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ABSTRACT  

The sedimentary fill of Gale crater on Mars is dominated by lacustrine strata 
that are the focus of investigations into surface processes, climate change 
and habitability early in the planet’s history. This study focuses on the lower 
part of the explored portion of the Murray formation on Aeolis Mons (Mount 
Sharp) in the Pahrump Hills and Hartmann’s Valley field areas. At Pahrump 
Hills, sedimentary features and geochemical attributes of exposed mudstones 
suggest accumulation in an underfilled lake basin in which lake levels, 
shorelines and salinities fluctuated greatly at various temporal scales. The 
immediately superjacent stratigraphic interval, designated by the rover team 
as the Hartmann’s Valley member, has previously been interpreted as an 
aeolian-deposited sandstone interval. This fresh examination of all available 
data, however, suggests that the Hartmann’s Valley member is strongly domi- 
nated by the same mudstone facies that compose most of the underlying 
Pahrump Hills member. The one novel facies element encountered in the 
Hartmann’s Valley member are undulose bedded to convex bodies of mud- 

stone that are oriented roughly north–south, suggestive of sediment supply 
from a northern fluvial source. Mudstones analogous in scale and character 
to these undulose mudstones occur on Earth in multiple modern and ancient 
lacustrine successions, and are related to deposition of prodelta mud lobes. 
The mudstones of the Hartmann’s Valley member record a continuation of 
the underfilled evaporitive lake system proposed previously for the underly- 
ing Pahrump Hills member but with somewhat more variable environmental 
conditions. Hartmann’s Valley mudstones contain more abundant matrix 
CaSO4, suggesting more severe evaporitic conditions, whereas the inter- 
bedded undulose bedded mudstones signify intermittent freshening and 
buildout of mud-dominated deltas into the lake. The textural similarities 
between Pahrump Hills and Hartmann’s Valley strata suggest that the Gale 
lacustrine system operated at a stable depositional mode with similar envi- 
ronmental parameters during both stratigraphic intervals. 
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INTRODUCTION 

 

Overview 

Since landing in Gale crater in August 2012, the 
Mars Science Laboratory (MSL) Curiosity rover 
has been used to explore sedimentary strata to 
understand past Martian depositional environ- 
ments and their potential for habitability (Grot- 
zinger et al., 2012). Following initial studies of 
sedimentary strata exposed on the crater floor 
(e.g. Williams et al., 2013; Grotzinger et al., 
2014; Schieber et al., 2017; Edgar et al., 2018), 
the rover arrived in the foothills of Aeolis Mons 
(informally called Mount Sharp) about two Earth 
years later (ca Sol 700). At the Pahrump Hills 
field site, the rover team commenced the ongo- 
ing examination of the Mount Sharp sedimen- 
tary succession. 

Those strata, the Pahrump Hills member of the 
Murray formation (Mount Sharp group), were var- 
iously interpreted as mudstones deposited in: (i) 
an  evaporitic–lacustrine  setting  (Schieber 
et al., 2015, 2022), comparable to the Wilkins 
Peak Member of the Eocene Green River Forma- 
tion, USA (Bradley, 1964; Smith et al., 2015); (ii) 
a shallow lake that intermittently evaporated to 
dryness (Kah et al., 2018); or (iii) as down-dip 
extensions of a fluvial-deltaic system with 
river-generated hyperpycnal flows (Grotzinger 
et al., 2015; Stack et al., 2019). Whereas the latter 
studies envision a stable freshwater lake deposi- 
tional setting, Schieber et al. (2022) considered it 
as an underfilled, generally saline, lake system 
that recorded significant variations in lake level 
and water body salinity. 

The stratigraphic interval overlying the Pah- 
rump Hills member, the Hartmann’s Valley 
member of the Murray formation (Gwizd 
et al., 2022), is the subject of the present study. 
The examination of this unit suggests a lack of 
significant lithological distinction from the 
underlying Pahrump Hills member. Because of 
this, the authors prefer instead to use the terms 
“Hartmann’s Valley interval” (HVi), observed 
between -4436 to -4411 m elevation (Gwizd 
et al., 2022) along the rover traverse, and ‘Pah- 
rump Hills interval’ (PHi) for all Murray strata 

 

 
below it. Locally the sandstones of the Stimson 
formation (Banham et al., 2018, 2021, 2022) 
unconformably overlie Murray formation strata 
(Watkins et al., 2022) in the study area. The 
rover team, under the assumption of largely 
flat-lying Mount Sharp strata, uses elevation as a 
proxy for stratigraphic position. 

 

Geological background 

Located slightly south of the Martian equator, 
the ca 150 km diameter Gale crater (Fig. 1) has a 
central mound (Aeolis Mons/Mount Sharp) that 
consists of a ca 5.5 km thick succession of sedi- 
mentary rocks (Malin & Edgett, 2000; Grotzinger 
et al., 2015). The originating impact occurred 
approximately 3.6 to 3.8 billion years ago 
(Thomson et al., 2011; Le Deit et al., 2013), or 
perhaps even 4 billion years ago (Werner, 2019). 
Shortly thereafter the sedimentary infilling of 
the crater commenced and extended through 
most of the Hesperian and possibly into the 
Early Amazonian period (ca 3.6 to 2.8 Gyr; 
Grant et al., 2014; Palucis et al., 2014). Orbital 
images as well as direct rover observations indi- 
cate that sediment accumulation was interrupted 
multiple times by erosive interludes (Malin & 
Edgett, 2000; Anderson & Bell III, 2010; Milliken 
et al., 2010; Fedo et al., 2022; Schieber et al., 
2022; Watkins et al., 2022), some driven by aeo- 
lian processes that are still active today (Day & 
Kocurek, 2016; Ewing et al., 2017; Schieber 
et al., 2020). 

As of May 2024, the rover has scaled almost 
800 m of Mount Sharp strata over a time span of 
about nine years. A provisional and steadily 
evolving stratigraphic scheme has been used by 
the MSL team for the past 11 years (e.g. Fedo 
et al., 2022) and its general structure is followed 
here. 

The basal exposed succession of the Mount 
Sharp group (Fig. 2) has been assigned to the 
Murray formation, an interval of approximately 
320 m  stratigraphic  thickness  (e.g.  Fedo 
et al., 2022). The Pahrump Hills interval (PHi) 
spans approximately 25 m of the lowermost 
exposed  Murray  formation,  and  metres  0  to 
15  were  studied  in  considerable  detail 

 

 



 

 
 
 
 

 

 

 
Fig. 1. Gale crater locations and rover track for the Hartmann’s Valley elevation interval. (A) Elevation map of 
Gale crater. Inset (B) shows the landing site (red dot). The white dashed rectangle is the location of inset (C) that 
shows the rover traverse from the landing site (Bradbury Landing), the Pahrump Hills study area and the location 
of the rover traverses (yellow lines) across the Hartmann’s valley elevation interval. (D) Shows the Hartmann’s 
Valley rover traverses in the context of other landmarks. Black dots are rover locations (some marked with arrival 
Sol). Yellow arrows point to start and end points for the eastern and western Hartmann’s Valley traverses, 
together with arrival Sol and approximate elevation of the presumed base and top of the interval (Fedo 
et al., 2022). Credit for component images: NASA/JPL/GSFC/University of Arizona, image (D) basemap: Calef, F.J. 
III, and Parker, T., 2016, MSL Gale merged orthophoto mosaic (25 cm per pixel scale): U.S. Geological Survey 
NASA Planetary Data System (PDS) Annex, https://bit.ly/MSL_Basemap. 

 

 

(Kah et al., 2018; Stack et al., 2019; Schieber 
et al., 2022) owing to the high quality of the 
exposure. Multiple rover traverses, a high den- 
sity of image and analytical data, as well as good 
lateral context, provided a unique opportunity 
for in-depth investigation of Martian sedimentol- 
ogy and stratigraphic architecture (Schieber 
et al., 2022) at that site. The overlying 10 m of 
the PHi are poorly exposed along the traverse 
from the Pahrump Hills field site to the pres- 
ently  interpreted  top  of  the  PHi  (Gwizd 
et al., 2022) at the Sol 1104 location (Fig. 1), 
about 770 m to the south-west. Although during 
the traverse of this portion of the PHi the rover’s 
resources were focused on better understanding 
the sandstone-dominated Stimson formation that 
unconformably overlies the Murray formation 
(e.g. Banham et al., 2018), available images of 
Murray lithologies suggest that it stayed in char- 
acter with what was observed at Pahrump Hills 
(Figs 3 and 4). 

Images of the HVi collected between Sol 1104 
and Sol 1412 (the top of the Hartmann’s Valley 
member as interpreted by Gwizd et al., 2022) 
suggests that this approximately 25 m thick 
interval  (-4436  to  -4411 m  elevation)  is 

dominated by the same evaporitive–lacustrine 
facies  that  characterize  the  PHi  (Schieber 
et al., 2022). Given that the amount of observ- 
able detail at any given location is quite limited 
compared to Pahrump Hills (Schieber et al., 
2022), a significant part of the present evalua- 
tion relies on textural and compositional com- 
parison to laminated mudstones as observed at 
Pahrump Hills. 

 
Objective of study 

Depositional setting and history of the HVi has 
been the subject of a prior study that character- 
ized the HVi as an interval of largely aeolian 
sandstones (Gwizd et al., 2022). In contrast, the 
authors consider the HVi to be dominated by 
lacustrine evaporitic mudstones that share many 
characteristics with those of the underlying PHi 
(Schieber et al., 2022). These irreconcilable dif- 
ferences, based on careful examination of the 
exact same data base, were the impetus to pre- 
pare this manuscript. In the following sections, 
observed facies are compared with those already 
seen in the underlying PHi. Stratigraphic and 
lateral distribution of these facies, examined in 
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Fig. 2. Stratigraphic overview of 
the lower exposed portion of the 
Murray formation, adapted from 
Schieber et al. (2022). The Pahrump 
Hills member is dominantly 
laminated mudstones with an 
extensive sandstone interval 
(Salsberry Peak) and sandstone 
lenses. Unlike other publications 
where the Hartmann’s Valley 
member is depicted as a sandstone 
interval (e.g. Fedo et al., 2022; 
Gwizd et al., 2022), it is here shown 
as consisting of laminated 
mudstones with lenses of 
undulating mudstone, reflecting the 
conclusions reached in this study. 
The key stratigraphic levels of 
Chinle and Baynes Mtn are marked 
in red. 

 

 

the context of Earth analogues, allows for a 
starkly different alternative interpretation. Sub- 
sequent integration with mineralogical and 
chemical data collected by the rover instruments 
adds a compositional dimension to this analysis 
and provides a holistic perspective of the sedi- 
mentological and stratigraphic evolution of the 
HVi. The conclusions reached herein are then 
followed by a discussion that highlights crucial 
differences to Gwizd et al. (2022) with regard to 
the assessment of sediment grain size (mud 
instead of sand) and the presence (or rather 
absence) of aeolian cross-stratification, and 
affirm an assessment of the HVi as deposited in 
the context of an underfilled evaporitive lake 
system. 

 
Methods and instruments 

‘Rover geology’ differs fundamentally from 
Earth-based field geology, being quite slow and 
fraught  with  omissions  and  ambiguity,  as 

pointed out in earlier publications (Schieber 
et al., 2017, 2022). Compared with the Pahrump 
Hills campaign that expended a total of 206 
Earth days to study 15 m of stratigraphy, the tra- 
verse across the HVi spent 233 Earth days to 
describe 25 m of stratigraphy. Yet, in the Pah- 
rump Hills the rover investigated an area of only 
roughly 60 m by 80 m and drove a total of 
534 m on multiple intersecting traverses (Minitti 
et al., 2019), whereas for the HVi it traversed 
1949 m along a single track and also investi- 
gated outcrops of the Stimson formation and the 
Bagnold field site of active sand dunes for multi- 
ple days (Banham et al., 2018). Less time was 
devoted to individual exposures, and conse- 
quently stratigraphic context within the HVi is 
burdened with more uncertainty. A further con- 
sideration is slope – the overall north–south 
slope of the Pahrump Hills outcrop is nine 
degrees, whereas the average slope of the HVi 
traverse is about two to three degrees. Thus, HVi 
imaging  was  dominated  by  places  where 
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Fig. 3. Outcrop of the Logan’s Pass area shows the unconformable contact (dashed red line) between the mud- 
stones of the Murray formation and the overlying Stimson sandstone. The Murray formation rocks below the 
unconformity, including the two sandstone lenses, are considered part of the Pahrump Hills interval (PHi). The 
two sandstone lenses are in the same elevation range as sandstone channel fills seen at Pahrump Hills (for exam- 
ple, Whale Rock, Newspaper Rock; Schieber et al., 2022), and show the same style of cross-stratification (enlarged 
lower right inset, yellow arrows point to cross-beds). Generally, the Murray is covered with float from the Stimson 
and wind-blown sand, but low exposures like those in the upper left corner are common, yet inaccessible. Image: 
MR_004283, acquired on Sol 969. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4. MAHLI close-up (Sol 1031) 
of the Murray–Stimson 
unconformity. The underlying 
Murray is less erosion resistant than 
the Stimson sandstone and the 
Ca-sulphate veins (yellow arrows; 
Newsom et al., 2018) that rise above 
the mudstone surface. The Murray 
shows the holes (enlarged red- 
framed inset) that at Pahrump Hills 
signify sites formerly occupied by 
evaporite minerals or their 
pseudomorphs (Schieber 
et al., 2022). 
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bedding orientation and local slope were quite 
close, and thus bedding plane views dominate 
what could be imaged near the rover. Moreover, 
by the time the rover arrived at the base of the 
HVi, about three years and 11 km of drive dis- 
tance had passed since landing, with a craft that 
was only guaranteed to last for two years and 
wheels that had seen more wear than antici- 
pated. There was a sense of urgency to reach the 
mission objective (the clay and sulphate-bearing 
strata seen from orbit), still another 9 km (and 
as it turned out more than three years drive 
time) ahead on an increasingly steep drive. Thus 
even though most of the scientists on the team 
would have loved to linger longer, the overrid- 
ing mood was ‘drive baby – drive’. 

Observations of physical attributes (grain size, 
bedding, sedimentary structures, stratigraphy, 
geomorphology) relied mainly on the Mastcam 
34 mm, Mastcam 100 mm, MARDI, and MAHLI 
cameras (see table 1 in Schieber et al., 2022). 
Source information for the images shown in the 
various figures is listed in Appendix S1. 

The image data can also be explored though 
a wireless holographic computer headset 
(Microsoft HoloLens) in combination with the 
OnSight software interface, a technology that 
enables scientists to explore the surface virtu- 
ally. With this system, composite images of the 
Mars  surface  are  used  to  construct  a 
three-dimensional mesh that allows the user to 
‘walk’ virtually around the study area. OnSight 
superimposes visual information and real rover 
data  onto  the  HoloLens’s  rectangular  field 
of view, where holographic computing gener- 
ates a realistic environment for exploration 
(Eldridge, 2018). 

Compositional attributes were measured by 
the CheMin (mineralogy by X-ray diffraction – 
XRD), APXS (major and some trace elements by 
X-ray spectroscopy) and ChemCam (major ele- 
ments by Alpha Particle X-ray Spectrometer) 
instruments (see table 1 in Schieber et al., 2022). 
The rover uses a stainless-steel-bristle rotary 
brush (Dust Removal Tool or DRT; Davis et al., 
2012) to remove dust and loose sediment, and 
its interactions with the rock surface also serve 
as an empirical indicator of bedrock hardness. 
The areal coverage of analyses varies by instru- 
ment (see table 1 in Schieber et al., 2022). Che- 
Min, APXS and DRT are ‘contact’ tools – they 
require the target to be ≤2.5 m from the rover, 
on a relatively low slope, and tend to cluster 
around areas where the rover remained station- 
ary for multiple days. ChemCam can analyse 

targets up to ca 4 m from the rover and therefore 
has the most complete vertical coverage. 

The capabilities and operations of the various 
cameras and instruments have already been 
described in preceding MSL publications and 
the reader is referred to those publications and 
references therein for further information (e.g. 
Maurice et al., 2012; Gellert et al., 2015; Schie- 
ber et al., 2017, 2022; Minitti et al., 2019; 
Thompson et al., 2020; Wiens et al., 2012). 
Appendix S2 has further information on specific 
technical details. An effort to better use the 
Mars Hand Lens Imager camera (MAHLI; Edgett 
et al., 2012) for mudstone characterization was 
described previously (Schieber et al., 2022); it 
uses the concept of ‘random single pixel vari- 
ability’ (RSPV or ‘pixel salad’; Schieber, 2018). 
In essence, Martian mudstones that show RSPV 
in close range MAHLI images are presumed to 

consist largely of particles ≤20 lm in size. Rock 
and  bedding  nomenclature  follows  Lazar 
et al. (2015, 2022). The terms ‘mudstone’ and 
‘sandstone’ are defined strictly on grain size; 
laminae and beds are defined by stratal geome- 
try, not by arbitrary thickness. Because inputs 
from multiple instruments and geoscience disci- 
plines require an iterative approach to the evalu- 
ation of data sets, our process of discovery, 
discussion and iteration follows the principles 
summarized in Schieber et al., 2022 (fig. 3). 

 
FACIES TYPES AND STRATIGRAPHIC 

SUCCESSION 

 
During a preceding investigation of the Pahrump 
Hills field site by the authors of this study 
(Schieber et al., 2022), specific locations were 
visited multiple times and imaged from multiple 
vantage points and sun angles, and each rock 
type was analysed often enough to allow further 
discrimination based on geochemistry inter- 
preted from APXS and ChemCam LIBS (Laser 
Induced Breakdown Spectroscopy) data. Due to 
time constraints, such data density was not 
achievable during the subsequent traverse of the 
Hartmann’s Valley interval. Yet, the depth to 
which the Pahrump Hills strata were investi- 
gated still pays dividends as the rover ascends 
Mount Sharp – it honed investigative methodol- 
ogies, built experience in interpretation, and 
leverages the extensive PH data set towards 
more refined interpretations of overlying youn- 
ger strata. Collectively, these were the factors 
that  enabled  recognition  of  key  sedimentary 



 

 
 
 
 

 

 

 
Fig. 5. Distribution of Hartmann’s Valley facies along the eastern and western rover traverse (from MARDI, 
MAHLI and Mastcam images). Symbols indicate prevalent facies at a given location. For facies F6, whose charac- 
teristic features are best observed at some distance, the best visibility within a given viewshed is approximated by 
polygons, with lateral extent indicated by the map scale. Numbered arrows indicate rover arrival Sol. Elevation 
(and stratigraphic up) increases generally to the south (base map from Calef, F.J. III, and Parker, T., 2016, MSL 
Gale merged orthophoto mosaic (25 cm per pixel scale): U.S. Geological Survey NASA Planetary Data System 
(PDS) Annex, https://bit.ly/MSL_Basemap.) 

 

 

attributes in the sub-optimal exposures of the 
HVi. 

The facies scheme used for the HVi builds on 
facies defined in the underlying PHi (Schieber 
et al., 2022). Corrugate-weathering and 
smooth-weathering mudstones occur along both 
the Hartmann’s Valley eastern and western tra- 
verses (Fig. 5), closely resembling facies F1 and 
F2 from the Pahrump Hills succession (Schieber 
et al., 2022). In places interstratification of F1 
and F2 results in upward cemented parase- 
quences similar to those observed at Pahrump 
(Fig. 6). Two of the PHi facies (F3 and F4) are 
absent in the HVi. Sandstone occurrences resem- 
ble in context and texture the laterally- 
discontinuous sandstone facies (F5a) at Pahrump. 
A new facies element (F6) contains mudstone 
beds  organized  into  a  larger-scale  repeated 

geometric pattern. All of these facies show coher- 
ent mappable patterns (Fig. 5). Even though the 
accompanying geochemical and mineralogical 
data are not as extensive, the controlling factors 
delineated for the depositional system at the Pah- 
rump Hills field site are presumed to also apply 
to the HV interval. For the HVi facies, designa- 
tions F1, F2 and F5 were retained as defined at 
Pahrump (Schieber et al., 2022), and designation 
F6 was added to arrive at the four facies scheme 
shown in Table 1. 

Based on observations of many lacustrine 
mudstone successions on Earth (Gierlowski- 
Kordesch & Kelts, 1994, 2000), and the rather 
limited range of plausible bedrock compositions 
in the catchment area around Gale crater (Taylor 
& McLennan, 2009), it is plausible to expect that 
there will be no dramatic change in mudstone 
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Fig. 6. Two examples of vertical 
association of F1 and F2, suggestive 
of parasequence development as 
seen at Pahrump Hills (Schieber 
et al., 2022). (A) From base of 
eastern traverse, Sol 1101. Shows 
the unconformable contact (dashed 
red line) with the overlying Stimson 
sandstone, vertical distribution of 
facies F1 and F2 (yellow double 
arrows), W = Winnipeg DRT (area 
where dust removal tool was 
deployed), S = Sacajawea target, red 
arrows point to a low angle 
truncation surface, and yellow half 
arrow points to angular truncation 
of layering at that surface. (B) From 
lower portion of western traverse 
(Sol 1371). Corrugate-weathering 
facies F1 is overlain by smooth- 
weathering facies F2. 

 

 

styles, but mostly variations on a limited set of 
themes going further upward in the Mount Sharp 
succession. For example, the mudstone- 
dominated Green River Formation on Earth (Brad- 
ley, 1964; Remy, 1992), a 1000 m thick interval of 
strata that consists of multiple stacked lacustrine 
depositional sequences, does not consist of a myr- 
iad of mudstone facies. Instead, a limited set of 
mudstone facies, differing in detail, but enduring 
in substance, recurs in changing configurations 
throughout that succession, as well as in many 
other lake-strata successions (Gierlowski-Kordesch 
& Kelts, 1994, 2000; Bohacs et al., 2007). Exami- 
nation of images from the HVi traverses suggest 

that this concept is also applicable to Martian 
mudstone successions. 

 
Facies F1, corrugate-weathering mudstone 

There are widespread observations of F1-style 
bedding along the Hartmann’s Valley traverses 
from the Mastcam, MAHLI and MARDI perspec- 
tives. Figure 7 shows a comparison of MARDI 
images from Hartmann’s Valley and Pahrump 
Hills. 

As Fig. 7 illustrates, the laminated mudstones 
from PH and the HV traverses appear closely 
related or identical. At Mastcam resolution as 

 



 

 
 
 
 
 

 

Table 1.  Sedimentary facies of the Hartmann’s Valley interval, Murray Formation: PH = Pahrump Hills; HV = 

Hartmann’s Valley. 
 

 
Facies F1 Facies F2 Facies F5 Facies F6 

Corrugate-weathering Smooth-weathering Cross-bedded Undulose bedded 
mudstone mudstone sandstone mudstone 

  (F5a = discontinuous 
lenses; F5b = laterally 

 

  extensive)  

Occurrence PH & HV PH & HV PH & HV HV 

Grain size Detrital grains: Detrital grains: Detrital framework Detrital grains: with a 
 probably dominated by 

particles <20 mm 
probably dominated by 
particles <20 mm 

grains: 100 mm up to 
700 mm (medium to 

higher abundance of 
coarse silt (30 to 

   coarse sand; 63 mm particles) 
   moderately well- than F1 and F2 
   sorted); ripup clasts:  

   0.1 to 24 mm  

 Authigenic particles: 
<2 mm; 0.4 to 2.6 mm 

Authigenic particles: 
<2 mm; 0.6 to 1.8 mm 

  

 (mode: 1.3 mm) long (mode: 1.1 mm) long by   

 by 0.15 to 0.35 mm 0.2 to 0.6 mm (mode:   

 (mode: 0.25 mm) wide 0.45 mm) wide at Pink   

 in basal 0.5 m of Cliffs and Book Cliffs   

 section    

Layer 0.4 to 3.0 mm (below 3 to 20 mm Laminae: 1 to 10 mm; Laminae: millimetre- 
thickness Chinle); 0.8 to 4.0 mm  beds: 20 to 110 mm scale; beds: 
 (above Chinle)   centimetres to 
    decimetres 

Lamina/Bed Continuous planar Continuous planar Discontinuous curved Continuous wavy- 
geometry parallel to parallel (horizontal and nonparallel, with tabular and 
 discontinuous planar inclined); continuous sparse discontinuous subparallel to 
 parallel curved parallel; wavy nonparallel, nonparallel, with 
  discontinuous curved discontinuous wavy sparse discontinuous 
  nonparallel parallel and continuous curved nonparallel 
   planar parallel  

Bedding Truncation, downlap, Truncation, downlap, Truncation, downlap Truncation, downlap 
terminations onlap onlap   

Sedimentary Scour surfaces, planar- Scour surfaces, planar- Scours, planar-parallel Undulose, variably 
structures parallel beds parallel beds, current beds, current ripples, dipping beds, may 
  ripples planar-tabular and form convex outcrop 
   trough cross-beds, expressions, 
   compound cross-beds, decimetre-scale beds 
   foreset bundles, mud may show low-angle 
   drapes cross-stratification 

Composition Feldspars, mafics, Fe- Feldspars, Fe-oxides, Sand: feldspar Feldspars, mafics, Fe- 
 oxides, silica, mafics, phyllosilicates, (plagioclase), mafic oxides, silica, 
 phyllosilicates, silica, sulphates (Fe, minerals (pyroxene, phyllosilicates, 
 sulphates (Fe, Ca, Mg), Mg), pyrite, allophane olivine, magnetite), sulphates (Fe, 
 ilmenite, pyrite, F5 rock fragments and Ca, Mg) 
 apatite, shortite,  mud clasts  

 allophane    

Authigenic Crystal pseudomorphs, Tabular concretions; None observed None observed 
components dendrites, stack oblate-spheroidal   

 concretions, isolated concretions (Potatoe,   

 concretions Searles)   

 (concretions sparse    

 above Chinle)    
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Table 1. (continued) 
 

 
Facies F1 Facies F2 Facies F5 Facies F6 

 Corrugate-weathering Smooth-weathering Cross-bedded Undulose bedded 

 mudstone mudstone sandstone mudstone 

   (F5a = discontinuous 
lenses; F5b = laterally 

 

   extensive)  

Crystal Rhomb, pyramidal– Pyramidal–triangular, Not apparent Not apparent 
shapes triangular, lath-blade, 

lozenge (white); 
tabular-rhomb-blade 
(black), tabular–lozenge 

  

 rounded-oval (above hole, lath-blade,   

 Chinle only) lozenge (white)   

Grain/ Detrital mudstone Detrital mudstone Detrital mudstone and Detrital mudstone 
Particle grains; Authigenic in grains; authigenic sandstone grains grains 
origin situ crystal particles: in situ and   

 pseudomorphs reworked authigenic   

  particles   

% of vertical 20 to 40% 30 to 40% 0 to 10% 30 to 50% 
section     

 

 

well, lamina styles between Pahrump Hills and 
Hartmann’s Valley are closely comparable (Fig. 8). 

At PH, the corrugated appearance of this type 
of rock reflects alternating layers of greater and 
lesser resistance to aeolian abrasion. Less resis- 

tant layers consist of poorly sorted mud that 
contains dispersed coarse-silt-size particles and 

mud aggregates (Schieber et al., 2022), whereas 
more resistant layers  contain sand-sized 
sediment-incorporative crystal pseudomorphs 

(Schieber et al., 2022). The HV laminae (Fig. 8A) 
closely resemble the PH corrugate-weathering 

mudstone as illustrated in Fig. 8B and C. The 
resistant parts of the HV laminae contain 

sand-sized sediment-incorporative crystal pseu- 
domorphs with rhombic, pyramidal–triangular, 
lath-blade and lozenge shapes similar to those 

in the resistant laminae at Pahrump (Schieber 

et al., 2015; Kah et al., 2018). 
At the magnification level of the MAHLI cam- 

era, the laminated rocks at PH and HV still 
appear quite similar (Fig. 9). Whereas at the 
Winnipeg location (HV) the laminae appear less 
continuous when compared to the Pelona target 
(PH), in both cases the resistant laminae are 
defined by rounded as well as angular 
objects/grains in the millimetre to sub-milli- 
metre size range. At high magnification (Fig. 9C 
and D) the laminae have a quite similar expres- 
sion, with the larger grains embedded in a mud- 
stone matrix. At PH, the lamina-defining grains 

were interpreted as pseudomorphs of evaporite 
minerals that grew in water-rich muds as a con- 
sequence of high salinity and penecontempora- 
neous mineral precipitation, based on 
pseudomorph shapes, distribution and chemical 
analyses, as well as geochemical modelling 
(Schieber et al., 2022). The textural similarity of 
these grains at PH to those at HV (Figs 8 and 9) 
suggests that this interpretation can be extended 
to Winnipeg and elsewhere in the HVi. 

In multiple HV exposures, MAHLI images 
taken at very close range (target approximately 
30 mm from lens) also show lath-shaped, rhom- 
boidal and triangular shaped particles (Fig. 10), 
some with fills that contrast with the matrix. 
Particles like these were interpreted as crystal 
pseudomorphs and their fills at PH (Schieber 
et al., 2022), interpreted as evaporite minerals or 
their pseudomorphs that formed within the shal- 
low sediment at times of hypersalinity. 

First-order interpretation of Facies F1 
The substantial similarity to corrugate- 
weathering mudstones at Pahrump Hills 
(facies F1) suggests, in the absence of any con- 
tradictory observations, that F1 mudstones in 
the HV interval have a comparable origin. 
Accordingly, softer layers represent poorly 
cemented detrital mudstone that settled from 
suspension, whereas erosive features suggest a 
bottom  current  component  that  eroded  lake 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Fig. 7. Sol 729 MARDI frame (A) 
shows a typical expression of 
laminated mudstones at Pahrump 
Hills (PH; facies F1a from Schieber 
et al., 2022). The rock consists of 
alternating harder and softer 
laminae. MARDI subframes (B) to 
(F), acquisition Sol indicated, show 
comparable lamina styles from the 
eastern and western Hartmann’s 
Valley (HV) traverses at the same 
scale as frame (A). In some images, 
such as (D) and (F), aeolian 
abrasion has exposed discrete 
resistant objects along resistant 
laminae (yellow arrows). 

 

 

muds and transported mud aggregates across the 
lake bed in bedload (Schieber et al., 2022). 
Harder layers reflect authigenic cementation of 
these muds associated with evaporitic condi- 
tions that led to formation of evaporite minerals 
that are now preserved as sediment- 
incorporative crystal pseudomorphs (Schieber 
et al., 2022). 

 
Facies F2, smooth-weathering mudstone 

Along the HV traverses, smooth-weathering F2 
mudstones are exposed at multiple locations 
(Fig. 5) and form decimetre-scale ledges of 
greater erosion resistance that extend for at least 
several metres laterally and contain millimetre- 
scale sharp-sided cavities (Figs 11 and 12). 
Some   intervals   contain   centimetre-scale 

truncation surfaces associated with planar non- 
parallel steepening-upward laminae (Fig. 12D). 

The outcrops of these intervals resemble facies 
F2 ledges at PH, especially the Book Cliffs loca- 
tion (Fig. 11). MAHLI images show these HV 
rocks to contain crystal shapes that compare 
closely with what was observed at Pahrump 
Hills (Fig. 12). Like at Pahrump, these ledges 
show better resistance to aeolian abrasion (rela- 
tive to F1), smoother aeolian polish, variable 
amounts of embedded concretions, millimetre- 
size sharp-sided cavities that still showed out- 
lines of pre-existing crystals and small-scale 
cross-bedding (Schieber et al., 2022, fig. 20). 

First-order interpretation of Facies F2 
Based on the observations from Figs 11 and 12 
and in analogy to Pahrump, the millimetre-size 
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Fig. 8. (A) Typical outcrop expression of laminae at 
the proposed base of the Hartmann’s Valley member 
(HV; Sol 1105). Laminae are defined by erosion resis- 
tant grains and can be traced laterally over 5 to 
20 cm, giving the laminae a discontinuous character. 
(B) In the basal 2 m at Pahrump Hills (PH) compara- 
bly discontinuous laminae are seen, and in places 
there are enough erosion resistant grains available to 
have them develop into continuous laminae. (C) Also 
at Pahrump, this example shows mudstone that is 
dominated by mostly continuous laminae (abundant- 
resistant grains). 

 

 

sharp-sided cavities are interpreted as testament 
to original crystals or crystal pseudomorphs. As 
postulated for F2 at Pahrump, crystal pseudo- 
morphs in F2 ledges may have originated as a 
consequence of dissolution–reprecipitation of 
finer evaporite particles (due to cumulate accu- 
mulation; Smoot & Lowenstein, 1991), growing 
as sediment-incorporative (poikilotopic) crystals 
in mud layers that acted as a three- 
dimensionally isotropic medium. Intervals with 
truncation surfaces and cross-bedding indicate 
erosion of surface muds, generation of mud 

aggregates and currents capable of forming rip- 
ples (Schieber et al., 2010; Schieber, 2011), 
probably due to the interaction of currents and 
waves with the lake bed (Kelts & Hsu€ ,  1978; 
Smoot & Lowenstein, 1991). 

At Pahrump Hills, the erosion resistance of 
these layers was attributed to a combination of 
early diagenetic cementing agents, including 
opal-CT, Fe-oxides and allophane/imogolite 
(Schieber et al., 2022), and the same interpreta- 
tion is adopted for smooth weathering mudstone 
beds in the Hartmann’s Valley interval. 

 

Facies F5, cross-bedded sandstone 

Along the western HV traverse (Fig. 1), rocks 
with decimetre-scale cross-stratification were 
observed at the Sol 1378 rover location at an 
area named Baynes Mountain (Fig. 13). The par- 
ticle size of these rocks was not documented. 
No outcrops with similar cross-bedding were 
observed along the eastern HV traverse. Because 
decimetre-scale cross-stratification is not usually 
observed in mudstones (Schieber, 1998; Schie- 
ber et al., 2019), and is comparatively easy to 
see at a distance in sandstones, the authors con- 
sider the Baynes Mountain cross-stratification as 
an indicator of sandy strata. The well-defined 
cross-bedding and variable resistance of the lam- 
inae to weathering suggests the additional pre- 
sence of some finer-grained sediment. 

Along the western HV traverse, discontinuous 
resistant features observed from a distance 
(Fig. 14) are interpreted as sandstone lenses, 
analogous to Whale Rock and Newspaper Rock 
at  Pahrump  Hills  (facies  F5a;  Schieber 
et al., 2022). 

In one location (Sol 1386), where a small cra- 
ter afforded steep exposures of HVi strata, a 
closer view of these resistant layers was possible 
(Fig. 15). Even though the MastCam resolution 
for this image is 0.22 mm/pixel (insufficient for 
differentiation of mudstone versus sandstone), 
the fractured rock surface shows a roughness 
that is unlike that seen in adjacent mudstones, 
suggesting a coarser lithology, probably sand- 
stone. Figure 15 shows examples of these pre- 
sumed sandstones that show internal 
lamination, cross-stratification and, in places, 
truncation surfaces and current-ripple cross- 
lamination. 

Whereas the observed rock bodies show the 
general characteristics (laterally discontinuous, 
lens-shaped geometry, cross-bedding) that were 
observed in association with sandstone lenses in 
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Fig. 9. Images on the left side (A) and (C) show erosion-resistant laminae at target Winnipeg in the Hartmann’s 
Valley interval (HVi), Sol 1105 location. For comparison, images (B) and (D), displayed at the same scale, show 
erosion-resistant laminae at target Pelona at the Sol 805 location in Pahrump Hills.  

 

 

the Pahrump Hills interval (Whale Rock, News- 
paper Rock, etc.; Schieber et al., 2022), at 
Baynes Mountain there is an additional intrigu- 
ing association of the cross-bedded lens shown 
in Fig. 13 with thinner, laterally extensive (pre- 
sumed) sandstone beds (Fig. 16). 

First-order interpretation of Facies F5 
Just as at PH, the general interpretation of cross- 
bedded lenses (presumed to be sandstone) in the 
HV interval is that they record fluvial channels 
incised into lacustrine mudstones associated 
with times when lake levels dropped. Whereas 
these channels probably received some sand 
infill associated with lake lowstands, complete 
infill probably reflects increasing stream flow 
and  enhanced  sediment  transport  during 

subsequent  rises  of  lake  level  (Bohacs 
et al., 2000, 2003). In this context, the sandstone 
beds extending away from the main sandstone 
lens at Baynes Mountain (Fig. 16) can be inter- 
preted as overbank-flow/crevasse splay deposits 
that were shed away from the main channel dur- 
ing peak flow episodes (Schumm, 1977, 1981; 
Campo et al., 2022). 

 
Facies F6, undulose bedded mudstone 

The undulose bedded mudstone facies (F6) com- 
prises those exposures along the Hartmann’s 
Valley traverse where variable and shallowly 
inclined dips are visible over lateral distances of 
tens of metres, as in Fig. 17, and in other areas 
marked as F6 with polygons in Fig. 5. In places 

 



 

14 
 

 
 
 
 

 

 

 
Fig. 10. Examples of crystal shapes in Hartmann’s Valley interval (HVi) laminated mudstones. (A) Target Ferdig 
(Sol 1109), though somewhat dusty, shows multiple geometric shaped pits and surface features (lath, rhombic, tri- 
angular; yellow arrows). (B) and (C) are close-up images from target Cody (Sol 1109) that show rhombic shaped 
features (yellow arrows) that differ in colour (lighter) from the surrounding mudstone matrix. An exceptionally 
large example is marked by white arrows. These closely resemble F1 examples shown in figs 10, 11A and 17 in 
Schieber et al., 2022. 

 

 

these multi-decimetre-scale shallowly dipping 
layers are clearly seen as continuous and 
convex-up across the crests of metre-scale 
anticlinal/roll-over features (Fig. 18); HoloLens 
observations suggest long-axis azimuths between 
180 and 210 degrees (north–south to 
south/south-west – north/north-east) for these 
convex-up features. Beds mostly dip to the east 
and west, generally perpendicular to the long 
axes of the convex-up structures, and at dip 
angles that are well below the angle of repose of 
sand in air. The lamina geometries within most 
of the beds appear to be planar and parallel to 
the bed-bounding surfaces. Some F6 layers show 
decimetre-scale intervals with higher-dip-angle 
curved non-parallel laminae that lap down onto 
their basal larger-scale bed surfaces (Fig. 19). 

The essential characteristics of the F6 undu- 
lose bedded mudstones, such as variable and 
opposing dips and convex-up structures are best 
observed from a distance at a low viewing angle 
(where the strata are at ‘eye’, or camera, level). 
In the rover vicinity (a few metres distance), 
when the viewing geometry is at a compara- 
tively steep angle relative to bedding, these 

features are not apparent and thus there is some 
uncertainty with regard to positive identification 
of occurrences of facies F6. After careful consid- 
eration of imaged areas in which facies F6 
occurs (Fig. 5), relative to rover stops and close- 
up MAHLI imaging, it appears that the MAHLI 
target Swartkloofberg (Sol 1162 location, eastern 
traverse; images collected on Sol 1167) most 
likely shows an example of these undulose bed- 
ded mudstones. These MAHLI images were col- 
lected in the middle of a stretch of the eastern 
traverse where F6 dominates (Fig. 5), and rocks 
with ‘undulose’ attributes appear to extend 
without obvious interruption towards the rover’s 
location (Fig. 19). 

The near-rover outcrop view of this material 
is shown in Fig. 20, where it exhibits 
millimetre-scale lamination that is more subtle 
in expression than the distinct corrugate lami- 
nae of facies F1 (Fig. 7) and also lacks the pref- 
erentially cemented lamina, small nodules and 
crystal shapes of facies F1 (Fig. 8). 

At Gale crater aeolian abrasion is the domi- 
nant modern modus of outcrop erosion, and 
enhances subtle textural details of the eroded 
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Fig. 11. Comparison of smooth-weathering, cavity-rich mudstones from Hartmann’s Valley [HV; images (A) and 
(B); Sol 1369 target Onguati and Sol 1404 target Uku] with examples from Pahrump Hills (PH) – images (C) and 
(D). The rock matrix is comparable in grain size to F2 at Pahrump, and the shape and size of holes suggest once 
embedded sand size objects. 

 

 

rocks (Schieber et al., 2020). At Swartkloofberg 
it produced a stepped pattern of laminae 
(Fig. 20), and careful examination of the highest 
magnification images (Fig. 21) suggests a mud- 
stone with an appreciable coarse silt component. 
This range of grain sizes, along with the general 
lack of F1 or F2 characteristics and its larger- 
scale undulose bedding led the authors to inter- 
pret these rocks as a different facies, F6. 

First-order interpretation of Facies F6 
The F6 intervals lack pervasive and widespread 
stratal terminations that characterize cross- 
bedding, especially at the decimetre to metre- 
scale (Campbell, 1967; Rubin, 1987). The 
smaller-scale cross-bedding in some intervals is 
confined to layers that are continuous over the 

crests of the convex-up features (Fig. 18). The 
interbedding of decimetre-scale high-angle 
cross-beds with metre-scale low-angle continu- 
ous parallel beds is most characteristic of sub- 
aqueous deposition (Reineck & Singh, 1980), 
and not widely reported from purely aeolian 
strata (Rubin & Hunter, 1983; Rubin, 1987). The 
consistent azimuths of the long axes of the 
convex-up features, the consistent strikes of the 
larger layers on their limbs, and the widespread 
occurrence of F6 (Fig. 5) are also inconsistent 
with an origin by slumping and soft-sediment 
deformation or impact deformation (Kenkmann 
et al., 2014; cf. Edgar et al., 2018). 

The F6 intervals are considered the record of 
distal subaqueous mudstone tongues in a pro- 
delta setting, connected to streams that supplied 
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Fig. 12. Comparison of DRT (dust removal tool)-brushed and aeolian-abraded mudstones from Pahrump Hills 
(PH; upper images) and Hartmann’s Valley (HV; lower images). Images (A) and (C) show a wide variety of crystal 
shapes (interpreted as evaporite pseudomorphs; Schieber et al., 2022), that are either flush with or standing 
slightly above the abraded surface. Some euhedral examples are marked with yellow arrows. Images (B) and (D) 
show internal truncation surfaces, scouring and cross-lamination. 

 

 

sediment to the lake. The azimuths of anticlinal 
features along both the eastern and western HVi 
traverse (Fig. 18) are consistent with sediment 
introduced by streams from the north and the 
detailed palaeogeography interpreted from 
Pahrump Hills exposures (Schieber et al., 2022, 
fig. 41). Dip variations across broad fields of 
view (Figs 17 and 19) may reflect stacked pro- 
deltaic mud lobes that prograded into the lake 
as sediment-rich suspensions were injected 
along the lake margins. The larger-scale convex- 
up geometry and variable but lower-angle dips 
record the overall undulating bathymetric con- 
figuration of these subaqueous tongues. The lat- 
ter are considered expressions of depositional 
lobes and are discussed further in the next sec- 
tion in the context of Earth analogues. The 
smaller-scale cross-stratification that occurs in 
some of the F6 layers (Fig. 19) may represent 
mesoscale bedforms composed of mud- 
dominated   composite   particles   (Schieber 

et al., 2019; Li et al., 2021), filling locally rugose 
bathymetry (e.g. Johnson & Graham, 2004). 
Alternatively, these smaller scale, higher angle 
cross-strata might record episodes of persistent 
sediment transport across the tongues, probably 
as subaqueous-dune-scale bedforms from 
concentrated/winnowed silts (Southard & 
Boguchwal, 1990). The intercalation of planar 
bedding with smaller-scale cross-beds records 
alternating benthic-energy levels, potentially 
related to flood influx, relaxation and fair- 
weather conditions. 

 
Earth analogues for facies F6 

The undulose geometry of F6 appears to record 
a lake floor with undulating bathymetry. Non- 
flat and non-smooth but undulating lake floors 
are quite common in modern lakes on Earth, 
particularly in underfilled lake systems 
(Gierlowski-Kordesch  &  Kelts,  1994,  2000; 
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Fig. 13. Detail from Sol 1381 Mastcam Baynes Mountain mosaic (ML_006768). (A) Shows outcrop overview of 
cross-bedded scarp (marked ‘1’) and a horizontal exposure of cross-bedded strata (area marked ‘2’). (B) An 
enlarged view of the cross-bedded scarp in area ‘1’. (B0) Same area as (B), but with bedding traced out with yellow 
lines. (C) An enlarged view of the cross-bedded strata from area ‘2’, exposed between modern, light grey, aeolian 
bedforms. (C0) Same area as (C), but with bedding traced out with yellow lines. This type of texture (rib and fur- 
row structure) suggests horizontal erosion of a trough cross-bedded sandstone (Campbell, 1967). 

 

 

 
Fig. 14. Potential erosion-resistant sandstone lens within mudstone strata is marked with yellow arrows. Mastcam 
mosaic acquired from the Sol 1384 rover location. 

 

 

Cohen, 2003), such as illustrated in Fig. 22. 
Comparable depositional topographies also 
occur in modern coastal lakes that are infilled 
by mud-dominated subaqueous deltas (e.g. Shaw 
et al., 2016; Whaling, 2018). 

The present-day bathymetry and recent lake 
deposits of Lake Bogoria, Kenya, provide another 

pertinent example of non-flat lake floor topogra- 
phy (Hickley et al., 2003; De Cort, 2016) (Fig. 23). 
Located in the eastern Rift valley of Kenya, it is 
an underfilled-discharge alkaline–hypersaline lake 
system (Benavente and Bohacs, 2024), supplied 
by perennial springs and seasonal fluvial input 
(Cioni et al., 1992; Hickley et al., 2003). Although 
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Fig. 15. Detail of presumed sandstone outcrops at the Sol 1386 location. Image (A) shows MastCam target 
Hardap, and (A’) shows the same location with yellow lines that mark bedding features. Image (B) shows Mast- 
Cam target Hochfeld, and (B0) shows the same location with yellow lines that mark bedding features. 

 
 
 

 

 
Fig. 16. At the bottom a vertically exaggerated (2) view of the Baynes Mountain sandstone lens (at the right; see 
Fig. 13) and a laterally equivalent package of even-bedded sandstone (to the left) exposure. Above an interpretive 
sketch shows lateral facies relations and their presumed relative ages (main channel – orange; lateral beds to left 
are coloured in stratigraphic order from red to blue). The lateral beds at the left are interpreted to represent over- 
bank deposition from the main channel at the right. 

 

 

most of the lake floor is relatively smooth (local 
relief ≤0.5 m; Hickley et al., 2003), in certain 
areas lake-floor undulations of up to 2.5 m relief 
and 100 to 200 length occur in water depths of 6 

to 12 m offshore of stream input points. The 
upper metre of lake-centre deposits is silt domi- 
nated; one metre below the lake floor evaporite- 
bearing interbeds (centimetre to decimetre-scale) 
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Fig. 17. Undulose bedded mudstone with variable apparent dips of beds, marked with yellow lines. Sol 1387 
Mastcam mosaic ML_006817. 

 

 

occur due to early diagenetic mineralization 
(2000 years old or younger; De Cort, 2016). Hick- 
ley et al. (2003) considered the undulose topogra- 
phy to be the cumulative outcome of clastic 
sediment supply via shoreline deltas, dispersal 
across prodelta lobes, reworking by storm- 
induced currents and frequent changes of lake 
level. Evaporites accumulated during short-lived 
lake-level lowstands. 

The metre-scale undulose bathymetry and 
associated strata of the modern Lake Bogoria 
underfilled-lake system corresponds in scale and 
geometry to the undulating F6 mudstone facies 
in Hartmann’s Valley. The added observation of 
actively cementing evaporite interbeds (similar 
to F1 and F2 herein) is another parallel that 
gives credence and feasibility to this current 
interpretation of the HV lacustrine mudstone 
succession. 

Comparable stratal geometries have also been 
observed in ancient lake deposits on Earth 
(Figs 24 and 25), such as the Upper Jurassic Har 
Hotol synrift strata of Mongolia (Johnson & Gra- 
ham, 2004), the Eocene Green River Formation, 
USA (Stanley & Surdam, 1978) and Lake Lisan 
(Dead Sea; Inbar, 1987; Hall, 1996). 

 

Hartmann’s Valley interval facies summary 

The Hartmann’s Valley interval (HVi) con- 
tinues a sedimentary regime that had been 
established in the underlying Pahrump Hills 
interval. Corrugate-weathering (F1) and 
smooth-weathering (F2) mudstone facies domi- 
nate  the  succession,  with  a  poorly  sorted 

detrital silt matrix and sand-size pseudo- 
morphs of evaporite minerals that likely 
formed on and within lake-floor sediments 
(Schieber et al., 2022). Although exposures are 
rarely of the quality and continuity to clearly 
identify stratigraphic discontinuities, intermit- 
tent lenses and channels filled with cross- 
bedded sandstone (facies F5) can be inter- 
preted as Lowstand Systems Tracts (Schieber 
et al., 2022), and indicate that lake levels and 
salinities likely fluctuated and imprinted the 
accumulating muds with episodic accumula- 
tion of authigenic minerals that gave rise to 
the observed millimetre-scale (evaporite-rich 
laminae), centimetre-scale (concretions) and 
metre-scale bedding (top-cemented parase- 
quences). The newly observed facies element 
F6, undulose bedded mudstone, likely repre- 
sents subaqueous prodeltaic mud tongues that 
extended into the lake basin from river deltas 
along the margins of the lake. This facies was 
recognizable in the HV interval because F6 
forms packages several metres thick. Had only 
occasional beds or thin intervals of F6 been 
present, it is likely that it would not have 
been recognized as such. It is therefore quite 
possible that F6 beds are present in the PH 
interval as well, but were not recognized 
because they were too thinly developed or 
poorly exposed (as in the interval below Sal- 
sberry Peak; Schieber et al., 2022). The ‘differ- 
ence’ between PH and HV in terms of relative 
abundance of sedimentary facies may simply 
be a fortuitous byproduct of the choice of 
rover traverse. This is a phenomenon familiar 
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Fig. 18. Undulose mudstone facies (F6) imaged from (A) the Sol 1158 location along the eastern Hartmann’s Val- 
ley (HV) traverse, and (B) the Sol 1399 location along the western HV traverse. Dashed yellow and turquoise lines 
mark rollovers across the crests of continuous convex-up layers. HoloLens observations suggest a long axis azi- 
muth between 180 and 210 degrees for the crests of these features. Because image interpretation is subject to sub- 
conscious biases of the observer (Schieber & Shao, 2021), two of the authors (JS & KB) traced out the perceived 
convex layers independently (the yellow and turquoise dashed lines) for the sake of cross-validation. The two sets 
of lines are in close agreement. 

 
 

 

to sedimentary geologists working on Earth, 
namely that one can measure multiple sections 
across  the  same  escarpment,  or  up  various 

sides of the same mountain, and end up with 
distinctly different stratigraphic sections, signi- 
fying lateral facies change in a broader setting. 
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Fig. 19. Undulose bedded mudstone (top image), looking southward from the Sol 1162 location. The Sol 1167 
MAHLI observations of target Swartkloofberg (Fig. 20) were made at this location. Top image shows typical out- 
crop of undulose bedded mudstone with bedsets highlighted by dashed yellow lines. Blue rectangular boxes mark 
areas where low angle cross-stratification (blue lines) is visible. Five of these boxes are shown underneath in 
enlarged form with cross-stratification marked with blue lines. They correspond to areas in the top image that are 
numbered 1 through to 4 (with area 2 showing two boxes), and the enlargements consist of the original image 
(contrast enhanced, labelled “1, 2, ... etc.”) and a companion image where cross-strata are marked with blue lines 
(labelled “10, 20, ... etc.”). Portions of Sol 1162 Mastcam mosaic ML_005258. 

 
 
 

STRATIGRAPHIC SUCCESSION AND 

LATERAL FACIES DISTRIBUTION – 

PHYSICAL SEDIMENTOLOGY AND 

STRATIGRAPHY 

 
The observed facies do not occur randomly 
across the Hartmann’s Valley outcrop area, but 
show ordered vertical successions. With an east– 
west separation of approximately 700 m 
between the two traverses, the distinct differ- 
ences between their vertical facies successions 
(Figs 5 and 26) are an indication of lateral 
changes in depositional conditions. 

The western traverse spans the larger range of 
elevation and the widest variety of facies and 
facies stacking. The lowermost 7 m interval 
(Fig. 26) consists of interbedded decimetre-scale 
intervals of F1 and F2 mudstone facies, and 

resembles the basal 6 m of the Pahrump section 
(Schieber et al., 2022). In addition, panoramic 
images reveal discrete multi-decimetre resistant 
intervals that are interpreted as lenses of F5a 
sandstone. A thicker interval of cross-bedded 
F5b sandstone occurs between -4429 m and 
-4428 m at the Baynes Mountain location 
(Fig. 13). This interval appears to have a wavy 
top, with up to 30 cm relief over a few metres 
laterally, and decimetre-scale bedsets of sand- 
stone or muddy sandstone which appear to be 
laterally associated with the main F5a sandstone 
body (Fig. 16). Bedsets stack in a progradational 
pattern and contain centimetre to decimetre- 
scale planar-parallel and cross-beds. 

The overlying 1 to 2 m western traverse interval 
contains interbedded F1 and F2 mudstones, and 
is in turn overlain by about 6 m of dominantly 
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Fig. 20. Outcrop image in rover vicinity from the Sol 1162 rover location. MAHLI target Swartkloofberg is located 
just a few centimetres below the lower edge of the image (obstructed by rover hardware). Image taken on Sol 1166 
(MR_005275). Red framed inset (A) (10 cm by 10 cm; upper right) shows an enlarged version of red frame (A) 
(upper left) to illustrate bedding. 

 
 
 

 

 
Fig. 21. MAHLI close-ups from target Swartkloofberg (Sol 1167) at high magnification. At the left, a 100 pixel by 
100 pixel area from a spot that is largely free of surface dust (blue arrows indicate dust grains or aggregates). Scale 
bar at lower left, red dot is 63 microns in diameter, the maximum size of mudstone particles. At the right, same 
field of view but strongly contrast enhanced. The surface dust grains/aggregates are clearly visible, and the surface 
generally shows RSPV ‘pixel salad’ texture, a sign that the rock has a finer mudstone matrix (Schieber, 2018). 
Coarse silt particles are scattered through this matrix (yellow arrows point to examples), and appear more com- 
mon than in other Hartmann’s Valley mudstones (see below). 
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Fig. 22. (A) Lake Turkana (Kenya), over time, provides an Earthly example of infilling of a lake by fluvio-deltaic 
processes. Hues of red indicate the undulating topography of a highly dynamic landscape. The 1989 image shows 
the lake-floor topography that was submerged in 1973 (USGS, 1989, EROS History Project; https://www.usgs.gov/ 
media/images/1989-landsat-mss-lake-turkana; accessed 31 January 2024). (B) and (B0) The dry lakebed surface of 
Lake Chad displays undulose topography at the kilometre scale (image courtesy of Dr David Reynolds based on 
NASA Shuttle Radar Topography Mission data). (C) A view of the Neales delta along the shores of Lake Eyre, 
Australia. When Lake Eyre floods all of this undulose channelled topography is submerged (image courtesy of Dr 
Simon Lang; see also Lang et al., 2004). 

 

 

facies F6 (-4427 to -4421 m) which appears to 
host a few multi-decimetre-thick lenses of F5a 
sandstone. Although most of these lenses are seen 
from a distance (for example, Fig. 14), when seen 
from closer range (Figs 13 and 15) they show 
cross-bedding typical for F5a. Another interval of 
dominantly interbedded F1 and F2 occurs from 
-4421 to -4418 m, which is followed by another 
thick interval dominated by F6 (Fig. 26). The 
interpreted contact with the overlying Karasburg 
member (Fig. 2) is not well-exposed and placed 
here at the elevation previously proposed (e.g. 
Gwizd et al., 2022). 

The eastern traverse (Fig. 26) shows similar 
facies and thicknesses of facies intervals, but at 
different elevations, resulting in a visibly differ- 
ent stratigraphic pattern. The eastern Hart- 
mann’s Valley section is also significantly 
thinner than its western equivalent, most likely 
due to uneven erosion that removed the upper 
portion of the HV interval prior to the uncon- 
formable emplacement of the overlying Stimson 
sandstone. Although it is difficult to confidently 
assess relative proportions of F1 and F2 in the 
upper part of the remaining section (-4426 to 
-4419 m) owing to the shallow slope of the 
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Fig. 23. (A) Map of Lake Bogoria, 
Kenya, noting points of fluvial 
sediment supply and occurrence of 
undulating lake bed topography. 
(B) Detailed view of bathymetry 
along the profile line from (A). After 
Hickley et al. (2003). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 24. Prodelta-marginal 
lacustrine strata from Har Hotol in 
Mongolia. This outcrop shows 
lithofacies Fb, centimetre to 
decimetre-scale interbedded grey 
siltstone and claystone that show 
minor erosional surfaces and 
inclined strata. Base image from 
Johnson & Graham (2004), red lines 
are tracings of observed bedding for 
this study. Person for scale is ca 
1.8 m tall. 

 

 

rover traverse, the F2 intervals appear to be 
thicker and more extensive than along the west- 
ern traverse. 

Two possible interpretations of the lateral 
relations between the strata exposed in the east- 
ern and western areas of Hartmann’s Valley are 
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Fig. 25. (A) Undulating lake bed topography displayed in an outcrop of the Sand Butte Bed of the Green River 
Formation (Bohacs et al., 2002). (B) Mudstone strata of Lake Lisan, Dead Sea. The outcrop shows a stack of five 
stratigraphic sequences that are separated by undulose (scoured) sequence boundaries, which record past lake 
floor topographies (Bartov et al., 2012). In this case depositional lobes are interspersed with erosion surfaces, add- 
ing to the undulosity of these strata. 

 

 

portrayed in Fig. 27. One alternative (Fig. 27A) 
is based on sequence stratigraphy and the other 
(Fig. 27B) reflects a purely facies-based interpre- 
tation. Both interpretations are plausible on the 
basis of currently available data. 

The basal interval in the western traverse area 
(-4436 m to about -4429 m) is conceptualized 
to contain F1–F2 type parasequences as seen at 
PH, with interspersed multi-decimetre-scale bed- 
sets of F5. This interval is interpreted as a high- 
stand systems tract, and it is posited here that 
the coeval interval in the eastern area is 
not exposed. The apparently abrupt basal sur- 
face of the overlying sandstone interval at 
Baynes Mountain (Fig. 16) is interpreted as a 
depositional-sequence boundary. The overlying 
sandstone-dominated strata represent a lowstand 
systems tract that pinches out towards the east. 
The abrupt upper surface of this interval is over- 
lain by a metre-scale interval of F1 and F2 and 
represents the Transgressive Surface. The over- 
lying interval, dominated by multiple metres of 
F6 with intercalated decimetre-scale intervals of 

both F5 and F1, is interpreted as a transgressive 
systems  tract.  The  top  of  this  interval  (ca 

-4421 m in the west and -4427 m in the east) 
represents the maximum flooding surface based 
on the change in stratal stacking patterns that 
occurs across it, and its distinctive character 
along both the western and eastern traverses. 
The overlying interval, up to the top of both sec- 
tions, is interpreted to contain parasequences 
that appear to stack in a progradational pattern. 

Stratigraphic patterns such as these are quite 
characteristic of underfilled lake basins on Earth 
(Bohacs et al., 2000): moderately developed 
highstand systems tracts, a poorly developed 
basal sequence boundary (with minimal erosion, 
probably being due mostly to lake water with- 
drawal and subaerial exposure) overlain by a rel- 
atively thin lowstand systems tract (because 
lake-level fall was due to decreased water dis- 
charge which implies decreased sediment dis- 
charge), a well-expressed maximum flooding 
surface, and a relatively thick transgressive sys- 
tems tract (because lake-level rise is caused by 
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Fig. 26. A comparison of presumed 
vertical succession of facies for the 
eastern and western Hartmann’s 
Valley traverse. ‘Localities’ refers to 
locations and target names 
mentioned in the text. ‘Bold Red’ 
localities indicate CheMin drill 
locations. Elevation scale and red 
dashed horizontal lines mark the 
presumed vertical extent of the 
Hartmann’s Valley interval (MSL 
Sedimentology and Stratigraphy 
Working Group). 

 

increased water discharge and concurrent 
increased sediment discharge). These strati- 
graphic patterns also resemble those interpreted 
in the underlying interval of the Murray forma- 
tion at Pahrump Hills (Schieber et al., 2022). 

Figure 27B portrays a facies-based interpreta- 
tion of the lateral distribution of rock types 
between eastern and western traverse areas 
based on analogous systems on Earth, particu- 
larly Lake Bogoria (Bohacs et al., 2000; Hickley 
et al., 2003; De Cort, 2016; Bohacs et al., 2014). 
This perspective emphasizes lake-floor bathyme- 
try and its effect on facies distribution via com- 
pensational stacking while honouring the lateral 
changes in rock types observed and assuming 
that regional depositional dip was relatively 
low-angle. The resulting patterns indicate that 
the earliest depositional axis was in the east, 
and shifted to the west in the middle of the sec- 
tion with a thick interval of F5 (Baynes Moun- 
tain) overlain by multiple metres of F6 and 

persisting in the west throughout the upper part 
of the section with intercalated F1/F2 and F5. 
The aforementioned interpretation suggests that 
the lateral extent of individual intervals of F6 is 
rather limited (ca 500 m). This style of limited 
lateral extent of lacustrine facies accords with 
the scale of undulating bathymetric features in 
Lake Bogoria (Fig. 23), a not uncommon feature 
in  lacustrine  systems  on  Earth  (Baganz 
et al., 2013; Bohacs et al., 2014). 

 

STRATIGRAPHIC SUCCESSION AND 

ALLIED MINERAL & CHEMICAL DATA 

 
The  facies  descriptions  given  above  relate 
to processes that produce characteristic sedi- 
mentological features as a result of water flow, 
water quantity, extent of evaporation and grain 
size of the particles. In a prior study, introduc- 
tion of other data sets/observations was essential 
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Fig. 27. Schematic rendering of possible west–east facies relations in the Hartmann’s Valley interval. (A) West– 
east cross-section portrays a sequence-stratigraphic correlation of the two areas inspired by stratal stacking pat- 
terns in analogous systems on Earth (Gierlowski-Kordesch & Kelts, 1994, 2000; Bohacs et al., 2000, 2014). It 
emphasizes stratal continuity and correlation without attempting to portray lake-floor bathymetry. The key hori- 
zon that connects the eastern and western areas is what appears to be a major flooding surface exposed at 
-4421 m in the west and -4427 m in the east. The relief on this surface is about 1 m per 100 m – quite within 
the range of lake-floor relief seen in similar systems on Earth (Fig. 23). All other flooding surfaces are interpreted 
to have similar slopes because their stratal character does not indicate any major reorganization of the coeval 
landscape. The other readily recognizable flooding surface is the top of the sandstone interval at Baynes Mountain 
(Figs 13 and 26). More subtly expressed flooding surfaces occur at the base of multi-decimetre-scale intervals of 
F1 intercalated with thicker intervals of F6, as well as at the tops of thicker intervals of F2 in the upper part of 
the eastern section. (B) A purely facies based interpretation of lateral relationships, where the surfaces of the F6 
mudstone tongues show undulosity scaled in analogy to the Lake Bogoria lake-floor topography (Fig. 23). LST = 

lowstand systems tract; TST = transgressive systems tract; HST = highstand systems tract; MFS = maximum flood- 
ing surface; TS = transgressive surface; SB = sequence boundary. 

 

in understanding the changes that produced the 
facies observed in the Pahrump Hills succession 
(Schieber et al., 2022). There, integration of min- 
eral (CheMin) and compositional (APXS, Chem- 
Cam) data was invaluable for a deeper 
understanding of the accumulating succession 

(Schieber et al., 2022). That approach, however, 
is not readily applicable to the HV interval 
because fewer data were collected over a much 
larger area (Fig. 1), rendering vertical context 
less constrained. Nonetheless, the following sec- 
tions  integrate  the  comparatively  sparse 
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compositional and mineralogical data available 
from the Hartmann’s Valley interval. 

 

Observations – CheMin 

Strictly speaking, there is only one CheMin analy- 
sis in the HVi, target Oudam, collected at the very 
base of the interval (-4435.7 m). The next higher 
CheMin analysis (target Marimba – MB) was col- 
lected directly above the Hartmann’s Valley inter- 
val as defined by the MSL Sedimentology and 
Stratigraphy Working Group (Fedo et al., 2018), 
but it is included in this analysis (stratigraphic 
position of CheMin samples marked in Fig. 26). 
Because the HVi shares essential sedimentological 
elements with the underlying Pahrump Hills inter- 
val, these data were compared with the CheMin 
analyses from Pahrump Hills [Confidence Hills 
(CH), Mojave (MJ), Telegraph Peak (TP); Schieber 
et  al.,  2022]  and  Buckskin  (BK;  Morris 
et al., 2016). All of these data are summarized in 
Table 2. 

Comparing Oudam (OU) with the PH samples 
(Table 2), one obvious difference is the signifi- 
cantly lower amount of pyroxene in Oudam. The 
ratios of plagioclase to olivine are ca 14 at PH 
(samples CH, MJ, TP) and ca 20 at Oudam and 
Marimba. Likewise, the ratio of plagioclase to 
pyroxene is ca 2.5 at PH, and comparatively ele- 
vated at Oudam (6.4) and Marimba (10.6). The 
Buckskin sample (upper PHi) is in a category all 
its own by containing no olivine or pyroxene, even 
though the plagioclase abundance is in keeping 
with other PHi samples. Buckskin contains an 
unusual abundance of tridymite (17.1%, Morris 
et al., 2016), but tridymite was also detected at TP 
(6 m below, 1%) and at OU (11 m above, 0.8%), 
although at lower abundances. The parallel occur- 
rence of cristobalite in the three tridymite-bearing 
samples (TP, BK, OU) suggests a source that con- 
tained both of these high-temperature silica poly- 
morphs. Matrix Ca-sulphate is much more 
abundant at OU and MB (ca 5% or more) than in 
the PHi samples (ca 1% or less). Similarly, opal- 
CT and Al-bearing diagenetic phases (kerolite, allo- 
phane) are significantly more abundant at OU and 
MB when compared with the PHi (Table 2). 

 
Observations – Alpha particle X-ray 
spectrometer (APXS) 

The APXS analyses were published in Thomp- 
son et al. (2020) and Schieber et al. (2022). For 
this paper, the most salient PH and HV APSX 
data  are  summarized  in  Fig.  28,  and  the 

complete data set can be seen in Appendix S3 
(Figs S3-1 and S3-2). Overall, APXS analyses 
show lower SiO2, Al2O3, TiO2, Cr2O3, MnO, 
Na2O, P2O5 and Zn, and higher FeO, MgO, K2O, 
Ni, CaO, SO3 and Cl concentrations than at PH 
(Thompson et al., 2020). Notable shifts in com- 
position for several elements at the Chinle 
unconformity (Schieber et al., 2022) and the pre- 
sumed Baynes Mountain sequence boundary are 
intriguing. There are no obvious differences 
between the two transects east and west of the 
Naukluft plateau (Fig. 1). 

 

Observations – ChemCam 

ChemCam analyses from the PHi show notable 
shifts at the Chinle depositional-sequence 
boundary, one of the stratigraphic breaks dis- 
cussed above (Fig. 29). 

The ChemCam bedrock analyses (Fig. 29) indi- 
cate that the content of Ca-bearing and Al- 
bearing phases is generally lower in HV samples 
relative to PH. These lower abundances have 
been attributed to open-system weathering of 
the sedimentary materials that accumulated dur- 
ing HV deposition, either prior to or during their 
emplacement, with some degree of plagioclase 
and feldspar dissolution (Mangold et al., 2019). 
A fraction of the leached Al ions may have con- 
tributed to formation of colloidal Al-bearing 
phases such as allophane (Table 2), and a por- 
tion of the Ca ions possibly crystallized in the 
form of Ca-sulphates due to later evaporation 
(Rapin et al., 2019). 

When averages are computed for PH below 
and above Chinle (Fig. 29), the ChemCam bed- 
rock data show a clear increase in CaO and a 
clear decrease in Al2O3 across that boundary. 
The Al2O3 data match the shift already observed 
for the APXS data (Fig. 28), whereas the CaO 
shift is not apparent in APXS data. This contrast 
illustrates the systemic difference between the 
APXS and ChemCam data sets. Unlike APXS 
that integrates over an area ca 1.5 to 2.5 cm in 
diameter, ChemCam highlights small-scale dif- 
ferences in elemental distribution, and in HV 
this is attributed to scattered Ca-sulphate grains 
in the rock matrix (Figs 30 and 31). No signifi- 
cant compositional changes are seen by Chem- 
Cam at the elevation of the Baynes Mountain 
sandstone interval. 

The submillimetre spatial resolution of Chem- 
Cam analyses shows that, although the Hartmann’s 
Valley bedrock has an overall CaO content that is 
similar to the Pahrump Hills bedrock below Chinle, 
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27.7 (3.2) 14.8 (6.4) 

4.3 (1.5) 1.4 (1.0) 

 (0.3) 

 

4.7 5.6 (1.4) 

 
 
 
 
 

 

Table 2. CheMin analyses of Oudam and Marimba in the context of Pahrump Hills interval (Phi) data. 

Pahrump Hills Hartmann’s Valley 

Mineralogy, 
normalized 
Confidence 

Mineralogy, 
normalized 

Mineralogy, 
normalized 
Telegraph 

Mineralogy, 
normalized 

Mineralogy, 
normalized 

Mineralogy, 
normalized 

 
Elevation (m) 

 
Andesine 

Oligoclase 

Albite 

Anorthoclase 

Sanidine 

Forsteritic 
olivine 

 
Augite 

Hedenbergite 

Pigeonite 

Orthopyroxene 

Magnetite 

Maghemite 

Hematite 

Quartz 

 

 
Opal-CT 

Kerolite 

Fe-allophane 

 
Amorphous 

Apatite 

 
 
 
 

 
Ilmenite 

Parabutlerite 

Rozenite 

Hills (CH) Mojave (MJ) Peak (TP) Buckskin (BK)  Oudam (OU) Marimba (MB) 

-4435.7 -4410.7 
 

20.8 (1.3) 9.5 (3.2) 

7.0 (2) 5.3 (3.2) 
 
 

 
5.3 (3.2) 

1.3 (0.6) 0.8 (0.6) 

 

 

 
2.0 (0.6) 

2.3 (0.9) 1.4 (1.0) 

 
0.6 (0.2) 

15.9 (0.8) 5.6 (1.4) 

0.6 (0.2) 0.3 (0.1) 
 

20.0 (10) 10.0 (5) 

5.9 (0.9) 

10.0 (5) 

2.0 (1) 25.0 (10) 

15 (5) 20.0 (10) 

 

2.6 (0.2) 2.8 (0.6) 

0.9 (0.3) 

2.1 (0.2) 1.9 (0.5) 

0.7 

 
 

 
 

 

Anhydrite 

Bassanite 

Gypsum 

ΣCa-sulphate 

Phyllo/Clays 

Cristobalite 

Tridymite 

ΣPyroxene 

ΣPlagioclase 

-4460.5 

24.0 

20.0 (2) 

4.0 (2) 

 

4.0 (4) 

1.5 (4) 

14.8 

7.0 (6) 

5.4 (7) 

1.8 (7) 

3.7 (3) 

7.3 (5) 

0.4 (1) 

 

1.8 (6) 

2.4 (5) 

1.5 (6) 

36.0 

0.4 

0.4 (1) 
 
 

 

1.2 (3) 
 

 

0.2 (2) 

 

-4459.6 

25.0 

22.0 (1) 

2.8 (4) 
 
 
 
 

 

1.6 (4) 

6.1 

2.7 (5) 
 

 

3.4 (6) 
 
 

 

4.2 (3) 

3.5 (2) 

0.5 (1) 
 

 

 

2.1 (9) 

0.8 (4) 
 

 

2.6 (9) 

48.0 

1.2 (2) 

0.0 

 

 
 
 
 

 

0.6 (1) 

 

-4453.0 

23.0 

20.0 (2) 

3.0 (1) 

7.0 (3) 

0.0 

2.1 (7) 

7.6 

0.0 

1.6 (6) 

6.0 (1) 

 

9.0 (1) 

1.3 (4) 

0.5 (3) 

8.0 (1) 

1.0 (1) 

1.4 (7) 

2.7 (4) 

 

31.0 

0.5 (0.5) 

1.2 

0.8 (2) 

0.1 (1) 

0.3 (2) 

0.3 (2) 

 

-4447.0 

21.4 

 
 
 
 
 

 

4.2 

0.0 

 
 
 
 
 

 

3.5 

3.0 

17.1 

 

 
 
 
 

 

50.0 

 

0.9 

 



30  

 

30 
 

 
 
 
 
 

 

Table 2. (continued) 
 

Pahrump Hills Hartmann’s Valley 
 

 Mineralogy, 
normalized 
Confidence 

 Mineralogy, 
normalized 

 Mineralogy, 
normalized 
Telegraph 

 Mineralogy, 
normalized 

Mineralogy, 
normalized 

Mineralogy, 
normalized 

Hills (CH)  Mojave (MJ)  Peak (TP)  Buckskin (BK) Oudam (OU) Marimba (MB) 
          

Jarosite 0.9 (2)  2.6 (3)  1.2 (4)    0.9 (0.5) 

Pyrite 0.5 (2)  1.4 (3)  0.5 (3)     

Shortite 0.5 (2)    1.1 (6)     

Thenardite     0.7 (5)     

Kieserite 0.4 (2)  0.2 (2)  0.2 (3)     

SO3 (wt. %) 4.9  6.3  2.5   5.6 7.7 
          

Data for CH, MJ and TP are from Schieber et al. (2022); data for BK are from Morris et al. (2016). Data for Oudam 
and Marimba have been newly analysed for this study. Values in parentheses represent the estimated standard 
deviation (1 sigma) in the last quoted number. Green shaded columns indicate data from published sources. Beige 
shading indicates totals for mineral groups, such as plagioclase, pyroxene and Ca-sulphates. The bold values are 
used for data that have been analyzed for this paper and were not previously published. Gray shading indicates 
minerals that are discussed together in the text. 

 

HV shows sporadic Ca-sulphate detections that 
were not observed at Pahrump (Fig. 29). This Ca- 
sulphate enrichment is highlighted by the CaO and 
SO3 association illustrated in Fig. 30, which can be 
modelled to infer disseminated Ca-sulphate grains 

of about 200 lm size in the mudstone matrix 
throughout the entire vertical extent of the HV 
interval (Appendix S4). Scattered submillimetre- 
sized light-toned grains are commonly observed in 
ChemCam RMI (Remote Microscopic Imager) target 
images from HV bedrock (Fig. 31) and may repre- 
sent evaporitic Ca-sulphates (Rapin et al., 2019). 
ChemCam data analysis has also indicated the 
presence of sporadic, minor amounts of halite dis- 
seminated in HV bedrock (Thomas et al., 2019). 

 
Compositional trends 

The observation that both APXS and ChemCam 
data show compositional shifts within the PHi 
(Chinle) and HVi (Baynes Mountain) suggests 
that the common practice of comparing chemical 
averages at the ‘formation’ or ‘member’ level is 
not useful in deciphering the depositional his- 
tory of Mount Sharp strata. 

Some exceptions to the ‘general’ HV bedrock 
compositions have been observed in F1/F2 
facies near -4423 m elevation with increased 
Al, Ca and Na but low hydration (Fig. 29). These 
data could point to a slightly different sediment 
provenance within a specific F1/F2 bedrock 

interval at this location. The data are consistent 
with less altered source materials and more pla- 
gioclases and feldspars. 

 
GEOLOGICAL HISTORY 

 
The strata of the Hartmann’s Valley interval 
closely resemble those described from the Pah- 
rump Hills interval and appear to record a con- 
tinuation of the underfilled evaporitive lake 
system proposed for the Pahrump Hills strata 
(Fig. 2; Schieber et al., 2022). Particular similari- 
ties include provenance lithotypes and changes, 
as well as erosion and transportation. Subtle dif- 
ferences include type and intensity of source 
rock weathering, depositional sub-environments 
and early diagenesis. 

 

Provenance lithotypes and weathering 

At Pahrump Hills (samples CH, MJ and TP), care- 
ful consideration of chemical and mineralogical 
data, in combination with geochemical modelling 
(Schieber et al., 2022), led to the conclusion that 
the sedimentary materials supplied to the basin 
were dominated by detrital minerals derived from 
basaltic bedrock and glass that were pulverized 
by meteor impacts (Arp et al., 2019). 

Because Mars has long been considered as a 
planet  dominated  by  aeolian  processes  (e.g. 

 

 



 

 

 

 
Fig. 28. SiO2, TiO2, Al2O3, CaO, K2O and FeO as measured by APXS (Alpha Particle X-ray Spectrometer) on bedrock as a function of elevation for Pah- 
rump Hills and Hartmann Valley mudstone targets. Also marked are the known Chinle sequence boundary (SB) and the Baynes Mountain (candidate) SB. 
Provenance types A, B, and D were discussed by Schieber et al. (2022) and are adopted for this study. Explanation of symbols: circles – Pahrump Hills; dia- 
monds – Hartmann’s Valley east of Naukluft Plateau; triangles – Hartmann’s Valley west of Naukluft Plateau. 
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Fig 29. (A) and (B) CaO and Al2O3 content as measured by ChemCam on bedrock as a function of elevation for 
Pahrump Hills and Hartmann Valley targets. Vertical bars (black arrows) indicate average abundances of corre- 
sponding stratigraphic intervals. (C) and (D) Distribution of CaO and Al2O3 abundances in Pahrump below Chinle 
and in the Hartmann’s Valley interval. Note that in (C), HV data are intermittently skewed towards higher CaO 
values due to laser shots that intercepted matrix sulphate grains. This provides a nearly Ca-sulphate free bedrock 
modal CaO abundance, showing it to be lower than at Pahrump (below Chinle) even though the CaO averages of 
the strata are quite similar. (D) Shows clearly lower Al2O3 abundances for HV relative to Pahrump, and also that 
this drop in Al2O3 abundances actually occurred at the Chinle unconformity, just as seen in the APXS (Alpha Par- 
ticle X-ray Spectrometer) data (Fig. 28). 

 
 
 

Fenton et al., 2003), aeolian supply to crater 
basins of fine particles from far away is always 
a considered possibility for many Mars 
researchers. Yet, for an early Mars with an active 
hydrosphere it is worth looking at present-day 
Earth for guidance. There, the volume of fine- 
grained sediments that enter the oceans via riv- 
ers is several orders of magnitude larger than 
any conceivable aeolian input (e.g. Pros- 
pero, 1981). As a specific example, the flood- 
plain of the Copper River delta is known for 
spectacular aeolian dust plumes that can be car- 
ried far offshore into the Gulf of Alaska (Crusius 
et al., 2011), yet the river itself pumps out more 
suspended sediment in a single day (Bra- 
bets, 1992) than the estimated aeolian flux from 
its floodplain for an entire year. Thus, it is rea- 
sonable to assume that streams supplied the 

bulk of fine-grained sediments that form the 
Murray formation of Aeolis Mons. 

Examining the origin of mineral components in 
the  Pahrump  Hills  succession,  Schieber 
et al. (2022) concluded that diagenetic products 
such as opal-CT, kerolite, Fe-allophane and 
phyllosilicates/smectite reflected open-system 
weathering (in catchment or at site of deposition). 
An increase of these components in the HV inter- 
val, as well as the increase in hematite (OU and 
MB) suggests increased open-system weathering 
for Hartmann’s Valley compared to samples lower 
in the section. This CheMin-based assessment is 
supported by Ca-sulphate-corrected APXS data 
that suggest CIA (chemical index of alteration, 
Nesbitt & Young, 1982) values between 42 and 62 
and low to moderate weathering (Gwizd 
et al., 2022), as well as by evaluation of ChemCam 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 30. ChemCam bedrock data 
that show CaO content as a function 
of Al2O3 (A) and sulphur (B) 
content (S signal). Whereas most 
data cluster in the low CaO portion 
of these diagrams, there is 
systematic scattering towards higher 
CaO values, due to laser shots 
interacting with Ca-sulphate grains 
in the rock matrix (Fig. 31). 

 

 

compositional data (Mangold et al., 2019). That 
this change from minimal to moderate weathering 
is detected across an unconformity (Chinle), 
implies that a significant amount of time had to 
pass (to allow for weathering) between the forma- 
tion of the Chinle erosion surface and the subse- 
quent deposition of notably more weathered 
clastic detritus, providing further support for our 
perspective on subdividing the studied 
succession. 

The composition of the Buckskin sample (Mor- 
ris et al., 2016) (Table 2) signals a significant 
change in provenance during deposition of the 
Pahrump Hills interval. The complete lack of Fe– 
Mg mafic silicates, in addition to the abundance of 
tridymite and cristobalite, suggests a significant 
provenance re-arrangement. That this shift may 

already have been underway when the strata of 
the upper part of the Pahrump Hills outcrop were 
deposited and continued farther up-section from 
Buckskin is suggested by the parallel detection of 
tridymite and cristobalite in the TP sample (6 m 
below BK) and the OU sample (at the base of the 
HVi, 12 m above BK). Detection of this tridymite– 
cristobalite duopoly across 18 m of strata suggests 
a widespread source rock type of unique composi- 
tion in the catchment that supplied sediment to 
the northern portion of Gale crater (Palucis 
et al., 2014). Although tridymite and cristobalite at 
BK have previously been ascribed to silicic volca- 
nics (Horwell et al., 2013; Morris et al., 2016), in 

situ hydrothermal alteration (Yen et al., 2021) and 
meteorite impacts (Schieber et al., 2022), the here 
observed stratigraphic range of tridymite and 
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Fig. 31. ChemCam RMI (Remote Microscopic Imager) images associated with analysis of bedrock targets. Yellow 
arrows mark crystal shapes and red crosses mark ChemCam laser shots. Scale bars are 5 mm long. Images (A) to 
(C) are from the eastern Hartmann’s Valley traverse, and images (D) to (F) are from the western HV traverse. (A) 
Sol 1214, target Hunkab. Rover rolled over this rock and cracked it. Small light toned crystal shapes can be seen 
on the broken surface. (B) Sol 1264, target Awahab. ChemCam laser shots cleaned dust from the surface and 
exposed small light toned crystal shapes. (C) Sol 1166, target Swakop. This is a different facies (F6) from the other 
images (F1 and F2) and the crystal shapes are comparatively tiny. (D) Sol 1412, target Huambo, showing abundant 
light toned crystal shapes. (E) Sol 1380, target Onawana, showing abundant light toned crystal shapes. (F) Sol 
1363, target Onganja, showing abundant light toned crystal shapes. ChemCam RMI images are greyscale images, 
and as such do not convey colour information. However, in places where RMI and MAHLI images coincide (e.g. 
Rapin et al., 2019), light toned crystal shapes are invariably whitish in appearance, and this colour assumption is 
extended to the light toned crystal shapes seen in (A) to (F). 

 

 

cristobalite input and the fact that the Martian 
upper crust represents a heavily ‘cratered volume’ 
(Hartmann & Neukum, 2001; Edgett & Malin, 2002) 

with a sizeable volume of impact modified rocks, 
makes it almost certain that both minerals came 
from  impact-related  debris  and  melt  sheets 

 



 

 

(Jackson et al., 2011; Trepmann et al., 2020; Cavo- 
sie et al., 2022; Zamiatina et al., 2023) rather than 
any other source. 

This latter viewpoint is consistent with obser- 
vations on crystallite size and strain parameters 
for tridymite and cristobalite, that indicate very 
small crystallites (ca 50 nm) and highly strained 
material (Schieber et al., 2022). The complete 
lack of olivine and plagioclase at BK and signifi- 
cantly higher plagioclase-to-olivine and 
plagioclase-to-pyroxene ratios at OU and MB 
suggest increasing sediment contribution from 
sources that experienced significant open-system 
weathering in hydrated surface or near-surface 
environments (e.g. Mangold et al., 2019). 

The provenance implications suggested by the 
CheMin data are corroborated by the associated 
APXS and ChemCam data. For example, Fig. 28 
shows the APXS abundances distribution of 
SiO2, TiO2, Al2O3, K2O and FeO plotted as a 
function of elevation. For the known sequence 
boundary/unconformity  at  Chinle  (Schieber 
et al., 2022), Fig. 28 shows abrupt composi- 
tional shifts for several elements, most notably 
for TiO2, Al2O3 and FeO, a minor increase for 
K2O, and not much change for SiO2. As 
detailed above, examination of the HV sedimen- 
tary succession suggests that the Baynes Moun- 
tain sandstone interval (Figs 16, 26 and 27) 
potentially marks another stratigraphic break, 
and this inference is supported (Fig. 28) by a 
clear shift for SiO2 as well as minor changes for 
TiO2 and Al2O3. Provenances A and B (as sum- 
marized in Fig. 28) were already deduced from 
the more extensive data set at Pahrump Hills 
(Schieber et al., 2022) and CheMin data, on the 
basis of the tridymite ‘tracer’, strongly suggest 
that influx from provenance B extends above 
Pahrump Hills and into the Hartmann’s Valley 
interval. 

Provenance D (as summarized in Fig. 28) is 
tentatively carried over from the earlier Pah- 
rump Hills study (Schieber et al., 2022), where a 
drop in SiO2 and TiO2 suggested a provenance 
change for the Salsberry Peak interval. That a 
provenance shift occurred is suggested by the 
APXS data (Fig. 28) and disappearance of tridy- 
mite in Marimba (Table 2), but whether it is, 
indeed, a return of provenance D is only specu- 
lative because of sparse data coverage. 

The changes in sediment composition that are 
observed over comparatively short timescales in 
stratigraphic sections at HV and PH (Fig. 28) are 
most probably due to changes in sediment rout- 
ing across the catchment area that tap different 

provenance lithofacies of varying compositions, 
as well as weathering, alteration and mineral 
segregation during transport (e.g. Heins & 
Kairo, 2007; Mangold et al., 2011; Siebach 
et al., 2017; Bedford, 2019). 

Variations in bedrock character are possible 
over short spatial and temporal scales because 
infilled impact craters and intercrater areas 
allow for lateral variation in composition over 
short distances (Edgett & Malin, 2002). This is a 
common situation for Earth as well, where for 
example lava composition in volcanic com- 
plexes can vary substantially over short time 
and spatial scales (i.e. years to centuries; Pie- 

truszka & Garcia, 1999; Vlast,elic et al., 2007). 
Martian bedrock has also been interpreted as 
varying over comparable spatial scales 
(McSween et al., 2006; Schmidt et al., 2009; Ehl- 
mann & Edwards, 2014). For the Murray forma- 
tion, at least five different provenance lithotypes 
have been inferred: (i) subalkaline basalt; (ii) tra- 
chybasalt; (iii) potassium-rich volcanic source; 
(iv) highly evolved, silica-rich igneous rock; and 
(v) fractionated, relatively SiO2-rich subalkaline 
basalt (Bedford, 2019). 

Because significant tectonic uplift was not a 
factor on Mars, changes in sediment routing 
were probably due to landscape evolution, vol- 
canic activity or meteorite impact. Landscape 
evolution affects sediment sources, routing and 
volumes through autogenic stream piracy, and 
drainage blockage and diversion (e.g. Schumm, 
1981). On Earth, volcanism can change 
sediment-supply character and rates rapidly and 
significantly by increasing the volume of readily 
erodible sediment or by stream blocking and 
drainage diversion (Rhodes et al., 2002; Man- 
ville et al., 2009; Rhodes & Carroll, 2015). Mete- 
orite impact can produce landscape 
modifications analogous to those effected by vol- 
canic eruptions. On Mars, although the effects of 
volcanism and water-driven landscape evolution 
varied through time and space, meteorite-impact 
activity was ubiquitous early in the planet’s his- 
tory (Edgett & Malin, 2002; Osinski, 2006). 

Abrupt changes in lacustrine sediment com- 
position related to changes in provenance in 
volcanic source terranes, analogous to composi- 
tional changes observed in the Murray forma- 
tion, have been reported from numerous 
lacustrine systems on Earth (Yuretich, 1979; 
Palmer & Shawkey, 1997; Aydar, 1998; Stock- 
hecke et al., 2014; Mtelela et al., 2016; 
Kataoka  &  Nagahashi,  2019;  Ocampo-D,ıaz 
et al., 2021). 
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Fig. 32. Depositional setting of the Hartmann’s Valley succession in the context of a larger lake system. In this 
model, water supply to the lake is due to a combination of river and groundwater flow that discharged both sub- 
aerially and subaqueously (blue arrows). The mudlobes are prodeltaic sediments that accumulated as undulose- 
bedded macroforms (facies F6). Bedded evaporites are restricted to central portions of the lake. The figure depicts 
system components, not a specific point in time of lake basin evolution. 

 

 

Erosion, transport and deposition 

Longer-term wet periods accumulated F1, 
whereas F2 intervals developed during shorter- 
term dry periods with increased lake-water 
salinity. Longer-term, larger-scale dry periods 
lowered lake level and exposed the lake-floor 
sediments to desiccation and possible aeolian 
reworking with the remnant lake waters becom- 
ing hypersaline (Rapin et al., 2019; Schieber 
et al., 2022). At the end of such longer-term dry 
periods, the initial episodes of meteoric precipi- 
tation mobilized mechanically weathered sedi- 
ments, and rejuvenated rivers carried these 
clastics and accumulated channel-fill and over- 
bank sediments (F5) on land. At and near the 
lake shoreline, coarser-grained sediments accu- 
mulated. Finer-grained sediments accumulated 
as undulose-bedded macroforms (F6) in the pro- 
delta regions (Fig. 32). Later on, when the coarse 
detritus had been flushed through the system, 
only smaller volumes of finer-grained sediments 
were carried into the lake, resulting in accumu- 
lation of F1 and F2. 

The facies observed in the HVi are characteris- 
tic of underfilled lake systems, with lake waters 
of elevated but variable salinity, frequent changes 

in lake level and sediment accumulation rates, 
and accumulation of evaporite minerals. The 
dominant F1 and F2 mudstone facies record 
deposition in distal sublittoral to profundal set- 
tings, with relatively distal and low-benthic- 
energy conditions, frequent pauses in sediment 
accumulation and increases of bottom-water 
salinity, similar to those interpreted for Pahrump 
Hills (Bohacs et al., 2000; Schieber et al., 2022). 
The F1 to F2 intervals appear to stack in aggrada- 
tional to weakly progradational patterns. Inter- 
bedded F6 intervals appear to record 
accumulation in moderately distal prodelta set- 
tings. Streams entering the hypersaline lake 
waters generated hypopycnal flows which devel- 
oped buoyant jets with associated plumes capable 
of transporting fine-grained sediment in turbulent 
suspension. Coarse bedload grains were retained 
in distributary channels and very close to the 
river mouth, forming stream-mouth bars and 
linear sand bodies (Renaut & Gierlowski- 
Kordesch, 2010). Such deposits are reported from 
the present-day Sandai and Emsos river deltas in 
Lake Bogoria (Kenya; Hickley et al., 2003), the Jor- 
dan River Delta in the Dead Sea (Inbar, 1987; 
Hall, 1996), the Amu Darya Delta in the Aral Sea 

 

 



 

 

(Uzbekistan; Conrad et al., 2013), the Denton 
Creek delta (Texas; Tomanka, 2013; Howe, 2017), 

the Cretaceous Rayosa Formation, of the Neuqu,en 
Basin (Argentina; Zavala et al., 2006) and the 
Upper Jurassic Har Hotol Synrift Sequence (Mon- 
golia; Johnson & Graham, 2004). Shoreline progra- 
dation and nearshore bathymetric relief is 
enhanced in such situations and offshore bathy- 
metric relief subdued. At Pahrump Hills, F6 
would have mostly likely occurred in the interval 
just below Salsberry Peak (-4411 to -4408 m) 
but was undetectable because of limited access, 
extensive talus cover and disruptions by late- 
stage veins. Offshore, in the prodelta region, 
depositional processes are dominated by suspen- 
sion fallout with some minor bedload transport. 
Sediment accumulates in macroforms with highly 
aggradational patterns of decimetre to metre-scale 
thick strata with continuous wavy subparallel to 
nonparallel bedding geometry (similar to F6). 
These strata commonly comprise dominantly 
interbedded coarse and fine mudstone (silt and 
clay size) in tabular to wavy laterally continuous 
beds (tens of metres); sedimentary structures 
include horizontal to inclined planar beds, 
graded beds, climbing current ripples and sus- 
pensional rhythmites, along with sparse and low- 
relief scour surfaces (Nemec, 1995; Johnson & 
Graham, 2004). 

Facies F5 records channelized flow, probably on 
the subaerially exposed lake plain, similar to the 
setting  of  F5a  at  Pahrump  Hills  (Schieber 
et al., 2022). In addition, apparent overbank-flow 
deposits are exposed in the HVi at Baynes Moun- 
tain (Fig. 16), suggesting a palaeogeographical 
position slightly farther downstream than at PH. 

 
Diagenesis 

At Pahrump Hills, diagenetic phases in CheMin 
samples (opal-CT, phyllosilicates, sulphates) 
provide essential insights into environmental 
conditions during accumulation and early 
burial, and their presence points to the opera- 
tion of evaporation processes (Schieber et al., 
2022). Likewise, diagenetic phases deduced for 
the HVi (Table 2) span a wide range of solubil- 
ities, from calcium sulphates and silica (opal- 
CT) through kerolite (Mg-silicate) to iron sul- 
phates, and suggest variable activities of Al, Fe 
and Si as well as neutral to low-pH waters. The 
diagenetic products such as opal-CT, Mg- 
smectites, Mg-sulphates, Fe-sulphate and colloi- 
dal alumino-silicates such as allophane plausi- 
bly reflect input of dissolved species from open- 

system weathering (in the catchment or at the 
site of deposition). Variable point-to-point com- 
positions of mudstones analysed by ChemCam 
are consistent with this scenario of dissolved- 
component origin and remineralization. 

Elevated Al2O3 concentrations in erosion- 
resistant horizons of smooth weathering mud- 
stone at PH (facies F2) suggested that Al-rich 
amorphous material (in the form of poorly 
ordered colloidal hydrous aluminosilicates, for 
example, allophane or imogolite) contributed to 
the relative erosion resistance of smooth weath- 
ering mudstone ledges (Schieber et al., 2022). 
As Fig. 28 shows, notably lower Al2O3 concen- 
trations make this an unlikely explanation for 
the resistant F2 mudstones in the HVi. However, 
HVi F2 mudstones show an approximate ten- 
fold increase in opal-CT content (Table 2), a 
plausible alternative cement. 

Some minerals may have both detrital and 
diagenetic origins, depending on their strati- 
graphic context (phyllosilicates, hematite). The 
poorly ordered or amorphous component seen 
in CheMin analyses likely contains both detrital 
(volcanic and impact glass) and diagenetic con- 
stituents (allophane, imogolite, etc.). 

 
Stratigraphic evolution and sequence stratigraphy 

The stratigraphic succession and sequence stra- 
tigraphy of the HVi is interpreted to contain a 
complete depositional sequence overlying a 
highstand systems tract at base (Fig. 33). This 
depositional sequence is composed of lacustrine 
parasequences interbedded with fluvial channel 
fill strata. Parasequences with successions of F1–
F2–F6 occur in areas directly connected to deltaic 
input points whereas parasequences with only F1–
F2 represent areas between deltaic influx. As 
detailed in the Stratigraphic succes- sion and 

allied mineral & chemical data section, the 
interval below Baynes Mountain is inter- preted as 
a highstand systems tract, the F5 Baynes 
Mountain interval is a lowstand systems tract, and 
the overlying interval is a transgres- sive systems 
tract overlain by a highstand sys- tems tract. 

At the larger scale, although the strata of Pah- 
rump Hills and Hartmann’s Valley closely 
resemble one another and appear to record a 
persistent underfilled lake system, there appear 
to be two significant breaks in this interval. 
These breaks, at the base of Chinle and Baynes 
Mountain,  are  marked  by  changes  in  facies, 
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Fig. 33. Summarized stratigraphic succession and 
facies distribution in the Pahrump Hills through to 
Hartmann’s Valley stratigraphic interval. Interpreted 
sequence stratigraphic elements and subdivisions are 
noted right of the column. Note that sequence strati- 
graphic resolution is significantly higher for the Pah- 
rump Hills outcrop (Schieber et al., 2022) than for the 
HVi. This difference is largely due to lower exposure 
quality and data density for the HVi, and thus 
increased uncertainty about stratigraphic context 
along a much longer traverse. CheMin analyses are 
marked to the left of the column (Drill symbol). Note 
that the BK sample was drilled at the given elevation, 
but in mudstone lithology (not sandstone) 500 m to 
the south-west. 

 

 

 

stratal stacking patterns and rock composition 
(related to provenance changes). Thus, the PHi 
to HVi can be interpreted as containing one 
complete composite sequence (Abreu, 2010), 
underlain and overlain by parts of two other 
composite sequences. At the depositional- 
sequence-set scale (Fig. 33), the interval below 
the Chinle SB, composed of F1–F2 parase- 
quences in two depositional sequences (Pana- 
mint and Crowder; Schieber et al., 2022, fig. 39) 
that stack retrogradationally, is interpreted as a 
transgressive sequence set. The interval between 
Chinle and Baynes Mountain is interpreted as a 
composite sequence: the Chinle and Newspaper 
Rock depositional sequences stack aggradation- 
ally, overlain by the Whale Rock progradational 
depositional sequence, the retrogradational 
interval between Salsberry Peak and the base of 
the HVi west, and the progradational basal inter- 
val exposed in HVi west. The interval above 
Baynes Mountain, composed of aggradationally 
to retrogradationally to progradationally stacked 
F1–F2–F6 parasequences, is interpreted as the 
basal interval of a transgressive sequence set 
(Fig. 33). 

 
DISCUSSION 

 
In an earlier study (Gwizd et al., 2022) the Hart- 
mann’s Valley interval was interpreted as an 
aeolian sandstone unit, a perspective that has 
been discussed within the Mars Science Labora- 
tory (MSL) team for several years (e.g. Gwizd 
et al., 2018; Schieber, 2018). Main areas of dis- 
agreement  are  the  presumed  dominance  of 

 
 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 34. A closer look at target 
Sacajawea. (A) An overview that 
shows its nature of coalescing 
stratiform concretions. Subframes 
(B) and (C) show enlarged views of 
portions of Sacajawea. 
(B) Concretion surface with 
numerous sub-millimetre angular 
holes (blue arrows). (C) Concretion 
with holes as seen in (B), and in 
addition whitish objects 
(interpreted as sand grains by 
Gwizd et al., 2022) that are in the 
same size range as the holes that 
the authors interpret as evaporite 
grains formed in situ. 

 
 

 

sandy strata and of aeolian cross-stratification. 
These interpretations can be re-evaluated via 
careful examination of high resolution MAHLI 
images, consideration of ChemCam Gini ana- 

lyses (Rivera-Hern,andez et al., 2020), and the 
identification criteria for large-scale aeolian 
cross-bedding. As detailed in the following para- 
graphs, the available observations clearly point 
to an alternative interpretation of dominantly 
lacustrine mudstone deposition for the Hart- 
mann’s Valley interval. 

High spatial resolution image analyses 

Gwizd et al. (2022) argued that presumed sand 
grains are not resolvable in MAHLI images of 
the HVi because of: “resolution limitations and 
a lack of ubiquitous visible grain boundaries.” 
Gwizd et al. (2022) point to a location near the 
base of the HVi as a place with medium sand- 
size grains, the Sol 1106 Sacajawea target. Saca- 
jawea, however, appears to be a lens-shaped 
body of coalescing concretions (Figs 6 and 34). 
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The surface of these concretions shows numer- 
ous sub-millimetre angular holes as well as 
whitish objects with straight margins that are in 
the same range of size and shape as the holes. 
The whitish objects were interpreted as sand 
grains by Gwizd et al. (2022). Yet, the context 
(subjacent and superjacent strata) and the rock 
textures suggest that the Sacajawea target closely 
resembles mudstone facies F2 at Pahrump 
(Schieber et al., 2022, fig. 23). By analogy it can 
be surmised that the holes and white objects at 
Sacajawea are equivalent to those in facies F2, 
where the holes record removal of a soluble fill, 
and the white objects are preserved evaporite 
minerals or their pseudomorphs. About 20 cm 
to the left of Sacajawea, a comparable feature 
(target Blackjack) was analysed by ChemCam, 
and white objects returned a Ca-sulphate signal, 
suggesting by extension that the white objects at 
Sacajawea are plausibly composed of (or con- 
tain) Ca-sulphate. In the context of the Sacaja- 
wea target, Gwizd et al. (2022) suggested that: 
“greater resistance to erosion may correlate with 
a coarser grain-size”. This is completely reason- 
able because sandstones on Earth tend to be bet- 
ter cemented than intervening mudstones, but 
such an interpretation fails when concretions 
and cemented flooding surfaces come into play 
(Taylor & Macquaker, 2014; Schieber et al., 
2022). For example, the erosion resistant ledges 
in the lower half of the Pahrump Hills exposure 
(Comb Ridge, Book Cliffs, etc.) are not sand- 
stones, they are well-cemented mudstone hori- 
zons (Schieber et al., 2022). 

A systematic examination of all high-resolution 
MAHLI targets from the eastern and western Hart- 
mann’s Valley interval traverses (13 targets in 
total) did not show any visible sand grains 
(Fig. 35). Application of the concept of ‘random 
single pixel variability’, or RSPV (Schieber, 2018; 
Schieber et al., 2022), to these images suggests 
that these targets overall are dominated by a mud- 

stone matrix that consists of particles ≤20 lm. 
None of these images supports the presence of 
sandstone in the HVi. Building on observations 
made at Pahrump Hills (Schieber et al., 2022), 
sub-millimetre to millimetre-scale objects embed- 
ded in this matrix are considered likely evaporite 
mineral pseudomorphs. 

 

ChemCam Gini analyses 

In support of their assertion that the HVi con- 
sists of sandstones, Gwizd et al. (2022), cite a 
paper by Rivera-Hern,andez et al. (2020), who 

 
used the Gini Index Mean Score (GIMS) calcu- 
lated from ChemCam LIBS data to derive grain- 
size information for the Murray formation. Yet, 

whereas Rivera-Hern,andez et al. (2020) do 
indeed posit that the GIMS data for the HVi sug- 
gest the presence of sandstones, their actual data 
for the HVi show a narrower spread than for the 
Pahrump Hills interval, with the majority of 
data points falling within the GIMS range 
assigned to mudstones for both intervals. With 
the PHi clearly mudstone dominated, notwith- 
standing  a  few  sandstone  lenses  (Stack 
et al., 2019; Schieber et al., 2022), this implies 
that the HVi should be at least as muddy as the 
PHi while allowing for some sandstone bodies 
of limited extent. The GIMS approach is in 
essence an assessment of compositional (chemi- 
cal) heterogeneity, where in the case of a sand- 
stone, successive ChemCam laser shots (ca 

0.5 mm diameter ablation spots) may show 
stronger differences in composition than if a 
mudstone was targeted where the laser spot is 
much larger than the grain size. As such, GIMS 
is not really a sandstone detection tool, because 
a mudstone with disseminated sand grains or 
pseudomorphs of evaporite minerals could give 
comparable GIMS values. Indeed, as discussed 
above, the sporadic Ca-sulphate detections 
throughout the entire vertical extent of the HVi 
by ChemCam can be modelled as disseminated 

Ca-sulphate sand-sized grains (about 200 lm) in 
the mudstone matrix (Appendix S4). 

 
Absence of large-scale aeolian cross-bedding 

The main rationale for the proposed sandstone 
dominated  nature  of  the  HVi  (Gwizd 
et al., 2022) seems to have been the interpreta- 
tion that a significant proportion of HVi out- 
crops are cross-stratified at a multi-metre scale, 
a circumstance that would indeed call for sand- 
size grains. However, as detailed in the Facies 

F6, undulose bedded mudstone section, the 
layering that is interpreted as aeolian cross-beds 
does not even exhibit the essential characteris- 
tics of cross-bedding: pervasive and widespread 
stratal terminations (Campbell, 1967; Rubin, 
1987). Instead the variably dipping layers in the 
F6 intervals are clearly continuous and convex- 
up across the crests of anticlinal/roll-over fea- 
tures (Figs 18) and no decimetre to metre-scale 
downlapping laminae were observed. Moreover, 
even if these strata contained cross-bedding at 
the decimetre to metre-scale, simple and even 
compound cross-beds at such scales are quite 
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Fig. 35. Examples of Hartmann’s 
Valley MAHLI targets at the pixel 
scale that the authors interpret as 
mudstones. Images in the left 
column are largely dust-free 
subsamples (100 by 100 pixels) 
from high magnification MAHLI 
targets. (A) From target Oudam (Sol 
1358); (B) from target Koes (Sol 
1380); (C) from target Winnipeg (Sol 
1106); and (D) from target Augusta 
(Sol 1157). The white scale bar in 

each image is 100 lm long and the 
red circles are the size of a coarse 

silt grain (62.5 lm). Surface dust 
particles (yellow arrows) are easily 
identified because of dark shadows 
that are all on the same side of 
particles. There are abundant areas 
in these frames that show the RSPV 
characteristics that indicate a 
medium mudstone matrix, although 
they may contain scattered objects 
of coarse silt size. The column of 
images on the right (A’, B0, C0 and 
D0) are versions with strongly 
enhanced contrast relative to the 
originals on the left, and even at 
high contrast the RSPV 
characteristics persist. 

 
 
 

 

 



 

42 
 

42  

common in subaqueous flows on Earth (Reineck 
& Singh, 1980; Rubin, 1987; Southard & Boguch- 
wal, 1990). More confident interpretation of an 
aeolian origin for compound cross-bedding 
relies not only on the scale of the bedding but, 
more critically, on the presence of closely asso- 
ciated grain flow, grain fall and climbing transla- 
tent (wind-ripple) bedding (Hunter, 1977; 
Kocurek & Dott, 1981; Pye & Tsoar, 2009) – none 
of which are observed and reported to occur in 
the HVi. In addition, the MAHLI images of F6 
(target Swartkloofberg, Fig. 21) do not reveal 
sand grains but suggest that the undulose bed- 
ded strata are a coarse mudstone (Facies F6, 
undulose bedded mudstone section), sensu 

Lazar et al. (2015). 
Thus, a predominantly aeolian sandstone 

interpretation for the HVi is unlikely because of 
the lack of both sand and pervasive cross- 
stratification. Instead, the prevalence of mud- 
stones with characteristics familiar from the 
underlying PHi suggest that the HVi overall rep- 
resents a continuation of the lacustrine condi- 
tions observed in the underlying Pahrump Hills 
interval (underfilled evaporitic lake system). 
Subtle differences between the PHi and the HVi 
are an apparent increase in the intensity of 
evaporitic conditions (Fig. 29), and the addition 
of undulose bedded mudstones (facies F6) as a 
consequence of intermittent freshening and 
deposition of prodeltaic mudlobes. 

 
CONCLUSIONS 

 
In contrast to prior studies (Gwizd et al., 2022), 
the presented observations show that sandstones 
constitute only a minor proportion of the strata 
in the Hartmann’s Valley stratigraphic interval 
and that it is instead strongly dominated by 
mudstones. The majority of these mudstones 
very closely resemble the evaporitic lacustrine 
mudstones (facies F1 and F2) already described 
from the underlying Pahrump Hills succession 
(Schieber  et al.,  2022),  fine  to  coarse 
detrital mudstones with abundant sediment- 
incorporative evaporite pseudomorphs. A new 
mudstone facies, the undulose bedded mud- 
stones (facies F6), is interbedded with these 
evaporitic mudstones and is interpreted to 
record prodeltaic mudlobes that were deposited 
during time periods of increased water and sedi- 
ment supply to the lake. 

Distinct differences between the vertical facies 
successions of the eastern and western rover 

 
traverses (Figs 26 and 27) indicate substantial 
lateral changes in depositional conditions, i.e. 
areas offshore of deltaic depocentres versus 
areas between depocentres where deposition 
was dominated by lacustrine laminites (facies 
F1 and F2). The absence of obvious composi- 
tional differences between Hartmann’s Valley 
strata examined along the eastern versus western 
transects  (Figs  1,  28  and  30;  Thompson 
et al., 2020), suggests sediment homogenization 
in extensive external catchments that fed water 
and sediment into the crater. 

Rather than recording a significant change in 
depositional conditions from the underlying 
Pahrump Hills strata (Gwizd et al., 2022), it 
appears that boundary conditions during deposi- 
tion of the HVi largely remained the same. 
Upward compositional changes in the Pahrump 
Hills through to Hartmann’s Valley succession 
are likely due to adjustments of drainage and 
changing source materials over time. The most 
conspicuous compositional change, plausibly 
reflecting a change from minimally to moder- 
ately weathered source material, occurs across 
the Chinle unconformity (Fig. 28). Because of 
the time needed to provide a reservoir of notably 
more weathered detritus for deposition above 
Chinle, a significant hiatus in sediment supply 
is implicated. Fluvial sediment supply to Gale 
crater’s interior is conditioned on flowing water, 
thus this gap of deposition implies a long post- 
Chinle dry spell that may have planet-wide 
implications. 

A major system reset above Chinle is sup- 
ported by the first detection of tridymite and 
cristobalite, a pair of tracer minerals that were 
detected from just above Chinle to the base of 
the HVi. Tridymite and cristobalite in the Mur- 
ray formation have been variably ascribed to 
silicic volcanics, in situ hydrothermal alteration, 
or meteorite impacts. In light of the ubiquity of 
meteorite impact activity early in Martian his- 
tory and the heavily cratered Noachian upper 
crust,  the  considerable  stratigraphic  range 
(17 m) as well as the small crystallite size and 
high strain parameters of these high-temperature 
silica polymorphs makes it most plausible that 
both minerals were sourced from impact-related 
debris and melt sheets. 

Documentation of common matrix sulphate in 
the HVi points to an increase in the intensity of 
evaporitic conditions relative to the PHi, 
whereas intercalated prodeltaic mudlobes sug- 
gest intermittent freshening and increased sedi- 
ment supply. As such, salinity variations and 



 

 

water level fluctuations may have been greater 
during deposition of the HVi, even though the 
system boundary conditions were largely the 
same and the lake system remained in a stable 
underfilled lake-basin mode – as commonly 
observed for such systems on Earth. Thus, given 
the relatively stable physical-boundary condi- 
tions at Gale, the large volume of potential 
accommodation of the crater, and the emergent 
behaviour typical of lake systems, such environ- 
mental continuity can be expected to span even 
more of the Murray formation, enhancing poten- 
tial habitability. 
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