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Key points: 

 We summarize Curiosity’s campaign at Vera Rubin ridge (sols 1726 – 2302) and the 

high-level results from articles in this special issue.  

 Vera Rubin ridge formed when diagenesis hardened rocks along the base of Aeolis 

Mons. Wind subsequently etched the feature into a ridge.  

 Results add evidence for protracted aqueous environments at Gale crater and give new 

insight into how diagenesis shaped Mars’ rock record. 
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Abstract 

This paper provides an overview of the Curiosity rover’s exploration at Vera Rubin ridge and 

summarizes the science results. Vera Rubin ridge (VRR) is a distinct geomorphic feature on 

lower Aeolis Mons (informally known as Mt. Sharp) that was identified in orbital data based 

on its distinct texture, topographic expression, and association with a hematite spectral 

signature. Curiosity conducted extensive remote sensing observations, acquired data on dozens 

of contact science targets, and drilled three outcrop samples from the ridge, as well as one 

outcrop sample immediately below the ridge. Our observations indicate that strata composing 

VRR were deposited in a predominantly lacustrine setting and are part of the Murray formation. 

The rocks within the ridge are chemically in family with underlying Murray formation strata. 

Red hematite is dispersed throughout much of the VRR bedrock, and this is the source of the 

orbital spectral detection. Gray hematite is also present in isolated, gray-colored patches 

concentrated towards the upper elevations of VRR, and these gray patches also contain small, 

dark Fe-rich nodules. We propose that VRR formed when diagenetic event(s) preferentially 

hardened rocks, which were subsequently eroded into a ridge by wind. Diagenesis also led to 

enhanced crystallization and/or cementation that deepened the ferric-related spectral 

absorptions on the ridge, which helped make them readily distinguishable from orbit.  Results 

add to existing evidence of protracted aqueous environments at Gale crater and give new insight 

into how diagenesis shaped Mars’ rock record. 

 

Plain Language Summary 

Vera Rubin ridge is a feature at the base of Mt. Sharp with a distinct texture and topography. 

Orbiter observations showed hematite, a mineral that sometimes forms by chemical reactions 

in water environments, was present atop the ridge. The presence of both water and chemical 

activity suggested the area preserved a past habitable environment. In this paper, we detail how 

the Curiosity science team tested this and other orbital-based hypotheses. Curiosity data 

suggested that most ridge rocks were lain down in an ancient lake and had similar compositions 

to other Mt. Sharp rocks. Curiosity confirmed that hematite was present in the ridge, but no 

more abundantly than elsewhere. Larger grain size or higher crystallinity probably account for 

the ridge’s hematite being more visible from orbit. We conclude Vera Rubin ridge formed 

because groundwater recrystallized and hardened the rocks that now make up the ridge.  Wind 

subsequently sculpted and eroded Mt. Sharp, leaving the harder ridge rocks standing because 

they resisted erosion compared with surrounding rocks.  The implication of these results is that 

liquid water was present at Mt. Sharp for a very long time, not only when the crater held a lake, 

but also much later, likely as groundwater.   
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1. Introduction  

The Mars Science Laboratory rover Curiosity is investigating Mars’ habitability by 

documenting ancient environments that are preserved in the planet’s sedimentary rock record 

(Grotzinger et al., 2012). Curiosity landed on the floor of the ~155 km diameter Gale crater in 

August 2012 and began a traverse that ultimately led to Aeolis Mons, a ~5-km tall mound of 

sedimentary rock informally called Mt. Sharp (Fig. 1). Mt. Sharp’s strata record evidence of 

several unique, and potentially globally significant, environmental changes within an 

established stratigraphic context (Anderson & Bell, 2010; Golombek et al., 2012; Milliken, 

Grotzinger, & Thomson, 2010). Since reaching the base of Mt. Sharp in 2014, Curiosity has 

climbed over 370 m in elevation and found evidence of lacustrine and lacustrine-margin 

settings (Grotzinger et al., 2015; Stack et al., 2019) in which organic materials are preserved 

(Eigenbrode et al., 2018; Freissinet et al., 2015). 

 

In September 2017 Curiosity ascended a layered ridge on the northwest flank of Mt. Sharp 

(Figs. 1, 2). This feature was called Vera Rubin ridge (VRR) to honor the pioneering American 

astronomer Vera Cooper Rubin (1928 – 2016). Dr. Rubin’s precise measurements of the 

rotation rates of galaxies revealed the existence of dark matter. She was also a fierce advocate 

for the equal treatment of women in science (Bahcall, 2017).  

 

VRR is one of several geomorphic features in Mt. Sharp that had been recognized in orbital 

images and spectroscopic data before the rover’s arrival in Gale crater (Anderson & Bell, 2010; 

Fraeman et al., 2016; Milliken et al., 2010; Thomson et al., 2011). In addition to being 

distinguishable by its elevated topography (Fig. 2), the ridge is associated with strong spectral 

absorptions that are attributed to crystalline red hematite in data from the Compact 

Reconnaissance Imaging Spectrometer for Mars (CRISM) (Fraeman et al., 2013) (Fig. 1).  Red 

hematite is defined by its red color in visible light, and is finer grained (~10-100 nm up to <3-

5 µm grain sizes) than gray hematite, which appears gray to black in visible light (>~3-5 µm 

grain sizes) (Sherman & Waite, 1985; Catling & Moore, 2003; Morris et al. this issue). 

Based on the orbital spectral observations, VRR was originally interpreted to be an isolated 

hematite-bearing sedimentary interval within Mt. Sharp, and two hypotheses were proposed to 

explain the formation of this apparently localized hematite deposit (Fraeman et al., 2013). In 

the first hypothesis, soluble Fe2+ ions were carried in solution by anoxic fluids until they 

encountered an oxidizing environment, at which point insoluble Fe3+ minerals precipitated. 
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Geologic settings where this could occur include precipitation in a subaqueous environment at 

a redox interface between anoxic and oxidizing waters (e.g., redox-stratified lake (Hurowitz et 

al., 2017)), or precipitation from anoxic groundwater exposed to an oxidizing subaqueous or 

subaerial environment (i.e., shoreline deposit or spring deposit). The second hypothesis was 

that the ridge area experienced local in-place oxidative weathering of Fe2+ minerals. This could 

occur via oxidative weathering by near-neutral pH waters (e.g., red beds (Walker, 1967)) or 

acidic waters or vapor (e.g., Mauna Kea tephras (Graff et al., 2014)). A third hypothesis, open-

system oxidative weathering resulting in a lag of insoluble phases that included ferric phases, 

was deemed less likely based on the dearth of evidence in orbital data for other associated 

mineral phases that would be expected in this environment, including aluminous clays and 

silica-rich phases (e.g., laterite).  

The preferred two hypotheses both explain the apparent concentration of hematite in VRR 

observed by CRISM suggested this location was a site of past iron oxidation. Abiotic processes 

can oxidize iron in aqueous environments on Mars via chemical reaction with O2, H2O2, or 

chlorate, or by photooxidation (Brundrett et al., 2019; Hurowitz et al., 2010; Mitra & Catalano, 

2019; Nie et al., 2017). However, on Earth, oxidation and reduction of iron at redox gradients 

is often catalyzed by microbes, thus linking VRR with a possible habitable setting (Allen et al., 

2001; Hays et al., 2017). 

Once Curiosity reached Mt. Sharp, evidence for early and late diagenesis (i.e., physical 

and chemical changes to sediments after deposition) was pervasive in the form of spherules of 

different compositions, mineralized veins, and lenticular crystal molds (e.g., Hurowitz et al., 

2017; Kah et al., 2018; Kronyak et al., 2019; Siebach et al., 2014; Sun et al., 2019). 

Additionally, data from Curiosity’s instruments revealed abundant hematite and Fe3+-bearing 

clay minerals in Mt. Sharp stratigraphically below VRR. Seven of the nine samples drilled from 

Murray formation sedimentary rocks leading up to the ridge contained between ~2 and ~12 wt 

% hematite (Bristow et al., 2018; Rampe et al., 2017). Furthermore, in hundreds of meters of 

section that Curiosity did not drill, spectral data indicated ferric oxides were present within the 

predominantly lacustrine mudstone (Fraeman et al., this issue; Johnson et al., 2016; Wellington 

et al., 2017). Hypotheses for hematite formation here included precipitation in shallow, oxic 

lake waters (Hurowitz et al., 2017) or crystallization from a precursor through diagenesis by 

groundwater (Rampe et al., 2017). 

The discovery of hematite in Mt. Sharp stratigraphically below VRR suggested that the 

ridge was not uniquely hematite-bearing, so the key question concerning VRR evolved from 

“Why is there a distinct location in orbital data over Mt. Sharp that has hematite?” to “How 
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does the hematite in VRR relate to units stratigraphically below?” and “Why is the spectral 

signature of hematite so strong at VRR in orbital data?”  Additionally, textural evidence of 

pervasive diagenesis along with the model that hematite below VRR formed by diagenesis 

from groundwater (Rampe et al., 2017) led to a new hypothesis not originally considered from 

orbital data alone, that early or late diagenesis by oxic fluids was a potential formation 

mechanism for VRR. 

Curiosity spent more than an Earth year exploring VRR, collecting detailed textural, 

sedimentological, and compositional information. These data give insight into the origin and 

evolution of both the ridge-forming strata and the ridge itself, the ridge’s relationship with the 

surrounding terrain, and the source of the CRISM hematite signature. Here we provide an 

overview of the design and implementation of Curiosity’s scientific campaign at the ridge, and 

then synthesize the high-level science results.  

2. Geologic setting  

VRR is a ~6.5-km long northeast-southwest trending ridge that is ~200 m wide (Fig. 1, 2). 

Consistent with the northwest regional slope of Mt. Sharp, the upslope (southern) edge of the 

ridge is higher than the downslope (northern) side. The top of the ridge in the north to the top 

of the ridge in the south spans ~50 m of elevation, and the northern-facing slope of the ridge 

rises ~100 m above the sloping basal plains below. There is heterogeneity in the color and 

textures of VRR viewed from orbit. The upper portion of the ridge is darker and more heavily 

cratered than the lower portion of the ridge. VRR also has a higher thermal inertia compared 

with surrounding terrain in orbital datasets, ~350-400 J m-2 K-1 s-½ on the ridge versus ~200-

250 J m-2 K-1 s-½ in the surroundings (Edwards et al., 2018). 

Analysis of Mt. Sharp strata below VRR via Curiosity observations shows that they were 

predominantly deposited in a lacustrine setting (Fedo et al., 2019; Grotzinger et al., 2015; 

Gwizd et al., 2019; Stack et al., 2019). These strata are defined as the Murray formation, which 

is the only major formation explored by Curiosity to date within the Mt. Sharp group, and are 

subdivided into five lithostratigraphic members below VRR (Fedo et al., 2019). In order of 

increasing elevation, the members are the “Pahrump Hills” member, “Hartmann’s Valley” 

member, “Karasburg” member, “Sutton Island” member, and “Blunts Point” member (Fig. 3). 

Pahrump Hills and parts of the Karasburg member are composed of persistent finely laminated 

mudstones. Hartmann’s Valley and other parts of the Karasburg member contain mudstones 

and sandstones with decimeter- to meter-scale cross-bedding. The Blunts Point member, which 
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sits directly below VRR strata, is a heterolithic assemblage including mudstones, siltstones, 

and sandstones.  

 

The ridge occurs downslope of Gediz Vallis and the Greenheugh pediment (Figs. 1, 4). 

Gediz Vallis is a ~9.5 km long trough that extends southward down Mt. Sharp. The capping 

rocks of the Greenheugh pediment sit at the base of Gediz Vallis and form part of the Siccar 

Point group, which rests unconformably on Mt. Sharp group sedimentary rocks (Anderson & 

Bell, 2010; Banham et al., 2018; Bryk et al., 2019; Fraeman et al., 2016; Grotzinger et al., 

2015). Topographic projections demonstrate that the surface exposures on VRR that Curiosity 

visited would have been covered by the pediment-capping unit if the unit had once extended 

farther north (Bryk et al., 2019). The ridge is slightly sinuous, with the largest direction 

deviation opposite the Greenheugh pediment. 

 

CRISM data show that VRR is associated with spectra that have absorptions at 530 nm 

and 860 nm, as a well a local reflection maximum near 750 nm, which are diagnostic of red 

crystalline hematite (Fraeman et al., 2013). Several other locations in lower Mt. Sharp also 

have spatially coherent, strong spectral absorptions that are also consistent with hematite 

(Milliken et al., 2010; Fraeman et al., 2016), but VRR is unique among these detections because 

the deep spectral absorptions attributed to hematite clearly align with a morphologic feature 

(Fig. 1). 

3. Campaign Goals and Objectives 
 

The overarching aims of Curiosity’s campaign at VRR were to reconstruct the past Martian 

environments that are preserved in the ridge’s strata and to determine whether these 

environments could have been habitable. Three campaign-level goals were developed based on 

orbital data analyses before Curiosity reached the ridge. These goals guided strategic route 

planning activities and established the key measurements to be made using Curiosity’s payload 

instruments (Table 1).  

 

3.1 Campaign Goal 1: Understand the primary depositional setting of the 

sedimentary rocks that make up the ridge, and document their stratigraphic 

relationship with surrounding units.  
 

Characterizing the depositional setting(s) of VRR was critical for constraining past 

Martian conditions and placing Curiosity’s mineralogical and geochemical measurements in 
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context. VRR appears stratified in 25 cm/pixel High Resolution Imaging Science Experiment 

(HiRISE) images. Although layered rocks seen from orbit could be lava flows, the lack of 

nearby volcanic vents, fissures, or other obvious evidence of volcanism in the area favored a 

sedimentary hypothesis for rocks that compose the ridge. Orbital data were not sufficient to 

conclude whether the sedimentary environment was lacustrine, fluvial, or aeolian. 

Understanding the stratigraphic relationship between the rocks of VRR and surrounding 

units was necessary to constrain when the feature formed with respect to Mt. Sharp. One key 

question was whether the rocks exposed on VRR form part of the Mt. Sharp sedimentary 

sequence or whether they represented a younger unconformable unit. Digital elevation models 

(DEMs) constructed using stereo images acquired by the HiRISE camera (1 m/post) were 

consistent with an interpretation that the dips of ridge layers were in family with similarly 

measured stratal dips of the overlying sulfate-rich unit (Fraeman et al., 2013). This observation 

supports the idea that the rocks composing the ridge were part of the primary Mt. Sharp 

sedimentary sequence. However, VRR’s stratigraphic relationship with sedimentary rocks 

exposed in the trough immediately to the south, a region informally named Glen Torridon, 

could not be uniquely constrained with data collected from orbit (Stein et al., this issue).  

Three measurement objectives were developed to support this goal: (1) acquire images of 

the base of VRR and study them for any evidence of gaps in the stratigraphic record or evidence 

for depositional hiatuses; (2) take stereo images bedding within VRR bedrock to obtain 

measurements of stratal strike and dip; and (3) collect high-resolution, closeup imaging of dust-

free surfaces to characterize grain size, sorting, and grain roundness within VRR bedrock. All 

three objectives were achieved using the ChemCam RMI, Mastcam, and MAHLI instruments. 

 

3.2 Campaign Goal 2: Determine the source of the orbital hematite signature, 

understand its relationship with other hematite detections in Mt. Sharp, and test the 

hypothesis that the hematite associated with the ridge indicated a site of past iron 

oxidation. 
 

Curiosity discovered hematite in samples drilled from Mt. Sharp bedrock below VRR 

(Bristow et al., 2018; Rampe et al., 2017). Rampe et al. (2017) proposed that hematite formed 

during multiple influxes of mildly acidic and oxidizing diagenetic fluids. Hurowitz et al. (2017) 

alternatively suggested that ferric phases precipitated directly in an oxic-anoxic mixing zone 

in a redox-stratified, neutral-alkaline lake. Dioctahedral smectites (Al,Fe3+) were also observed 

in association with hematite, and these were proposed to indicate open-system alteration of 

basaltic sediments with oxidation driven by periodic desiccation and migration of the water 
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table (Bristow et al., 2018). Determining how, and if, hematite in the ridge was related to the 

detections of oxidized phases in the underlying strata was a significant question on approach 

to VRR. A related question was whether hematite evolved from primary ferric precipitates, if 

it is connected to iron oxidation during a late diagenetic event, or both occurred. 

In CRISM data, hematite-related spectral absorptions along Curiosity’s traverse up Mt. 

Sharp are much weaker than those in VRR (Fig. 1) (Fraeman et al., 2016; Milliken et al., 2010). 

Curiosity similarly observed an enhanced hematite spectral signature associated with VRR 

compared with underlying strata using the Mastcam multispectral imager and ChemCam in 

passive spectral mode, from kilometers away (Johnson et al., 2016; Wellington et al., 2017). 

Hypotheses for the source of VRR’s unique spectral properties were either that it contained a 

greater total abundance of hematite, or that the combination of number of pigmenting hematite 

particles, hematite grain-size variations, and associated phases had a stronger effect on spectral 

properties (i.e., Morris et al., 1989; Lane et al., 2002; Morris et al., this issue). Combined, the 

tasks of determining the source of the orbital hematite signature and how it linked to previous 

detections would address the original hypothesis that VRR was a uniquely hematite-bearing 

layer that represented a site of localized iron oxidation.  

Three measurement objectives were developed to support this goal: (1) obtain chemical, 

mineralogical, and spectral reflectance measurements from the area where CRISM and long-

distance in situ spectral data showed the deepest hematite-related spectral signatures; (2) 

document variations in spectral properties, chemistry, and mineralogy at numerous locations 

across the ridge; and (3) acquire periodic multispectral images of the terrain to search for 

evidence of ferric phases following or crosscutting stratigraphy. These objectives were 

achieved using the full suite of Curiosity science instruments in Table 1. 

3.3 Campaign Goal 3: Document additional primary and secondary geochemical 

environments that shaped the ridge.  
 

It was known in advance of Curiosity’s investigation of VRR that there were almost 

certainly minerals in VRR that are not visible to orbital instruments because of the instruments’ 

spatial resolution and depth of sensing limitations, as well as knowledge that many minerals 

do not have diagnostic absorptions in CRISM wavelength’s range. However, detecting and 

characterizing all as many components as possible within VRR by Curiosity is important for 

constraining the full range of primary and secondary environments preserved within the ridge. 

Of particular interest is evidence for a cementing phase(s) that led to the relative erosional 

resistance of the ridge. If a cement is present, what is its composition? Alternatively, small 
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variations in grain size linked to depositional changes could have caused minor differences in 

rock strength, and these strength differences would have been emphasized by billions of years 

of erosion by the Martian wind. 

Measurement objectives needed to address this goal were similar to the objectives for Goal 

2. They included collecting systematic detailed textural, chemical, and mineralogical data in 

order to document the full diversity of rocks within VRR. 

4. Brief overview of Curiosity’s activities at Vera Rubin Ridge 

The scientific goals presented in §3 established the strategic planning framework for 

Curiosity’s VRR campaign, and activities were also modified at times to respond to in situ 

discoveries and rover technical issues. A detailed breakdown of Curiosity’s activities on VRR 

is shown in Table 2, and the rover’s traverse across the ridge with key waypoints illustrated is 

shown in Fig. 4. Curiosity’s campaign at VRR was divided into three phases: approach, initial 

reconnaissance, and drilling. Rover activities during each phase are summarized below.  

Prior to landing, the science team divided 140 areas along Curiosity’s planned traverse in 

Gale crater into 1.5 km x 1.5 km (0.025˚) quadrangles (Grotzinger, 2014). During the VRR 

campaign, Curiosity visited four of these quadrangles that were informally named “Bar 

Harbor,” “Kuruman,” “Torridon,” and “Biwabik.” Informal names for specific targets 

Curiosity observed were derived from rock formation names and local geographic names 

associated with the respective quadrangle where the target was observed.  

 

4.1 Phase 1: VRR Approach Imaging (sols 1726 – 1808) 

Curiosity drove eastward along the base of VRR for ~430 m to access a location where 

slopes were shallow enough (<20-25˚) for the vehicle to ascend (Figs. 2, 5). During this time, 

Curiosity acquired five large Mastcam M100 color mosaics that were pointed roughly south 

towards the base of the ridge (Table 3). The purpose of these mosaics was to document the 

transition between strata composing VRR and the underlying Blunts Point member and to 

image any sedimentary structures exposed on vertical faces in the lower portion of the ridge 

(Fig. 6). Curiosity acquired the mosaics when the vehicle was between ~120 m and ~35 m 

away from the ridge, which corresponded to M100 mosaic resolutions of ~90 cm/pixel to ~20 

cm/pixel of the north side of the ridge, respectively. The rover also collected 11 RMI mosaics 

that provided higher resolution images of select sections of the ridge (Table 3).  
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4.2 Phase 2: Initial reconnaissance with remote sensing and contact science (sols 1809 

– 2044) 

As the rover’s traverse steepened in the strata below the VRR, Curiosity’s strategic 

guidance had been to collect contact science measurements at least once every 5 m of elevation 

gain. These measurements included MAHLI textural observations and APXS chemical 

observations on bedrock targets that were brushed beforehand using the dust removal tool 

(DRT) when images indicated significant dust coatings. The cadence of contact science 

sampling increased on sol 1808 when Curiosity encountered a break in slope that marked the 

base of the ridge. The break in slope is accompanied by a lithological change where rocks are 

more competent and no longer dominated by the low angle Ca-sulfate veins that are 

characteristic of the Blunts Point member. The decision to increase contact science data 

collection was motivated by the desire to capture chemical and textural changes that might be 

unique to the base of the VRR. Curiosity continued to sample VRR bedrock at <5 m elevation 

changes with contact science instruments as it traversed almost 1.5 km across the ridge during 

the next 200 sols. The rover also collected hundreds of remote sensing chemical and spectral 

measurements, predominantly of VRR bedrock targets, with ChemCam and Mastcam.  

4.2.1 Fracture Investigation (sol 1814 - 1821) 

The lower portion of VRR is crosscut by meter-scale fractures that are visible in HiRISE 

data. Multispectral landscape images from several meters away showed that the fractures 

appeared to be associated with deeper ferric absorption bands at 535 nm and 867 nm. To assess 

whether the spectral differences were due to real compositional changes or an artefact caused 

by variable dust cover, Curiosity investigated material on the edge of the fracture on sol 1815 

and compared it with material from an area far from a fracture collected on sol 1820. 

Curiosity’s observations included comparing the chemistry, spectral properties, and fine-scale 

textures of brushed areas from both locations.  

4.2.2 Discovery and investigation of “gray patches” (sol 1902 – 1945) 

Small areas on VRR appear blue-gray relative to the surrounding terrain in stretched 

HiRISE false-color images (Fig. 7). These areas are primarily concentrated on the uppermost 

portion of the ridge and are ~1-10 m across, and are too small to resolve in CRISM data. 

Previous experience has shown that the underlying causes of color variations in HiRISE images 

are nonunique, and could result from a variety of factors including changes in composition, 

texture, or simply differences in amount of dust cover (Stack et al., 2016), so the rover was sent 

to investigate.  
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Curiosity reached the first of these patches on sol 1902, and discovered that the region is 

distinctly different in both texture and color compared with surrounding terrain (Fig. 8) 

(Horgan et al., this issue). It is composed of competent gray bedrock, which contrast to the red 

pebbles that characterized the rest of the ridge. The gray bedrock often contains filled 

millimeter to centimeter sized dark, diagenetic nodules that are frequently associated with Ca-

sulfate filled veins that are ubiquitous throughout lower Mt. Sharp (L’Haridon et al., 2018; 

Nachon et al., 2017, L'Haridon et al., this issue). MAHLI images additionally revealed the first 

instances of millimeter-size crystal molds, some of which are filled and some of which are 

empty casts, near the red-gray color transition (Fig. 9).  

 

 
We developed two hypotheses to explain the color and textural changes for bedrock in 

these areas. The first was that these color changes marked a sedimentary facies change and 

were related to differences in primary depositional environments. The second was that they 

were the result of variable diagenesis. In this scenario, the color changes could be due to 

diagenetically driven changes in composition or enhanced recrystallization. To test these 

hypotheses, we adjusted Curiosity’s strategic route to visit several more “gray patches,” 

including a particularly large region (Fig. 8) that was directly to the south of the first discovery. 

Curiosity collected extensive images with Mastcam and MAHLI that documented the 

sedimentary textures within these regions, including lamination thickness as a function of 

stratigraphic position, and these images were examined for evidence of a facies change. 

Curiosity also collected extensive Mastcam multispectral, APXS, and ChemCam data from the 

gray and surrounding red rocks to search for chemical changes that might provide clues to how 

the features formed. Both the red and the gray rocks were also identified as high priorities for 

future drill sites, because mineralogy can potentially demonstrate differences not manifest in 

the bulk chemistry. Curiosity examined several of the millimeter-sized dark diagenetic features 

and crystals with MAHLI, APXS rasters, and ChemCam LIBS observations to characterize 

their textures and compositions. 

4.2.3 Investigation at area with deepest 860 nm absorption from orbit (sol 2004 – 2009) 

Curiosity drove to an area on VRR that CRISM data show was associated with one of the 

deepest 535 nm and 860 nm hematite-related absorptions to support the campaign goal of 

determining the source and geologic setting of the CRISM hematite signature (Figs. 4, 10). 

This excursion had the additional benefit of providing an east-west transect along elevation 
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contours for ~400 m that could highlight lateral variability within stratigraphically equivalent 

rocks. Curiosity reached the center of the “CRISM hematite hotspot” on sol 2004 and began 

collecting extensive chemical, textural, and spectral data. Curiosity also took Mastcam 

multispectral images of the same terrain at multiple times of day that provided phase angle 

coverage from 0-130°. The purpose of these images was to investigate the photometric 

properties of the rocks in this area, including how the hematite-relevant band depths (535 nm 

and 867 nm) varied as a function of lighting geometry (Johnson et al., 2019). 

 

4.2.4 Investigation at Bressay (sol 2014 – 2022) 

Curiosity investigated a collection of heterolithic float rocks designated as the “Bressay 

deposit” from sols 2014 – 2022 (Fig. 4, point 12 and Fig. 11). These rocks covered an area of 

~3 m2, and had chemistries and textures that are distinct from VRR bedrock and other float 

rocks observed to date at Gale crater (Williams et al., 2020).  These rocks must have been 

transported to this location on VRR, potentially from farther upslope via transport events 

associated with Gediz Vallis (Fig. 1). 

4.3 Phase 3: Drilling (sol 2094 – 2302) 

4.3.1 Feed-extended drilling and sample transfer 

Two of Curiosity’s analytical instruments, CheMin and SAM, analyze powdered samples 

that were collected using the rover’s rotary percussive drill. During nominal drilling activities, 

two stabilizers steady the drill against a fixed surface while the drill’s feed mechanism extends 

and retracts the drill bit relative to this surface. The same feed mechanism also transfers the 

powdered sample collected by the drill into the tool that sieves and portions the material 

(Anderson et al., 2012).  

On sol 1536 (December 2016), the drill feed mechanism began to exhibit intermittent 

failures. In response, rover engineers at the Jet Propulsion Laboratory commanded the drill to 

the fully extended position so that the bit would be clear of the stabilizers and remain usable in 

the event the feed mechanism failed entirely. They then developed new strategies for drilling 

and sample delivery that did not depend on the stabilizers or the sieving and portioning tool 

(NASA/JPL, 2018a). In this strategy, known as feed-extended drilling (FED), the rover arm 

rather than the drill feed is used to extend and retract the drill bit into a surface, similar to how 

a human “freehand-drills” with a power drill. Force sensors on Curiosity’s arm provide 

feedback to ensure the drill is not angled or at risk of getting stuck in the target. The powdered 

drill samples are then delivered to CheMin and SAM using feed-extended sample transfer 

(FEST), which involves positioning the drill bit directly over the instrument inlets and rotating 
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the bit in reverse. Extensive testing in Curiosity’s testbed on Earth showed this was safe in 

terms of portion amounts and particle size distribution.  

FED was first tested on Mars on sols 1977 and 1982 (February 2018) using rotary-only 

capabilities in two nearby locations within a gray bedrock target on upper VRR named “Lake 

Orcadie,” and “Lake Orcadie 2” (NASA/JPL, 2018b). While the tests demonstrated FED 

capabilities could be successfully implemented on Mars, the rotary-only drill penetrated ~10 

mm and ~2 mm in the targets respectively, which was not deep enough for successful sample 

acquisition (~25-40 mm required).  

With percussive drilling several weeks from being ready, the team took advantage of 

Curiosity’s position near the northern margin of VRR to descend the ridge with the goal of 

acquiring a sample from the Blunts Point member. The drill had not been available when 

Curiosity first traversed through that unit. The traverse path had the added benefit of acquiring 

observations along a second vertical traverse up the ridge that was laterally separated from the 

first. On sol 2057 (20 May 2018) Curiosity successfully drilled the target “Duluth” using the 

new feed extended drilling using percussion (FED-uP) technique, and samples from Duluth 

were transferred to CheMin a few sols later using FEST (NASA/JPL, 2018c, 2018d).  

During drilling with percussion, percussive energy is provided by a voice-coil mechanism 

that uses a magnetic field to oscillate a free mass, which acts as a hammer and transfers energy 

to the drill bit (Okon, 2010). Six unique voice-coil levels on Curiosity’s drill can be used, with 

each level imparting greater energy into the surface. Voice-coil level 1 is the lowest energy and 

6 the highest. In FED-uP drilling, the drill bit begins in rotary-only mode and then 

autonomously steps up and down through the different voice-coil levels based on the drill bit’s 

measured rate of vertical progress (Abbey et al., 2019; Okon, 2010). The Duluth drilled sample, 

below the ridge, only required voice-coil level 2 for the drill to make sufficient rate of progress, 

qualitatively indicating that rock was not extremely hard (Table 4). In comparison, the drill 

required voice-coil level 5 to maintain a sufficient rate of progress for all of the successfully 

drilled samples on VRR. Due to a possible increased rate of actuator degradation at high 

percussion levels, the maximum allowable voice-coil level was initially fixed at 5 for VRR 

drilling, although it was increased to 6 for Highfield and Rock Hall for the sake of saving 

mission time and accepting more risk. 
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4.3.2 Vera Rubin ridge drilling 

All samples drilled on VRR were collected and analyzed using the FED-uP and FEST 

techniques. Data from the reconnaissance phase of the campaign were used to prioritize what 

samples to collect while being mindful of finite rover and instrument resources. Drilling under 

FED/FEST is a particularly time-intensive activity because Curiosity is precluded from using 

its arm for contact science activities or driving while the drill sample is held within the drill bit 

assembly. This means the rover has to stay parked at the drill location until sample delivery to 

CheMin, and if desired SAM, is complete. 

The Curiosity team decided a minimum of three samples were needed to characterize the 

diversity of VRR rocks. VRR divides into two stratigraphic members defined by changes in 

lithology, shown in Figure 3 and discussed in more detail in results §5.1. The lower member is 

named the Pettegrove Point member and the upper is the Jura member. We decided one drill 

priority was a sample from the Pettegrove Point member, with a preference for that sample to 

be collected within the area associated with the CRISM pixels that had especially strong 

hematite spectral signatures. Two other high-priority targets were red- and gray-colored 

bedrock in the overlying Jura member. In order to assess the compositional changes and 

associated geologic processes responsible for the color differences, we desired to collect the 

red and gray samples that were as close to one another as practicable in order to minimize any 

effects of possible lateral and vertical variability in facies. For all drill targets, the team decided 

to drill bedrock that had elemental compositions representative of the average compositions of 

these members would be preferable when possible.  

All attempted and successful drills during the VRR campaign are summarized in Table 4 

and shown graphically in Figs. 10, 12. After Duluth, Curiosity attempted to drill the target 

“Voyageurs” on sol 2112 in the area on the lower ridge (Pettegrove Point member) associated 

with the strongest CRISM hematite signature (Figs. 4, 10, 12). Despite rapidly increasing to 

percussion level 5, the drill penetrated only ~4 mm before the rate of progress was deemed too 

slow and drilling operations autonomously ceased. Curiosity attempted to drill a second target 

~60 m away named “Ailsa Craig.” This attempt similarly failed with only ~5 mm of progress 

even after reaching percussion level 5. Curiosity then traveled ~110 m straight-line distance to 

a third target, “Stoer.” Stoer still resides within the Pettegrove Point stratigraphic member, but 

it is not within a region associated with a strong CRISM hematite signature (Figs. 4, 10). We 

selected this target based on previous images of the area that showed the rocks here are more 

recessed compared to calcium-sulfate fracture fills than typical Pettegrove Point rocks, which 

implied they might be slightly softer and more easily drilled. Curiosity successfully acquired a 
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sample from Stoer on sol 2136. The drill reached percussion level 5 and maintained this level 

for ~200 seconds during drilling. Samples from Stoer were delivered to CheMin and to SAM 

several sols later.  

Curiosity first attempted to drill a gray Jura target named “Inverness,” on sol 2170. This 

drill attempt also reached percussion level 5 but only achieved ~6 mm of penetration before 

the rate of progress was deemed too slow and drilling ceased. The team decided to make a 

second attempt back in the Lake Orcadie region, ~80m to the SW, because we were encouraged 

that one of the early, rotary-only drill attempts there had made ~10 mm of progress. Curiosity 

successfully drilled a gray target, “Highfield,” near the previous Lake Orcadie attempted 

targets on sol 2224. This Highfield drill required only 12 seconds of percussion level 5 during 

the drill. Samples from Highfield were also delivered to both CheMin and SAM several sols 

later.  

Searching for a red target near Highfield was challenging because most nearby red rocks 

were too small to drill. After a drive ended prematurely, Curiosity fortuitously discovered an 

outcrop ~35 m away from Highfield with rock slabs of sufficient size to remain stable during 

drilling. Although this outcrop has a slightly different texture and chemistry than typical red 

Jura rocks, we decided to still drill this target, named “Rock Hall,” because no obvious 

alternatives were in the vicinity. Curiosity successfully collected samples from Rock Hall on 

sol 2261 and delivered them to CheMin and SAM on several sols later. The drill’s voice-coil 

only reached a maximum percussion level of 4 during drilling, suggesting this was one of the 

softest targets on the ridge.  

5. Summary of VRR key findings  

5.1 Primary depositional setting and relationship with Mt. Sharp 

Rocks that make up VRR are predominantly composed of fine-grained, thinly laminated 

parallel-stratified bedrock that have approximately horizontal dips (Edgar et al., this issue, 

Stein et al., this issue). Sedimentary structures and textures observed throughout Curiosity’s 

traverse across the ridge are consistent with deposition in lacustrine and lacustrine-margin 

settings, with a few isolated outcrops of low-angle stratification that suggest possible 

subaqueous currents (Edgar et al., this issue). There is no evidence of an unconformity or 

depositional hiatus between the ridge and the underlying stratigraphic units in the approach 

mosaics that capture the vertical faces at the base of VRR (Table 3, Fig. 6), and rocks within 

VRR are therefore classified as members of the Murray formation (Edgar et al., this issue).  
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A stratigraphic column placing Curiosity’s results at VRR in the context of the rest of Mt. 

Sharp is shown in Fig. 3 and is discussed in detail by Edgar et al., (this issue). In brief, rocks 

composing VRR are divided into the Pettegrove Point member and the overlying Jura member. 

The Pettegrove Point member is fine grained (mudstone to fine sandstone) and composed of 

parallel thin laminations. The Jura member is also a thinly laminated mudstone to fine 

sandstone. The Jura is distinguishable from the Pettegrove Point member by its darker color, 

tendency to erode consistently into centimeter-sized clasts, and occurrence of local decimeter- 

to meter-scale inclined strata that dip in multiple directions.  

Although the Blunts Point, Pettegrove Point, and Jura members are defined from in 

situ data, these member boundaries are observable in orbital data as distinct changes in texture, 

color, and topography. As a result, the members can be traced laterally for kilometers beyond 

the rover’s traverse. Although strata are generally horizontal within VRR, member boundaries 

mapped in situ by Curiosity and extrapolated to the orbital scale are not horizontal. For 

example, Curiosity crossed the same member boundaries (Blunts Point to Pettegrove Point and 

Pettegrove Point to Jura) at different elevations when the rover traversed them several hundred 

lateral meters apart (Edgar et al., this issue). The boundary between the Sutton Island and 

Blunts Point member also crosscuts elevation contours when traced in orbiter images, but 

Curiosity only crossed this boundary at once. The offset can be attributed to one of two 

explanations: VRR may have experienced differential compaction such that originally 

horizontal contacts are now slightly offset, or the contacts between these members record 

lateral variations in facies that would naturally vary with elevation as strata accumulate due to 

different inputs to the sedimentary basin(s) (Edgar et al., this issue). 

At the time of publication (summer 2020), Curiosity is completing its investigation of the 

Glen Torridon (GT) region, which contains rocks characterized by a strong clay signature in 

orbital spectroscopic data, directly to the south of VRR (Figs. 1,2) (Fox et al., 2019; Milliken 

et al., 2010). Results from preliminary geologic mapping of the GT area are important for 

placing VRR in stratigraphic context with the rest of the Mt. Sharp group. Curiosity found 

evidence that similar facies appear at the top of VRR and within GT, and analyses of 

sedimentary structures show that strata within both areas formed in similar depositional 

environments. Combined with near-horizontal dip estimates and elevation profiles across both 

units, these results show that the Jura member of VRR is stratigraphically equivalent to strata 

cropping out in the lower part of Glen Torridon (Stein et al., this issue). Mastcam and MAHLI 

images also show abundant veins, nodules, and crystal pseudomorphs, both empty and filled.  
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These features are most dense in the gray patches and indicate multiple generations of fluid 

interaction at VRR (Bennett et al., this issue; L’Haridon et al., this issue). 

5.2 Gray patches: Due to diagenesis, not facies variation 

The majority of gray VRR rocks Curiosity encountered occur within the Jura member, 

although the rover did observe an outcrop of gray rocks in the Pettegrove Point member on sol 

2128. Detailed observations of strata characterized by gray areas and surrounding rocks support 

the hypothesis that the color changes result from diagenetic processes rather than facies 

changes. Notably, sedimentary structures and textures don’t change between the gray and red 

rocks within each member; sedimentary features in both are consistent with deposition by 

lacustrine processes (Edgar et al., this issue; Horgan et al., this issue). In many locations, the 

spectral transition from gray to red material is also gradational rather than discrete (Horgan et 

al., this issue). At least one example of a sharp color transition from red to gray is exposed on 

the vertical face of the Pettegrove Point member in an area informally named Red Cliff, and 

multispectral data show absorptions consistent with red and gray hematite (Horgan et al., this 

issue). Here the color variations clearly crosscut primary stratification (Fig. 13).  

 

5.3 Composition of VRR compared with underlying Murray formation 

5.3.1 Elemental chemistry from ChemCam and APXS 

On the whole, the rocks within VRR have similar major element compositions to underlying 

Murray formation strata, excluding the Marias Pass locality (Table 5) (David et al., this issue; 

Frydenvang et al., this issue; Thompson et al., this issue). However, the ~50 m of vertical 

section Curiosity explored on VRR exhibits nearly as much chemical variability as the entire 

~250 m of underlying Murray strata, again excluding the Marias Pass locality. Several papers 

in this special issue present detailed discussions of the chemical variability within VRR 

measured by APXS and ChemCam (Das et al., this issue; David et al., this issue; Frydenvang 

et al., this issue; L’Haridon et al., this issue; Thompson et al., this issue). 

 

One of the most significant findings at VRR was that, in spite of the ridge’s strong spectral 

signature of hematite observed from orbit, neither APXS nor ChemCam observed increases in 

bulk FeOT content in the bedrock that composes the ridge (David et al., this issue; Frydenvang 

et al., this issue; Thompson et al., this issue). However, near the Pettegrove Point and Jura 

member boundary, both instruments did measure MnO contents that were 2 times higher than 

the baseline values measured in typical Murray formation rock (Frydenvang et al., this issue; 

Thompson et al., this issue). While elevated, these were not the highest MnO values measured 
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by either instrument in the Murray formation, which occur in the upper Sutton Island and lower 

Blunts Point members (Gasda et al., 2019; Frydenvang et al., this issue; Thompson et al., this 

issue). ChemCam also measured a clear drop in Li with increasing elevation on VRR 

(Frydenvang et al., this issue). Values of the chemical index of alteration (CIA, used to evaluate 

the extent of open system alteration; Nesbitt & Young, 1982) calculated from ChemCam data 

show a decrease towards the top of the ridge (Frydenvang et al., this issue).  

The greatest chemical variability on VRR was observed within the “gray patches,” which 

APXS data show trend towards lower iron and higher aluminum and silica compared to average 

VRR rocks (Thompson et al., this issue). Using one quantification model, ChemCam data also 

show evidence for variable bulk FeOT in bedrock in the Jura (David et al., this issue), although 

this is less clear with alternative calibrations (Frydenvang et al., this issue). ChemCam data 

also show small (~centimeter scale) areas within gray bedrock patches that have very low FeOT 

which surround small (~millimeter scale) nodules that have nearly pure FeOT (likely Fe2O3) 

compositions (Fig. 9, David et al., this issue; L’Haridon et al., this issue). APXS also observed 

that a number of the gray areas are elevated in Se, with maximum values reaching up to 100 

ppm (Thompson et al., this issue). For reference, average Se values throughout the Murray 

range from 0–20 ppm, although targets in the Pahrump Hills member have elevated values 

around 20–80 ppm.  

5.3.2 DAN results 

Several active DAN experiments were acquired within the Blunts Point, Pettegrove Point, 

and Jura members to assess the abundance of H and thermal neutron absorbing elements (e.g. 

Fe and Cl). These results are not summarized in any other papers within this special issue, so 

are discussed in detail here. 

The DAN instrument footprint covers a ~1 m (full width half maxium) lateral area to a 

depth of ~45-75 cm (Mitrofanov et al., 2012). Bulk macroscopic neutron absorption cross 

section (ξabs) and H content, reported as water-equivalent hydrogen, for the materials within 

this field of view were derived according to the methods described in Gabriel et al. (2018). The 

ξabs parameter is positively correlated with the abundance of neutron absorbing elements, which 

are predominantly Fe and Cl on Mars (Hardgrove et al., 2011). Other species, such as Ni, Ti, 

Mn, and/or B may be important depending on their overall abundance and variability 

(Hardgrove et al., 2011). Multiple active neutron experiments were performed with the rover 

in a static configuration at 16 unique locations, and the time-resolved spectra were coadded to 
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improve signal-to-noise and counteract the degradation of the high-energy neutron output over 

time from the DAN Pulse Neutron Generator (Sanin et al., 2015). 

We find the Jura member at the top of the VRR generally shows larger and more variable 

values of ξabs values than the lower Pettegrove Point member (Fig. 14). For example, two active 

DAN experiments from within the Jura member ~3 m apart (at a gray patch informally called 

‘Site 10’) show a difference in ξabs (see ‘S10’ labels in Fig. 15). Additionally, active DAN 

measurements near the Rock Hall (red Jura) and Highfield (gray Jura) sites show distinctly 

different values of ξabs, indicating meter-scale neutron absorbing element variability in that 

unit.  

In contrast, no discernible trends were observed in the water content of VRR (Fig. 14b). 

Similar to other areas along the traverse, active DAN measurements consistently produced 

greater values of H than those derived from SAM experiments (McAdam et al., this issue) (Fig. 

15) potentially due in part to loss of hydrogen during to sample handling (Rapin et al., 2017). 

Dehydration has been observed in the CheMin instrument based on multiple observations of 

the same samples over a period of days (Vaniman et al., 2018). Some of the difference is 

possibly due to the scale of the DAN observation (~1 m lateral, ~45 – 75 cm depth) compared 

with the drilled samples (~centimeter scale, ~5.5 cm depth). 

Attributing all the variability in ξabs (Figs. 14a, 15) to changes in iron alone would require 

an absolute variability of ~25 wt% iron (throughout the entire DAN sensing volume) in the 

Jura; however, APXS and ChemCam analyses show that FeOT contents vary on the order of 

~5-15 wt% (David et al., this issue; Frydenvang et al., this issue; Thompson et al, this 

issue). Attributing the variability in ξabs to other minor neutron absorbers (Ni, Ti, and 

Mn) would require variations of ~10 wt% for Ni and Ti and ~5 wt% for Mn, which is well 

outside the range observed on the ridge by APXS and ChemCam analyses (Frydenvang et al., 

this issue, Thompson et al. this issue). Furthermore, Mn abundances trend towards lower values 

with increasing elevation in the Jura member (Frydenvang et al., this issue), opposite the trend 

in ξabs. 

Assuming the variability in ξabs within the Jura is due to Cl or B alone, changes of just 

~1.25 wt% Cl or 160 ppm B could produce the observations.  B is not observable with APXS, 

ChemCam has identified B enrichments in the VRR; however, ChemCam can only detect B in 

Fe-poor materials that are small-scale, light-toned, diagenetic features, and the abundance of B 

has not been quantified (Das et al., this issue). Thus, the effect of B on the bulk (meter scale) 

rock ξabs is unknown. B is, however, anticorrelated with Li in Ca-sulfate veins in the VRR 

(Das et al., this issue) and Li shows strong trends towards lower values with elevation 
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(Frydenvang et al., this issue); concomitant increases of B in the bedrock would be 

qualitatively consistent with the larger average ξabs values observed in the Jura. 

APXS measurements show that Cl abundances varied throughout the VRR, from 0.4 - 2.7 

wt %, (Thompson et al., this issue), consistent with the range of DAN-derived ξabs values. Some 

Cl is likely hosted in a Cl-bearing iron oxide-hydroxide mineral, akaganeite, that was detected 

in the Stoer and Rock Hall drilled samples (Rampe et al., this issue). However, not all of the 

Cl measured by APXS is taken into account by akaganeite abundance as measured by CheMin, 

and Cl is likely also variably present in salts and within XRD amorphous materials in all three 

VRR drilled samples, although salts, if present, are below CheMin detection limits (Rampe et 

al., this issue, McAdam et al., this issue).  

In summary, active DAN investigations at VRR are consistent with results from other 

payload instruments that show Cl and, to some extent Fe materials, are heterogeneously 

distributed within the Jura member. DAN data are also consistent with a heterogeneous 

distribution of neutron absorbing elements (i.e. Cl, B, and/or Fe) at the meter scale and are 

especially variable within gray Jura bedrock patches. Additional colocations of active DAN 

footprints with APXS and ChemCam measurements are necessary to further pinpoint the exact 

source of large-scale variability in neutron absorbers across the ridge, and thus characterize the 

relative mobility of Cl vs. Fe species in diagenetic events. 

5.3.3 Drilled sample analyses  

The three drilled samples from VRR were selected to represent the diversity of VRR rocks 

discussed in §4.3.2. The Pettegrove Point member was sampled at the target Stoer, and the gray 

and red Jura members were sampled at the Highfield and Rock Hall targets, respectively. As 

mentioned in §4.3.2, there was some uncertainty whether the Rock Hall drilled sample was 

representative of the bulk of the red Jura member. APXS analysis of Rock Hall of drill tailings 

were elevated in Ca, S, Cl and Br compared to other Jura targets, and also had more Fe and Ni 

(Thompson, this issue). ChemCam analysis also showed nearby rocks had higher SiO2 and CIA 

than rocks lower on the ridge (Frydenvang et al., this issue).  

Rampe et al. (this issue) and McAdam et al. (this issue) describe in detail the CheMin- and 

SAM-derived compositions, respectively, of VRR drilled samples. CheMin data show all three 

VRR samples contain feldspars, pyroxene, hematite, calcium sulfates, phyllosilicates, and X-

ray amorphous material. The Highfield sample from the gray Jura has a very similar crystalline 

mineralogy as the Stoer red Pettegrove Point sample. The red sample has the most hematite of 

any sample drilled to date (~15 wt % of the bulk), although the hematite abundance is not 



 

 
©2020 American Geophysical Union. All rights reserved. 

significantly greater than rocks in the underlying Murray formation. Hematite (~9 wt %) is 

present in the gray sample, which, when combined with the color and spectral properties of this 

material (Fig. 12), is interpreted to imply gray rather than red hematite (>5 micrometer crystals) 

is present (Morris et al., this issue; Rampe et al., this issue). Spectral properties of the gray 

patches and dark diagenetic features within are also consistent with gray hematite (Horgan et 

al., this issue). Hematite is the dominant iron oxide in Stoer and Highfield, and these samples 

also contain around 0.5 wt % magnetite. For Rock Hall, akaganeite is the dominant iron oxide 

with minor hematite and no detectable magnetite. Stoer and Rock Hall also have minor jarosite, 

~1 wt % and ~2 wt % respectively.  

SAM evolved gas analyses corroborate the CheMin Fe-rich phyllosilicate detection, and 

also show all samples contained amorphous Mg sulfates (McAdam et al., this issue), which are 

not detected as crystalline phases by CheMin. Trace and/or amorphous reduced sulfur species, 

either iron sulfides or S-bearing organic compounds, may also be present in the Highfield and 

Rock Hall samples, but at abundances far below the CheMin detection limit (Wong et al., this 

issue). SAM also showed all three samples contained trace chloride salts and that Rock Hall 

also revealed evidence for oxychlorine and nitrate salts. Oxychlorine compounds had not been 

observed for ~1,200 sols (McAdam et al., this issue).  

Turner et al. (2020) use thermochemical modelling based on CheMin and APXS analyses 

to demonstrate that the clay-hematite assemblage observed on and below VRR could be formed 

through alteration by dilute groundwater brines with high water/rock ratios that are higher than 

Yellowknife Bay (Bridges et al., 2015). In this model, later alteration phases including the 

sulfates and akaganeite were superimposed on the main clay-hematite assemblage associated 

with VRR. 

5.4 Spectral variability and links to CRISM observation 

CheMin XRD data coupled with Mastcam multispectral and ChemCam passive spectral 

observations show that red hematite is dispersed throughout much of the VRR bedrock and is 

thus the source of the ~530 nm and ~860 nm spectral absorptions observed by CRISM over 

this region (Fraeman et al., this issue; Horgan et al., this issue; Rampe et al., this issue). 

Synergistic analysis of orbital and in situ spectral datasets demonstrates that VRR is associated 

with comparatively deep hematite-related spectral absorptions in orbital data in part because 

less sand and dust obscure the ridge, but also because, in several places, the VRR bedrock is 

associated with stronger spectral absorptions at ~530 nm and ~860 nm than observed anywhere 

else in the Murray formation (Fraeman et al., this issue). CheMin, ChemCam, and APXS data 
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all support the hypothesis that these deeper hematite-related spectral absorptions are primarily 

due to changes in grain size and/or a higher proportion of total hematite presenting as 

pigmenting hematite (Frydenvang et al., this issue; Jacob et al., this issue; Horgan et al., this 

issue; Rampe et al., this issue; Thompson et al., this issue). Notably, the spectral observations 

at VRR do not reflect significantly greater abundances of ferric minerals at VRR, which does 

not support the original interpretation of VRR as being a site of substantial iron enrichment. 

Maps of multiple spectral properties (band depths, slopes) across the ridge show that variations 

in these properties crosscut the primary sedimentary stratification, indicating that diagenetic 

alteration is likely responsible for the large-scale spectral variability, including within regions 

on VRR that have remarkably deep hematite-related spectral absorptions (Horgan et al., this 

issue).  

Curiosity’s investigation of the fractured outcrop on the lower ridge from sols 1814 – 1819 

revealed no significant chemical or spectral differences between outcrop near the fractures 

versus fracture-free outcrop once dust was removed. The apparent enhancement in hematite-

related absorptions observed in the Mastcam multispectral landscape images of the area 

occurred because the rough surfaces that bound the fractures are less dusty than the smooth 

surfaces between fractures (Fraeman et al., this issue). 

5.5 Rock hardness within VRR  

Two metrics qualitatively demonstrate that the rocks of the ridge are stronger than 

surrounding strata. First, the ridge itself stands topographically higher than surrounding rocks 

and is therefore more resistant to erosion than surrounding rocks. A distinct break in slope on 

both the north and south sides of the ridge results in it standing tens of meters above 

surrounding terrain (Fig. 2). Second, Curiosity’s drilling activities failed at several locations 

on the ridge because the hardness of the rocks was too great for the drill to achieve a sufficient 

rate of downward progress. Two of the three successful drill holes on VRR required a 

maximum percussion voice-coil level of 5, while the percussion levels on the third drill hole 

reached level 4. In comparison, Curiosity’s drill holes in rocks immediately to the north 

(Duluth) and south of the ridge (sol 2369’s “Aberlady” and sol 2384’s “Kilmarie” in Glen 

Torridon) only required a maximum percussion level of 2. For reference, voice-coil levels of 

2, 4, and 5 correspond percussion mechanism impact energies of 0.20 J, 0.45 J, and 0.61 J 

respectively (Peters et al., 2018). Methods to quantitatively estimate the compressive rock 

strengths using drill telemetry for nominal Curiosity drilling have been developed (Peters et 

al., 2018), but they are not applicable to FED-uP drilling. However, the significantly different 
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percussive levels required to drill VRR compared with surrounding units is a convincing 

qualitative indicator that VRR rocks are comparatively hard. 

6. Synthesis: The origin of Vera Rubin ridge 

6.1 Reason for relative erosion resistance of VRR 

The sedimentary rocks that compose VRR form a ridge because they are stronger and more 

resistant to erosion than the rocks in the surrounding terrain. The induration of sedimentary 

rocks is primarily affected by compaction and cementation, which in turn is linked to porosity 

and permeability (e.g. Burley & Worden, 2009). On average, the individual grains that 

compose the VRR rocks and the rocks beneath VRR are smaller than the maximum resolving 

power of MAHLI, which is ~17 - 45 µm (Bennett et al., this issue; Edgett et al., 2012). 

Curiosity’s instruments therefore cannot directly observe if grain size or shape differences are 

exclusive contributors to the difference in strength between VRR and adjacent rocks. In lieu of 

direct measurements, grain sizes can be estimated using the Gini index, a statistical parameter 

that describes the point-to-point variability of ChemCam LIBS points (Rivera-Hernández et 

al., 2019). Calculated Gini index values for rocks in the Pettegrove Point and Jura members are 

similar to values from rocks in the recessive Blunts Point member rocks, suggesting only a 

slight coarsening upwards from the Blunts Point member through the Jura (Bennett et al., this 

issue). Given this result, it seems likely that enhanced cementation played at least some part in 

VRR’s relative resistance to erosion compared with underlying and adjacent strata. Increased 

cementation at VRR is also consistent with its higher thermal inertia compared with 

surrounding Murray formation in orbital datasets (~350-400 vs. ~200-250 J m-2 K-1 s-½) 

(Edwards et al., 2018).  

What is the composition of the cement in VRR rocks? The association of the orbital 

hematite spectral signature with VRR was initially interpreted to suggest hematite as the 

cementing agent (Fraeman et al., 2013). However, CheMin data do not show any correlation 

between qualitative rock strength and crystalline hematite abundance (Jacob et al., this issue). 

Furthermore, there is no obvious correlation between qualitative rock strength and abundance 

of any crystalline phases measured by CheMin, elemental compositions measured by APXS or 

ChemCam, or estimated elemental compositions of the amorphous material in the CheMin data 

(Jacob et al., this issue). Mechanical studies show that very small amounts of cement can 

increase the strength of granular materials (Dvorkin et al., 1994; Wang et al., 2019; Yin & 

Dvorkin, 1994). Small changes in amount and composition of cement may therefore be 



 

 
©2020 American Geophysical Union. All rights reserved. 

undetectable by Curiosity’s payload instruments but still contribute to the increased strength of 

VRR rocks.  

Below VRR, quantitative calculations of the compressive strength of Murray formation 

rocks drilled with nominal drilling techniques similarly showed no clear correlations with 

CheMin-measured crystalline mineralogy or APXS/ChemCam elemental compositions (Peters 

et al., 2018). Based on the phases that were present, Peters et al. (2018) hypothesized either 

hematite, calcium sulfate, and/or phyllosilicates could be effective chemically derived 

cementing material in the Murray formation, and Smith et al., (2020) investigated the 

possibility of early stage diagenetic silica. These phases may also be cementing VRR.  

6.2 Curiosity’s findings eliminate several orbital-based hypotheses for VRR’s origin 

Data collected during Curiosity’s campaign at VRR do not support several hypotheses 

previously proposed about the ridge’s origin that were proposed from orbital observations 

(summarized in §1). If the ridge formed at a redox interface where dissolved Fe(II) was 

transported by near-neutral, anoxic waters that were later oxidized and caused precipitation of 

Fe(III) phases, we would expect to see either an increase in the total measured amount of iron 

at the ridge compared with surrounding regions or a substantial increase in the total wt % of 

ferric minerals. Neither is observed, so the redox interface hypothesis in not supported by VRR 

in situ data. 

Curiosity data also definitively confirm that the ridge is not an area that experienced 

extensive, top-down oxidative weathering that would have left a lag of iron oxides and other 

insoluble phases, similar to a laterite deposit. If this process had occurred, APXS and 

ChemCam would have measured increases in iron, aluminum, and titanium with increasing 

elevation on VRR (i.e. Nesbitt & Young, 1982). Similarly, the elemental enrichments and 

depletions caused by strong oxidative weathering would have been evident in increasingly 

higher calculated CIA values with increasing elevation on the ridge. Instead, APXS show CIA 

values that are constant across VRR, and ChemCam data even suggest that CIA values decrease 

towards the top of ridge, with values around 50-55 compared to the underlying Murray 

formation where values frequently reached 60 or more (Frydenvang et al., this issue; Mangold 

et al., 2019). This observation is directly opposite what would be observed in a scenario where 

open-system weathering was concentrated at the top of the ridge due to subaerial exposure. 

CheMin also did not observe any greater abundances of minerals that form in highly weathered 

environments, such as aluminous clays and silica phases, which would have been expected in 

this scenario (Rampe et al., this issue). 
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The findings at VRR neither refute or support a model where ferric or mixed ferrous/ferric 

precursor, such as green rust or ferrihydrite, precipitated directly in the lake at Gale (Hurowitz 

et al., 2017; Tosca et al., 2018). However, this model by itself does not explain VRR, i.e. VRR 

is not an isolated region where ferric phases precipitated directly in a lacustrine setting in 

response to changing redox conditions. In such a setting, we would expect Fe-rich bands and 

hematite spectra that followed primary bedding. In contrast, variations in hematite spectral 

signatures crosscut stratal boundaries (Fraeman et al., this issue), and measured FeOT contents 

do not vary in a systematic way between strata (Frydenvang et al., this issue; Thompson et al., 

this issue).  If ferric phases did precipitate directly in a lake, they were likely recrystallized 

and/or supplemented by additional ferric phases that formed during later diagenesis.  

6.3 Post-depositional processes shaped VRR  

We propose the VRR topography formed by wind erosion of a ~200 m wide, ~6.5 km long 

band of rocks along the base of Mt. Sharp that had been preferentially hardened by diagenetic 

processes (Fig. 16). Diagenesis in a mostly closed system caused enhanced crystallization 

and/or cementation that was associated with only minor compositional changes. However, this 

process changed the mineral grain size/crystallinity of some ferric phases (as evidenced in part 

by sharpened hematite diffraction peaks in CheMin data (Rampe et al., this issue) but below 

resolutions detectable using the Gini Index).  This is also consistent with Mastcam spectral 

properties suggesting a gradual coarsening of hematite through VRR, from finest in Blunts 

Point and coarsening through Pettegrove Point, red Jura, and coarsest in the gray Jura (Horgan 

et al., this issue). This coarsening/recrystallization resulted in the deep ferric-related spectral 

absorptions that are so distinguishable on the ridge from orbit. Formation of VRR by this model 

is also consistent with the finding that the ridge is geomorphic feature but not 

sedimentologically or stratigraphically distinct from the underlying and laterally equivalent 

Murray formation rocks.  

In addition to hardening the rocks that compose the ridge itself, diagenesis at VRR also 

created abundant centimeter-scale textural features (e.g. veins, nodules), meter-scale gray 

patches, small variations in the distribution of trace elements. These features could have formed 

during multiple, separate diagenetic events, or they could represent a related continuum of 

products from a single event with heterogenous geochemical conditions and fluid transport 

pathways. Examination of crosscutting relationships of diagenetic features suggest at least one 

to three distinct episodes, so a combination of the above endmember scenarios may have 

occurred (Horgan et al., this issue; L’Haridon et al., this issue). Sun et al. (2019) found the 
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VRR-forming members, Pettegrove Point and Jura had smaller concretions than the rest of the 

Murray, and suggested this observation demonstrated concretion formation postdated the 

initial cementation and loss of porosity in VRR.  Uniquely constraining the number and styles 

of diagenetic episodes is not possible without detailed microanalysis, but several hypotheses 

are considered within the articles in this special issue (Bennett et al., this issue; Das et al., this 

issue; David et al., this issue; Frydenvang et al., this issue; Horgan et al., this issue; L’Haridon 

et al., this issue; McAdam et al., this issue; Rampe et al., this issue; Thompson et al., this issue; 

Wong et al., this issue).  

6.3.1 Geochemical models  

Gray hematite is defined by its coarser mineral grain size (>3-5 µm) compared to red 

hematite (Catling & Moore, 2003; Morris et al., this issue). We hypothesize the gray hematite 

patches represent localized zones of more thorough conversion of nanophase and fine-grained 

red hematite into coarse-grained gray hematite, associated with the widespread event that 

caused recrystallization and cementation across the ridge (Bennett et al., this issue; Horgan et 

al., this issue; Rampe et al., this issue). On Earth, gray hematite is most commonly found in 

hydrothermal settings (T = 100 to 200 ˚C) (Catling & Moore, 2003; Evenson et al., 2014; 

Jensen et al., 2018), and based on the arguments below, we propose that the gray hematite at 

VRR is evidence that the diagenetic fluids that altered VRR strata also had moderately elevated 

temperatures. 

Fluids with even moderately elevated temperatures could have provided a route for 

accelerating Ostwald ripening across the ridge (Steefel & Van Cappellen, 1990). This 

mechanism has been suggested to explain the formation of iron oxide concretions and banding 

in the Navajo Sandstone (Potter et al., 2011; Wang et al., 2015), which experienced diagenetic 

temperatures of <100°C (Parry et al., 2004). Although the Navajo Sandstone has much lower 

abundances of iron than VRR (e.g., Beitler et al., 2005), this mechanism may generate localized 

hematite occurrences in otherwise bleached sandstone (Wang et al., 2015), potentially 

consistent with the centimeter-scale bleaching patterns (Fig. 9) and distribution of dark 

diagenetic features observed in VRR (Bennett et al., this issue). Fluids at elevated temperature 

may also have contained dissolved species capable of solubilizing Fe(III) via complexation 

(Scholten et al., 2019), which would accelerate the rate of coarsening. 

The mineralogy of VRR somewhat constrains the temperature range permitted during a 

diagenetic event or events. The lack of conversion of feldspars to zeolites (Rampe et al., this 

issue) make a prolonged, regional thermal event unlikely because zeolites form subsequent to 
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smectites during hydrothermal alteration and require Mg-depleted, alkaline fluids (Alt, 1999). 

The lack of chlorite also suggests temperatures did not exceed ~200˚C. Smectite in rocks of 

similar bulk composition as VRR are stable against conversion to chlorite up to temperatures 

between 100°C and 200°C, depending on the setting and fluid composition (Alt, 1999; Alt et 

al., 2010; Robinson et al., 2002). Brief thermal pulses, such as from transient hydrothermal 

fluids, are not observed to convert smectite to chlorite (Meunier, 2005). This is supported by 

hydrothermal alteration experiments, which found that smectites were the sole product of mafic 

rock alteration at 150°C after ~450 days of reaction (Seyfried & Bischoff, 1979). Conversely, 

the possible detection of ferripyrophyllite in VRR could indicate moderately elevated 

temperatures, but only if it is authigenic (McAdam et al., this issue; Rampe et al., this issue). 

One terrestrial occurrence of this mineral has an estimated formation temperature of ~60˚C 

(Decarreau et al., 1990), with other reported occurrences associated with hydrothermal systems 

(Chukhrov et al., 1979), and no occurrences reported in sedimentary assemblages, suggesting 

elevated temperature is required for ferripyrophyllite formation.  

Rampe et al (this issue) discuss possible heat sources that could have warmed diagenetic 

fluids in detail, which are summarized here. Diagenetic fluids with elevated temperatures may 

have been heated by burial and overburden of sediments combined with a greater past 

geothermal gradient. This may have resulted in temperatures up to 125 ˚C or greater (Borlina 

et al., 2015). Diagenetic fluids may have also been warmed at depth by geothermal plumes, 

perhaps from magmatic activity infiltrating fractures in the crust created by the Gale crater 

impact and circulated for hundreds of meters to kilometers. Remnant heat from the Gale impact 

may have been a heat source too (Schwenzer et al., 2012). A final potential source of heat is 

radiogenic heat from the decay of unstable isotopes of K, U, and Th in the sediment. Notably, 

Gale crater sediments are enriched in K2O relative to average Mars crust (e.g. Bedford et al., 

2019; Le Deit et al., 2016; Mangold et al., 2017; Siebach et al., 2017).  

The formation of new phases during diagenesis is an integrated function of both 

temperature and time (Tosca & Knoll, 2009), so an alternative model to warm fluids is 

recrystallization and coarsening at cooler temperatures over long time periods. However, this 

model raises greater uncertainties. Gray hematite has not been reported in low-temperature 

sedimentary environments to the best of our knowledge. In addition, current thermodynamic 

data predict that goethite, not hematite, is the stable iron oxide below 25 to 60°C (Majzlan et 

al., 2003; Navrotsky et al., 2008). It is unclear whether hematite coarsening would occur during 

long aging times at cool temperatures when the thermodynamic driving force favors a different 

mineral. It is possible that pre-existing hematite may coarsen over time via Ostwald ripening 



 

 
©2020 American Geophysical Union. All rights reserved. 

at low temperatures (Steefel & Van Cappellen, 1990), although localizing this phenomenon to 

the zone of gray hematite is difficult to explain why the gray hematite zone would have been 

exposed to cool fluids for an extended period of time.  

Finally, L’Haridon et al. (this issue) and David et al. (this issue) explore an additional 

scenario, arguing that reducing conditions mobilized ferric phases in the diagenetic event that 

formed the Fe-rich nodules (L’Haridon et al., this issue) or the entire ridge (David et al., this 

issue). Iron reduction provides a clear mechanism to deplete Fe in the halos around gray Fe-

rich overgrowths (Fig. 9). However, the reducing species responsible for such a process is 

unclear. In terrestrial sedimentary units such bleaching is caused by hydrocarbon migration or 

H2S in brines, which may also lead to the formation magnetite or pyrite (Chan et al., 2000; 

Parry et al., 2004). While the dissolved Fe(II) generated can induce recrystallization of any 

remaining iron oxides, this preserves the original grain size and cannot drive coarsening 

(Frierdich et al., 2015; Handler et al., 2009, 2014; Rosso et al., 2010). Instead, preserving much 

of the iron content of the rock, and generating gray hematite, would also require introduction 

of an oxidant to convert any dissolved Fe(II) formed via reduction back into Fe(III).  

6.3.2 Fluid Pathways  

The source of diagenetic fluids is not well constrained. Diagenetic fluids can originate 

from three sources: (1) connate water that is trapped by sediment as it is buried, (2) thermobaric 

water that is derived from hydrated minerals as sediments experience increased pressure and 

temperature, and (3) meteoric water that permeates the subsurface. Because of the evidence of 

late diagenesis, it is unlikely that connate water survived the burial and lithification of the 

Murray and overlying Stimson formations. Thermobaric water could have been derived locally 

from the conversion of smectite to ferripyrophyllite, opaline silica, and hematite (e.g., Rampe 

et al., this issue). Thermobaric water may have also been derived regionally from the 

dewatering of smectite-bearing sediments as Mount Sharp formed. Meteoric water may have 

been present in the Gale crater subsurface for over a billion years after the deposition of the 

Murray formation. K-Ar dating of jarosite in a sample from the Pahrump Hills demonstrated it 

formed 2.12±0.36 Ga (Martin et al., 2017). The jarosite found by CheMin in VRR could not 

be dated by SAM, but the presence of hematite and jarosite in the Pahrump Hills and VRR may 

indicate formation during very late diagenesis. Although Rampe et al. (this issue) hypothesize 

that the diagenetic fluids that influenced the mineralogy of VRR may have been sourced from 

a long distance as discussed below, there is evidence that some of these fluids were local and 

relatively static (e.g., halos surrounding gray Fe-rich overgrowths; L’Haridon et al., this issue). 
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The fluids responsible for enhanced diagenesis at VRR could have followed three 

pathways (Fig. 16). In one scenario (Path 1), flows originating from precipitation, snowmelt, 

or dewatering of the overlying sulfate-bearing strata may have been concentrated as surface 

runoff and shallow subsurface by Gediz Vallis, the canyon located directly south of VRR (Fig. 

1). Currently Gediz Vallis is downslope of an ~64 km2 catchment on the shoulder of Mt. Sharp, 

and the arcuate shape of the diagenetically altered zone that resulted in the erosionally emergent 

ridge (Fig. 17) may have been influence by localized fluids arriving from Gediz Vallis. Gediz 

Vallis ridge deposits appear to record water-driven sediment transport down Gediz Vallis (Bryk 

et al., 2019; Palucis et al., 2016), further pointing to the flux of shallow water from Mt. Sharp 

across the VRR location. At the base of Gediz Vallis, shallow subsurface fluids may have been 

further focused along the unconformity between the Greenheugh pediment and underlying 

Murray formation, taking advantage of changes in permeability and porosity associated with 

the contact. Topographic projections from the base of the modern-day Greenheugh pediment 

suggest it could have once covered VRR, placing the top of VRR on what would have been a 

bounding surface of an unconformity (Bryk et al., 2019).  After diagenesis, wind erosion 

cutting through the Greenheugh pediment cap may have etched out the southern side of an 

arcuate, diagenetically-strengthened VRR deposit. This suggests that the hardening resulting 

from diagenesis found at VRR may not extend farther upslope. Although local groundwater 

flows likely occurred here, it is difficult to explain why fluids traveling along this pathway 

would have been warm. 

Diagenesis could have alternatively been driven by deeper, regional subsurface flows 

traveling from the southern highland towards the northern lowlands through fractures in the 

Martian crust (Path 2 and 3). Gale crater lies on the Martian dichotomy boundary and is notably 

downslope of the highlands to the south. The crater floor is the deepest point for hundreds of 

surrounding kilometers, and there is ample evidence of surface flows towards and probably 

into Gale (Irwin et al., 2005; Palucis et al., 2016). Irwin et al. (2005) traced a channel network 

originating on the rim of Herschel crater (about 600 km to the south) to Gale crater.  Several 

smaller craters to the south of Gale were breached by channels entering from the south (Palucis 

et al., 2016).  Horvath & Andrews‐Hanna (2017) report a hydrologic model of late stage lakes 

in Gale that links lake level to regional-scale groundwater flow. Path 2 shows a shallower 

groundwater flow path that would cross through Mt. Sharp.  Path 3 shows a deeper path that 

would develop under a deep crater relative to a local or regional groundwater table. Hence, 

deep flows entering Gale could be forced up, possibly from great depths, and these waters may 
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have been warmed from those depths. Future hydrological modeling could test the viability of 

either of these scenarios. 

7. Conclusions 

Curiosity’s exploration of Vera Rubin ridge addressed all three campaign goals: 

Campaign Goal 1: Understand the primary depositional setting of the sedimentary rocks 

that make up the ridge and document their stratigraphic relationship with surrounding units. 

Rocks composing VRR were deposited in lacustrine and lacustrine-margin settings with 

occasional intervals of subaqueous traction transport, and are interpreted to be a continuation 

of the Murray formation (Edgar et al., this issue).  Rocks within VRR are relatively flat lying 

and form a distinct geomorphic ridge feature due to post-depositional diagenetic processes 

rather than to variation in depositional processes and environments (Edgar et al., this issue; 

Stein et al., this issue). 

Campaign Goal 2: Determine the source of the orbital hematite signature, understand its 

relationship with other hematite detections in Mt. Sharp, and test the hypothesis that the 

hematite associated with the ridge indicated a site of past iron oxidation. The orbital spectral 

signature of hematite is caused by hematite associated with the bedrock of VRR.  There is not 

a significantly greater abundance of hematite on VRR than surrounding rocks, but the ridge is 

associated with deeper spectral absorptions in situ that are likely due to enhanced crystallization 

or cementation caused by diagenesis (Fraeman et al., this issue; Horgan et al., this issue; Jacob 

et al., this issue; Rampe et al., this issue). The ridge does not preserve a redox interface. 

Campaign Goal 3: Document additional primary and secondary geochemical environments 

that are preserved in the ridge. There is abundant textural, mineralogical, and chemical 

evidence of diagenetic overprinting across multiple spatial scales on VRR (Bennett et al., this 

issue; Das et al., this issue; David et al., this issue; Frydenvang et al., this issue; Horgan et al., 

this issue; L’Haridon et al., this issue; McAdam et al., this issue; Rampe et al., this issue; 

Thomas et al., this issue; Thompson et al., this issue; Turner et al., 2020; Wong et al., this 

issue). The ridge experienced a complex diagenetic history after sediments were initially 

deposited, and various hypotheses about geochemistry of diagenetic fluids are presented 

throughout this special issue (David et al., this issue; Frydenvang et al., this issue; L’Haridon 

et al., this issue; McAdam et al., this issue; Rampe et al., this issue; Turner et al., 2020; Wong 

et al., this issue). 

Curiosity’s exploration of the ridge advances our knowledge of the history and habitability 

of Gale crater. The discovery that VRR itself was created by diagenetic processes provides a 
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new example of the large-scale effects of subsurface diagenesis on the Martian rock record. 

The continuation of predominantly lacustrine sedimentation recorded within the ridge 

demonstrates that habitable lakes persisted in Gale crater even longer than previously reported 

(Grotzinger et al., 2015; Stack et al., 2019; Edgar et al., this issue). While VRR does not 

represent a redox interface that would have marked a new kind of habitable environment, the 

evidence for at least one, and more likely multiple, late stage interactions with diagenetic fluids 

at VRR further expands the period of time when liquid waters would have been present at Gale 

crater, likely in the shallow or deep subsurface.  The presence of coarse-grained gray hematite 

on the ridge top in particular could indicate waters were warm and/or long lived, which could 

have provided promising environments in the shallow subsurface sheltered from surface 

radiation and temperature variations. Combined, these results suggest habitable environments 

at Gale crater may have been preserved late into the Hesperian, first at the surface and later in 

the subsurface. 

8. Acknowledgements 

We acknowledge the hundreds of members of Curiosity’s science and engineering team, 

without each of whom it would have not been possible to collect this rich in situ dataset. We 

thank Deane Rogers and Sally Potter-McIntyre for providing thoughtful comments that 

improved the clarity of this manuscript. We would like to thank Scott McLennan, Dawn 

Sumner, and Allan Treiman for serving as guest editors for this special issue. We would also 

like to thank the JGR-Planets editors and staff for their support and patience, especially Laurent 

Montessi, Tanya Dzekon, and Steven Hauck. AAF thanks E. Lakdawalla for improving the 

plain language summary. AAF, CMF, CHH, CH, KMS, REA, CSE, BHNH, JRJ, and MRS  

acknowledge funding through the MSL Participating Scientist Program.  JGC acknowledges 

funding the NASA Exobiology Program. SG acknowledges funding from the UK Space 

Agency (UKSA) grants ST/N000579/1 and ST/S001492/1, and JB, SPS, and SMT 

acknowledge funding by UKSA grant ST/S001476/1. All of the data collected by Curiosity 

during the Vera Rubin ridge campaign can be found on the Planetary Data System (PDS, 

http://pds.nasa.gov) and most are easily accessible on the Curiosity Analyst’s Notebook 

(https://an.rsl.wustl.edu/msl). This review contains no new data, and the reader should refer to 

the data statements in the cited manuscripts. This research was carried out at the Jet Propulsion 

Laboratory, California Institute of Technology, under a contract with the National Aeronautics 

and Space Administration © 2020. All rights reserved.  

http://pds.nasa.gov/
https://an.rsl.wustl.edu/msl


 

 
©2020 American Geophysical Union. All rights reserved. 

Cross references for articles in this issue: 

Bennett et al., Extensive diagenesis revealed by fine-scale features at Vera Rubin ridge, Gale 

crater, Mars, 2019JE006311 

Das et al., Boron and Lithium in Calcium Sulfate Veins: Tracking Precipitation of Diagenetic 

Materials in Vera Rubin Ridge, Gale Crater, 2019JE006301 

David et al., Iron oxide mineral grains observed by ChemCam across Vera Rubin ridge 

sedimentary rocks at Gale crater, Mars, 2019JE006314 

Edgar et al., A lacustrine paleoenvironment recorded at Vera Rubin ridge, Gale crater: 

Overview of the sedimentology and stratigraphy observed by the Mars Science 

Laboratory Curiosity rover, 2019JE006307RR (accepted) 

Fraeman et al., Synergistic ground and orbital observations of iron oxides on Mt. Sharp and 

Vera Rubin ridge, 2019JE006294 

Frydenvang et al., The chemostratigraphy of the Murray formation and role of diagenesis at 

Vera Rubin ridge in Gale crater, Mars, as observed by the ChemCam instrument, 

2019JE006320R 

Horgan et al., Diagenesis of Vera Rubin ridge, Gale crater, Mars from Mastcam multispectral 

images, 2019JE006322 

Jacob et al., Spectral, Compositional, and Physical Properties of the Upper Murray Formation 

and Vera Rubin Ridge, Gale Crater, Mars, 2019JE006290 

L’Haridon et al., Iron Mobility during Diagenesis as Observed by ChemCam at the Vera 

Rubin Ridge, Gale Crater, Mars, 2019JE006299 

McAdam et al., Constraints on the Mineralogy and Geochemistry of the Vera Rubin ridge, 

Gale crater, Mars, from Mars Science Laboratory Sample Analysis at Mars Evolved 

Gas Analyses, 2019JE006309R (accepted) 

Morris et al., Hydrothermal Precipitation of Sanidine (Adularia) Having Full Al,Si Structural 

Disorder and Specular Hematite at Maunakea Volcano (Hawai'i) and at Gale Crater 

(Mars), 2019JE006324 

Rampe et al., Mineralogy of Vera Rubin Ridge from the Mars Science Laboratory CheMin 

Instrument, 2019JE006306R (accepted) 

Stein et al., Regional structural orientation of the Mt. Sharp group revealed by in-situ dip 

measurements and stratigraphic correlations on the Vera Rubin ridge, 

2019JE006298R (accepted) 

Thomas et al., Hydrogen Variability in the Murray Formation, Gale Crater, Mars, 

2019JE006289R (accepted) 

Thompson et al., APXS-derived compositional characteristics of the Vera Rubin Ridge, Gale 

crater, Mars: Geochemical implications for the origin of the ridge, 2019JE006319 

Wong et al., Detection of reduced sulfur on Vera Rubin ridge by quadratic discriminant 

analysis of volatiles observed during evolved gas analysis, 2019JE006304 

 

  



 

 
©2020 American Geophysical Union. All rights reserved. 

References 

Abbey, W., Anderson, R., Beegle, L., Hurowitz, J., Williford, K., Peters, G., Morookian, J. 

M., Collins, C., Feldman, J., Kinnett, R., Jandura, L., Limonadi, D., Logan, C., 

McCloskey, S., Melko, J., Okon, A., Robinson, M., Roumeliotis, C., … Warner, N. 

(2019). A look back: The drilling campaign of the Curiosity rover during the Mars 

Science Laboratory’s Prime Mission. Icarus, 319, 1-13. 

https://doi.org/10.1016/j.icarus.2018.09.004 

Allen, C. C., Westall, F., & Schelble, R. T. (2001). Importance of a Martian Hematite Site for 

Astrobiology. Astrobiology, 1(1), 111–123. 

https://doi.org/10.1089/153110701750137495 

Alt, J. C. (1999). Very Low-Grade Hydrothermal Metamorphism of Basic Igneous Rocks. In 

Low-Grade Metamorphism (pp. 169–201). John Wiley & Sons, Ltd. 

https://doi.org/10.1002/9781444313345.ch6 

Alt, Jeffrey C., Laverne, C., Coggon, R. M., Teagle, D. A. H., Banerjee, N. R., Morgan, S., 

Smith‐Duque, C. E., Harris, M., & Galli, L. (2010). Subsurface structure of a 

submarine hydrothermal system in ocean crust formed at the East Pacific Rise, 

ODP/IODP Site 1256. Geochemistry, Geophysics, Geosystems, 11(10). 

https://doi.org/10.1029/2010GC003144 

Anderson, R. B., & Bell, J. F., III. (2010). Geologic mapping and characterization of Gale 

Crater and implications for its potential as a Mars Science Laboratory landing site. 

International Journal of Mars Science and Exploration, 5, 76–128. 

https://doi.org/10.1555/mars.2010.0004 

Anderson, R. C., Jandura, L., Okon, A. B., Sunshine, D., Roumeliotis, C., Beegle, L. W., 

Hurowitz, J., Kennedy, B., Limonadi, D., McCloskey, S., Robinson, M., Seybold, C., 

& Brown, K. (2012). Collecting Samples in Gale Crater, Mars; an Overview of the 

Mars Science Laboratory Sample Acquisition, Sample Processing and Handling 

System. Space Science Reviews, 170(1), 57–75. https://doi.org/10.1007/s11214-012-

9898-9 

Bahcall, N.A. (2017). Vera C. Rubin: Pioneering American astronomer (1928-2016). 

Proceedings of the National Academy of Sciences of the United States of America, 

114(9), 2099-2100. https://doi.org/10.1073/pnas.1701066114. 

Banham, S. G., Gupta, S., Rubin, D. M., Watkins, J. A., Sumner, D. Y., Edgett, K. S., 

Grotzinger, J. P., Lewis, K. W., Edgar, L. A., Stack‐Morgan, K. M., Barnes, R., Bell, 

J. F., Day, M. D., Ewing, R. C., Lapotre, M. G. A., Stein, N. T., Rivera‐Hernandez, 

F., & Vasavada, A. R. (2018). Ancient Martian aeolian processes and 

palaeomorphology reconstructed from the Stimson formation on the lower slope of 

Aeolis Mons, Gale crater, Mars. Sedimentology, 65(4), 993–1042. 

https://doi.org/10.1111/sed.12469 

Bedford, C. C., Bridges, J. C., Schwenzer, S. P., Wiens, R. C., Rampe, E. B., Frydenvang, J., 

& Gasda, P. J. (2019). Alteration trends and geochemical source region characteristics 

preserved in the fluviolacustrine sedimentary record of Gale crater, Mars. Geochimica 

et Cosmochimica Acta, 246, 234–266. https://doi.org/10.1016/j.gca.2018.11.031 

Beitler, B., Parry, W. T., & Chan, M. A. (2005). Fingerprints of fluid flow: Chemical 

diagenetic history of the Jurassic Navajo Sandstone, southern Utah, U.S.A. Journal of 

Sedimentary Research, 75(4), 547-561. https://doi.org/10.2110/jsr.2005.045. 

Bell III, J. F., Godber, A., McNair, S., Caplinger, M. A., Maki, J. N., Lemmon, M. T., Van 

Beek, J., Malin, M. C., Wellington, D., Kinch, K. M., Madsen, M. B., Hardgrove, C., 

Ravine, M. A., Jensen, E., Harker, D., Anderson, R. B., Herkenhoff, K. E., Morris, R. 

V., Cisneros, E., & Deen, R. G. (2017). The Mars Science Laboratory Curiosity rover 



 

 
©2020 American Geophysical Union. All rights reserved. 

Mastcam instruments: Preflight and in-flight calibration, validation, and data 

archiving. Earth and Space Science, 4(7), 396–452. 

https://doi.org/10.1002/2016EA000219 

Blake, D., Vaniman, D., Achilles, C., Anderson, R., Bish, D., Bristow, T., Chen, C., Chipera, 

S., Crisp, J., Des Marais, D., Downs, R. T., Farmer, J., Feldman, S., Fonda, M., 

Gailhanou, M., Ma, H., Ming, D. W., Morris, R. V., Sarrazin, P., … Yen, A. (2012). 

Characterization and Calibration of the CheMin Mineralogical Instrument on Mars 

Science Laboratory. Space Science Reviews, 170(1), 341–399. 

https://doi.org/10.1007/s11214-012-9905-1 

Borlina, C. S., Ehlmann, B. L., & Kite, E. S. (2015). Modeling the thermal and physical 

evolution of Mount Sharp’s sedimentary rocks, Gale Crater, Mars: Implications for 

diagenesis on the MSL Curiosity rover traverse. Journal of Geophysical Research: 

Planets, 120(8), 1396–1414. https://doi.org/10.1002/2015JE004799 

Bridges, J. C., Schwenzer, S. P., Leveille, R., Westall, F., Wiens, R. C., Mangold, N., 

Bristow, T., Edwards, P., & Berger, G. (2015). Diagenesis and clay mineral formation 

at Gale Crater, Mars. Journal of Geophysical Research: Planets, 120(1), 1–19. 

https://doi.org/10.1002/2014JE004757 

Bristow, T. F., Rampe, E. B., Achilles, C. N., Blake, D. F., Chipera, S. J., Craig, P., Crisp, J. 

A., Marais, D. J. D., Downs, R. T., Gellert, R., Grotzinger, J. P., Gupta, S., Hazen, R. 

M., Horgan, B., Hogancamp, J. V., Mangold, N., Mahaffy, P. R., McAdam, A. C., 

Ming, D. W., … Yen, A. S. (2018). Clay mineral diversity and abundance in 

sedimentary rocks of Gale crater, Mars. Science Advances, 4(6), eaar3330. 

https://doi.org/10.1126/sciadv.aar3330 

Brundrett, M., Yan, W., Velazquez, M. C., Rao, B., & Jackson, W. A. (2019). Abiotic 

Reduction of Chlorate by Fe(II) Minerals: Implications for Occurrence and 

Transformation of Oxy-Chlorine Species on Earth and Mars. ACS Earth and Space 

Chemistry, 3(5), 700–710. https://doi.org/10.1021/acsearthspacechem.8b00206 

Bryk, A., Dietrich, W. E., Lamb, M. P., Grotzinger, J., Vasavada, A. R., Stack, K. M., 

Arvidson, R. E., Fedo, C., Fox, V. K., Gupta, S., Wiens, R. C., Williams, R. M. E., 

Kronyak, R., Lewis, K. W., Rubin, D. M., Rapin, W., Le Deit, L., Le Mouélic, S., 

Edgett, K. S., … Kah, L. C. (2019). What was the original extent of the Greenheugh 

pediment and Gediz Vallis ridge reposits in Gale crater, Mars? Ninth International 

Conference on Mars. https://www.hou.usra.edu/meetings/ninthmars2019/pdf/6296.pdf 

Burley, S., & Worden, R. (2009). Sandstone Diagenesis: Recent and Ancient. John Wiley & 

Sons. 

Catling, D. C., & Moore, J. M. (2003). The nature of coarse-grained crystalline hematite and 

its implications for the early environment of Mars. Icarus, 165(2), 277–300. 

https://doi.org/10.1016/S0019-1035(03)00173-8 

Chan, M. A., Parry, W. T., & Bowman, J. R. (2000). Diagenetic Hematite and Manganese 

Oxides and Fault-Related Fluid Flow in Jurassic Sandstones, Southeastern Utah. 

AAPG Bulletin, 84(9), 1281–1310. https://doi.org/10.1306/A9673E82-1738-11D7-

8645000102C1865D 

Chukhrov, F. V., Zvyagin, B. B., Drits, V. A., Gorskhov, L. P., Ermilova, L. P., Goilo, E. A., 

& Rudnitskaya, E. S. (1979). Uber ferripyrophyllit. Chemie Der Erde, 38, 324–330. 

Czarnecki, S., Hardgrove, C., Gasda, P. J., Gabriel, T. S. J., Starr, M., Rice, M. S., 

Frydenvang, J., Wiens, R. C., Rapin, W., Nikiforov, S., Lisov, D., Litvak, M., Calef, 

F., Gengl, H., Newsom, H., Thompson, L., & Nowicki, S. (2020). Identification and 

Description of a Silicic Volcaniclastic Layer in Gale Crater, Mars, Using Active 

Neutron Interrogation. Journal of Geophysical Research: Planets, 125(3), 

e2019JE006180. https://doi.org/10.1029/2019JE006180 



 

 
©2020 American Geophysical Union. All rights reserved. 

Decarreau, A., Badaut, D., & Blanc, G. (1990). Origin and temperature formation of Fe rich 

clays from Atlantis II deep deposits (Red Sea). An oxygen isotopic geochemistry 

approach. Chemical Geology, 84(1), 363–364. https://doi.org/10.1016/0009-

2541(90)90267-B 

Dvorkin, J., Nur, A., & Yin, H. (1994). Effective properties of cemented granular materials. 

Mechanics of Materials, 18(4), 351–366. https://doi.org/10.1016/0167-

6636(94)90044-2 

Edgett, K. S., Yingst, R. A., Ravine, M. A., Caplinger, M. A., Maki, J. N., Ghaemi, F. T., 

Schaffner, J. A., Bell, J. F., Edwards, L. J., Herkenhoff, K. E., Heydari, E., Kah, L. C., 

Lemmon, M. T., Minitti, M. E., Olson, T. S., Parker, T. J., Rowland, S. K., Schieber, 

J., Sullivan, R. J., … Goetz, W. (2012). Curiosity’s Mars Hand Lens Imager 

(MAHLI) Investigation. Space Science Reviews, 170(1), 259–317. 

https://doi.org/10.1007/s11214-012-9910-4 

Edwards, C. S., Piqueux, S., Hamilton, V. E., Fergason, R. L., Herkenhoff, K. E., Vasavada, 

A. R., Bennett, K. A., Sacks, L., Lewis, K., & Smith, M. D. (2018). The 

Thermophysical Properties of the Bagnold Dunes, Mars: Ground-Truthing Orbital 

Data. Journal of Geophysical Research: Planets, 123(5), 1307–1326. 

https://doi.org/10.1029/2017JE005501 

Eigenbrode, J. L., Summons, R. E., Steele, A., Freissinet, C., Millan, M., Navarro-González, 

R., Sutter, B., McAdam, A. C., Franz, H. B., Glavin, D. P., Archer, P. D., Mahaffy, P. 

R., Conrad, P. G., Hurowitz, J. A., Grotzinger, J. P., Gupta, S., Ming, D. W., Sumner, 

D. Y., Szopa, C., … Coll, P. (2018). Organic matter preserved in 3-billion-year-old 

mudstones at Gale crater, Mars. Science, 360(6393), 1096–1101. 

https://doi.org/10.1126/science.aas9185 

Evenson, N. S., Reiners, P. W., Spencer, J. E., & Shuster, D. L. (2014). Hematite and Mn 

oxide (U-Th)/He dates from the Buckskin-Rawhide detachment system, western 

Arizona: Gaining insights into hematite (U-Th)/He systematics. American Journal of 

Science, 314(10), 1373–1435. https://doi.org/10.2475/10.2014.01 

Fedo, C., Grotzinger, J. P., Gupta, S., Banham, S., Bennett, K., Edgar, L. A., Edgett, K., Fox, 

V. K., Fraeman, A. A., House, C., Lewis, K. W., Stack, K. M., Rubin, D. M., Siebach, 

K., Sumner, D. Y., Sun, V., & Vasavada, A. R. (2019). Evidence for persistent, water-

rich lacustrine deposition preserved in the Murray formation, Gale crater: A 

depositional system suitable for sustained habitability. Ninth International Conference 

on Mars. https://www.hou.usra.edu/meetings/ninthmars2019/pdf/6308.pdf 

Fox, V. K., Bennett, K., Arvidson, R. E., Ehlmann, B. L., Stack, K. M., Dehouck, E., 

Grotzinger, J. P., Bristow, T. F., Salvatore, M., & Catalano, J. G. (2019). Martian clay 

minerals from orbit to the surface: MSL and MER rover investigations of CRISM 

smectite detections. LPI Contrib. No. 2089, 6372. 

https://www.hou.usra.edu/meetings/ninthmars2019/pdf/6372.pdf 

Fraeman, A. A., Arvidson, R. E., Catalano, J. G., Grotzinger, J. P., Morris, R. V., Murchie, S. 

L., Stack, K. M., Humm, D. C., McGovern, J. A., Seelos, F. P., Seelos, K. D., & 

Viviano, C. E. (2013). A hematite-bearing layer in Gale Crater, Mars: Mapping and 

implications for past aqueous conditions. Geology, 41(10), 1103–1106. 

https://doi.org/10.1130/G34613.1 

Fraeman, A. A., Ehlmann, B. L., Arvidson, R. E., Edwards, C. S., Grotzinger, J. P., Milliken, 

R. E., Quinn, D. P., & Rice, M. S. (2016). The stratigraphy and evolution of lower 

Mount Sharp from spectral, morphological, and thermophysical orbital data sets: 

Stratigraphy and Evolution of Mount Sharp. Journal of Geophysical Research: 

Planets, 121(9), 1713–1736. https://doi.org/10.1002/2016JE005095 



 

 
©2020 American Geophysical Union. All rights reserved. 

Freissinet, C., Glavin, D. P., Mahaffy, P. R., Miller, K. E., Eigenbrode, J. L., Summons, R. 

E., Brunner, A. E., Buch, A., Szopa, C., Archer, P. D., Franz, H. B., Atreya, S. K., 

Brinckerhoff, W. B., Cabane, M., Coll, P., Conrad, P. G., Marais, D. J. D., Dworkin, 

J. P., Fairén, A. G., … Zorzano, M.-P. (2015). Organic molecules in the Sheepbed 

Mudstone, Gale Crater, Mars. Journal of Geophysical Research: Planets, 120(3), 

495–514. https://doi.org/10.1002/2014JE004737 

Frierdich, A. J., Helgeson, M., Liu, C., Wang, C., Rosso, K. M., & Scherer, M. M. (2015). 

Iron Atom Exchange between Hematite and Aqueous Fe(II). Environmental Science 

& Technology, 49(14), 8479–8486. https://doi.org/10.1021/acs.est.5b01276 

Gabriel, T. S. J., Hardgrove, C., Czarnecki, S., Rampe, E. B., Rapin, W., Achilles, C. N., 

Sullivan, D., Nowicki, S., Thompson, L., Litvak, M., Mitrofanov, I., & Downs, R. T. 

(2018). Water Abundance of Dunes in Gale Crater, Mars From Active Neutron 

Experiments and Implications for Amorphous Phases. Geophysical Research Letters, 

45(23), 12,766-12,775. https://doi.org/10.1029/2018GL079045 

Gasda, P. J., Lanza, N. L., Meslin, P.-Y., Forni, O., L’Haridon, J., Fischer, W. W., Hurowitz, 

J., Rivera-Hernandez, F., Sumner, D. Y., Stein, N. T., Lamm, S. N., Ollila, A. M., 

Clark, B. C., Fairen, A. G., Newsom, H. E., Frydenvang, J., Clegg, S. M., Wiens, R. 

C., & Maurice, S. (2019). High-Mn Sandstone as Evidence for Oxidized Conditions in 

Gale Crater Lake. 2132. 

Gellert, R., & Clark, B. C. (2015). In Situ Compositional Measurements of Rocks and Soils 

with the Alpha Particle X-ray Spectrometer on NASA’s Mars Rovers. Elements, 

11(1), 39–44. https://doi.org/10.2113/gselements.11.1.39 

Golombek, M., Grant, J., Kipp, D., Vasavada, A., Kirk, R., Fergason, R., Bellutta, P., Calef, 

F., Larsen, K., Katayama, Y., Huertas, A., Beyer, R., Chen, A., Parker, T., Pollard, B., 

Lee, S., Sun, Y., Hoover, R., Sladek, H., … Watkins, M. (2012). Selection of the 

Mars Science Laboratory Landing Site. Space Science Reviews, 170(1), 641–737. 

https://doi.org/10.1007/s11214-012-9916-y 

Graff, T. G., Morris, R. V., Ming, D. W., Hamilton, J. C., Adams, M., Fraeman, A. A., 

Arvidson, R. E., Catalano, J. G., & Mertzman, S. A. (2014). Chemical and 

mineralogical characterization of a hematite-bearing ridge on Mauna Kea, Hawaii: A 

potential mienralogical process analog for the Mount Sharp hematite ridge. 2019. 

https://www.hou.usra.edu/meetings/lpsc2014/pdf/2019.pdf 

Grotzinger, J. P., Gupta, S., Malin, M. C., Rubin, D. M., Schieber, J., Siebach, K., Sumner, 

D. Y., Stack, K. M., Vasavada, A. R., Arvidson, R. E., Calef, F., Edgar, L., Fischer, 

W. F., Grant, J. A., Griffes, J., Kah, L. C., Lamb, M. P., Lewis, K. W., Mangold, N., 

… Wilson, S. A. (2015). Deposition, exhumation, and paleoclimate of an ancient lake 

deposit, Gale crater, Mars. Science, 350(6257), aac7575. 

https://doi.org/10.1126/science.aac7575 

Grotzinger, John P. (2014). Habitability, Taphonomy, and the Search for Organic Carbon on 

Mars. Science, 343(6169), 386–387. https://doi.org/10.1126/science.1249944 

Grotzinger, John P., Crisp, J., Vasavada, A. R., Anderson, R. C., Baker, C. J., Barry, R., 

Blake, D. F., Conrad, P., Edgett, K. S., Ferdowski, B., Gellert, R., Gilbert, J. B., 

Golombek, M., Gómez-Elvira, J., Hassler, D. M., Jandura, L., Litvak, M., Mahaffy, 

P., Maki, J., … Wiens, R. C. (2012). Mars Science Laboratory Mission and Science 

Investigation. Space Science Reviews, 170(1), 5–56. https://doi.org/10.1007/s11214-

012-9892-2 

Gwizd, S., Fedo, C., Grotzinger, J. P., Edgett, K. S., Gupta, S., Stack, K. M., Banham, S. G., 

Edgar, L. A., & Sumner, D. Y. (2019). Toward a greater understanding of cross-

stratified facies in the Hartmann’s Valley member of the Murray formation, Gale 



 

 
©2020 American Geophysical Union. All rights reserved. 

crater, Mars. LPI Contrib. No. 2089, 6183. 

https://www.hou.usra.edu/meetings/ninthmars2019/pdf/6183.pdf 

Handler, R. M., Beard, B. L., Johnson, C. M., & Scherer, M. M. (2009). Atom Exchange 

between Aqueous Fe(II) and Goethite: An Fe Isotope Tracer Study. Environmental 

Science & Technology, 43(4), 1102–1107. https://doi.org/10.1021/es802402m 

Handler, R. M., Frierdich, A. J., Johnson, C. M., Rosso, K. M., Beard, B. L., Wang, C., Latta, 

D. E., Neumann, A., Pasakarnis, T., Premaratne, W. A. P. J., & Scherer, M. M. 

(2014). Fe(II)-Catalyzed Recrystallization of Goethite Revisited. Environmental 

Science & Technology, 48(19), 11302–11311. https://doi.org/10.1021/es503084u 

Hardgrove, C., Moersch, J., & Drake, D. (2011). Effects of geochemical composition on 

neutron die-away measurements: Implications for Mars Science Laboratory’s 

Dynamic Albedo of Neutrons experiment. Nuclear Instruments and Methods in 

Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated 

Equipment, 659(1), 442–455. https://doi.org/10.1016/j.nima.2011.08.058 

Hays, L. E., Graham, H. V., Des Marais, D. J., Hausrath, E. M., Horgan, B., McCollom, T. 

M., Parenteau, M. N., Potter-McIntyre, S. L., Williams, A. J., & Lynch, K. L. (2017). 

Biosignature Preservation and Detection in Mars Analog Environments. Astrobiology, 

17(4), 363–400. https://doi.org/10.1089/ast.2016.1627 

Horvath, D. G., & Andrews‐Hanna, J. C. (2017). Reconstructing the past climate at Gale 

crater, Mars, from hydrological modeling of late-stage lakes. Geophysical Research 

Letters, 44(16), 8196–8204. https://doi.org/10.1002/2017GL074654 

Hurowitz, J. A., Grotzinger, J. P., Fischer, W. W., McLennan, S. M., Milliken, R. E., Stein, 

N., Vasavada, A. R., Blake, D. F., Dehouck, E., Eigenbrode, J. L., Fairén, A. G., 

Frydenvang, J., Gellert, R., Grant, J. A., Gupta, S., Herkenhoff, K. E., Ming, D. W., 

Rampe, E. B., Schmidt, M. E., … Wiens, R. C. (2017). Redox stratification of an 

ancient lake in Gale crater, Mars. Science, 356(6341), eaah6849. 

https://doi.org/10.1126/science.aah6849 

Hurowitz, Joel A., Fischer, W. W., Tosca, N. J., & Milliken, R. E. (2010). Origin of acidic 

surface waters and the evolution of atmospheric chemistry on early Mars. Nature 

Geoscience, 3(5), 323–326. https://doi.org/10.1038/ngeo831 

Irwin, R. P., Howard, A. D., Craddock, R. A., & Moore, J. M. (2005). An intense terminal 

epoch of widespread fluvial activity on early Mars: 2. Increased runoff and paleolake 

development. Journal of Geophysical Research: Planets, 110(E12). 

https://doi.org/10.1029/2005JE002460 

Jensen, J. L., Siddoway, C. S., Reiners, P. W., Ault, A. K., Thomson, S. N., & Steele-

MacInnis, M. (2018). Single-crystal hematite (U–Th)/He dates and fluid inclusions 

document widespread Cryogenian sand injection in crystalline basement. Earth and 

Planetary Science Letters, 500, 145–155. https://doi.org/10.1016/j.epsl.2018.08.021 

Johnson, J. R., Bell III, J. F., Lemmon, M. T., & Pinet, P. C. (2019). Mastcam visible/near-

infrared spectrophotometric observations of the Red Hills region of Vera Rubin ridge. 

50th Lunar and Planetary Science Conference. 

https://www.hou.usra.edu/meetings/ninthmars2019/pdf/6296.pdf 

Johnson, J. R., Bell, J. F., Bender, S., Blaney, D., Cloutis, E., DeFlores, L., Ehlmann, B., 

Gasnault, O., Gondet, B., Kinch, K., Lemmon, M., Le Mouélic, S., Maurice, S., Rice, 

M., & Wiens, R. C. (2015). ChemCam passive reflectance spectroscopy of surface 

materials at the Curiosity landing site, Mars. Icarus, 249, 74–92. 

https://doi.org/10.1016/j.icarus.2014.02.028 

Johnson, J. R., Bell, J. F., Bender, S., Blaney, D., Cloutis, E., Ehlmann, B., Fraeman, A., 

Gasnault, O., Kinch, K., Mouélic, S. L., Maurice, S., Rampe, E., Vaniman, D., & 

Wiens, R. C. (2016). Constraints on iron sulfate and iron oxide mineralogy from 



 

 
©2020 American Geophysical Union. All rights reserved. 

ChemCam visible/near-infrared reflectance spectroscopy of Mt. Sharp basal units, 

Gale Crater, Mars. American Mineralogist, 101(7), 1501–1514. 

https://doi.org/10.2138/am-2016-5553 

Kah, L. C., Stack, K., Eigenbrode, J., Yingst, R. A., & Edgett, K. (2018). Implications of 

syndepositional calcium sulfate precipitation in Gale crater, Mars. Terra Nova, 30(6), 

431-439. https://doi.org/10.1111/ter.12359 

Kronyak, R. E., Kah, L. C., Edgett, K. S., VanBommel, S. J., Thompson, L. M., Wiens, R. C., 

Sun, V. Z., & Nachon, M. (2019). Mineral‐filled fractures as indicators of 

multigenerational fluid flow in the Pahrump Hills member of the Murray formation, 

Gale crater, Mars. Earth and Space Science, 6(2), 238-265. 

https://doi.org/10.1029/2018EA000482 

Lane, M. D., Morris, R. V., Mertzman, S. A., & Christensen, P. R. (2002). Evidence for platy 

hematite grains in Sinus Meridiani, Mars. Journal of Geophysical Research: Planets, 

107(E12), 9-1-9–15. https://doi.org/10.1029/2001JE001832 

Le Deit, L., Mangold, N., Forni, O., Cousin, A., Lasue, J., Schröder, S., Wiens, R. C., 

Sumner, D., Fabre, C., Stack, K. M., Anderson, R. B., Blaney, D., Clegg, S., Dromart, 

G., Fisk, M., Gasnault, O., Grotzinger, J. P., Gupta, S., Lanza, N., … Treiman, A. H. 

(2016). The potassic sedimentary rocks in Gale Crater, Mars, as seen by ChemCam on 

board Curiosity. Journal of Geophysical Research: Planets, 784–804. 

https://doi.org/10.1002/2015JE004987@10.1002/(ISSN)2169-9100.MSLRM1 

Le Mouélic, S., Gasnault, O., Herkenhoff, K. E., Bridges, N. T., Langevin, Y., Mangold, N., 

Maurice, S., Wiens, R. C., Pinet, P., Newsom, H. E., Deen, R. G., Bell, J. F., Johnson, 

J. R., Rapin, W., Barraclough, B., Blaney, D. L., Deflores, L., Maki, J., Malin, M. C., 

… Saccoccio, M. (2015). The ChemCam Remote Micro-Imager at Gale crater: 

Review of the first year of operations on Mars. Icarus, 249, 93–107. 

https://doi.org/10.1016/j.icarus.2014.05.030 

L’Haridon, J., Mangold, N., Meslin, P.-Y., Johnson, J. R., Rapin, W., Forni, O., Cousin, A., 

Payré, V., Dehouck, E., Nachon, M., Le Deit, L., Gasnault, O., Maurice, S., & Wiens, 

R. C. (2018). Chemical variability in mineralized veins observed by ChemCam on the 

lower slopes of Mount Sharp in Gale crater, Mars—ScienceDirect. Icarus, 311, 69–

86. https://doi.org/doi.org/10.1016/j.icarus.2018.01.028 

Mahaffy, P. R., Webster, C. R., Cabane, M., Conrad, P. G., Coll, P., Atreya, S. K., Arvey, R., 

Barciniak, M., Benna, M., Bleacher, L., Brinckerhoff, W. B., Eigenbrode, J. L., 

Carignan, D., Cascia, M., Chalmers, R. A., Dworkin, J. P., Errigo, T., Everson, P., 

Franz, H., … Mumm, E. (2012). The Sample Analysis at Mars Investigation and 

Instrument Suite. Space Science Reviews, 170(1), 401–478. 

https://doi.org/10.1007/s11214-012-9879-z 

Majzlan, J., Grevel, K.-D., & Navrotsky, A. (2003). Thermodynamics of Fe oxides: Part II. 

Enthalpies of formation and relative stability of goethite (α-FeOOH), lepidocrocite (γ-

FeOOH), and maghemite (γ-Fe2O3). American Mineralogist, 88(5–6), 855–859. 

https://doi.org/10.2138/am-2003-5-614 

Malin, M. C., Ravine, M. A., Caplinger, M. A., Ghaemi, F. T., Schaffner, J. A., Maki, J. N., 

Bell, J. F., Cameron, J. F., Dietrich, W. E., Edgett, K. S., Edwards, L. J., Garvin, J. B., 

Hallet, B., Herkenhoff, K. E., Heydari, E., Kah, L. C., Lemmon, M. T., Minitti, M. E., 

Olson, T. S., … Jensen, E. H. (2017). The Mars Science Laboratory (MSL) Mast 

cameras and Descent imager: Investigation and instrument descriptions. Earth and 

Space Science, 4(8), 506–539. https://doi.org/10.1002/2016EA000252 

Mangold, N., Dehouck, E., Fedo, C., Forni, O., Achilles, C., Bristow, T., Downs, R. T., 

Frydenvang, J., Gasnault, O., L’Haridon, J., Le Deit, L., Maurice, S., McLennan, S. 

M., Meslin, P.-Y., Morrison, S., Newsom, H. E., Rampe, E., Rapin, W., Rivera-



 

 
©2020 American Geophysical Union. All rights reserved. 

Hernandez, F., … Wiens, R. C. (2019). Chemical alteration of fine-grained 

sedimentary rocks at Gale crater. Icarus, 321, 619–631. 

https://doi.org/10.1016/j.icarus.2018.11.004 

Mangold, N., Schmidt, M. E., Fisk, M. R., Forni, O., McLennan, S. M., Ming, D. W., Sautter, 

V., Sumner, D., Williams, A. J., Clegg, S. M., Cousin, A., Gasnault, O., Gellert, R., 

Grotzinger, J. P., & Wiens, R. C. (2017). Classification scheme for sedimentary and 

igneous rocks in Gale crater, Mars. Icarus, 284, 1–17. 

https://doi.org/10.1016/j.icarus.2016.11.005 

Martin, P. E., Farley, K. A., Baker, M. B., Malespin, C. A., Schwenzer, S. P., Cohen, B. A., 

Mahaffy, P. R., McAdam, A. C., Ming, D. W., Vasconcelos, P. M., & Navarro‐

González, R. (2017). A Two‐Step K‐Ar Experiment on Mars: Dating the Diagenetic 

Formation of Jarosite from Amazonian Groundwaters. Journal of Geophysical 

Research – Planets, 122(12), 2803-2818. https://doi.org/10.1002/2017JE005445 
Maurice, S., Clegg, S. M., Wiens, R. C., Gasnault, O., Rapin, W., Forni, O., Cousin, A., 

Sautter, V., Mangold, N., Deit, L. L., Nachon, M., Anderson, R. B., Lanza, N. L., 

Fabre, C., Payré, V., Lasue, J., Meslin, P.-Y., Léveillé, R. J., Barraclough, B. L., … 

Vasavada, A. R. (2016). ChemCam activities and discoveries during the nominal 

mission of the Mars Science Laboratory in Gale crater, Mars. Journal of Analytical 

Atomic Spectrometry, 31(4), 863–889. https://doi.org/10.1039/C5JA00417A 

Maurice, S., Wiens, R. C., Saccoccio, M., Barraclough, B., Gasnault, O., Forni, O., Mangold, 

N., Baratoux, D., Bender, S., Berger, G., Bernardin, J., Berthé, M., Bridges, N., 

Blaney, D., Bouyé, M., Caïs, P., Clark, B., Clegg, S., Cousin, A., … Vaniman, D. 

(2012). The ChemCam Instrument Suite on the Mars Science Laboratory (MSL) 

Rover: Science Objectives and Mast Unit Description. Space Science Reviews, 

170(1), 95–166. https://doi.org/10.1007/s11214-012-9912-2 

Meunier, A. (2005). Clays. Springer Science & Business Media. 

Milliken, R. E., Grotzinger, J. P., & Thomson, B. J. (2010). Paleoclimate of Mars as captured 

by the stratigraphic record in Gale Crater. Geophysical Research Letters, 37(4). 

https://doi.org/10.1029/2009GL041870 

Mitra, K., & Catalano, J. G. (2019). Chlorate as a Potential Oxidant on Mars: Rates and 

Products of Dissolved Fe(II) Oxidation. Journal of Geophysical Research: Planets, 

124(11), 2893–2916. https://doi.org/10.1029/2019JE006133 

Mitrofanov, I. G., Litvak, M. L., Varenikov, A. B., Barmakov, Y. N., Behar, A., 

Bobrovnitsky, Y. I., Bogolubov, E. P., Boynton, W. V., Harshman, K., Kan, E., 

Kozyrev, A. S., Kuzmin, R. O., Malakhov, A. V., Mokrousov, M. I., Ponomareva, S. 

N., Ryzhkov, V. I., Sanin, A. B., Smirnov, G. A., Shvetsov, V. N., … Vostrukhin, A. 

A. (2012). Dynamic Albedo of Neutrons (DAN) Experiment Onboard NASA’s Mars 

Science Laboratory. Space Science Reviews, 170(1), 559–582. 

https://doi.org/10.1007/s11214-012-9924-y 

Morris, R. V., Agresti, D. G., Lauer, H. V., Newcomb, J. A., Shelfer, T. D., & Murali, A. V. 

(1989). Evidence for pigmentary hematite on Mars based on optical, magnetic, and 

Mossbauer studies of superparamagnetic (nanocrystalline) hematite. Journal of 

Geophysical Research: Solid Earth, 94(B3), 2760–2778. 

https://doi.org/10.1029/JB094iB03p02760 

Nachon, M., Mangold, N., Forni, O., Kah, L. C., Cousin, A., Wiens, R. C., Anderson, R. B., 

Blaney, D. L., Blank, J., Calef, F. J., Clegg, S. M., Fabre, C., Fisk, M. R., Gasnault, 

O., Grotzinger, J. P., Kronyak, R. E., Lanza, N. L., Lasue, J., Le Deit, L., … Sumner, 

D. Y. (2017). Chemistry of diagenetic features analyzed by ChemCam at Pahrump 

Hills, Gale crater, Mars—ScienceDirect. Icarus, 281, 121–136. 

https://doi.org/doi.org/10.1016/j.icarus.2016.08.026 



 

 
©2020 American Geophysical Union. All rights reserved. 

NASA/JPL. (2018a, February 28). Curiosity Tests a New Way to Drill on Mars [Press 

Release]. http://www.jpl.nasa.gov/news/news.php?feature=7070 

NASA/JPL. (2018b, May 17). NASA’s Curiosity Rover Aims to Get Its Rhythm Back [Press 

release]. http://www.jpl.nasa.gov/news/news.php?feature=7129 

NASA/JPL. (2018c, May 23). Drilling Success: Curiosity is Collecting Mars Rocks [Press 

release]. http://www.jpl.nasa.gov/news/news.php?feature=7137 

NASA/JPL. (2018d, June 4). Mars Curiosity’s Labs Are Back in Action [Press release]. 

http://www.jpl.nasa.gov/news/news.php?feature=7149 

Navrotsky, A., Mazeina, L., & Majzlan, J. (2008). Size-Driven Structural and 

Thermodynamic Complexity in Iron Oxides. Science, 319(5870), 1635–1638. 

https://doi.org/10.1126/science.1148614 

Nesbitt, H. W., & Young, G. M. (1982). Early Proterozoic climates and plate motions 

inferred from major element chemistry of lutites. Nature, 299(5885), 715–717. 

https://doi.org/10.1038/299715a0 

Nie, N. X., Dauphas, N., & Greenwood, R. C. (2017). Iron and oxygen isotope fractionation 

during iron UV photo-oxidation: Implications for early Earth and Mars. Earth and 

Planetary Science Letters, 458, 179–191. https://doi.org/10.1016/j.epsl.2016.10.035 

Okon, A.B. (2010) Mars science laboratory drill. Proceedings of the 40th Aerospace 

Mechanisms Symposium, p. 1-16, NASA/CP-2010-216272. 

Palucis, M. C., Dietrich, W. E., Williams, R. M. E., Hayes, A. G., Parker, T., Sumner, D. Y., 

Mangold, N., Lewis, K., & Newsom, H. (2016). Sequence and relative timing of large 

lakes in Gale crater (Mars) after the formation of Mount Sharp. Journal of 

Geophysical Research: Planets, 121(3), 472–496. 

https://doi.org/10.1002/2015JE004905 

Parry, W. T., Chan, M. A., & Beitler, B. (2004). Chemical bleaching indicates episodes of 

fluid flow in deformation bands in sandstone. AAPG Bulletin, 88(2), 175–191. 

https://doi.org/10.1306/09090303034 

Peters, G. H., Carey, E. M., Anderson, R. C., Abbey, W. J., Kinnett, R., Watkins, J. A., 

Schemel, M., Lashore, M. O., Chasek, M. D., Green, W., Beegle, L. W., & Vasavada, 

A. R. (2018). Uniaxial Compressive Strengths of Rocks Drilled at Gale Crater, Mars. 

Geophysical Research Letters, 45(1), 108–116. 

https://doi.org/10.1002/2017GL075965 

Potter, S.L., Chan, M.A., Petersen, E.U., Dyar, M. D., & Sklute, E. (2011). Characterization 

of Navajo Sandstone concretions: Mars comparison and criteria for distinguishing 

diagenetic origins. Earth and Planetary Science Letters, 301(3-4), 444-456. 

https://doi.org/10.1016/j.epsl.2010.11.027  

Rampe, E. B., Ming, D. W., Blake, D. F., Bristow, T. F., Chipera, S. J., Grotzinger, J. P., 

Morris, R. V., Morrison, S. M., Vaniman, D. T., Yen, A. S., Achilles, C. N., Craig, P. 

I., Des Marais, D. J., Downs, R. T., Farmer, J. D., Fendrich, K. V., Gellert, R., Hazen, 

R. M., Kah, L. C., … Thompson, L. M. (2017). Mineralogy of an ancient lacustrine 

mudstone succession from the Murray formation, Gale crater, Mars. Earth and 

Planetary Science Letters, 471, 172–185. https://doi.org/10.1016/j.epsl.2017.04.021 

Rapin, W., Meslin, P.-Y., Maurice, S., Wiens, R. C., Laporte, D., Chauviré, B., Gasnault, O., 

Schröder, S., Beck, P., Bender, S., Beyssac, O., Cousin, A., Dehouck, E., Drouet, C., 

Forni, O., Nachon, M., Melikechi, N., Rondeau, B., Mangold, N., & Thomas, N. H. 

(2017). Quantification of water content by laser induced breakdown spectroscopy on 

Mars. Spectrochimica Acta Part B: Atomic Spectroscopy, 130, 82–100. 

https://doi.org/10.1016/j.sab.2017.02.007 

Rivera-Hernández, F., Sumner, D. Y., Mangold, N., Stack, K. M., Forni, O., Newsom, H., 

Williams, A., Nachon, M., L’Haridon, J., Gasnault, O., Wiens, R., & Maurice, S. 

https://doi.org/10.1016/j.epsl.2010.11.027


 

 
©2020 American Geophysical Union. All rights reserved. 

(2019). Using ChemCam LIBS data to constrain grain size in rocks on Mars: Proof of 

concept and application to rocks at Yellowknife Bay and Pahrump Hills, Gale crater. 

Icarus, 321, 82–98. https://doi.org/10.1016/j.icarus.2018.10.023 

Robinson, D., Schmidt, S. T., & Zamora, A. S. D. (2002). Reaction pathways and reaction 

progress for the smectite-to-chlorite transformation: Evidence from hydrothermally 

altered metabasites. Journal of Metamorphic Geology, 20(1), 167–174. 

https://doi.org/10.1046/j.0263-4929.2001.00361.x 

Rosso, K. M., Yanina, S. V., Gorski, C. A., Larese-Casanova, P., & Scherer, M. M. (2010). 

Connecting Observations of Hematite (α-Fe2O3) Growth Catalyzed by Fe(II). 

Environmental Science & Technology, 44(1), 61–67. 

https://doi.org/10.1021/es901882a 

Sanin, A. B., Mitrofanov, I. G., Litvak, M. L., Lisov, D. I., Starr, R., Boynton, W., Behar, A., 

DeFlores, L., Fedosov, F., Golovin, D., Hardgrove, C., Harshman, K., Jun, I., 

Kozyrev, A. S., Kuzmin, R. O., Malakhov, A., Milliken, R., Mischna, M., Moersch, 

J., … Vostrukhin, A. (2015). Data processing of the active neutron experiment DAN 

for a Martian regolith investigation. Nuclear Instruments and Methods in Physics 

Research Section A: Accelerators, Spectrometers, Detectors and Associated 

Equipment, 789, 114–127. https://doi.org/10.1016/j.nima.2015.03.085 

Scholten, L., Schmidt, C., Lecumberri-Sanchez, P., Newville, M., Lanzirotti, A., Sirbescu, 

M.-L. C., & Steele-MacInnis, M. (2019). Solubility and speciation of iron in 

hydrothermal fluids. Geochimica et Cosmochimica Acta, 252, 126–143. 

https://doi.org/10.1016/j.gca.2019.03.001 

Schwenzer, S. P., Abramov, O., Allen, C. C., Bridges, J. C., Clifford, S. M., Filiberto, J., 

Kring, D. A., Lasue, J., McGovern, P. J., Newsom, H. E., Treiman, A. H., Vaniman, 

D. T., Wiens, R. C., & Wittmann, A. (2012). Gale Crater: Formation and post-impact 

hydrous environments. Planetary and Space Science, 70(1), 84–95. 

https://doi.org/10.1016/j.pss.2012.05.014 

Seyfried, W. E., & Bischoff, J. L. (1979). Low temperature basalt alteration by sea water: An 

experimental study at 70°C and 150°C. Geochimica et Cosmochimica Acta, 43(12), 

1937–1947. https://doi.org/10.1016/0016-7037(79)90006-1 

Sherman, D. M., & Waite, T. D. (1985). Electronic spectra of Fe3+ oxides and oxide 

hydroxides in the near IR to near UV. American Mineralogist, 70(11–12), 1262–1269. 

Siebach, K. L., Grotzinger, J. P., Kah, L. C., Stack, K. M., Malin, M., Léveillé, R., & 

Sumner, D. Y. (2014). Subaqueous shrinkage cracks in the Sheepbed mudstone: 

Implications for early fluid diagenesis, Gale crater, Mars. Journal of Geophysical 

Research – Planets, 119(7), 1597-1613. https://doi.org/10.1002/2014JE004623. 
Siebach, K. L., Baker, M. B., Grotzinger, J. P., McLennan, S. M., Gellert, R., Thompson, L. 

M., & Hurowitz, J. A. (2017). Sorting out compositional trends in sedimentary rocks 

of the Bradbury group (Aeolis Palus), Gale crater, Mars. Journal of Geophysical 

Research: Planets, 122(2), 295–328. https://doi.org/10.1002/2016JE005195 

Smith, R. J., McLennan, S. M., Dehouck, E., Horgan, B. H. N., Jacob, S. R., Mangold, N., 

Rivera-Hernandez, F., Siebach, K. L., & Sun, V. Z. (2020). Exploring silica 

diagenesis in Gale crater, Mars using the chemostratigraphy of X-ray amorphous 

materials. 2708. https://www.hou.usra.edu/meetings/lpsc2020/pdf/2708.pdf 

Stack, K. M., Edwards, C. S., Grotzinger, J. P., Gupta, S., Sumner, D. Y., Calef, F. J., Edgar, 

L. A., Edgett, K. S., Fraeman, A. A., Jacob, S. R., Le Deit, L., Lewis, K. W., Rice, M. 

S., Rubin, D., Williams, R. M. E., & Williford, K. H. (2016). Comparing orbiter and 

rover image-based mapping of an ancient sedimentary environment, Aeolis Palus, 

Gale crater, Mars. Icarus, 280, 3–21. https://doi.org/10.1016/j.icarus.2016.02.024 



 

 
©2020 American Geophysical Union. All rights reserved. 

Stack, Kathryn M., Grotzinger, J. P., Lamb, M. P., Gupta, S., Rubin, D. M., Kah, L. C., 

Edgar, L. A., Fey, D. M., Hurowitz, J. A., McBride, M., Rivera‐Hernández, F., 

Sumner, D. Y., Beek, J. K. V., Williams, R. M. E., & Yingst, R. A. (2019). Evidence 

for plunging river plume deposits in the Pahrump Hills member of the Murray 

formation, Gale crater, Mars. Sedimentology. https://doi.org/10.1111/sed.12558 

Steefel, C. I., & Van Cappellen, P. (1990). A new kinetic approach to modeling water-rock 

interaction: The role of nucleation, precursors, and Ostwald ripening. Geochimica et 

Cosmochimica Acta, 54(10), 2657–2677. https://doi.org/10.1016/0016-

7037(90)90003-4 

Sun, V. Z., Stack, K. M., Kah, L. C., Thompson, L., Fischer, W., Williams, A. J., Johnson, S. 

S., Wiens, R. C., Kronyak, R. E., Nachon, M., House, C. H., & VanBommel, S. 

(2019). Late-stage diagenetic concretions in the Murray formation, Gale crater, Mars. 

Icarus, 321, 866–890. https://doi.org/10.1016/j.icarus.2018.12.030 

Thomson, B. J., Bridges, N. T., Milliken, R., Baldridge, A., Hook, S. J., Crowley, J. K., 

Marion, G. M., de Souza Filho, C. R., Brown, A. J., & Weitz, C. M. (2011). 

Constraints on the origin and evolution of the layered mound in Gale Crater, Mars 

using Mars Reconnaissance Orbiter data. Icarus, 214(2), 413–432. 

https://doi.org/10.1016/j.icarus.2011.05.002 

Tosca, N. J., Ahmed, I. A. M., Tutolo, B. M., Ashpitel, A., & Hurowitz, J. A. (2018). 

Magnetite authigenesis and the warming of early Mars. Nature Geoscience, 11(9), 

635–639. https://doi.org/10.1038/s41561-018-0203-8 

Tosca, N. J., & Knoll, A. H. (2009). Juvenile chemical sediments and the long term 

persistence of water at the surface of Mars. Earth and Planetary Science Letters, 

286(3), 379–386. https://doi.org/10.1016/j.epsl.2009.07.004 

Turner, S.M.R., Schwenzer, S.P., Bridges, J.C., Rampe, E.B., Bedford, C.C., Achilles, C.N., 

McAdam, A., Mangold, N., Hicks, L.J., Parnell, J., Kirnbauer, T. Fraeman, A.A., 

Reed, M.H. (2020). Enhanced groundwater flow on and below Vera Rubin ridge, the 

Murray formation, Gale crater: Evidence from thermochemical modeling.  51st Lunar 

and Planetary Science Conference, abs. #2481. 
Vaniman, D. T., Martínez, G. M., Rampe, E. B., Bristow, T. F., Blake, D. F., Yen, A. S., 

Ming, D. W., Rapin, W., Meslin, P.-Y., Morookian, J. M., Downs, R. T., Chipera, S. 

J., Morris, R. V., Morrison, S. M., Treiman, A. H., Achilles, C. N., Robertson, K., 

Grotzinger, J. P., Hazen, R. M., … Sumner, D. Y. (2018). Gypsum, bassanite, and 

anhydrite at Gale crater, Mars. American Mineralogist, 103(7), 1011–1020. 

https://doi.org/10.2138/am-2018-6346 

Walker, T. R. (1967). Formation of Red Beds in Modern and Ancient Deserts. Geological 

Society of America Bulletin, 78(3), 353. https://doi.org/10.1130/0016-

7606(1967)78[353:FORBIM]2.0.CO;2 

Wang, W., Pan, J., Jin, F., Cui, C., & Wang, B. (2019). Effect of cement matrix on 

mechanical properties of cemented granular materials. Powder Technology, 350, 107–

116. https://doi.org/10.1016/j.powtec.2019.03.040 

Wang, Y., Chan, M. A., & Merino, E. (2015). Self-organized iron-oxide cementation 

geometry as an indicator of paleo-flows. Scientific Reports, 5(1), 1–15. 

https://doi.org/10.1038/srep10792 

Wellington, D. F., Bell, J. F., Johnson, J. R., Kinch, K. M., Rice, M. S., Godber, A., 

Ehlmann, B. L., Fraeman, A. A., & Hardgrove, C. (2017). Visible to near-infrared 

MSL/Mastcam multispectral imaging: Initial results from select high-interest science 

targets within Gale Crater, Mars. American Mineralogist, 102(6), 1202–1217. 

https://doi.org/10.2138/am-2017-5760CCBY 



 

 
©2020 American Geophysical Union. All rights reserved. 

Wiens, R. C., Maurice, S., Barraclough, B., Saccoccio, M., Barkley, W. C., Bell, J. F., 

Bender, S., Bernardin, J., Blaney, D., Blank, J., Bouyé, M., Bridges, N., Bultman, N., 

Caïs, P., Clanton, R. C., Clark, B., Clegg, S., Cousin, A., Cremers, D., … Wong-

Swanson, B. (2012). The ChemCam Instrument Suite on the Mars Science Laboratory 

(MSL) Rover: Body Unit and Combined System Tests. Space Science Reviews, 

170(1), 167–227. https://doi.org/10.1007/s11214-012-9902-4 

Williams, R. M. E., Malin, M. C., Edgett, K. S., Wiens, R. C., Yingst, R. A., Stack, K. M., 

Gupta, S., Heydari, E., Bridges, J. C., Sautter, V., Cousin, A., & Gasnault, O. (2020). 

Diversity of Float Rocks at Bressay on Vera Rubin ridge, Gale Crater, Mars. 2305. 

https://www.hou.usra.edu/meetings/lpsc2020/pdf/2305.pdf 

Yin, H., & Dvorkin, J. (1994). Strength of cemented grains. Geophysical Research Letters, 

21(10), 903–906. https://doi.org/10.1029/93GL03535 

  

https://www.hou.usra.edu/meetings/lpsc2020/pdf/2305.pdf
https://doi.org/10.1029/93GL03535


 

 
©2020 American Geophysical Union. All rights reserved. 

 
 

Figure 1. Overview of Curiosity’s traverse through sol 2359 (white line) over mosaic of High 

Resolution Imaging Science Experiment (HiRISE) images showing the north-west quadrant 

of Mt. Sharp.  Key named features are indicated and a zoomed out context image showing all 

of Gale crater is shown in the upper left.  Red areas show locations with 860 nm absorption in 

Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) data, which are 

interpreted to indicate the presence of red crystalline hematite (from Fraeman et al., 2016). 
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Figure 2. Color image from the High Resolution Imaging Science Experiment (HiRISE) 

camera draped on 2x vertically exaggerated HiRISE stereo digital elevation model that shows 

a perspective view of Vera Rubin ridge.  Image is looking along the ridge towards the south 

east, and Curiosity’s traverse through sol 2359 shown as a white line. 
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Figure 3. (left) Curiosity’s traverse on Mt. Sharp through sol 2359 with 25 m contours. 

Stratigraphic groups defined from Curiosity data and extrapolated to orbital view are shown. 

Bradbury group is mapped in green, Mt. Sharp group in blue, and Siccar Point group in 

brown. The extent of the original Vera Rubin ridge geomorphic unit is shown outlined in red, 

and Curiosity data showed rocks within the ridge were part of the Murray formation within 

the Mt. Sharp group.  (right) Associated stratigraphic column along Curiosity’s traverse from 

Edgar et al. (this issue). VRR is composed of the Pettegrove Point and Jura members. 
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Figure 4: (Top) Perspective view of Curiosity’s traverse over VRR with stratigraphic 

members and key campaign stops labeled. (Bottom) Sol versus elevation along traverse. 

Numbered stops key: (1-5) Approach imaging stops, (6) Fracture investigation, (7,8) First 

gray patch investigation, (9) Toe dip into Glen Torridon unit, (10) Lake Orcadie rotary-only 

drill attempt, (11) Reconnaissance of area with strongest CRISM spectral signature, (12) 

Bressay deposit investigation, (13) Taconite crater, (14) Red Cliff imaging stop, (15) Blunts 

Point drill, (16) Voyageurs failed drill, (17) Ailsa Craig failed drill, (18) Stoer drill, (19) 

Inverness failed drill, (20) Highfield drill, (21) Rock Hall drill, (22) Transition to Glen 

Torridon. 
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Figure 5. Slope map generated from HiRISE DEMs showing steep slopes bounding VRR. 

Black lines indicate stratigraphic member boundaries defined in Edgar et al. (2020).  
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Figure 6.  Example approach image Mastcam mosaic from sol 1785 (sequence mcam09211).   

  



 

 
©2020 American Geophysical Union. All rights reserved. 

  
 
Figure 7. Stretched HiRISE mosaic from Fraeman et al. (2016) with color space adjusted to 

emphasize color variations along VRR. Inset boxes showing detail of “gray patches.” 
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Figure 8. (Top) Mastcam color standoff image of a recessive gray patch studied from sol 

1931 – 1945. The gray rocks appear tan from a distance because they are covered in light 

dust. They are surrounded by red pebbles of broken-up red bedrock. (bottom left) Mastcam 

workspace image showing detail of gray rocks and (bottom right) comparison with red rocks 

lower on the ridge. Images are white balanced. 
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Figure 9. Examples of diagenetic features associated with gray areas. (Left) Sol 1925 

MAHLI 10-cm standoff mosaic of target “Jura” located in a transitional zone from red to 

gray bedrock. Example of swallow tail shown in circle 

(1926MH000369000070334(5,7,9)R00) Inset circle is ~35 mm diameter. (Right) RMI image 

of target “Rhynie” colorized with Mastcam that demonstrates an example of a nearly pure 

iron diagenetic feature (like iron oxide) within a gray patch surrounded by depleted iron 

bedrock. Length of red bars represents iron content measured by ChemCam reported in 

L’Haridon et al. (this issue). 
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Figure 10. Curiosity’s traverse over VRR through sol 2359 (black line) over color HiRISE 

mosaic, with CRISM 860 nm band depth map from ATO000021C92, stratigraphic members, 

and precussive drilling locations labeled. 
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Figure 11.  Mastcam 34 mosaic showing diversity of rocks in the Bressay deposit (sol 2014, 

sequence mcam10630). 
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Figure 12. MAHLI and Mastcam images of drill attempts on and below Vera Rubin ridge. 

Diameter of drill hole is ~1.6 cm. Red target names indicate unsuccessful sample collection.  

Images IDs are: Duluth (DU): 2081MH0003970010801921C00, Inverness: 

2114MR0113160000404710E01, Ailsa Craig: 2125MR0113930000404893E01, Stoer (ST): 

2156MH0004240010802756C00, Inverness: 2171MR0116930010105700E01, Highfield 

(HF): 2247MH0004240010803292C00, Rock Hall (RH): 2262MR0120940080106571C00. 
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Figure 13: Portion of Mastcam R0 mosaic of Red Cliff area 

MR__578426886EDR_S0700240MCAM10769M showing red/gray color variations that cut 

primary bedding.  Imaging has been stretched to highlight color variations. 
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Figure 14. Top-down maps at Vera Rubin ridge of (top) thermal neutron absorption cross 

section (ξabs) and (bottom) water-equivalent hydrogen (WEH) from analysis of active (time-

resolved) DAN experiments using the methods of Gabriel et al. (2018). Refer to Fig. 15 for 

uncertainties. The black line represents the rover traverse between sols ~1800 to ~2306. 

White lines represent the transition between members. 
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Figure 15. (Filled symbols) Measured water-equivalent hydrogen and thermal neutron 

absorption cross section (ξabs) at drill sites from DAN data compared to (unfilled 

symbols) measurements from APXS of drill tailings (ξabs) and SAM EGA of drilled 

samples (H2O). DAN points represent the median likelihood value, and error bars 

represent the 18% and 82% percentiles. Uncertainties for SAM/APXS data are at the 1-

standard deviation level and ξabs uncertainties on oxide abundances were only reported 

for the Duluth target in Thompson et al. (this issue). The dynamic range of DAN-

derived ξabs in the Jura and Pettegrove Point members are shown on the right-hand side.  

Labels: RH (Rock Hall drill target), HF (Highfield drill target), ST (Stoer drill target), 

DU (Duluth drill target), S10 (Site 10). We note that the active DAN experiments were 

not performed directly over the drill sites but were within 2-3 m. 
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Figure 16. (Upper left) Regional topographic map with representation showing regional flow 

(blue arrow in inset) that likely passed into and across Gale (Irwin et al., 2005; Palucis et al., 

2016). (Bottom) Idealized cross section of Gale crater (distorted scales) locating Vera Rubin 

ridge (VRR) at the base of Mt. Sharp and the representing the possible major pathways of water 

that may have contributed to diagenesis of the sediments. At the time of diagenesis VRR was 

not fully exposed as it is today. Note that the cross section A-A’ lies approximately 

perpendicular to hypothesized paths (2) and (3), but a component would have been in the paths 

shown.  Path (1) follows relatively shallow subsurface flows off Mt. Sharp that may have been 

directed down Gediz Vallis towards the current location of VRR.  Path (2) depicts a path of 

groundwater that drains from the southern highlands into Gale, crossing Mt. Sharp.  Path (3) 

shows that in the floor of Gale, the deeper pathways of the drainage from the south or local 

infiltrating waters can ascend to the surface.   



 

 
©2020 American Geophysical Union. All rights reserved. 

 

Figure 17. 1 m contour map emphasizing topographic relationships between Vera Rubin 

ridge (VRR), Glen Torridon, and the Greenheugh pediment and unique shape of VRR. 
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Table 1. The primary instruments used to address VRR campaign goals.  

Instrument name Abbrev. Data returned Instrument reference 

Alpha-Particle X-
Ray Spectrometer 

APXS 
Elemental chemistry integrated over 
~15 mm – 30 mm diameter area 

Gellert & Clark, 2015 

Chemistry and 
Mineralogy 

CheMin 
Bulk mineralogy from powdered drill 
sample 

Blake et al., 2012 

Chemistry and 
Camera 

ChemCam 

Elemental chemistry from ~350 - 550 
µm areas; visible spectral from 1.3-
4.5 mm areas; high resolution 
images 

Maurice et al., 2012; 
Wiens et al., 2012; Le 
Mouélic et al., 2015; 
Maurice et al., 2016; 
Johnson et al., 2015 

Dynamic Albedo of 
Neutrons 

DAN 
Abundance of subsurface neutron 
scatterers (H) and absorbers (e.g., Cl, 
Fe) 

Mitrofanov et al., 2012; 
Sanin et al., 2015 

Mars Hand Lens 
Imager 

MAHLI 

Close up color images with 
resolution dependent on standoff 
distance; ~ 17 µm/pixel at typical 3 
cm standoff 

Edgett et al., 2012 

Mast Cameras Mastcam 

Landscape color and 13-band 
multispectral images with resolution 
of 450 µm/pixel (M34 camera) and 
150 µm/pixel (M100 camera) for 
targets 2 meters away 

Malin et al., 2017; Bell 
et al., 2017 

Sample Analysis at 
Mars 

SAM 
Volatiles, organics, and isotopic 
compositions from a powdered drill 
sample 

Mahaffy et al., 2012 
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Table 2. Summary of Curiosity’s activities at VRR 

  Earth Date* Sol Activity 
A

p
p

ro
ac

h
 im

ag
in

g 

6/14/17 1726 VRR approach imaging stop #1 

6/15 - 6/21/17 1727 - 1733 Drive towards VRR approach imaging stop 2 

6/22 - 6/24/17 1734 - 1736 VRR approach imaging stop #2 

6/25 - 7/6/17 1737 - 1748 Drive towards VRR approach imaging stop 3 

7/7 - 7/9/17 1749 - 1751 Aeolian sediment investigation 

7/10 - 7/12/17 1751 - 1754 Continue drive towards VRR approach imaging stop 3 

7/13 - 8/8/17 1755 - 1780 Solar conjunction 

8/9 - 8/10/17 1781 - 1782 Continue drive towards VRR approach imaging stop 3 

8/11-8/12/17 1783 - 1784 VRR approach imaging stop #3  

8/13 - 8/17/17 1786 - 1789 Drive towards VRR approach imaging stop 4 

8/18 - 8/20/17 1790 - 1792 VRR approach imaging stop #4 

8/21 - 8/24/17 1793 - 1796 Drive towards VRR approach imaging stop 5 

8/25 - 8/27/17 1797 - 1798 VRR approach imaging stop #5 

8/28 - 9/6/17 1799 - 1808 VRR approach 

 Earth Date* Sol Activity 

In
it

ia
l w

a
lk

ab
o

u
t;

 r
e

m
o

te
 s

e
n

si
n

g 
an

d
 c

o
n

ta
ct

 s
ci

e
n

ce
 f

o
cu

s 

9/7/17 1809 Climb onto VRR; traverse Blunts Point/Pettegrove Point 
member boundary 

9/8 - 9/12/17 1810 - 1814 RS and CS measurements of Pettegrove Point 

9/13 - 9/17/17 1815 - 1819 Large fracture investigation  

9/17 - 11/2/17 1819 - 1864 RS and CS measurements of Pettegrove Point 

11/3 - 11/11/17 1865 - 1872 RS and CS measurements of Pettegrove Point/Jura member 
boundary 

11/12/17 1873 Traverse Pettegrove Point/Jura member boundary 

11/13 - 12/10/17 1874 - 1901 RS and CS measurements of Jura  

12/11/17 - 1/6/18 1902 - 1927 First investigation of gray Jura outcrop 

1/7 - 1/9/18 1928 - 1930 Drive towards second gray Jura outcrop patch; RS and CS 
measurements of Jura 

1/10 - 1/25/18 1931 - 1945 Investigation of large exposure of gray Jura  

1/26 - 1/29/18 1946 - 1949 Glen Torridon region toe dip and investigation of contact 
with ridge 

1/30 - 2/10/18 1950 - 1961 Investigation of additional gray Jura outcrop 

2/11 - 3/6/18 1962 - 1984 Unsuccessful rotary-only drill attempt at Lake Orcadie 

3/7 - 3/24/18 1985 - 2002 Drives towards strong CRISM hematite signature; RS and CS 
measurements of Jura  

3/25/18 2003 Drive over Jura/Pettegrove Point member boundary 

3/26 - 3/31/18 2004 - 2009 RS and CS in area with strongest CRISM hematite spectral 
signature 

4/31 - 4/2/18 2009 - 2011 Investigation of Pettegrove Point/Jura member boundary 

4/3 - 4/4/18 2012 - 2013 Drive towards Bressay deposit 

4/5 - 4/14/18 2014 - 2022 Investigation of Bressay deposit 
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4/15 - 4/24/18 2023 - 2032 Drives towards Blunts Point member; RS and CS 
measurements of Pettegrove Point  

4/25 - 4/27/18 2033 - 2035 Remote sensing of Taconite Crater 

4/28/18 2036 Drives towards location of imaging of Red Cliff 

4/29 - 4/30/18 2037 - 2038 Red Cliff imaging 

5/1 - 5/6/18 2039 - 2044 Drives towards Blunts Point member; RS and CS 
measurements of Pettegrove Point   

D
u

lu
th

 d
ri

ll 

5/7/18 2045 Drive over Pettegrove Point/Blunts Point member contact 

5/8 - 5/14/18 2046 - 2052 Search for Blunts Point drill target 

5/16 - 6/7/18 2053 - 2075 Duluth drill campaign begins 

6/8 - 6/17/18 2076 - 2085 MY34 Global Dust storm reaches Curiosity; Duluth drill 
campaign continues 

6/18 - 6/19/18 2086 - 2087 Conclusion of Duluth drill campaign 

6/20 - 6/26/18 2088 - 2093 Drive towards Pettegrove Point drill location 

    

 Earth Date Sol Activity 

P
e

tt
e

gr
o

ve
 P

o
in

t 
d

ri
ll

 

6/27/18 2094 Drive over Blunts Point/Pettegrove Point member boundary 

6/28 - 7/11/18 2095 - 2108 Drive towards Pettegrove Point drill location; RS and CS 
measurements of Pettegrove Point outcrop 

7/12 - 7/17/18 2109 - 2114 Unsuccessful Pettegrove Point drill attempt at Voyageurs 

7/18 - 7/23/18 2115 - 2120 Drive towards Pettegrove Point drill location #2; RS and CS 
measurements of Pettegrove Point outcrop 

7/24 - 7/28/18 2121 - 2125 Unsuccessful Pettegrove Point drill attempt at Ailsa Craig 

7/30 - 8/1/18 2126 - 2128 Drive towards Pettegrove Point drill location #3; RS and CS 
measurements of Pettegrove Point outcrop 

8/2 - 8/4/18 2129 - 2131 Investigation of Pettegrove Point gray outcrop 

8/5 - 8/28/18 2132 - 2155 Successful Pettegrove Point drill at Stoer 

Ju
ra

 d
ri

ll
 

8/29/18 2156 Drive towards gray Jura drill location 

8/30/18 2157 Drive over Pettegrove Point/Jura member contact 

8/31 - 9/9/18 2158 - 2166 Drive towards gray Jura drill location; RS and CS of Jura 

9/10 - 9/14/18 2167 - 2171 Unsuccessful gray Jura drill attempt at Inverness 

9/15 - 10/17/18 2172 - 2203 Memory anomaly precludes science operations 

10/18 - 10/27/18 2204 - 2213 Limited science operations begin 

10/28 -10/29/18 2214 - 2215 Drive towards gray Jura drill location #2 

10/30 - 10/31/18 2216 - 2217 Full science operations resume 

11/1 - 11/5/18 2218 - 2222 Drive towards gray Jura drill location #2; RS and CS of Jura 

11/6 - 12/3/18 2223 - 2249 Successful gray Jura drill at Highfield 

12/4 - 12/11/18 2250 - 2257 Drive towards red Jura drill location; RS and CS of Jura 

12/12/18 - 1/20/19 2258 - 2296 Successful red Jura drill at Rock Hall 

1/21 - 1/25/19 2297 - 2301 Drives towards Glen Torridon; RS and CS of Jura 

1/26/19 2302 Depart VRR; enter Glen Torridon 

*Read Earth Date 6/14/17 as 14 June 2017 etc. 
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Table 3. VRR approach mosaics 

Sol Instrument Seq Identifier # Frames 

1726 Mastcam mcam09012 18x1 

1734 Mastcam mcam09060 23x1 

1785 Mastcam mcam09211 35x2 

1790 Mastcam mcam09245 12x1 

1797 Mastcam mcam09282 44x1 

1727 ChemCam RMI 
ccam01727 
VRR_Approach_Stop1 

5x1 

1734 ChemCam RMI 
ccam02734 
LD_Northern_Neck 

10x2 

1741 ChemCam RMI 
ccam15121 
LD_VRR_sol1741a 

5x2 

1741 ChemCam RMI 
ccam15122 
LD_VRR_sol1741b 

5x1 

1745 ChemCam RMI 
ccam03744 
VRR_LD_1745a 

5x2 

1745 ChemCam RMI 
ccam03744 
VRR_LD_1745b 

5x2 

1752 ChemCam RMI 
ccam02752 
LD_VRR_sol1752a 

8x1 

1783 ChemCam RMI 
ccam01783 
LD_VRR_sol1783a 

5x1 

1790 ChemCam RMI 
ccam03790 
LD_VRR_sol1790 

10x1 

1794 ChemCam RMI 
ccam03794 
LD_VRR_sol1794 

5x1 

1795 ChemCam RMI 
ccam02795 
LD_VRR_sol1795 

10x2 
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Table 4. Summary of FED and FED-uP drills during the VRR campaign.  VCL = voice-coil 

percussion level. 

 

Sol Target Name Strat. Mbr. El (m) 
VCL Reached  
(Max VCL 
Allowed) 

Result 

1977 Lake Orcadie Jura (gray) -4147 
Rotary-only 
attempt 

~10 mm 
penetration 

1982 Lake Orcadie 2 Jura (gray) -4147 
Rotary-only 
attempt 

~2 mm penetration 

2057 Duluth (DU) Blunts Point -4192 2 (5) Success 

2112 Voyageurs Pettegrove Point -4164 5 (5) ~4 mm penetration 

2122 Ailsa Craig Pettegrove Point -4159 5 (5) 
~ 5 mm 
penetration 

2136 Stoer (ST) Pettegrove Point -4170 5 (5) Success 

2170 Inverness Jura (gray) -4150 5 (5) ~6 mm penetration 

2224 Highfield (HF) Jura (gray) -4147 5 (6) Success 

2261 Rock Hall (RH) Jura (red) -4144 4 (6) Success 
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Table 5. Summary of bulk chemistry of VRR compared to the stratigraphically underlying 

Murray formation measure by APXS and ChemCam. ChemCam data are not normalized to 

100%, and minor differences between APXS and ChemCam reflect and differences in 

instrument field of view, sensitivity to dust, and actual targets sampled.  

 
 APXS1 ChemCam2 

Oxide 
wt % 

Baseline 
Murray3  
(n = 162) 

Std 
dev 

Baseline 
VRR 
(n = 
138) 

Std 
dev 

Baseline 
Murray3 

(n = 2915) 

Std 
dev 

Baseline 
VRR  

(n = 2108) 

Std 
dev 

SiO2 48.39 3.23 47.86 2.52 53.4 2.6 54.4 2.1 

TiO2 1.07 0.08 1.01 0.07 1 0.1 1.1 0.1 

Al2O3 9.30 1.21 9.21 0.52 12.6 1.8 12.0 1.5 

Cr2O3 0.33 0.04 0.31 0.02 -- -- -- -- 

FeO 18.88 2.79 18.10 2.54 19.2 1.5 19.7 1.3 

MnO 0.23 0.10 0.20 0.09 -- -- -- -- 

MgO 5.59 1.17 5.49 0.71 5.8 2.1 4.7 0.9 

CaO 4.31 1.29 4.65 1.03 2.2 1.0 2.0 0.6 

Na2O 2.50 0.29 2.59 0.17 2.7 0.4 2.8 0.4 

K2O 0.84 0.13 0.84 0.11 1.3 0.4 1.4 0.4 

P2O5 1.04 0.27 0.86 0.15 -- -- -- -- 

SO3 6.08 2.33 6.08 1.81 -- -- -- -- 

Cl 1.07 0.52 1.39 0.49 -- -- -- -- 

 
1Thompson et al., this issue 
2Frydenvang et al., this issue 
3Excludes targets with obvious diagenetic features, veins, and high Si targets from the Mariah's pass region 

 


