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Abstract Mineral�� lled fractures (veins) are valuable indicators of deformation and� uid � ow within a
sedimentary package. Information obtained from vein morphology, texture, and chemistry may elucidate
the sequence and nature of postdepositional� uid events. Additional information from vein patterns and
interactions between veins and host rock provides insight into fracture formation mechanism(s). The
widespread occurrence of veins and other diagenetic features in the sedimentary rock record preserved in
Gale crater, Mars, indicates that postdepositional� uids were regionally active considerably later in time
than the primary � uviolacustrine environments responsible for the deposition of Mount Sharp strata. Here
we report a suite of veins within the Murray formation at the Pahrump Hills locality that were investigated
using the scienti� c payload of the Mars Science Laboratory Curiosity rover. Based on an analysis of vein
color, morphology, and texture, and corroborated by vein chemistry, we interpret three distinct vein types at
Pahrump Hills: gray veins, white veins, and dark�toned veins. These veins represent distinct, separate
episodes of postdepositional� uid � ow, suggesting a protracted history of� uid stability in Gale crater.
Additionally, we utilize vein patterns across multiple lithologies at the Pahrump Hills� eld site to suggest
hydrofracture as the primary mechanism of fracture formation.

1. Introduction

Rock fractures are among the most common structural features of the Earth's crust and occur on scales from
submillimeter microcracks to kilometer�scale fractures and faults (Gudmundsson, 2011; Jaeger et al., 2007).
Fractures are important indicators of deformation and they provide information about stress conditions at
the time of formation. Fluids can also play a major role in both the formation and preservation of fractures,
speci� cally for hydrofractures which are fractures opened by elevated� uid pressure (Long et al., 1996;
Gudmundsson, 2011). Fluids (e.g., meteoric, hydrothermal, diagenetic) can also utilize fractures for trans-
port and leave behind their signatures in the form of mineral veins. Veins are therefore direct indicators
of � uid � ow and are crucial in elucidating the diagenetic history of a stratigraphic section. Vein textures
can be used to infer the number and timing of� uid events as well as information regarding mineral growth
and vein formation. Additionally, veins provide valuable information regarding diagenetic� uid chemistry
and provenance, both of which are useful in reconstructing the geochemical conditions of� uids transported
through fractures (Bons et al., 2012; Oliver & Bons, 2001).

Observations of Mars acquired from orbital and landed instrumentation reveal heavily fractured surface
terrains. The widespread nature of fractured bedrock across the martian surface requires an understanding
of sources of stress. Primary sources of stress responsible for fracture initiation include changes in
overburden,� uid pressure, thermal cycling, and impacts (e.g., Long et al., 1996; Engelder, 1993). Diurnal
and seasonal temperature variations on Mars induce thermal stresses, resulting in contraction and tension
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fractures; these are commonly observed as polygonal networks within bedrock and ice�rich terrains (Chan
et al., 2008; Eppes et al., 2015; Mellon, 1997). Impact�generated fractures are also common across Mars
and are present in all surface materials (Schultz et al., 1982). Stresses associated with burial, exhumation,
and elevated� uid pressure likely play additional roles in the origin and propagation of fractures on Mars.

Evidence for water�rock interactions has been well documented across Mars, at both orbiter and
lander/rover scales (cf. Ehlmann & Edwards, 2014; Grotzinger & Milliken, 2012; McLennan et al., 2005;
Thomas et al., 2007). At the scale of rover observations, diagenetic features provide unambiguous evidence
for postdepositional� uid � ow and, in Gale crater, include concretions (Stack et al., 2014; Sun et al., 2019),
dendritic crystal clusters (Kah et al., 2015; Nachon et al., 2016), crystal pseudomorphs (Kah et al., 2018),
veins (Grotzinger et al., 2014; Nachon et al., 2014, 2016), and fracture�associated alteration halos
(Frydenvang et al., 2017; Yen et al., 2017). Despite the pervasiveness of diagenetic features within the rocks
of Gale crater, the relative timing of postdepositional� uid events is poorly constrained, as are their forma-
tion mechanisms. Here we utilize a suite of veins observed at the Pahrump Hills locality of the Murray for-
mation to infer the number and relative timing of postdepositional� uid events that interacted with the
strata of lower Mount Sharp. We use additional information on vein morphology and patterns across various
lithologies at Pahrump Hills to inform mechanisms of fracture and mineral in� ll and provide implications
for the broader burial and exhumation of Gale crater.

2. Geologic Context
2.1. Gale Crater

Gale crater is a 154�km�diameter impact basin located on the martian global dichotomy boundary, a roughly
equatorial divide that separates the ancient, heavily cratered southern highlands from the relatively crater�
free northern lowlands (Thomson et al., 2011). Gale contains a ~5�km�thick sedimentary package expressed
as a mound near the crater center called Aeolis Mons, or informally, Mount Sharp (Figure 1) (Anderson &
Bell, 2010; Wray, 2013). Through spectroscopic observations, the layers that comprise lower Mount Sharp
contain a range of hydrated mineral phases that suggest substantial water interaction (Milliken et al.,
2010). Mineral phases are arranged in a distinct package that transitions from phyllosilicate bearing to sul-
fate bearing (Ehlmann & Edwards, 2014; Fraeman et al., 2016; Thomson et al., 2011). This sequence is
hypothesized to represent a climate shift on Mars from� uid�dominated � uvial lacustrine environments to
drier, more arid environments (Hurowitz et al., 2017; Thomson et al., 2011). The presence of such aqueous
environments in Gale crater led to its selection as the landing site for NASA's Mars Science Laboratory
(MSL) Curiosity rover focused on its potential to have hosted past habitable conditions (Grotzinger et al.,
2012; Wray, 2013).

In addition to strata that comprise Mount Sharp, Gale crater preserves extensive sedimentary deposits at and
beneath the plains that surround the mountain. The relatively� at�lying regions to the north of Mount Sharp,
including the MSL landing site (Bradbury Landing), are referred to as Aeolis Palus; outcrops investigated
along Aeolis Palus collectively make up the Bradbury group (Figure 1). The Bradbury Landing site is located
near the distal edge of the Peace Vallis fan, an alluvial fan deposit formed through� uvial incision of Gale
crater's northern rim (Palucis et al., 2016). Fine�grained mudstones and sandstones observed at
Yellowknife Bay indicate suspension settling in a relatively low�energy lake environment (Grotzinger
et al., 2014). Beyond Yellowknife Bay, the dominant sedimentary facies of the Bradbury group include stra-
ti � ed to cross�strati� ed sandstones, conglomerates, and clinoform sandstones, interpreted to represent sedi-
mentation during � uvial and deltaic processes (Edgar et al., 2018; Grotzinger et al., 2015; Rice et al., 2017;
Williams et al., 2018). Together, these erosional windows through the surface of Aeolis Palus reveal a long
history of deposition de� ned by inter� ngered� uvial, deltaic, and lacustrine environments.

2.2. Pahrump Hills Field Site, Lower Northern Mount Sharp

Strata comprising the lower portion Gale crater's central mound are known as the Mount Sharp group. The
dominant component of the Mount Sharp group is the Murray formation, a >300�m�thick assemblage con-
sistent with � uvial, deltaic, lacustrine, and intermittent aeolian depositional environments. This assemblage
is represented by a variety of lithological units and includes cross�strati� ed siltstone,� ne�grained sandstone,
and � at�laminated mudstone (Fedo et al., 2017).
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Figure 1. Context overview of Curiosity's Gale crater� eld site. (a) Gale crater with white line indicating Curiosity's traverse from Bradbury Landing to the rover's
Sol 2020 (1 September 2018) location on the Vera Rubin ridge. (b) Curiosity's traverse, with black dashed line indicating the approximate boundary between
exposures of the Bradbury group (Aeolis Palus) and Mount Sharp group. The location of Pahrump Hills is indicated by a black dot. (c) Pahrump Hills� eld site,
representing ~12 m of Murray formation stratigraphy. (d) Composite stratigraphic column of lithologic units encountered by Curiosity, constructed as a
function of elevation in meters, courtesy of the Mars Science Laboratory Sedimentology and Stratigraphy group. The Pahrump Hills member is the lowermost
exposure of the Murray formation (Mount Sharp group). The Mount Sharp and Bradbury groups show an inter� ngering relationship; the Stimson formation (Siccar
Point group) is� rmly established as overlying the Murray formation along an erosional unconformity.

10.1029/2018EA000482Earth and Space Science

KRONYAK ET AL. 240



The Pahrump Hills member is the lowermost exposed member of the Murray formation and is interpreted
based on strata exposed at the Pahrump Hills locality (Figure 2). The Pahrump Hills� eld site contains approxi-
mately 12 m of sedimentary rock and is divided into several distinct sedimentary facies, including (1)� nely
laminated mudstone, (2) thickly laminated mudstone�sandstone, and (3) cross�strati� ed sandstone
(Grotzinger et al., 2015; Stack et al., 2018). The dominant lithology consists of mudstone with abundant
submillimeter� to millimeter �thick planar laminations and silt or � ner grain sizes (Stack et al., 2018). Two
lenses of cross�strati� ed sandstone named Whale Rock and Newspaper Rock are located at an elevation of
� 4452 m (Figure 2). These sandstone exposures exhibit� ne to very� ne grain sizes and are both well sorted
and well rounded (Stack et al., 2018). The section is capped by the meter�thick laminated � ne�grained sand-
stone called Salsberry Peak. Salsberry Peak is distinctly dark gray and exhibits laminations on the order of sev-
eral millimeters thick. Laminae are dif� cult to trace laterally along Salsberry Peak due to the blocky, fractured
nature of the outcrop. Together, the facies investigated at Pahrump Hills are interpreted to represent subaqu-
eous lacustrine deposition with episodic� uvial�deltaic progradation (Grotzinger et al., 2015; Stack et al., 2018).

Beyond the Pahrump Hills site, the Murray formation (Mount Sharp group) is unconformably overlain by a
younger unit called the Siccar Point group, which exhibits high thermal inertia and truncates the Murray
formation along the slopes of lower Mount Sharp (Anderson & Bell, 2010; Fraeman et al., 2016). As viewed
in images acquired from orbit, exposures of the Siccar Point group to the east of the Bagnold dunes contain
dense networks of mineralized fractures (Kronyak et al., 2018). A portion of the notional Siccar Point group
was encountered by MSL just beyond Pahrump Hills and was designated the Stimson formation. The
Stimson formation consists of meter�scale cross�bedded sandstone interpreted to represent deposition in
an aeolian environment (Banham et al., 2018; Watkins et al., 2016). Thin white Ca�sulfate veins are present
within the Stimson formation, indicating Ca�sulfate� uid stability late in Gale crater's history (Banham et al.,
2018; Watkins et al., 2016). Additionally, detailed investigations of veins along the Murray�Stimson contact
suggest the potential for multiple� uid events across signi� cant time scales (Kronyak et al., 2018; Newsom
et al., 2016). Alteration halos surrounding fractures crosscut both the Murray and Stimson formations, indi-
cating interaction with groundwater following the deposition of the aeolian Stimson formation (Frydenvang
et al., 2017; Yen et al., 2017).

These observations, made using the instruments of the Curiosity rover, indicate that mineral�� lled fractures
are prevalent features in the rocks of Gale crater and are consistently observed in Bradbury group, Mount

Figure 2. The stratigraphic section at the Pahrump Hills locality. The stratigraphic column of facies exposed at Pahrump Hills is superimposed and includes planar
laminated mudstone, cross�laminated sandstone, and thickly laminated sandstone (modi� ed after Stack et al., 2018). Portion of Mastcam mosaic (mcam03370) of
the Pahrump Hills locality acquired on Sol 778, showing the uppermost ~5 m of section.
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Sharp group, and Siccar Point group strata (Banham et al., 2018; Nachon et al., 2014, 2016). Here we perform
a detailed investigation of veins observed at the Pahrump Hills locality and associated outcrops (Figure 1c).
We utilize image data to classify vein types based on color, morphology, and texture. These data are used to
infer distinct vein generations and discuss potential formation mechanisms. Additionally, we use geochem-
ical data to corroborate the multigenerational nature of veins at Pahrump Hills.

3. Methods

Veins were identi� ed and characterized using images acquired by the Curiosity rover's Mastcam, Mars Hand
Lens Imager (MAHLI), and ChemCam instruments. Mastcam consists of two cameras with different� xed
focal lengths; the left Mastcam (M�34) has a 34�mm focal length and f/8 lens, creating a 15°� eld of view
(FOV), and the right Mastcam (M�100) has a 100�mm focal length and f/10 lens, with a 5° FOV (Bell
et al., 2017; Malin et al., 2017). Mastcam images were recti� ed and scaled to allow vein length and width
measurements to be performed. Single�frame M�100 images acquired following chemical analyses by the
ChemCam instrument (see below) were preferred in this study, since most observations on veins were per-
formed <3 m from the rover. This proximity to the rover helped limit foreshortening and viewing angle dis-
tortions in recti� ed images. Measurement of vein parameters was completed using ImageJ software.
Measurements of exposed vein lengths were made along the apparent center of preserved vein material.
Apparent thickness (aperture) was measured across preserved vein material perpendicular to fracture edges.
Most veins appear steeply dipping across exposed bedrock, so measured widths likely resemble true vein
thickness. If possible, at least 10 width measurements were made on each vein to determine potential varia-
tion in vein width.

Detailed information regarding vein texture was obtained using images from the MAHLI. The MAHLI is a
color camera located on the turret of Curiosity's robotic arm and is capable of taking images at scales com-
parable to a geologist's common hand lens. MAHLI can be placed as close as 21 mm from a surface of inter-
est, resulting in image resolutions of 14� m/pixel (Edgett et al., 2012; Ghaemi, 2009). Unfortunately, for this
study, MAHLI images are limited due to the relief of many veins of interest. Only when Mastcam images
indicated robotic arm access to potential internal vein textures were MAHLI images planned and acquired.

Chemical composition of vein�� lling material was collected primarily by the ChemCam instrument, which
is located on Curiosity's mast, just above Mastcam. ChemCam was designed as a� ne�scale probe for elemen-
tal compositions (Wiens et al., 2015). It uses laser�induced breakdown spectroscopy (LIBS), which focuses a
pulsed 1,067�nm laser beam on a target, creating a plasma from the ablated surface. ChemCam's spectro-
meter analyzes the plasma for emission lines characteristic of speci� c major, minor, and trace elements
(Maurice et al., 2012; Wiens et al., 2012). ChemCam data are acquired as either a linear or gridded array
of laser points with a typical spacing of 1…2 mrad that spans approximately 20 mrad (Wiens et al., 2015).
The� ne�scale nature of ChemCam laser shots is ideal for analyzing millimeter�thick veins around the rover.
Vein targets of limited size may only be analyzed by isolated observation points, permitting chemical com-
parison between veins and adjacent host rock. ChemCam also contains a Remote Micro Imager (RMI) that
acquires grayscale images before and after LIBS observations. The RMI FOV is 20 mrad, providing a resolu-
tion of ~40� m/pixel from a distance of 2 m from the rover mast (Maurice et al., 2012). These images provide
geologic context for chemical data and provide the exact position of each LIBS observation point which is
critical for distinguishing vein material from adjacent bedrock. RMI images were also used for textural infor-
mation on targets for which MAHLI images were not acquired.

When possible, additional geochemical information was collected using Curiosity's Alpha Particle X�Ray
Spectrometer (APXS). The APXS instrument determines elemental chemistry through particle�induced X�
ray emission and X�ray � uorescence, with data reported in elemental oxide weight percent for major ele-
ments and in parts per million for trace elements (Campbell et al., 2012). The sample area measured by
APXS is 1.5 cm when the sensor is in contact with the target. This FOV is larger than most veins, and surface
relief commonly places limitations on the placement of the rover's robotic arm and APXS sensor
(VanBommel et al., 2017). As a result, APXS measurements on most veins re� ect a mixture of both vein
and bedrock compositions. However, efforts are made to mitigate geometric constraints and sample hetero-
geneity (cf. VanBommel et al., 2016, 2017). These efforts are particularly useful at the Garden City vein out-
crop (section 4.4), where complex mixtures of vein materials are observed.
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4. Mineral �Filled Fractures (Veins) at Pahrump Hills

The bedrock exposures over which Curiosity has traversed in Gale crater are strongly fractured. While most
fractures within exposed bedrock remain un� lled, others contain distinct fracture�� lling (vein) material. At
the Pahrump Hills site, veins are present throughout the ~12 m of stratigraphic section and display a range of
� ll materials. We characterize the veins at Pahrump Hills into three endmember types. These endmembers
were identi� ed as having distinct patterns of� ll and chemical composition and include gray veins, white
veins, and dark�toned veins.

4.1. Gray Veins at Pahrump Hills
4.1.1. Observations
In the lowermost 10 m of stratigraphy exposed at the Pahrump Hills site, gray veins are observed on exposed
bedding planes and rock surfaces, where they occur as primarily positive relief, nearly vertical ridges along
fracture margins. These positive relief ridges contain less aeolian dust than the adjacent host rock surfaces.
They appear darker, with a distinct grayer tone than both host rock and white vein� lls (section 4.2). Gray
veins are rather subtle features; ridges are thin (<1.5 mm in thickness) and, when exposed across patches
of bedrock, exhibit heights of 7 mm or less (Figure 3). Gray veins display consistent textures; they are char-
acteristically pitted, with pits observed as small, submillimeter depressions that are evenly distributed
throughout the ridges. Areas between pits are relatively smooth. While gray veins exhibit fairly uniform tex-
tures, their heights are uneven and jagged along the length of the fracture, likely a result of differential ero-
sion of vein material. Individual crystals or crystal growth lines are not resolvable. In some places (e.g.,
ChemCam target•Keetley,ŽFigure 3b), the laminations of adjacent mudstone appear to curve up into the
vertical gray ridge.

Gray veins are also exposed underneath a prominent lens of cross�bedded sandstone called Whale Rock
(Figure 4). Here erosion has removed much of the underlying mudstone, leaving behind an erosion�resistant
network of thin veins. Unlike the more isolated and linear expression of gray vein material in the lower 10 m
of Pahrump Hills, gray veins exposed at Whale Rock display a boxwork�like structure, with near�vertical
veins intersecting at a variety of angles. Gray veins beneath Whale Rock are also associated with a white

Figure 3. Gray veins in the lower Pahrump Hills section, expressing thin, positive�relief ridge morphology along fracture margins. Images are color merge products
that combine color from Mastcam�100 images with ChemCam RMI images following LIBS analyses. Red crosshairs indicate the location of LIBS observation
points. Targets include (a)•Castlegate,Žanalyzed on Sol 916, (b)•Keetley,Žanalyzed on Sol 918, (c)•Elbert,Žanalyzed on Sol 903, (d)•Marsden,Žanalyzed on
Sol 921, and (e)•Ophir,Žanalyzed on Sol 918. Scale bar applies for all images.

10.1029/2018EA000482Earth and Space Science

KRONYAK ET AL. 243



Figure 4. (a) Whale Rock outcrop, with cross�bedded sandstone overlying recessive laminated mudstone. Resistant veins are exposed underneath the sandstone
lens. Mastcam mosaic mcam03476, taken on Sol 796. (b) White veins are present along cross bed boundaries as well as vertically crosscutting bedding (white
arrows). (c) White arrows indicate thin gray veins that comprise the majority of boxwork veins at Whale Rock. (d…f) Preserved white vein material held up by
resistant gray veins and (f, far right) sandwiched in between vertical thin gray veins.
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Figure 5. Relationship between gray and white veins throughout Pahrump Hills. White veins commonly bisect gray veins, resulting in a gray�white�gray morphol-
ogy at a variety of scales. Millimeter�thick white veins are bounded on both sides by resistant gray ridges near (a) ChemCam target•Cowhole Mountain,Žanalyzed
on Sol 837 (Mastcam image 0837MR0036750020500725E01), (b) and•Calico Mountain,Žtaken on Sol 837 (Mastcam image 0837MR0036760020500763C00).
(c) Centimeter�thick gray�white�gray vein (white arrows) near gray vein target•Keetley,Žindicated by black box (Mastcam image 0918MR0040330000501547E01).
(d, e) Gray�white�gray veins that make up the intersecting vein network at Garden City (portion of Mastcam mosaic mcam04087 and Mastcam image
0946MR0041570010502002E01, respectively).

Figure 6. Fragmented gray vein material preserved within the matrix of white veins at the Garden City vein outcrop, suggesting a potential time relationship
between vein episodes: Initial gray vein formation followed by reutilization of fractures and formation of white veins (0926MR00407002050173E01 and
0926ML0040730040402791E01, respectively).
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vein component. At Whale Rock, white vein material is sandwiched between thin gray veins or exposed as
partial remnants (Figure 4). This•sandwichŽrelationship is commonly observed throughout Pahrump Hills,
where gray vein material along fracture margins is bisected by white material along the center, resulting in a
gray�white�gray pattern (Figure 5). At Whale Rock, these sandwich veins are millimeter thick but increase to
centimeter thick at the Garden City vein outcrop (elevation� 4,450 m) and in the few meters below the
Salsberry Peak cap rock.

An additional relationship between gray and white veins at Pahrump Hills is observed exclusively at the
Garden City vein outcrop, where veins express centimeter�scale thicknesses. Here gray fragments are
observed within the matrix of thicker white veins, suggesting that gray vein material was suf� ciently lithi � ed
prior to the emplacement of white veins, allowing fragments to be incorporated as coherent
pieces (Figure 6).

The chemical composition of gray vein material shows variability within ChemCam LIBS observations
(Nachon et al., 2016). Generally, thin gray ridges exhibit elevated magnesium and calcium, although calcium
enrichments may represent mixing with or contamination from associated white veins. Additionally,
ChemCam measured notable but inconsistent enrichments in minor elements manganese,� uorine, stron-
tium, chromium, and rubidium in these gray vein materials (Nachon et al., 2016). During a portion of the
Pahrump Hills campaign (Sols 800…980), ChemCam operations were reduced due to the loss of the autofocus
capability (Maurice et al., 2016). As a result, most ChemCam sequences during this time consisted of rasters
of only up to three observation points.

APXS measurements on gray veins were primarily acquired at the Garden City locality (section 4.4).
Unfortunately, outcrop relief prevented APXS from measuring the gray ridges analyzed by ChemCam.
Most APXS measurements of gray veins at Garden City (e.g., targets•Coalville,Ž •Alvord Mountain,Žand
•AmboyŽ) contain both gray and white vein� ll material within the sensor FOV. Although measurements
contain mixtures of gray and white vein material, deconvolution methods con� rm the chemical distinction
between these two vein phases. APXS analyses indicate that the•CoalvilleŽ/•Alvord MountainŽgray veins
are primarily composed of silicon, calcium, iron, sulfur, and magnesium. The amount of calcium present is
far in excess of the concentration required to account for all the sulfur as CaSO4. APXS also indicates signif-
icant enrichment in minor elements manganese, chlorine, zinc, germanium, and copper, relative to the host
rock and surrounding white veins (VanBommel et al., 2017). In contrast, the•AmboyŽgray vein material
does not exhibit the same excess calcium after accounting for CaSO4 and has signi� cantly higher iron, mag-
nesium, chromium, potassium, and phosphorus and lower manganese, chlorine, and zinc concentrations
than the •Alvord MountainŽ gray material. It does exhibit similarly elevated copper and germanium but
with notable enrichment in selenium and gallium also detected. This suggests the possibility of more than
one phase of gray vein material. The germanium levels in both gray vein targets•AmboyŽ and •Alvord
MountainŽ represent the highest germanium measurements made by APXS in Gale crater (Berger et al.,
2017; Yen et al., 2017).
4.1.2. Interpretations
The occurrence of gray vein material exclusively along fracture margins and its common association with
a second white vein phase suggest several possible scenarios regarding its origin and relationship to white
vein � lls. First, we must address the initial deposition of gray material. In one scenario, gray material
could represent preferential cementation of host rock. This hypothesis is consistent with the observation
that gray ridges commonly appear to curve into surrounding mudstone laminations (Figure 3). However,
the distinct chemical signature of gray material as well as its concentration along fracture edges suggests
that at least some of the gray vein material represents fracture� ll not associated with host rock. As a
result, we favor the hypothesis that gray material likely represents a distinct episode of� uid � ow that
resulted in mineral precipitation within fractures and with minor permeation of host rock. The APXS sig-
natures of two gray vein targets in particular (•AmboyŽ and •Alvord MountainŽ) also support the possi-
bility of more than one phase of gray vein material. Second, we must address the relationship between
gray and white vein material. In one scenario, white mineral� ll re� ects the chemical evolution of a sin-
gle � uid event. Although this scenario cannot be discounted, discrete differences in chemistry between
gray and white phases would necessitate an abrupt, rather than gradual, shift in� uid chemistry.
Rather, we favor an interpretation that gray and white mineralized material re� ects distinct � uid
� ow events.
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If gray material represents mineral precipitation during a discrete� uid episode, could such a� uid event be
related to other diagenetic features observed at Pahrump Hills? Similar gray material is observed in the lower
portions of the Pahrump Hills stratigraphic column, particularly around the Chinle outcrop, where resistant
ridges along vertical fractures grade into adjacent bedding planes and laminations (Kah et al., 2018). Gray
ridges also share a chemical similarity to other diagenetic features near the base of Pahrump Hills such as
dendritic crystal clusters that are enriched in magnesium (Kah et al., 2018; Nachon et al., 2016; Sun et al.,
2019). Such spatial and chemical similarity to other diagenetic features supports an interpretation that gray
material was deposited relatively early in the diagenetic sequence, prior to complete lithi� cation and loss of
porosity in the Murray formation host rock. Its primary concentration along fractures solidi� es its interpre-
tation as a distinct, early phase of pore and fracture� lling that predates white veins in the Murray formation.

4.2. White Veins at Pahrump Hills
4.2.1. Observations
The most abundant fracture�� lling material in the exposed Pahrump Hills section is represented by white
veins. White veins are recognized by their distinct white in� lls within fractures. In general, veins are often
obscured within the strongly fractured bedrock by poor lighting conditions and sediment in� ll of low relief
areas. However, when visible, white veins crosscut bedding and are oriented vertically to subvertically. In

Figure 7. White veins in the lower 10 m of Pahrump Hills. Veins are millimeter thick and crosscut Murray mudstone bedding and earlier diagenetic features.
Images are Mastcam�100 frames acquired after ChemCam LIBS observations. (a) Target•Straight Cliffs,Žanalyzed on Sol 766, an erosionally resistant vein
(white arrow) crosscuts dendritic crystal cluster (Mastcam image 0766MR0032930000403839E01). (b) Target•DeltaŽanalyzed on Sol 781 (Mastcam image
0781MR0034080000404106E01). The circular gray area to the right of the white arrow represents the area where the ChemCam laser shots hit the surface,clearing
surface dust. (c) Target•San Gabriel,Žanalyzed on Sol 789, with white vein material exposed obliquely along a fracture margin (Mastcam image
0789MR0034380000500044C00). (d) Target•Vaqueros (Sol 833),Žwhere white vein material is observed at several orientations, both vertical and at a low angle to
bedding (white arrows; Mastcam image 0833MR0036680000500719E01).
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the lower 10 m of Pahrump Hills, white veins average ~2.2 mm (n = 75) in thickness and occur primarily as
isolated fracture� lls that dissect exposed bedrock (Figure 7). Additionally, veins crosscut other diagenetic
features such as crystal clusters, dendrites, and areas of enhanced relief that are present on bedrock
surfaces (Figure 7a; Sun et al., 2019). The erosional relief of white veins varies. Most occur� ush with, or
slightly indented into, surrounding Murray bedrock; less commonly, white veins exhibit slight raised
relief (Figure 7a). In other locations, white vein material is poorly persevered within fractures and only
portions of the vein remain (Figures 7c and 7d).

Less frequently at Pahrump Hills, veins occur at low angles to or concordant with bedding; these bedding�
concordant veins appear more common in stratigraphically higher members of the Murray formation
(Fedo et al., 2017). However, low�angle veins are evident at the Whale Rock outcrop, where white veins
occur in multiple orientations: (1) beneath the sand lens as part of the vertical vein network (Figure 4),
(2) concordant with primary laminae within cross beds (Figure 4b), and (3) vertically crosscuting
stratigraphy (Figure 4b).

In the lower 10 m of the Pahrump Hills section, the thickest white veins exhibit a variety of interior textures,
as recorded in ChemCam RMI and Mastcam�100 images acquired after LIBS analyses. White veins that have
apertures thicker than 5 mm are ideal candidates for revealing interior textures; however, veins this thick are
rare in the lower 10 m of Pahrump Hills. The vein target•San GabrielŽ(maximum aperture ~5 mm) contains
distinct parallel lineations. Laminations appear roughly perpendicular to the fracture edge; however, view-
ing geometry prevents accurate crystal orientations from being made (Figures 7c and 8a). Target•Crazy
HollowŽhas a maximum aperture of ~7 mm and displays a more massive, pitted texture but also contains
a faintly linear fabric approximately perpendicular to fracture walls (Figure 8b).

As noted previously, white veins commonly exhibit a close association with gray veins throughout the
Pahrump Hills section. Primarily, white veins exhibit a bisecting relationship, with gray material present
along fracture edges and white material� lling the center of the fracture (Figure 5). Gray vein material is con-
sistently more resistant to erosion than bisecting white material, resulting in inconsistent preservation. This
sandwich relationship is consistently observed throughout Pahrump Hills, although veins in the lower 10 m
of section are characteristically smaller and more challenging to recognize, especially where white vein
material is partially eroded.

Although sandwich veins are common throughout Pahrump Hills, both gray and white veins are also
observed independent of one another. More commonly, thin white veins occur that show no evidence of gray
material along their margins and occasionally crosscut sandwich veins. Gray veins undissected by white
material are less common. The largest veins at Pahrump Hills are located in the uppermost 2 m of section
and occur as positive�relief vein networks at the Garden City outcrop and along the slopes approaching
the Salsberry Peak caprock (sections 4.4 and 4.5, respectively); these thicker�aperture veins always display
gray�white�gray patterns.

Figure 8. Texture of white veins in the lower 10 m of Pahrump Hills as revealed by ChemCam RMI images. (a) ChemCam target•San Gabriel,Žwhich displays
parallel interior lineations that appear roughly perpendicular to fracture edges. (b) Target•Crazy Hollow,Žanalyzed on Sol 906, which contains a massive inter-
ior texture. Scale bar applies to both images.
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In ChemCam LIBS observations, all white vein� lls exhibit unambiguous enrichments in calcium and sulfur
with respect to surrounding host rock and are consistently depleted in all other major elements, indicating a
nearly pure phase of CaSO4 (cf. Nachon et al., 2014). Strontium is consistently present at low abundances in
these veins, likely a result of strontium substitution in minerals containing calcium. Analyses detect, as well,
the presence of hydrogen, suggesting the potential presence of a hydrated CaSO4 phase, likely bassanite
(Rapin et al., 2016). The•San GabrielŽ target shows a slight increase in hydrogen detection levels with
ChemCam shot depth, suggesting the possibility of exposure�related dehydration of a hydrated sulfate phase
(Ming et al., 2014; Rapin et al., 2016). APXS measurements on white veins (cf. VanBommel et al., 2017; Yen
et al., 2017) corroborate calcium and sulfur concentrations consistent with CaSO4.
4.2.2. Interpretations
White veins are interpreted to have been emplaced relatively late in the diagenetic history of the Murray for-
mation. Crosscutting relationships indicate that white veins occurred after the deposition of other diagenetic
features (clusters, dendrites, and gray veins) and that all diagenetic phases occurred after Murray formation
lithi � cation. At Pahrump Hills, white veins occur as both thin, isolated fracture� lls and as bisecting compo-
nents of gray�white�gray (sandwich) vein patterns. The presence of both isolated and sandwich vein expres-
sions indicates at least one or multiple� uid events; the latter is favored, as� uids at least partially reutilized
fractures during the formation of sandwich veins. Sandwich veins crosscut by isolated white veins suggests
at least two distinct episodes of� uid � ow. Beyond Pahrump Hills, the continued persistence of white veins
throughout the broader Mount Sharp and Siccar Point groups implies that calcium sulfate�rich � uids were
regionally active following the deposition and lithi� cation of Gale crater sediments (Watkins et al., 2016).
Additionally, the presence of white calcium�rich clasts along the Murray�Stimson contact and within the
lowermost Stimson sandstones suggests the formation of veins prior to the deposition of the Stimson

Figure 9. Dark�toned gray veins at Pahrump Hills. (a) Dark�toned veins exhibit positive relief and intersect with sandwich veins at Garden City at roughly 90°
angles (white arrows). ChemCam target•Hakatai,Žanalyzed on Sol 935, is indicated by the inset RMI image and shows a layered texture near the dark�toned
vein edges (portion of Mastcam mosaic mcam04087). (b) ChemCam target•Bishop,Žanalyzed on Sol 946, is shown in the ChemCam RMI image and expresses an
upright, � aky appearance (Mastcam image 0946MR0041560000502000E01). (c) Close�up view of •BishopŽ; white arrows indicate the potential presence of thin,
white veins bisecting layers of dark�toned vein material. (d) ChemCam target•Temblor,Žanalyzed on Sol 948, which exhibits a smooth, shiny surface texture
(Mastcam image 0948MR0041690000502040E01). (e) Float pieces of potential dark�toned vein material (white circles) along the west wall of the Artist's Drive valley
(Sol 950; portion of Mastcam mosaic mcam04175).
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formation (Newsom et al., 2016). These veins, together with those present within the Stimson formation,
suggest an extended history of� uid stability within in Gale crater.

4.3. Dark�Toned Veins at Pahrump Hills
4.3.1. Observations
In addition to gray and white vein�� lling material, a third vein�� lling material is present in isolated regions
of Pahrump Hills. This subset is marked by thin (submillimeter� to millimeter �scale) erosionally resistant
intersecting veins composed of dark�toned material. Dark�toned veins commonly exhibit high positive relief
and a platy,� n�like fabric, suggesting the vein�� lling material is substantially hard relative to surrounding
vein and host rock material. The surface texture of dark�toned veins is smooth and relatively dust�free;
RMI images show an almost specular re� ective appearance of dark�toned vein material (Figure 9d). Also,
RMI images show that dark�toned material exhibits a layered, chipped appearance (Figures 9a and 9b).
While most dark�toned veins are observed upright and vertically oriented, some are also observed as broken
pieces of� oat (Figures 9d and 9e).

Dark�toned veins are primarily preserved at the Garden City site (elevation� 4,450 m), where they cross�cut
patches of bedrock in between the thick, positive�relief sandwich veins throughout the outcrop. Dark�toned
veins intersect sandwich veins at approximately right angles but do not completely crosscut them
(Figures 9a…9c). The ChemCam target•BishopŽ(Figures 9b and 9c) shows a layered texture along its edges;
these edges appear to be bisected by thin, millimeter�thick white vein material, suggesting a time relation-
ship between dark�toned and thin white veins. Potential� oat fragments of dark�toned vein material are also
observed along the walls of the Artist's Drive valley beyond Garden City (Figure 9).

ChemCam observations of dark�toned veins at Garden City show consistent enrichments in iron and potas-
sium relative to local Murray host rock; several analyses also indicate elevations in strontium and phosphor-
ous. Especially noteworthy are high abundances (up to >5 wt %) of� uorine, suggesting the presence of
� uorite (Forni, Gaft, et al., 2015, Forni, Vaniman, et al., 2015, Forni et al., 2016; Nachon et al., 2016).

APXS measurements on dark�toned target•Kern PeakŽindicate elevated levels of silicon, iron, chromium,
potassium, phosphorus, germanium, and lead relative to nearby Murray bedrock.•Kern PeakŽalso exhibits
enhanced gallium and strontium (highest concentration detected at Gale crater by APXS), as well as arsenic
levels just above detection limits.
4.3.2. Interpretations
The texture, color, and geochemistry of dark�toned vein material suggest that it is the product of a distinct
episode of� uid � ow, separate from the events that produced both gray and white veins in the Pahrump

Figure 10. Mastcam mosaic of the Garden City vein complex (portion of Mastcam mosaic mcam04068) acquired on Sol 925 prior to the rover's approach to conduct
remote and contact science observations. Circles indicate the locations of ChemCam (yellow) and APXS (red) targets on veins across the outcrop; black boxes
indicate the locations of high�resolution MAHLI image mosaics.
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Hills section. The limited spatial distribution of dark�toned veins (Garden City and adjacent areas of
Artist's Drive) suggests that the diagenetic� uid event responsible for their formation was relatively
localized or that its distribution was constrained by a preexisting concentration of fractures. The
presence of germanium and other trace elements in dark�toned veins may indicate that hydrothermal
and/or mildly acidic � uids were responsible for this vein�forming event (Yen et al., 2017). The
occurrence of dark�toned veins in between sandwich veins and the lack of cross�cutting at Garden City
suggests that sandwich veins were already in place and potentially acted as� uid barriers, constraining
the spatial distribution of dark�toned veins. This suggests that dark�toned veins may represent one of
the most recent diagenetic� uid events to interact with the Murray bedrock at Pahrump Hills.
However, the occurrence of dissecting white veins suggests that at least one� uid episode of Ca�sulfate
followed the formation of dark�toned veins.

4.4. Garden City Vein Outcrop: A Case Study

The uppermost 2 m of the Pahrump Hills section record a dramatic change in the overall character and com-
plexity of veins. Thin, submillimeter white veins continue to be present throughout the section. However, in
these upper 2 m of section, which occur between Whale Rock and Salsberry Peak, veins show substantially
thicker apertures. For example, along the slopes approaching Salsberry Peak, veins reach up to 5 cm thick
and exhibit exposed lengths in excess of 4 m. Vein complexity is best displayed at Garden City, a vein�rich
outcrop located along the east wall of the Artist's Drive Valley 2 m beneath Salsberry Peak (Figure 10). At
Garden City, veins protrude from Murray formation host rock in an exposure covering ~10 m2. The
Curiosity science team investigated Garden City for approximately 20 sols (� rst approach on Sols 926…939;
second approach from Sols 944…949), collecting extensive Mastcam, MAHLI, ChemCam, and APXS data
(Figure 10). Although veins are abundant features in the Murray formation as a whole (Nachon et al.,
2016), the Garden City outcrop represents the most extensive analysis of vein materials carried out by the
MSL science team to date. Analysis of Garden City included 14 ChemCam targets, 7 APXS targets, and
high�resolution MAHLI image mosaics of several target areas (Table 1 and Figure 10).

The veins that comprise the Garden City outcrop exhibit diversity in size and texture. All three types of vein�
� lling materials (gray, white, and dark�toned) occur together at Garden City. Centimeter�thick sandwich

Table 1
Vein and Bedrock Targets Analyzed by Curiosity's Remote Sensing Instruments at the Garden City Vein Outcrop, Shaded by
Vein Type

Sol Target name Target type Data acquired

928 •OurayŽ Gray vein ChemCam

•Hoskinnini Ž White vein ChemCam
•SwaseyŽ Bedrock ChemCam

935 •AnethŽ Gray vein ChemCam

•HakataiŽ Dark�toned vein ChemCam

937 •CoalvilleŽ/•Alvord MountainŽ Mixed gray/white vein ChemCam, APXS, MAHLI

•IndianolaŽ Mixed white/gray vein ChemCam, APXS,MAHLI
•HyrumŽ Bedrock ChemCam, APXS

939 •Live Oak CanyonŽ White vein ChemCam, APXS, MAHLI

•Idyllwild Ž Gray vein ChemCam

•Blanco MountainŽ White vein ChemCam, APXS, MAHLI

946 •ElsinoreŽ Dark�toned vein ChemCam

•BishopŽ Dark�toned vein ChemCam

•White MountainŽ White vein ChemCam

•Kern PeakŽ Dark�toned vein MAHLI, APXS

948 •TemblorŽ Dark�toned vein ChemCam

•LindavistaŽ White vein ChemCam

•AmboyŽ Mixed gray/white vein APXS, MAHLI

Note. Most targets analyzed by the APXS instrument represent a mixture of gray and white vein material; for these tar-
gets, the box color designates the intended primary component in the APXS� eld of view.
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veins, made up of both gray and white vein material, crosscut the local Murray mudstone host rock and
comprise the erosionally resistant network of intersecting veins (Figure 11). These sandwich veins show
substantial positive relief, exhibiting heights up to ~5 cm above the adjacent host rock. Dark�toned veins
are present both upright in between sandwich veins at Garden City and as fragments of� oat scattered
across the outcrop. Additionally, vein strike and dip measurements show signi� cant variability across
Garden City (see Barnes et al., 2018).
4.4.1. White Veins at Garden City
White material is the dominant vein � ll at Garden City and includes veins that vary in thickness from
1.2 mm to 2.9 cm. Four thicker�aperture (>1 cm) white veins were imaged using MAHLI; these contain a
diversity of interior textures. These veins are designated V1…V4 (Figure 11; for corresponding MAHLI
mosaics see Figures 12…15). White material most commonly displays a smooth, massive texture that is con-
tinuous across the width of the vein (Figures 14 and 15). In V1 and V3, white vein material exhibits distinct
lineations roughly perpendicular to fracture edges (Figures 12b, 12c, and 14). Although faint and commonly
obscured by dust, lineations are roughly parallel to one another.

White veins contain signi� cant eroded portions, commonly concentrated near vein centers (Figures 12a,
13a, and 13b); V3 contains an apparent eroded line along the vein center (Figure 14). Small eroded pits
are also observed within white material (Figure 15b). Erosion of the central region of V2 emphasizes a

Figure 11. Mastcam�34 mosaic (mcam04150) of the Garden City vein complex acquired on Sol 944. Centimeter�thick sandwich veins comprise the positive�relief
intersecting network. Sandwich veins that were imaged with the MAHLI camera are indicated by white boxes (vein 1 [V1], see Figure 12; V2, see Figure 13;V3, see
Figure 14; V4, see Figure 15).
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unique texture of the residual white vein material (Figure 13). Remaining vein material in V2 exhibits an
elongate blocky, almost bladelike form, with rounded terminations facing the fracture center.

Also associated with centimeter�thick sandwich veins at Garden City are extremely thin (submillimeter)
white veinlets. These veinlets are observed within sandwich veins along marginal gray vein material

Figure 13. (a) Portion of MAHLI mosaic of Garden City vein 2 (V2) imaged on Sol 948. Vein is ~1 cm thick and expresses a variety of interior textures, with sig-
ni� cant eroded portions in the vein center. (b) White vein material growth likely originated along the fracture walls and proceeded inward toward the vein cen-
ter, producing an elongate blocky,•toothyŽcrystal texture. (c) Boxes indicate the presence of submillimeter�thick veinlets parallel to the vein interior. Circle
indicates gray material entrained within the white vein matrix. MAHLI images 0948MH0004920000404116R00, 0948MH0004920000404118R00,
0948MH0004920000404120R00, 0948MH0004920000404122R00, 0948MH0004920000404124R00, 0948MH0004920000404126R00, and
0948MH0004920000404128R00.

Figure 12. Portion of MAHLI mosaic of Garden City vein 1 (V1); vein target•Live Oak Canyon,Žimaged on Sol 937. (a) V1
is ~1 cm thick and contains fairly eroded white vein� ll along the vein center. (b, c) Vein fabric exhibits roughly parallel
lineations. MAHLI image 0937MH0004760050303426C00.
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(Figures 13c and 15c). Veinlets are primarily oriented parallel to central white vein material, although V4
veinlets merge into the thick white vein center (Figure 15b).
4.4.2. Gray Veins at Garden City
Gray vein material is also abundant at Garden City and is only observed along the margins of white veins.
Similar to gray veins lower at Pahrump Hills, gray material at Garden City is commonly symmetrical on
either side of the fracture; however, some exhibit variable thickness. When this asymmetry is present, gray
vein material shows a thinly layered texture (Figure 15c). This laminated fabric is highlighted by the pre-
sence of small white veinlets that penetrate gray material along lamination boundaries (Figure 15c).

In addition to along�fracture margins, gray material also occurs as fragments within the interior of thick
sandwich veins at Garden City (Figure 6). These fragments give many of the thick veins at Garden City a
chaotic, brecciated texture.
4.4.3. Interpretation of Garden City Veins
The thickness and accessibility of veins at Garden City permitted a detailed investigation of interior vein tex-
tures. Such textures are useful in determining formation mechanism(s) as well as crystal growth history

Figure 15. Portion of MAHLI mosaic of Garden City vein 4 (V4) acquired on Sol 946. (a) White material in V4 exhibits a
dominantly massive texture, with a few eroded and pockmarked regions. (b) Arrow indicates a potential median line,
separating the white vein material into upper and lower segments. Veinlets are observed in adjacent gray vein material
(white box). (c) Thinly laminated texture of gray vein material along the bottom fracture margin (white box). This lower
portion of gray vein material is signi� cantly thicker than the gray material on the opposite side of the vein. Gray material is
permeated by submillimeter white veinlets. MAHLI images 0946MH0004900000303870R00,
0946MH0004900000303878R00, 0946MH0004900000303880R00, 0946MH0004900000303880R00,
0946MH0004900000303884R00, and 0946MH0004900000303886R00.

Figure 14. Portion of MAHLI mosaic of Garden City vein 3 (V3) acquired on Sol 946. The left side of the vein exhibits
a smooth, massive texture, whereas the right exhibits a faint linear fabric, oriented obliquely to the vein walls (black
lines). A potential median line is observed (white arrow) along the vein center. MAHLI images
0946MH0004900000303878R00 and 0946MH0004900000303880R00.
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(Bons et al., 2012; Philipp, 2008). Many of the centimeter�thick sandwich veins at Garden City indicate the
potential for multigenerational formation. In the lower Pahrump Hills section, gray vein material is uni-
formly thin. However, at Garden City, gray vein material commonly displays a laminated texture, indicating
fracture along zones of weakness; these layers may be the result of gray vein material deposited from multi-
ple � uid injections. In addition, the presence of sandwich veins throughout Pahrump Hills, and primarily at
Garden City, indicates that fractures were commonly reutilized by multiple generations of� uid of substan-
tially different origins and chemistry. The consistent sandwich vein morphology, with resistant gray fracture
edges bisected by white Ca�sulfate, implies that the� uid(s) responsible for the deposition of gray material
occurred� rst, followed by later vein deposition from Ca�sulfate�saturated� uids.

On Earth, episodes of enhanced� uid pressure are commonly intermittent, with repetitive cycles of high
pressure and fracturing followed by pressure lowering (due to� uid expulsion) and mineral precipitation
(Barker et al., 2006; Cosgrove, 2001). While veins may form in a single event, the process of fracture opening
and � lling is commonly a repetitive process, with each event leading to the incremental deposition of vein
material. This process is commonly referred to as•crack sealŽgrowth and re� ects the sequential addition
of vein material within a fracture (Cox, 1987; Ramsay, 1980). The inability to resolve veins at the micron
scale prevents a true estimation for the number of crack seal events that resulted in the largest veins at
Pahrump Hills. Terrestrial vein studies indicate that the addition of vein material is on the order of tens to
hundreds of microns for individual crack seal events (Bons et al., 2012; Dabi et al., 2011). Although vein tex-
tures indicate that crack seal growth mechanisms likely operated at Garden City, the estimated number of
� uid events is likely underestimated.

During crack seal events, crystal growth can occur on both sides of an opening fracture. Commonly asso-
ciated with crack seal veins are median lines. A median line is recognized as a discontinuity along the cen-
tral region of the vein fabric (Hilgers & Urai, 2002). Inward growing (syntaxial) veins are commonly
asymmetric and have off�centered median lines. Growth can also occur from one side of fracture only (uni-
taxial) and lack a median line. In some cases, small mineral grains or host rock fragments comprise the
median zone of a� brous vein (Bons et al., 2012; Ramsay, 1980). In these scenarios, the median line serves
as the site of mineral nucleation and growth occurs outward toward the fracture walls. Known as antitaxial
veins, crystal fabrics are commonly� brous and symmetrical (Bons et al., 2007; Wiltschko & Morse, 2001).
The mechanism of� uid � ow and precipitation of antitaxial veins is poorly understood. The predominantly
symmetrical nature of antitaxial vein� bers is unexpected for repetitive crack seal events. Additionally, anti-
taxial growth requires two planes of crystal growth, on either side of the median zone; this scenario is dif-
� cult to model mechanically (Bons et al., 2012; Barker et al., 2006). Other mechanisms have been proposed
to describe antitaxial growth; for example, the force of crystallization may be suf� cient in driving wall rock
apart and forming a vein (Bons & Montenari, 2005; Passchier & Trouw, 2005; Wiltschko & Morse, 2001). In
this case, elevated� uid pressure and� uid � ow are not strictly required. Instead, dissolved material diffuses
to and precipitates at an opportunistic site (usually a preexisting crack or other surface), where the pressure
from crystal growth maintains host rock displacement and addition of vein material (Barker et al., 2006;
Wiltschko & Morse, 2001).

At a smaller scale, vein microstructures can be used to infer conditions during vein growth, such as fracture
opening history and crystal growth direction (Hilgers & Urai, 2002; Passchier & Trouw, 2005). Thick white
veins at Garden City encompass a variety of textures, including massive, laminated, and elongate blocky.
Common vein�forming minerals on Earth include quartz, carbonates, sulfates, and� uorite and often exhibit
elongate blocky crystal morphologies (Bons & Montenari, 2005; Cobbold et al., 2013; Wendler et al., 2016).
These patterns are the result of growth competition; neighboring seed crystals grow on a fresh fracture sur-
face and proceed inward toward the fracture center (Ramsay, 1980; Wiltschko & Morse, 2001). As inward
growth occurs, some crystals outgrow one another and become wider and/or elongate along the growth
direction (Bons et al., 2012). The V2 vein at Garden City is reminiscent of this texture and suggests that crys-
tal growth initiated along the fracture walls and proceeded inward; the resulting texture is inward facing
crystals (Figure 13).

Several of the largest veins at Garden City exhibit suspect median zones, observed as eroded, roughly linear
gaps near vein centers. In these cases, Ca�sulfate material exhibits a primarily elongate morphology, remi-
niscent of syntaxial growth that originated at the fracture margins and proceeded inward. In addition, the
absence of material within these median zones suggests that crystal growth likely did not proceed in an
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antitaxial fashion. As a result, we interpret the majority of relatively undeformed veins at Garden City to be
the result of multigenerational� uid � ow and dominantly syntaxial crystal growth.

The laminated nature of several thick Ca�sulfate veins at Garden City indicates that the host mudstone may
have exhibited repetitive opening. Growing vein crystals commonly re� ect and record changing states of
stress within host rock material during mineral precipitation (Gudmundsson, 2011; Gudmundsson &
Brenner, 2001). For example, vein lineations may be oriented obliquely to fracture edges or exhibit a curved
morphology; this indicates either a change in fracture opening direction, some form shear motion of wall
rock, or incremental crack seal growth re� ecting varying stress� elds (Mandl, 2005). Curved vein� bers
re� ect changing stress� elds during formation and may be valuable in tracking the deformation history of
a vein or vein set (Passchier & Trouw, 2005). In other cases, curves may re� ect later deformation of originally
straight, orthogonally oriented vein� bers (Gudmundsson, 2011; Passchier & Trouw, 2005).

Laminations that are parallel to vein walls are generally good indicators for incremental growth of crack seal
veins. Alternatively, laminated textures may re� ect the crystal orientation of large, singular vein�forming
crystals. In this scenario, weathering of large anhydrite/gypsum crystals may reveal the crystallographic
orientation, visible as apparent laminations on the vein surface. Depending on the orientation of these crys-
tal facets, they may be confused with increments of crack seal layers. Unfortunately, image resolution of
even the largest veins at Garden City prevents us from de� nitively interpreting vein laminations as crack seal
increments or as crystallographically controlled lineations. We therefore utilize additional lines of evidence
to support incremental and repetitive fracture and vein growth at Pahrump Hills.

A complex fracture opening history is additionally supported at Garden City by the chaotic, brecciated nat-
ure of the majority of veins. The thickest regions of Ca�sulfate veins at Garden City contain gray inclusions;
most appear rounded and likely derive from wall rock and/or precursor gray vein material. Wall rock inclu-
sions are common in terrestrial veins at the micron scale and are interpreted to be the result of crack seal
processes along fracture edges (Cox, 1987; Ramsay, 1980).

Based on vein morphology, fabric, and cross�cutting relationships at Garden City, we interpret that at least
three distinct events of postdepositional� uid � ow occurred. Relatively early in the diagenetic sequence,
magnesium�rich � uids permeated the Murray formation, depositing material along fractures (gray veins)
and within pore space as clusters and dendrites (Kah et al., 2018; Sun et al., 2019). The bisecting nature of
white veins indicates that calcium sulfate� uids entered the system later in time than gray veins. Crack seal
textures indicate that the injection of calcium sulfate� uids was episodic. The brecciated nature and thick
aperture of many white veins at Garden City suggest that� uid pressure was elevated at the time of vein for-
mation, relative to the millimeter�scale nature of previously described veins throughout Gale crater and
Pahrump Hills. White veins observed within the Siccar Point group (i.e., Stimson formation), which sits
unconformably atop the Murray formation beyond Pahrump Hills (Banham et al., 2018), suggest that� uid
� ow involving calcium sulfate occurred over a relatively prolonged time span within Gale crater. A third,
iron�, potassium�, and � uorine�rich � uid resulted in the deposition of dark�toned veins at Garden City
and Artist's Drive; however, the timing of this event is poorly constrained. Bisection of dark�toned veins
by thin, submillimeter white veins indicates that an even later episode of Ca�sulfate � uid � ow occurred at
Pahrump Hills.

4.5. Beyond Garden City: Salsberry Peak and Artist's Drive

In addition to localized exposures of intersecting vein networks (i.e., Garden City), thick, long veins are pre-
sent in the ~2 m above Garden City; these veins are exposed along the valley walls that comprise Artist's
Drive. Along Artist's Drive, veins are centimeter�thick, can be traced up to ~4.2 m long, and contain domi-
nantly white � ll material. Although many are � ush with surrounding host rock, several exhibit positive
relief and stand several centimeters above the surface, particularly those along the east wall of Artist's
Drive. These vertical, erosionally resistant veins are white along their centers and contain gray material
along their edges, similar to but larger in scale than the sandwich veins at Garden City and lower in the
Pahrump Hills section. Other thick veins appear to contain gray material mixed within their white matrix.
Unfortunately, abundant debris on the Artist's Drive slopes makes vein edges dif� cult to resolve.

The stratigraphic section at Pahrump Hills is capped by the Salsberry Peak sandstone, best exposed along the
east wall of Artist's Drive. Although most of the dense, intersecting vein networks are present in the
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underlying mudstone, veins are also observed within this well�cemented capping unit (Figure 16). Several
white veins can be traced from underlying mudstone upward into the Salsberry Peak sandstone without
any apparent change in thickness. However, veins do not penetrate through the entire thickness of
Salsberry Peak. It is unclear whether veins arrest at a sharp boundary within the Salsberry Peak
sandstone or dissipate upward; their ends are not clearly visible within the outcrop. Despite similarity in
color to Salsberry Peak, gray veins clearly penetrate the base of Salsberry Peak.

5. Discussion
5.1. Evidence for Hydrofracture at Pahrump Hills

Mineralized fracture networks are conspicuous features on the surface of Mars across rover and orbital
scales. In Gale crater alone, networks of cemented fractures have been described from HiRISE images and
are present in several locations within the material that comprises Mount Sharp (Kerber et al., 2017;
Kronyak et al., 2018; Milliken et al., 2014; Siebach & Grotzinger, 2013). For instance, decameter�long

Figure 16. Vein interactions at the Salsberry Peak caprock. (a) Portion of Mastcam mosaic acquired on Sol 938 (mcam04119). Salsberry Peak is a ~1�m�thick thickly
laminated sandstone lithology that caps the underlying laminated mudstone. (b) Parallel white veins penetrate the mudstone�sandstone contact. (c) Positive relief
vein networks are present just beneath Salsberry Peak. The Garden City complex is located just out of frame beneath the bottom of the mosaic.
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resistant ridges that intersect to form a dense boxwork network occur at a discrete stratigraphic level of
the Mount Sharp group (Siebach & Grotzinger, 2013). Within the topographically lower yet younger
Siccar Point group, cemented fractures form a highly ordered polygonal network exposed over >10 km2

(Kronyak et al., 2018).

At the rover scale, calcium sulfate veins have been described in nearly all rock units encountered by
Curiosity (Nachon et al., 2014, 2016). Millimeter�thick calcium sulfate veins crosscut all three members of
the Yellowknife Bay formation (Bradbury group) of Aeolis Palus (Grotzinger et al., 2014; Nachon et al.,
2014). Throughout Curiosity's traverse across the Bradbury group, Ca�sulfate veins remain millimeter�scale
in aperture (Kronyak et al., 2015).

Elucidating the mechanisms responsible for producing the veins at Pahrump Hills and the broader
Gale system requires an understanding of the mechanics and stresses involved during fracture
formation. Fractures propagate through rock bodies when applied stresses exceed rock strength
(Gudmundsson, 2011; Jaeger et al., 2007). In a sedimentary basin, there are numerous potential
mechanisms to increase pressure; these stresses may be lithostatic, tectonic, thermal, or impact, or
� uid�induced (Long et al., 1996; Gudmundsson, 2011; Mandl, 2005). Lithostatic stresses include those
induced by changes in overburden, either by burial (compaction) or exhumation and erosion. Tectonic
stresses include processes associated with plate motion such as folding and faulting (Long et al.,
1996). Thermal stresses occur as rocks cool and/or contract, which commonly occurs in igneous
regimes and in desiccating environments. Impact�induced stresses occur following collisions with
extraterrestrial objects.

Finally, stresses may form from increased� uid pressures within a sedimentary package, resulting in the for-
mation of hydrofractures. Aside from increasing burial depth,� uid pressures may build up within a sedi-
mentary basin during� uid volume changes, which may be induced by a variety of mechanisms including
temperature increase, hydrocarbon generation, and any chemical reactions that involve the release of vola-
tiles (Cosgrove, 2001; Long et al., 1996). These volume changes are especially important in reactions invol-
ving the hydration and dehydration of calcium sulfate minerals. The hydration of anhydrite to gypsum
involves complex dissolution and precipitation reactions, resulting in a signi� cant volume increase of
~60% and subsequent swelling pressure (Philipp, 2008; Schieber et al., 2017). Fluid pressure may also
become elevated during disequilibrium compaction and in or below rocks with low permeabilities that act
as impermeable seals (Hart et al., 1995; Philipp, 2008).

In the Earth's crust, most fractures in sedimentary rock are the result of natural hydrofracturing„
the direct result of overburden and elevated� uid pressure (Cosgrove, 2001; Gudmundsson, 2011).
Hydrofractures are extensional fractures resulting from overpressurized� uids within a succession (Mandl,
2005; Gudmundsson, 2011). Although burial depth and overburden pressure play signi� cant roles in the
overall stress state in a basin, hydrofractures can occur at any depth within the crust as long as� uid pres-
sures are high enough (Long et al., 1996). In order to generate a hydrofracture,� uid pressure must exceed
the sum of the tensile strength and minimum compressive stress of the rock body (Terzaghi, 1943). The pro-
pagation direction, length, and overall organization of hydrofractures are strongly affected by both the orien-
tation of stress axes as well as the mechanical properties of the host rock, including rock strength, grain size,
porosity and permeability, layering, and the potential presence of preexisting fractures (Jaeger et al., 2007;
Passchier & Trouw, 2005).

A hydrofracture origin has previously been suggested to explain vein formation in Gale crater (Caswell &
Milliken, 2017; Nachon et al., 2014; Schieber et al., 2017). Veins at Yellowknife Bay (Bradbury group) exhibit
similar millimeter �scale thicknesses as the Ca�sulfate veins observed throughout the Pahrump Hills section.
Veins are dominantly vertical (i.e., crosscut bedding planes) and exhibit random strike dimensions (orienta-
tions) and intersection angles, suggesting the maximum principal stress direction was primarily vertical and
that veins formed as extension fractures (Caswell & Milliken, 2017; Schieber et al., 2017). The high density of
horizonal veins at the Sheepbed mudstone�Gillespie sandstone is interpreted as additional support for
hydrofracture, as� uid de� ection along contacts is a common phenomenon for hydrofractures propagating
through layered rock bodies with differing mechanical properties (Weertman, 1980). We use these previous
studies on veins at Yellowknife Bay as a basis on which to build a model for hydrofracturing at Pahrump
Hills. While we recognize that extensional fractures fall within a range of formation end members, here
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we present further evidence to show that elevated� uid pressures and hydrofracturing played a role in the
formation of veins at Pahrump Hills.

Primary lines of evidence in support of hydrofracture are observed as vein�host rock interactions and vein
behavior at lithologic boundaries (Whale Rock and Salsberry Peak). Layer boundaries play a signi� cant role
in the behavior of propagating hydrofractures. Orientations may change across bed boundaries as stress
� elds rotate upon encountering lithologies with different mechanical properties (Gale et al., 2014; Philipp
et al., 2013). The majority of veins in the Pahrump Hills section are oriented at high angles to bedding.
However, veins around the cross�bedded Whale Rock outcrop exhibit multiple orientations (Figure 4).
First, veins that comprise the boxwork network underneath Whale Rock arrest at the sandstone lens.
While it cannot be observed directly whether veins arrest or change directions at the mudstone�sandstone
contact, the shift in host rock lithology and associated contrast in mechanical properties likely played a role
in vein propagation. Hydrofractures commonly arrest at contacts between stiff and soft layers; this may be
the case at Whale Rock, where the well�cemented sandstone lens served as an effective barrier to� uid � ow
for veins propagating through the underlying softer mudstone (Gudmundsson & Brenner, 2001). Second,
veins are observed oriented along bedding planes within the Whale Rock cross�bedded sandstone.
Assuming a similarly oriented stress� eld, hydrofractures commonly utilize planes of weakness as pathways
for � uid � ow, such as bedding planes or other discontinuities (Gale et al., 2014; Gudmundsson et al., 2002;
Hayashi et al., 1997). These veins therefore suggest that propagating cracks exploited preexisting discontinu-
ities within the host rock as paths for� uid � ow. Third, vertically oriented veins are observed crosscutting the
laminations of the Whale Rock sand lens, suggesting the maximum stress direction was vertical. These three
distinct vein patterns suggest the potential for up to three different hydrofracture events: one during which
� uids followed along planes of weakness (sandstone cross beds), one with� uid pressures insuf� cient to
penetrate the mudstone�sandstone contact, and one with� uid pressures high enough to penetrate and cross-
cut the sand lens.

By contrast, veins in the vicinity of the Salsberry Peak caprock exhibit drastically different behaviors. We
refer to Salsberry Peak as a•caprockŽ for several reasons. First, the Salsberry sandstone physically caps
the Murray mudstone at the Pahrump Hills site; its elevation marks the top of the ~12�m�thick stratigraphic
section at the Pahrump Hills locality. Second, its designation as a cap suggests that it may have served as an
impermeable seal underneath which pressures built up. Veins exhibit a drastic increase in thickness in the
uppermost 2 m of Pahrump Hills strata approaching Salsberry Peak. Vein thickness is roughly proportional
to � uid overpressure; higher� uid pressures typically result in veins with thicker apertures (Gudmundsson
et al., 2012; Philipp, 2012). Lithology also plays a role in the resulting thickness of a vein; in general, weaker
rocks have a tendency to develop fractures and veins with wider apertures than stronger rocks
(Gudmundsson, 2011; Gudmundsson & Brenner, 2001). This may contribute to why the largest, most com-
plex veins are observed within the weaker Murray mudstone rather than other stronger lithologies at
Pahrump Hills. Although � uid pressure and lithology are important components, the� nal shape and thick-
ness of a vein are the result of complex and accumulated fracturing events over time.

Unlike the veins underneath Whale Rock, several veins at the mudstone�sandstone contact at Salsberry Peak
unquestionably penetrate the contact and continue into the overlying sandstone. Although arrest is common
for fractures that encounter layer boundaries, hydrofractures may also penetrate a contact if� uid pressure is
suf� ciently maintained behind the advancing crack tip. After penetrating a contact, fractures will commonly
taper off as a re� ection of dissipating� uid pressure (Gudmundsson et al., 2012; Gudmundsson & Brenner,
2001). At Salsberry Peak, several white veins (inferred to consist of Ca�sulfate) advance from the underlying
mudstone into the capping sandstone with little to no visible change in direction or vein thickness. Although
mechanical data for the Salsberry Peak sandstone are unavailable, it exhibits a higher resistance to erosion
relative to the underlying Murray mudstone and comprises the mesas that form the Artist's Drive valley
walls. The presence of veins crossing the boundary between materials with contrasting mechanical proper-
ties suggests that� uid pressure was high enough for hydrofractures to penetrate the contact.

5.2. Implications for Burial Depth

A hydrofracture origin for the veins at Pahrump Hills has implications for elucidating the overall burial and
exhumation history of the units that comprise Mount Sharp. Vertical stresses associated with burial and
hydrofracturing are a function of sediment density, burial depth, and� uid pressure. Modeling efforts

10.1029/2018EA000482Earth and Space Science

KRONYAK ET AL. 259



estimate a range of possible burial depths (1.2 to 4.5 km) to form the millimeter�thick calcium sulfate veins
observed at Yellowknife Bay, based on input parameters of rock strength (Caswell & Milliken, 2017).
However, models that account for overburden pressure alone are insuf� cient in resolving the conditions
under which hydrofracturing may have occurred. Hydrofracturing can occur at any depth, provided� uid
pressures are high enough to exceed rock strength (Long et al., 1996). Episodic events, such as heat input from
impacts, may suf� ciently increase pore� uid pressure to initiate� uid migration and hydrofracture. The multi-
generational nature of veins at Pahrump Hills supports episodic� uid injection. Large, chaotic vein networks
and the penetration of veins across lithologic boundaries indicate that� uid pressure was elevated and high
enough for hydrofracturing to occur. Additionally, local capping lithologies such as Salsberry Peak likely
played an important role in constraining� uid � ow, resulting in a buildup of� uid pressure and emplacement
of veins with large apertures (e.g., Garden City). The high� uid pressure induced by an impermeable caprock
suggests that the veins within the Murray formation might not have required extensive burial depths to form.

5.3. Source(s) of Vein �Forming Fluids

Determining the source of� uids responsible for the deposition of veins at Pahrump Hills is a dif� cult task. In
general, the formation of a vein involves a number of steps, including dissolution,� uid transport, and pre-
cipitation of vein minerals (Fisher & Brantley, 1992). Material deposited in veins can be transported via
advective or diffusive processes (Barker et al., 2006; Bons et al., 2012; Dabi et al., 2011). During advective pro-
cesses,� uids are derived externally and are transported along fracture networks or host rock void space.
Advectively transported� uids may travel over long distances, and� ow commonly occurs through fractures
and/or pore space. Alternatively, material may be transported by diffusion, where� uids derive from the
local host rock and� ow is driven by gradients in chemical potential (Barker et al., 2006). Fluid� ow within
a basin is affected and driven by a number of factors including compaction, convection, topography, osmosis,
potential gradients (hydraulic and/or chemical), and porosity.

Lacustrine environments contain a variety of chemical constituents primarily depending on� uvial input.
Common lake cations include sodium, calcium, potassium, and magnesium, whereas anions tend to be
more variable. Sulfates are typically produced as a result of sul� de mineral oxidation (i.e., pyrite) or by
the weathering of previously deposited evaporitic minerals (James & Dalrymple, 2010). In general, evaporite
deposits are common constituents of lake depositional environments, as lake water chemistry and volume
are subject to rapid changes such as solute input, precipitation, and evaporation rates. Hydrothermal� uids
may introduce additional solutes and further alter lake chemistry (James & Dalrymple, 2010).

Interpretations of depositional environments within the Murray formation include a range of progradationally
stacked lake facies consistent with an over� lled lake basin model (Fedo et al., 2017; James & Dalrymple, 2010).
Facies range from lacustrine to lacustrine�margin to aeolian and re� ect a variety of wet to likely intermittently
dry environments (Stein et al., 2018). As a result, periods of intermittently dry conditions in the Gale lake sys-
tem likely favored the deposition of evaporitic minerals. Facies containing sulfates include mud� ats, where
wet�dry conditions result in signi� cant subaerial exposure and growth of evaporite crystals (Kah et al.,
2018). Sulfates may also derive from shallow�water facies, where evaporite minerals precipitate from saturated
brines. While such brines and/or evaporite horizons have not been observed in situ in Mount Sharp strata, the
consistent abundance of sulfate minerals in veins indicates that evaporite minerals in the subsurface were
likely mobilized by circulating groundwater and became the� uid source for veins at Pahrump Hills. In
particular, the widespread nature of Ca�sulfate veins requires a broad, regional source of subsurface sulfate.

The interpretation of hydrofracturing as the primary mechanism of vein formation at Pahrump suggests that
sulfate minerals were sourced from a subsurface reservoir and were brought upward during fracturing to
relieve excess� uid pressures. Groundwater hydration of subsurface evaporitic minerals and the correspond-
ing volume increase may have provided an additional source of enhanced� uid pressure that helped drive
fractures open. Fluids moving upward through fractures will lose heat into fracture walls; this cooling
may be suf� cient to initiate precipitation of veins within open fractures. Rising� uids and subsequent
decompression may also contribute to mineral precipitation.

5.4. Broader Implications for Water Stability and Astrobiology in Gale Crater

The widespread nature of mineralized veins indicate that extensive� uids were stable and active for an
extended period following the deposition and lithi� cation of the Gale crater strata. Generally, individual
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veins require a relatively large volume of water to form constituent mineral� ll, with a water�rock ratio on
the order of ~103…104 (Philipp, 2012). While the absolute timing of� uid interaction cannot be resolved,
the pulsed, multigenerational nature of veins at Pahrump Hills suggests that water activity was
intermittently stable over a long period of time.

The � uid interactions inferred from veins provide important constraints on the chemical composition of
postdepositional water and implications for depositional environments in Gale crater. Over the past several
decades, veins have also become areas of interest for astrobiological studies. Shallow water to evaporitic
environments contain an abundance of microbial communities. The growth of primary sulfate phases in
such evaporitic environments has been observed to encounter, invade, and potentially incorporate material
from microbial mat communities (James & Dalrymple, 2010). In recent studies, several authors report on the
preservation of microfossils that were transported and trapped in vein�forming � uids (Bons et al., 2007; Bons
& Montenari, 2005; Elburg et al., 2002; Hofmann & Farmer, 2000; Kirkland et al., 1999; Pederson et al., 1997;
Schopf & Kudryavstev, 2012; Trewin & Knoll, 1999; Zhou et al., 2015).

Beyond Pahrump Hills, Curiosity has encountered sporadically thick veins on a similar scale as those
observed at Garden City, with interior structures and textures resolvable in MAHLI and RMI images
(Figure 17). These centimeter�thick veins offer relatively easily accessible targets that represent environ-
ments suitable for the potential preservation of microfossils within vein crystals. To date, clear biosignatures
have not yet been identi� ed within vein materials.

6. Conclusions

Veins observed by the Curiosity rover at the Pahrump Hills locality indicate a protracted history of
postdepositional� uid stability in Gale crater. Veins at Pahrump Hills exhibit characteristically thicker,
more complex morphologies than those previously observed by the Curiosity rover. Chemical evidence
from the ChemCam and APXS instruments indicate chemically distinct batches of� uid were responsible
for the deposition of at least three vein types at Pahrump Hills: Mg�rich gray veins; Ca�sulfate white
veins; and Fe�, K�, and F�rich dark�toned veins. Chemical similarities between gray veins and other
diagenetic features at Pahrump Hills, including crystal clusters and dendrites, suggest that they were
deposited relatively early in the diagenetic sequence and preceded the formation of white Ca�sulfate veins
(Kah et al., 2018; Sun et al., 2019). White veins that bisect gray veins indicate that� uids commonly

Figure 17. Centimeter�thick veins imaged with the MAHLI camera beyond Pahrump Hills. Vein targets include
(a) •Tofte,Ž imaged on Sol 2083, exhibits a� nely laminated, linear texture parallel to vein walls along the left side of
the vein and at a high angle to vein walls on the right. MAHLI image 2083MH0007490000802265R00, (b)•Palmwag,Ž
imaged on Sol 1276, which contains potentially multigenerational white material, entrained gray fragments, and a distinct
median line. MAHLI image 1276MH0004580000404503R00, (c)•Rona,Žimaged on Sol 1937, which shows a complex
interior of multigenerational inward facing white and gray vein material. MAHLI images 1937MH0001710000703855R00,
1937MH0001710000703855R00, 1937MH0001710000703861R00, and 1937MH0001710000703863R00.
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utilized preexisting planes of weakness for transport through the Murray formation. Thicker, more
complex white veins suggest the possibility for multiple pulses of Ca�sulfate � uid � ow and mineralization
through crack seal microtextures. The presence of complex networks of thick, intersecting veins near
the top of the Pahrump Hills section, and vein behavior across lithologic boundaries, indicate localized
enhancements of � uid pressure during burial, implying hydrofracturing as the primary mode of
vein formation.
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