2/low-FeO T layer417

in Marias Pass is consistent with a minor local variation of this dip.418

4.1.2 Relationship to high-SiO 2 fracture alteration halos419

Mass balance calculations using the amorphous (non-crystalline) phase fraction,420

relative crystalline phase abundances, and absolute geochemical abundances of drill sam-421

ples indicate that the amorphous component of the Buckskin high-SiO2 bedrock (Morris422

et al., 2016) and Greenhorn and Lubango high-SiO2 fracture alteration halos (Yen et al.,423

2017) contain little or no Al 2O3. Other oxides including SiO2, FeOT , MgO, Na2O, and424

P2O5 all have similar abundances in the high-SiO2 bedrock and alteration halos. Excep-425

tions include TiO2, CaO, and SO3. CaO and SO3 abundances in the alteration are due426

to abundant crystalline calcium sulfates and amorphous sulfate phases which likely were427

precipitated at least in part after the SiO 2 enrichment diagenetic event (Yen et al., 2017;428

Frydenvang et al., 2017). TiO2 is generally immobile during diagenesis (e.g., Yen et al.,429

2017), and the reduced abundance of TiO2 in the alteration halos could be due to pas-430

sive reduction as other oxides such as SiO2 are added to the halo. Similar geochemical431

trends were observed with ChemCam and APXS on an unnamed alteration halo (Fig-432

ure 1b, 8d) in the Murray formation near Bridger Basin (Banham et al., 2018). These433

geochemical similarities are consistent with these materials being part of a shared dia-434

genetic system during amorphous phase formation.435

Using the Murray formation's 3 � northwest regional dip (Kite et al., 2013; Lewis436

& Turner, 2019), we extrapolated the elevation of the Marias Pass high-SiO2/low-FeO T437

bedrock to the locations of the Stimson alteration halos Lubango (in Naukluft Plateau,438

Figure 8c) as well as Greenhorn and an unnamed alteration halo (in/near Bridger Basin,439

Figure 8d). We �nd that the high-SiO 2/low-FeO T bedrock projects �18 meters below440

Lubango, �2 meters below Greenhorn, and �1.5 meters below the unnamed alteration441

halo. The close proximity of these alteration halos to the underlying high-SiO2/low-FeO T442

bedrock supports the hypothesis that this bedrock layer is the source of SiO2 enrichment443

for the alteration halos (Frydenvang et al., 2017). If the alteration halos are in fact ge-444

netically related to the high-SiO2/low-FeO T bedrock, this implies that the high-SiO2/low-445

FeOT bedrock layer extends throughout the area spanned by Marias Pass, Bridger Basin,446

and Naukluft Plateau (about one kilometer, Figure 1b).447
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Figure 8. Topographic cross-sections (locations shown in Figure 1). A-A' and B-B' show in-

terpreted subsurface compositions based on DAN-derived � abs values and surface compositions

from ChemCam/Mastcam analyses. (A) Cross-section from Site 12 to the Lion area, 4X vertical

exaggeration. One possible high-SiO2 /low-FeO T layer dip is shown, but the dip component in

this direction is not constrained. The minimum thickness of the high-SiO 2 /low-FeO T layer is

constrained by DAN results from Sites 8 - 10. Site 10 bedrock (dashed, located about two meters

south of A-A') is projected from its measured elevation. Site 9 is covered by a thin ( < 5 cm) ve-

neer of sand, but was modeled as a single layer to reduce simulation complexity (see Section S4).

(B) Cross-section from Site 16 to the Lion area, 4X vertical exaggeration. Relationships shown

here constrain the maximum dip of the high-SiO 2 /low-FeO T layer in this direction. (C,D) Cross-

sections from Marias Pass to Naukluft Plateau (location of the Lubango fracture alteration halo)

and Bridger Basin (location of the Greenhorn fracture alteration halo). The projected apparent

dip of the high-SiO 2 /low-FeO T layer, based on a true regional dip of 3� northwest (Kite et al.,

2013; Lewis & Turner, 2019) is 0.11� and 1.38� from Marias Pass to Lubango and Greenhorn,

respectively. This places the high-SiO2 /low-FeO T layer �18 meters below Lubango, �2 meters

below Greenhorn, and �1.5 meters below an unnamed alteration halo. These vertical proxim-

ities support the hypothesis that the high-SiO 2 /low-FeO T bedrock was a source for the SiO2

enrichment of the overlying alteration halos. (E) Cross-section passing through Marias Pass and

hydrated SiO 2 deposits observed by CRISM (Seelos et al., 2016; Fraeman et al., 2016), 4X verti-

cal exaggeration. < 0.5� dips are required for stratigraphic equivalence between Marias Pass and

Sites � and 
 , consistent with a 3 � regional dip to the northwest.
{24{
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Alteration halos were also observed earlier in the traverse,�53 - 55 meters below448

and �4.9 km northeast of Marias Pass in the Bradbury group. In this area, between sols449

383 and 409, anomalously low �abs were detected by several DAN active measurements,450

consistent with high-SiO2/low-FeO T material. These alteration halos lie �11 meters be-451

low the elevation to which the high-SiO2/low-FeO T bedrock projects from Marias Pass,452

given the regional dip of the Murray formation. The Bradbury group could either un-453

derlie the Murray formation or be coeval (deposited at the same time) with it (Grotzinger454

et al., 2015); so the relationship between these alteration halos and those in the Mur-455

ray formation above Marias Pass is unknown. If the Bradbury group underlies the Mur-456

ray formation stratigraphy, then the presence of these alteration halos at their observed457

location could indicate either (1) a change in structural dip direction or magnitude be-458

tween Marias Pass and these alteration halos, (2) the mobilization of SiO2 downsection459

instead of upsection as with the Murray alteration halos, or (3) the presence of a dis-460

tinct high-SiO 2 reservoir underlying these Bradbury group alteration halos. If the Brad-461

bury group is coeval with the Murray formation, and represents a more proximal envi-462

ronment to the distal lacustrine Murray (Grotzinger et al., 2015), then the presence of463

these alteration halos below the projected elevation of Marias Pass suggests that they464

are related to a distinct, underlying high-SiO2 reservoir.465

4.1.3 Relationship to orbital detections of hydrated SiO 2466

Seelos et al. (2016) and Fraeman et al. (2016) used the orbital Compact Reconnais-467

sance Imaging Spectrometer for Mars (CRISM) hyperspectral instrument to identify three468

locations (Sites � , 
 , and � in Figure 1a) near the MSL traverse which exhibit spectral469

signatures consistent with hydrated SiO2. These detections are based on absorptions at470

1.4 �m (OH), 1.9 �m (H 2O), and 2.2 �m (Si-OH), which are consistent with either hy-471

drated SiO2 glass or opal (Mustard et al., 2008; Rapin et al., 2018). Site� is �8 km south-472

west of Marias Pass, Site
 is �9.5 km northeast of Marias Pass, and Site � is about one473

kilometer south of Marias Pass (Figure 1a). Marias Pass and Sites� and 
 are approx-474

imately colinear from southwest to northeast (azimuth 054). Since the Murray forma-475

tion has a northwest regional dip (Kite et al., 2013; Lewis & Turner, 2019) that is nearly476

perpendicular to this line, these deposits may be bedrock exposures of the high-SiO2/low-477

FeOT layer discovered in Marias Pass. Marias Pass lies�20 meters above Site � and �80478

meters above Site
 (Figure 8e). If these sites share a common stratigraphic layer with479
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Marias Pass, the maximum regional dip of this layer along this azimuth is constrained480

to < 0.5� to the southwest or northeast, in agreement with the regional northwest dip481

direction. A similar analysis shows that Site � and Marias Pass would lie on the same482

stratigraphic horizon with a regional dip �3.5 � northwest, also in good agreement with483

the �3 � northwest regional dip. These orbital detections expand the observed extent of484

high-SiO2 bedrock over an area at least 17.5 km wide, which strongly favors a stratigraph-485

ically conformable relationship within the Murray formation, and a depositional origin.486

4.2 Hydration of high-SiO 2 material487

4.2.1 Comparison to other datasets488

ChemCam also can determine hydrogen abundances, though the LIBS spot size is489

signi�cantly smaller than the DAN �eld-of-view. Hydrogen abundances measured by Chem-490

Cam are typically reported as H2O, calculated in the same way as DAN WEH values.491

The mean hydration of 14 high-SiO2 targets measured by ChemCam in the Lion area492

is 4.0 � 1.2 wt.% H2O. No DAN measurements were taken in this exact location, but493

the 1.85 � 0.13 wt.% mean WEH measured by DAN in Marias Pass indicates that this494

ChemCam result is not representative of average Marias Pass high-SiO2/low-FeO T ma-495

terial. In contrast, DAN active measurements centered over the Lubango fracture alter-496

ation halo show a bulk halo hydration (� 5:1� 1:0 wt.% WEH) that agrees well with497

ChemCam results from within the Lubango drill sample (4.0 � 1.2 wt.% H2O) (Rapin498

et al., 2018).499

The much smaller �eld-of-view for individual ChemCam targets is potentially re-500

sponsible for the discrepancy between DAN and ChemCam results in Marias Pass. The501

DAN �eld-of-view is a volume bounded by an �1.5 meter radius footprint on the sur-502

face and extends to a depth of� 50 cm. ChemCam, on the other hand, ablates mate-503

rial from points 350 - 550 �m in diameter to a depth of < 600 �m (Wiens et al., 2012).504

Unfortunately, no DAN active measurement was taken in coincidence with ChemCam505

targets in the Lion area. But given that the 14 high-SiO2 ChemCam targets in the Lion506

area were within a 1.5 meter radius, it is likely that the ChemCam results are represen-507

tative of this area, comparable in size to a DAN �eld-of-view. Thus, while the bulk H2O508

of the three meter wide Lion area is well represented by ChemCam results, DAN WEH509

results represent a bulk view spanning Marias Pass over a few tens of meters.510
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The SAM tunable mass spectrometer aboard Curiosity also measures water con-511

tent (sourced from both H2O and OH� ) via EGA (Sutter et al., 2017). SAM measured512

1.8 � 0.9 wt.% H2O from the Buckskin sample, which agrees well with our results. How-513

ever, possible partial dehydration prior to SAM analysis (Rapin et al., 2018) could in-514

dicate that the Buckskin sample was signi�cantly more hydrated prior to sample han-515

dling, consistent with the ChemCam H2O results for high-SiO2 Murray targets in the516

Lion area. SAM EGA data can also be used to understand the hydrated phases present517

in a sample. The Buckskin sample shows three evolved water temperature peaks. The518

�rst, at < 400� C, is likely due to H2O evolved from opal-A; the second is from an uniden-519

ti�ed source that could be jarosite (though in abundance below the CheMin detection520

limit); and the third, broadest peak, above �500 � C is attributed to inclusion water in521

the amorphous fraction, which is likely to be a volcanic glass component based on CheMin522

XRD analysis (Sutter et al., 2017). As we demonstrate in the following section, signif-523

icant contributions to evolved water from both opal-A and glass are consistent with our524

conclusion that both amorphous phases contain a signi�cant fraction of the WEH mea-525

sured by DAN. Sutter et al. (2017) also reports EGA results for H2 and H2S from the526

Buckskin sample, but these species (each< 0.01 wt.%) do not make signi�cant contri-527

butions to the WEH measured by DAN.528

4.2.2 Constraints on amorphous SiO 2 phase abundances529

Due to a lack of hydrous crystalline phases in the Buckskin drill sample, the wa-530

ter content of the high-SiO2 Murray material is contained in the amorphous phase (Rapin531

et al., 2018). The Buckskin drill sample contained 60 wt.% amorphous material which532

had a SiO2 abundance of 77 wt.%, based on CheMin and APXS mineralogical and geo-533

chemical analyses (Morris et al., 2016). The broad x-ray di�raction amorphous peak in534

Buckskin is consistent with a mixture of �6 wt.% opal-CT and �33 wt.% opal-A and/or535

rhyolitic glass in the bulk sample (Morris et al., 2016; Rampe et al., 2017), which accounts536

for the large SiO2 abundance of the amorphous fraction. Based on the presence of opal-537

CT, Morris et al. (2016) argues that the volcanic glass has been altered wholly or in part538

to opal-A.539

The irregular structure of amorphous SiO2 phases provides sites for H2O and OH�
540

to bind and �ll voids which are lacking in micro-crystalline (e.g., chalcedony) and macro-541

crystalline (quartz) phases (Smith et al., 2013). Most terrestrial opals contain 4 - 9 wt.%542
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water (Segnit et al., 1965), whereas SiO2 glasses on Earth only hold up to 3 wt.% H2O543

(Newman et al., 1986; Graetsch et al., 1994; Rapin et al., 2018). Rapin et al. (2018) de-544

scribes a correlation between hydrogen and SiO2 abundances in the high-SiO2 Murray545

material at Marias Pass. Using a ChemCam-derived hydration of 4.0� 1.3 wt.% H2O546

for Buckskin, they predict that the measured hydrogen resides in opal-A and conclude547

that the Buckskin opal-A has a maximum hydration of 8.0 � 2.6 wt.% H2O. But our sig-548

ni�cantly lower DAN-derived WEH value suggests there may be a signi�cant volcanic549

glass component in Marias Pass.550

Using the mean bulk hydration measured by DAN (1.85� 0.13 wt.% WEH) and551

other geochemical and mineralogical constraints, we can calculate a minimum abundance552

of SiO2 glass in the high-SiO2/low-FeO T material at Marias Pass. In a system ofn hy-553

drated phases, we calculate the abundance of thei th hydrated phase by solving554

nX

i=1

[WEH] i [i] = [WEH] bulk

where [WEH]i � wt. fraction WEH of the i th phase, and [i] � bulk abundance of the555

ith phase. To obtain the minimum abundance of SiO2 glass we assume a maximum hy-556

dration of 3 wt.% WEH in the glass (Newman et al., 1986; Graetsch et al., 1994; Rapin557

et al., 2018), a ferrihydrite hydration of 4.0 wt.% WEH (Gabriel et al., 2018), and an558

opal hydration of 7.4 � 1.6 wt.% H2O reported by Rapin et al. (2018) for the opal-A in559

high-SiO2 fracture alteration halos that was shown to be consistent with targeted DAN560

experiments of those features. Rapin et al. (2018) has shown that hydrogen abundance561

is correlated with SiO2 abundance in ChemCam high-SiO2 Murray targets, indicating562

that only minor water is contained in non-SiO2 phases. For this reason, we do not in-563

clude non-SiO2 hydrous phases except ferrihydrite reported by Morris et al. (2016). Fer-564

rihydrite abundance in the Buckskin drill sample is limited to �1.7 wt.% (by available565

FeOT in the amorphous fraction), and accounts for a maximum of 0.07 wt.% WEH. Given566

these constraints and assumptions, we �nd the minimum abundance of SiO2 glass in the567

high-SiO2/low-FeO T material to be 15.0 � 13.5 wt.%. The possible presence of other568

hydrated amorphous phases, such as amorphous sulfates, would reduce the water inven-569

tory available for the SiO2 phases, and shift the glass-to-opal ratio toward more abun-570

dant glass, thus supporting our conclusion that 15.0� 13.5 wt.% SiO2 glass is a min-571

imum abundance. The present retention of at least minor SiO2 glass supports the sili-572

cic volcaniclastic origin of this material.573
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4.3 Origin of SiO 2 -rich sediments and implications for Mars magmatic574

history575

The presence of silicic glass and opal along with tridymite in a discrete stratigraphic576

interval in Marias Pass strongly suggests that this material is derived from an evolved577

igneous protolith. Hydrated SiO2 has been identi�ed in many locations on Mars in ad-578

dition to Gale crater (e.g., Glotch et al., 2006; Squyres et al., 2008; Milliken et al., 2008;579

Mustard et al., 2008; Weitz et al., 2011; Sun & Milliken, 2015). Multiple pathways for580

SiO2 enrichment in martian environments have been proposed, including active enrich-581

ment through SiO2 sintering (Skok et al., 2010; Ru� et al., 2011; Frydenvang et al., 2017),582

passive enrichment through acid leaching (McAdam et al., 2008; Squyres et al., 2008; Weitz583

et al., 2011; Yen et al., 2017), and fractional crystallization in an evolved magmatic sys-584

tem (Christensen et al., 2005; McCubbin et al., 2008; Carter & Poulet, 2013; Udry et585

al., 2014; Edwards et al., 2017; Udry et al., 2018). The crystalline mineralogy of the Buck-586

skin sample is consistent with a silicic volcanic deposit from an evolved source (Morris587

et al., 2016; Rampe et al., 2017). Alternatively, it has been proposed that tridymite and588

cristobalite could form in non-volcanic environments on Earth, but no such mineral de-589

posits have been unambiguously documented. For instance, tridymite and cristobalite590

were inferred in a terrestrial deep-sea chert by Klasik (1975). This identi�cation was based591

on a visual resemblance in photomicrographs, however XRD experiments were unable592

to detect these minerals, possibly due to low abundances.593

Without plate tectonics, other mechanisms must be invoked to produce evolved magma594

on Mars. One possible mechanism is mantle plumes that \shut o�". Hawaiian volcan-595

ism provides a terrestrial analog for this mechanism. The Hawaiian-Emperor seamount596

chain consists of volcanic edi�ces fed by a mantle plume beneath the overriding Paci�c597

plate. When a volcanic edi�ce is transported away from its mantle plume source, the magma598

supply decreases and shallow magma reservoirs solidify. Deeper magma reservoirs per-599

sist, but are cut o� from the plume source and can produce more evolved magmas through600

crystal fractionation of the deep magma chambers (Clague & Sherrod, 2014). On Mars,601

a mantle plume cannot be cut o� from an associated volcanic edi�ce due to plate mo-602

tion, but mantle plumes do \shut o�", possibly resulting in evolved magmas as at ter-603

restrial hot spots that are cut o� from their mantle plume.604
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But experiments and simulations have shown that it is not necessary to \shut o�"605

a mantle plume to produce evolved magma on Mars. Experiments conducted by McCubbin606

et al. (2008) demonstrated that a wet basaltic magma (1.67 wt.% water) at the base of607

a thick martian crust can be enriched in SiO2 up to an intermediate igneous composi-608

tion through a single stage of fractional crystallization. Additionally, experiments have609

shown that intraplate magmatism can di�erentiate a tholeiitic basaltic parent melt to610

a rhyolitic composition (Whitaker et al., 2007), and ChemCam analyses of 
oat rocks611

and conglomerate clasts in Gale crater (Cousin et al., 2017) follow compositional trends612

consistent with this magmatic evolution (Edwards et al., 2017). Further, simulations con-613

ducted by Udry et al. (2018) demonstrated that these Gale crater felsic compositions are614

consistent with mantle melting and fractional crystallization in intraplate magmatism.615

In the presence of water, opaline SiO2 is expected to alter to quartz under typi-616

cal martian surface conditions in < 400 Ma (Tosca & Knoll, 2009) following the typi-617

cal SiO2 diagenesis pathway: glass! opal-A ! opal-CT ! chalcedony! quartz (e.g.,618

Williams et al., 1985; Tosca & Knoll, 2009; Smith et al., 2013). Opaline SiO2 deposits619

observed on Mars today have likely experienced only intermittent, if any, contact with620

liquid water since their formation (Tosca & Knoll, 2009). The presence of opal-CT in621

the Buckskin drill sample and minor (�1 wt.%) quartz in the Lubango fracture alter-622

ation halo indicate that diagenetic alteration of opal-A did occur in these materials, but623

the present retention of opal-A in both the bedrock and alteration halos indicates that624

diagenesis did not proceed to completion and that these materials have been in contact625

with liquid water for < 400 Ma since the formation of secondary amorphous phases (Tosca626

& Knoll, 2009; McLennan et al., 2019).627

Opaline SiO2 in the Buckskin drill sample could be either detrital (Morris et al.,628

2016) or a product of tridymite/cristobalite alteration (Hurowitz et al., 2017). Due to629

the large fraction of detrital igneous sediment and the likelihood that the amorphous com-630

ponent of high-SiO2 material is a mixture of volcanic glass and its alteration products,631

Hurowitz et al. (2017) suggests that mudstone sediments in Gale crater are sourced from632

igneous provinces and are not recycled sediments. This suggests that the high-SiO2 ma-633

terial in Marias Pass is the product of erosion from a primary SiO2-rich volcanic source634

rock in the Gale lake catchment. The �ne laminations observed in Marias Pass high-SiO2635

material are consistent with density sorting of sediment in a lacustrine environment which636

would carry less-dense, SiO2-rich clasts to more distal sections of the lake (Hurowitz et637
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al., 2017). Edwards et al. (2017) suggested that larger 
oat rocks observed earlier in the638

MSL traverse were sourced from regions closer to Gale crater than the generally �ner-639

grained ma�c mudstones, but the observation of a high-SiO2/low-FeO T mudstone layer640

suggests that more distal felsic sources could also have contributed.641

A weak correlation exists between ChemCam-derived SiO2 abundance and chem-642

ical index of alteration (CIA) in the Murray formation (Bedford et al., 2019). CIA is a643

measure of how chemically altered a sample is. Due to the post-depositional alteration644

of the high-SiO2 Murray in Marias Pass (see Section 1.3), Bedford et al. (2019) did not645

include these data in their CIA analyses. This correlation is not signi�cant enough to646

explain the variations in SiO2 observed within the Murray formation, suggesting that647

SiO2 abundance in the Murray is likely a result of source region geochemistry. Based on648

larger CIA values, higher-SiO2 abundances, and the presence of cristobalite (in the Tele-649

graph Peak and Buckskin drill samples) and tridymite (in the Buckskin drill sample),650

Bedford et al. (2019) argue that the Murray formation records a detrital contribution651

from a more evolved magmatic source that is not present in the Bradbury group. As Bedford652

et al. (2019) discusses, the higher Murray CIA values could be a result of the felsic min-653

eralogy produced by an evolved magmatic source.654

The SiO2 abundance in Marias Pass is signi�cantly larger than in the Murray stratig-655

raphy above or below it, suggesting a temporal evolution of source region during Mur-656

ray deposition. The low density of tridymite and cristobalite allows these minerals to657

remain entrained in 
uvio-lacustrine systems longer than basaltic sediments, and there-658

fore the source of these minerals could be relatively distant from the Murray formation659

(Bedford et al., 2019). The nitrate and oxychlorine contents of the Buckskin sample are660

greater than other Murray samples analyzed by SAM EGA, also suggesting an alternate661

(or additional) source for this material (Sutter et al., 2017), possibly due to an evolv-662

ing 
uvial catchment feeding Gale lake.663

The tridymite and SiO 2-rich glass in Marias Pass could also have been deposited664

as sediment derived from impact melt. However, the high abundance of tridymite and665

SiO2 in Marias Pass would require a signi�cant sedimentary fractionation by relative den-666

sity if the tridymite-bearing impact melt formed in typical martian basaltic crust. Al-667

ternatively, the impact melt could have been enriched in SiO2 at the time of formation,668

but this would likely require an impact into a region of pre-existing high-SiO2 material,669
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requiring another SiO2-enrichment mechanism preceding the impact, though composi-670

tional segregation of impact melt is also possible (Bouska & Bell III, 1993). Terrestrial671

and lunar impact melts are typically enriched in Al and depleted in Si (Bouska & Bell III,672

1993), inconsistent with the SiO2-rich, Al 2O3-poor material in Marias Pass.673

Palucis et al. (2014) mapped a> 1000 km2 catchment outside of Gale crater that674

fed Peace Vallis, an 80 km2 alluvial fan between the Curiosity traverse and the Gale crater675

rim to the northwest. Like the Murray formation, the Peace Vallis fan was deposited in676

the Late Noachian/Early Hesperian (Palucis et al., 2014). If the drainage network that677

fed Peace Vallis was active during the deposition of the Murray formation, it would have678

provided an evolving sediment source as the network incised into the plains north of Gale679

crater. This catchment area may have included ash fall deposits related to volcanic plains680

further north (Palucis et al., 2014), and this is a possible source of the tridymite-bearing681

material in Marias Pass. An extensive 
uvial network entering Gale crater from the south682

is another possible sediment source.683

The lateral extent, thickness, and conformable expression of the high-SiO2/low-FeO T684

layer mapped throughout Marias Pass, in addition to its genetic relationship to fracture685

alteration halos up to one kilometer away and the orbital detection of likely coeval out-686

crops over a several kilometer range, all support the hypothesis, originally based on the687

detection of tridymite in the Buckskin drill sample (Morris et al., 2016), that this ma-688

terial is volcanic in origin and therefore the product of an evolved magma source, rather689

than being the result of passive or active SiO2 enrichment during diagenetic alteration690

like the high-SiO2 alteration halos upsection. The stratigraphic correlation of Marias Pass691

with outcrops nearly 10 km away to both the southwest and northeast, as well as an out-692

crop one kilometer to the south, which is consistent with the regional dip of the Mur-693

ray formation, provides remarkable evidence for a laterally extensive, stratigraphically694

bound interval of silicic volcaniclastic sediments within the Murray formation.695

5 Conclusions696

Using ChemCam geochemistry to create subsurface models for DAN simulations,697

we have identi�ed and mapped a thick layer of high-SiO2/low-FeO T material in the Mur-698

ray formation throughout Marias Pass. Mastcam multispectral analysis of a large out-699

crop, predicted to be high-SiO2/low-FeO T material based on our DAN results, is con-700
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sistent with a high-SiO2/low-FeO T composition and shares spectral characteristics with701

known high-SiO2/low-FeO T material like that exposed in the Lion area. A single sub-702

horizontal layer can project through all high-SiO2/low-FeO T material observed in Marias703

Pass, and the thickness of this layer is at least one meter. A probable genetic link be-704

tween the high-SiO2/low-FeO T bedrock in Marias Pass and high-SiO2 fracture alteration705

halos is suggested by geochemical similarities and geometric relationships. This genetic706

link indicates that the high-SiO 2/low-FeO T bedrock extends throughout the region spanned707

by Marias Pass and these alteration halos, or about one kilometer. Orbital detections708

from CRISM of hydrated SiO2 material 1 - 10 km to the south, southwest, and north-709

east of Marias Pass are approximately stratigraphically equivalent to Marias Pass assum-710

ing an �3 � regional dip to the northwest. These outcrops are likely additional exposures711

of the high-SiO2/low-FeO T bedrock investigated in Marias Pass indicating that the high-712

SiO2/low-FeO T material exposed in Marias Pass is laterally extensive over at least a 17.5 km713

distance.714

The DAN-derived WEH for the high-SiO 2/low-FeO T material is signi�cantly lower715

than that from ChemCam data in Marias Pass. This is likely due to heterogeneities in716

opal abundance throughout Marias Pass. The DAN result of 1.85� 0.13 WEH repre-717

sents the bulk hydration over tens of meters. This hydration suggests that a lower-hydration718

phase is present in addition to opal-A. SAM EGA temperature release pro�les suggest719

that both rhyolitic glass and opal were present in the Buckskin drill sample. Assuming720

a maximum SiO2 glass WEH content of 3 wt.%, we calculate that there is a minimum721

SiO2 glass abundance of 15.0� 13.5 wt.%.722

The Buckskin drill sample from the stratigraphic layer described here contains tridymite.723

This, along with our determinations of the large areal extent and thickness of this layer,724

its stratigraphically conformable expression, and its inferred volcanic glass component,725

indicate that it is a volcaniclastic product derived from felsic igneous rock. Though fel-726

sic compositions have been observed in several regions on Mars, it is not well understood727

how evolved magmas could form. Mechanisms to shut o� martian mantle plumes are not728

well understood, but would provide a mechanism for the production of evolved magmas729

on Mars, as seen in intraplate volcanism on Earth. A few other mechanisms have also730

been suggested that could produce these evolved compositions on Mars. This study is731

the �rst example of in situ mapping of a silicic volcaniclastic layer and description of its732

compositional and stratigraphic characteristics on another planet. Similar future appli-733
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cations of this neutron spectroscopy technique on landed missions can help resolve ques-734

tions that still persist regarding the production of evolved magmatic bodies on Mars.735
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