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Abstract The ChemCam instrument package on the Curiosity rover was used to characterize distinctive raised
ridges in the Sheepbed mudstone, Yellowknife Bay formation, Gale Crater. The multilayered, fracture-ﬁlling ridges
are more resistant to erosion than the Sheepbed mudstone rock in which they occur. The bulk average
composition of the raised ridges is enriched in MgO by 1.2–1.7 times (average of 8.3–11.4 wt %; single-shot
maximum of 17.0 wt %) over that of the mudstone. Al2O3 is anticorrelated with MgO, while Li is somewhat
enriched where MgO is highest. Some ridges show a variation in composition with different layers on a
submillimeter scale. In particular, the McGrath target shows similar high-MgO resistant outer layers and
a low-MgO, less resistant inner layer. This is consistent with the interpretation that the raised ridges are
isopachous fracture-ﬁlling cements with a stratigraphy that likely reveals changes in ﬂuid composition
or depositional conditions over time. Overall, the average composition of the raised ridges is close to that
of a Mg- and Fe-rich smectite, or saponite, which may also be the main clay mineral constituent of the host
mudstone. These analyses provide evidence of diagenesis and aqueous activity in the early postdepositional
history of the Yellowknife Bay formation, consistent with a low salinity to brackish ﬂuid at near-neutral or
slightly alkaline pH. The ﬂuids that circulated through the fractures likely interacted with the Sheepbed
mudstone and (or) other stratigraphically adjacent rock units of basaltic composition and leached Mg from
them preferentially.

1. Introduction
The Curiosity rover successfully landed in Gale Crater on 5 August 2012. Since then, it has been exploring a part
of the crater ﬂoor in search of signs of past or present habitable conditions. The rover has a science payload
consisting of 10 instruments, including CheMin, the ﬁrst planetary X-ray diffraction instrument. In addition, the
ChemCam instrument package includes the ﬁrst laser-induced breakdown spectroscopy (LIBS) instrument to
operate on another planet. It combines a mast-mounted optical head, which includes the laser and sensor
optics as well as a remote microscopic imager (RMI), and a body-mounted unit containing the three spectrometers
and electronics [Maurice et al., 2012; Wiens et al., 2012]. Williams et al. [2013] demonstrated the use of ChemCam
for investigating conglomerates, including the detection of hydrogen, near the rover’s landing site in Gale
Crater. Meslin et al. [2013] also used ChemCam to probe Martian soil and dust, and they showed evidence for
chemical variability at the submillimeter scale. In the latter case, the small sampling area of the ChemCam laser
was uniquely suited to identify mixing trends in materials of different grain sizes.
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Figure 1. Partial Mastcam M100 mosaic (sol 137 + sol 138 + sol 141) showing the contact between the Sheepbed and
Gillespie members of the Yellowknife Bay formation. The dotted oval highlights a cluster of raised ridges, which includes
the McGrath and John Klein targets (yellow star). These are located between the two drill holes (blue circles). The vein-like
raised ridges are concentrated in the Sheepbed member.

Sedimentary features, including cements, concretions, nodules, mineral vugs, and veins, have been investigated
with the Mars Exploration Rovers Opportunity and Spirit, typically revealing a complex diagenetic history
[Squyres et al., 2004, 2012; McLennan et al., 2005; Knoll et al., 2008; Arvidson et al., 2014]. More recently, the
Curiosity rover investigated late-stage diagenetic Ca-S-rich veins, as well as hollow and ﬁlled nodules
(concretions) in ﬁne-grained sedimentary rocks within Gale Crater [Grotzinger et al., 2014; McLennan
et al., 2014; Nachon et al., 2014; Stack et al., 2014]. The ChemCam instrument is particularly well suited
for rapid and remote analyses and high-resolution imaging of such features. Here we demonstrate the
use of the ChemCam instrument for ﬁne-scale, three-dimensional chemical analyses of complex,
multilayered, early diagenetic fracture-ﬁlling cements in the Yellowknife Bay formation of Gale Crater,
Mars. These “raised ridges” were ﬁrst described in Grotzinger et al. [2014] and McLennan et al. [2014], but
we provide here a greatly expanded data set and analysis of ChemCam compositional results, including
depth proﬁles, which, when combined with surface rasters, effectively provide three-dimensional
analyses of these small-scale features.
The raised ridges consist of narrow (<1 mm to 6 mm in total width; several centimeters in length),
curvilinear ridges that have differentially weathered relative to the surrounding rock, creating a raised relief
of several millimeters [Siebach et al., 2014]. They demonstrate a clustered and patchy distribution. They
consist of two to four layers, with the two outermost layers consisting of isopachous 1 mm thick cement
layers that are usually more resistant than the middle layer(s) and suggesting that they formed in the
phreatic zone or water-saturated environment possibly before complete lithiﬁcation of the mudstone
[Siebach et al., 2014]. In some cases, they appear to substitute laterally for nodules and hollow nodules
interpreted as early diagenetic concretions [Grotzinger et al., 2014; Stack et al., 2014]. Plateau-like features
are interpreted to be exhumed subhorizontal crack ﬁlls [Siebach et al., 2014]. The raised ridges are
overwhelmingly restricted to the Sheepbed member [Grotzinger et al., 2014; McLennan et al., 2014]
(Figure 1), though at least one raised ridge may extend into the basal bed of the Gillespie member, which
directly overlies the Sheepbed member [Siebach et al., 2014]. The Sheepbed mudstone is interpreted to
be an exhumed and exposed lakebed at the distal end of an alluvial fan [Grotzinger et al., 2014]. Further
details on the physical sedimentology, structure, and distribution of these features are reported in
Grotzinger et al. [2014] and [Siebach et al., 2014].

2. Analytical Methods
2.1. The ChemCam LIBS Instrument
In LIBS, a high-intensity laser pulse is used to ablate a small amount of material from a target thereby creating
a plasma at the surface of the target. The spectrum of the plasma, formed from the atomic emission lines of
all elements present, is recorded and can be later processed for quantitative elemental analyses. By using
multiple laser shots at a given location, the laser can effectively be used to remove dust on the surface or drill
down into a sample and generate plasmas at increasing depths with each successive shot. Therefore, the LIBS
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technique is particularly well suited for investigating surface coatings on solid materials and performing
chemical depth proﬁles [e.g., Vadillo and Laserna, 1997; St-Onge and Sabsabi, 2000; Lanza et al., 2012, 2014a].
The rate of penetration, i.e., the amount of ablated material, with each laser shot is dependent on both
laser (e.g., power, beam diameter, and pulse rate) and target (e.g., density, hardness, and cohesiveness)
characteristics. While LIBS has been used for investigating layers and performing depth proﬁles in
numerous industrial and pharmaceutical applications, as well as with painted artwork [Vadillo and
Laserna, 1997; St-Onge and Sabsabi, 2000; Madamba et al., 2007; Kim et al., 2007], its use in investigating
complex, geological coatings or multilayered mineral deposits has been limited [cf. Cousin, 2012; Lanza
et al., 2012; Meslin et al., 2013 (C. Lefebvre, et al., Depth-resolved chemical mapping of rock coatings
using Laser-Induced Breakdown Spectroscopy: Implications for geochemical investigations on Mars,
submitted to Planetary and Space Science, 2014)].
The ChemCam instrument on the Curiosity rover uses a mast-mounted laser and telescope optical detector
head as well as a combination of three body-mounted spectrometers [Maurice et al., 2012; Wiens et al.,
2012]. The Q-switched pulse Nd:KGW laser emits a 1067 nm laser and can operate at 3 Hz with a pulse
duration ≤5 ns [Maurice et al., 2012]. The three spectrometers cover a nearly continuous spectral range of
240–850 nm over 6144 channels with a variable spectral resolution of 0.15 nm (UV range) to 0.61 nm
(visible and near-infrared range) [Wiens et al., 2012]. ChemCam LIBS analyses typically involve 30 or 50 laser
shots at each point in a raster of several points, including lines of 5, 10, or 20 points or in two-dimensional
arrays of 3 × 3 or 5 × 5 points. Multiple laser shots help to minimize ﬂuctuations in laser power, while rasters
help to assess heterogeneities in sample composition and provide improved compositional sampling. In
addition, more extensive depth proﬁles (up to 600 shots/point) are performed selectively. Generally,
spectra from every laser shot are downlinked to Earth (though onboard averaging is possible). The laser
spot size ranges from 350 to 550 μm depending on the distance to target.
2.2. The ChemCam Remote Microscopic Imager
ChemCam also includes a panchromatic black and white, high-resolution telescopic imager: the Remote
Microscopic Imager [Maurice et al., 2012; Le Mouélic et al., 2014]. The RMI’s circular ﬁeld of view is 20 mrad in
diameter for 1024 × 1024 pixels with a resolution of approximately 40 μrad [Le Mouélic et al., 2014; Langevin
et al., 2013]. This provides a spatial resolution of approximately 120 μm at a distance to target of 3 m. The RMI is
critical to assessing the exact location of laser shots on targets and to place the analytical results in proper
context [cf. Meslin et al., 2013]. The images also provide some indication of the nature of the target (i.e., rock
hardness and dust thickness). Typically, pre- and post-LIBS RMIs are collected, and occasionally, additional RMIs
are also collected along rasters in order to provide full coverage of all analysis locations. The details of the RMI
image processing are described in Le Mouélic et al. [2014].
2.3. Data Processing
Each experiment involves recording a dark spectrum before and after each LIBS analysis. A dark
spectrum is identical to a LIBS spectrum except the laser is not ﬁred. Data processing of the LIBS spectra
involves several steps including subtracting the background light signal, removing the LIBS produced
electron continuum, calibrating for the wavelength, applying a wavelength-dependent correction for
the instrument response, and normalizing to the total signal intensity in order to minimize effects of
ﬂuctuations in laser power [Wiens et al., 2013]. Individual LIBS spectral lines are identiﬁed using a
dedicated database of spectra collected under Mars ambient conditions [Cousin et al., 2011].
Quantitative major oxide weight percentages are estimated using a partial least squares (PLS) model
developed by the ChemCam team and which uses a training set of laboratory samples analyzed
under Mars ambient conditions. The PLS algorithm determines the principal components of the large
number of training set spectra and uses these to ﬁt the unknown spectrum to provide a quantitative
elemental composition [e.g., Clegg et al., 2009]. The training set and resulting PLS model are both fully
described in Wiens et al. [2013], and the training set spectra are available in NASA’s Planetary Data
System. The speciﬁc model used a so-called PLS2 algorithm which regresses all elements simultaneously.
The ChemCam team has since migrated to a PLS1 algorithm in which individual elements are regressed
separately. This allows customization of a few parameters such as the way the spectra are normalized
and the number of principal components used in the ﬁt. The customization for each major element
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Figure 2. (left) Mastcam M100 2 × 1 mosaic of raised ridges at Rowatt in Yellowknife Bay. The circle denotes the ﬁeld of view
of the corresponding ChemCam RMI image. (right) The 1 × 5 raster of analysis locations (sol 133) taken from a distance of
2.8 m from target to mast unit are highlighted by the red crosses. Here the laser has displaced dust at the surface of the target.
Only one of the ﬁve locations is on the raised ridge. At this distance, the laser spot size is approximately 400 μm.

resulted in relatively signiﬁcant improvements to the model. The root-mean-square error product
(RMSEP) of the model gives a good estimate of the absolute accuracy, with the following values for
SiO2, TiO2, Al2O3, FeOT, MgO, CaO, Na2O, and K2O: 7.1, 0.55, 3.7, 4.0, 3.0, 3.3, 0.7, and 0.9. The absolute
errors near the center of the distribution are generally lower than this so that these RMSEP values are
generally conservative for the error when quoting an absolute abundance. Quantiﬁcation is either done
on average spectra for each point in a raster or on the single-shot spectrum for each analysis. Lithium
abundances were estimated using a univariate model as described in Ollila et al. [2014].
In general, when comparing two different compositions, the analytical precision rather than absolute
accuracy is the applicable parameter. For example, results from the Alpha Particle X-ray Spectrometer (APXS)
instrument are generally reported with only the precision and not the accuracy. An upper limit on the
precision of ChemCam measurements can be determined from the standard deviations of a large number of
observations of the different groups of similar, ﬁne-grained targets at Yellowknife Bay (N. Mangold, et al.,
Chemical variations in Yellowknife Bay formation sedimentary rocks analyzed by ChemCam onboard the
Curiosity rover on Mars, submitted to Journal of Geophysical Researh: Planets, 2014). These data show standard
deviations in the range of ±1.0–2.0 wt % for SiO2 and ±0.1–0.9 wt % for the other major element oxides. All of
these standard deviations are far smaller than the absolute errors given by the RMSEP. Here we use the
standard deviation of 33 measurements on the Sheepbed mudstone (drilled target and brushed locations, with
all analyses of diagenetic features removed), as an estimate of the analytical precision and use this in comparing
the raised ridges to the Sheepbed host rock. These standard deviations are upper limits on the actual precision
as they include target effects from grains of heterogeneous compositions as well as the natural variability in
target composition. Another measure of the precision is obtained by comparing an ensemble of similar
observations of ChemCam’s onboard calibration targets [Fabre et al., 2011, 2014; Vaniman et al., 2012]. Such a
comparison of analyses performed in the Rocknest location yields similar precision estimates to those
mentioned above [Blaney et al., 2014].
2.4. Observations of Raised Ridges in the Sheepbed Mudstone
Multilayered, fracture-ﬁlling resistant raised ridges were ﬁrst observed and imaged at Discovery Creek
and Rowatt on sols 125 and 133 (a sol is a Martian solar day and the numbering used begins with
the start of the Mars Science Laboratory (MSL) landed mission), respectively (Figure 2) [Siebach et al.,
2014, supplementary ﬁgure] as the Curiosity rover entered a low-lying region known as Yellowknife Bay
[Grotzinger et al., 2014]. More detailed and systematic ChemCam LIBS observations were made on John
Klein (sols 155 and 165), McGrath (sols 185, 189, 193, and 226; Figure 1), and Lady Nye (sol 290). Detailed
LIBS depth proﬁles were performed on McGrath (sol 234; 5 points of 150 laser shots each) and Lady Nye
(sols 285 and 288; 3 points of 600 laser shots each; see below). The details of these analyses are
summarized in Table 1.
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Table 1. Summary of ChemCam LIBS Observations on Raised Ridges at Yellowknife Bay, Gale Crater
Sol

Target Name

Distance (m)

Raster Type

Laser Shots/Location

Notes

125
133
155
165
165
185
189
193
226
234
285
286
288
290

Discovery Creek
Rowatt
John Klein
John Klein RP2
John Klein RP3
McGrath 1
McGrath 2
McGrath 3
McGrath 4
McGrath 5
Lady Nye 1
Lady Nye 2
Lady Nye 3
Lady Nye 4

5.8
2.8
5.4
3.0
3.0
2.3
2.3
2.3
2.3
2.3
2.5
2.5
2.5
2.4

3×3
5×1
1×5
3×3
3×3
1 × 10
10 × 1
10 × 1
1 × 20
1×5
1
1
1
15 × 1

30
30
30
30
50
30
30
30
30
150
4 × 150
4 × 150
4 × 150
30

Poor signal due to distance to target; results not quantiﬁed
Only location 5 is on raised ridge.
All ﬁve locations on raised ridge
All locations missed raised ridge.
Locations 1–3 and 7 not on raised ridge
Locations 1 and 7–10 not on raised ridge
Only locations 1–4 on raised ridge
All locations missed raised ridge.
Locations 18–20 not on raised ridge
Depth proﬁles
Depth proﬁle
Depth proﬁle
Depth proﬁle
Locations 8–11 in dust

In LIBS, the ablation rate is highly dependent on the laser and on the material properties. Preﬂight tests
with the ChemCam engineering qualiﬁcation model and ﬂight model gave estimated depth proﬁling
rates of 0.3–0.85 μm/shot for basalt and 0.55–0.8 μm/shot for calcite, both at a distance of 3 m in
9.3 mbar of air [Wiens et al., 2012]. Lefebvre et al. (submitted manuscript) reported much higher ablation
rates of 4–6 μm/shot for carbonate-rich coatings on basalt, analyzed in a CO2 atmosphere at Martian
atmospheric pressure (6.6 mbar). However, in these experiments the laser system was different from
that in ChemCam (1 Hz, 8 ns, and 16 mJ). On Mars, the lower temperatures will provide a higher laser
power (the ChemCam laser operates optimally around 10°C rather than at room temperature), and the
lower pressure and lower gravity may favor removal of ablated material [cf. Vadillo and Laserna, 1997;
Novotny et al., 2007]; together, these factors are expected to lead to greater ablation rates on Mars
[Cousin, 2012]. For these analyses, we estimate an average ablation rate of 1.0–5.0 μm/shot. This would
represent a total penetration of 150–750 μm for McGrath 5 and 600–3000 μm for the Lady Nye 600-shot
depth proﬁles. As expected, the overall total intensity decreases with depth for each of the depth
proﬁles. This is expected as the plasma becomes increasingly conﬁned in the crater as it gets deeper
with each successive shot (Figure 10). Normalization to total intensity is part of the normal data
processing [Wiens et al., 2013], and the PLS results therefore take this effect into account.

3. Results
3.1. Near-Surface Analyses
The ChemCam LIBS compositional averages for the raised ridges are summarized in Table 2 for a total
of 65 points on three main targets: John Klein, McGrath, and Lady Nye (see Table S1 in the supporting
information). In addition, a single location on Rowatt (Figure 2) and two locations on John Klein RP2
were also analyzed but are not discussed herein in order to simplify the discussion. For Discovery Creek
a

Table 2. Average Compositions of Targets With Multiple Analyses of Raised Ridges in the Yellowknife Bay Area
Target

SiO2

TiO2

Al2O3

FeOT

MgO

CaO

Na2O

K2O

Total

John Klein (n = 10)
SD
McGrath (n = 31)
SD
Lady Nye (n = 24)
SD
Sheepbed mudstone
SD

49.6
5.7
42.5
2.1
46.1
4.2
46.1
1.9

0.9
0.3
0.9
0.2
0.8
0.2
1.1
0.2

6.8
2.0
6.1
1.3
6.9
0.8
8.1
0.6

17.6
2.1
17.4
1.0
16.4
0.9
16.4
0.8

11.4
4.3
8.3
1.8
8.4
1.3
5.7
0.4

4.8
1.4
5.3
1.1
6.6
0.8
6.6
0.9

2.3
0.6
2.0
0.2
2.0
0.3
2.4
0.2

0.4
0.4
0.2
0.2
0.2
0.2
0.7
0.2

93.9
82.6
87.5
87.2

a

Only data for locations on actual ridges (as determined by RMI mosaics) are reported. The standard deviation is
provided for each group of analyses. The average composition of the Sheepbed member (drilled targets and brushed
locations; diagenetic features excluded), determined from 33 ChemCam analyses (Mangold et al., submitted manuscript),
is also reported. Note: for the Lady Nye depth proﬁles, we include each 150 shot series as a single analysis for averaging.
SD = standard deviation.
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Figure 3. RMI mosaics of selected raised ridges targeted by ChemCam. (a) John Klein, 1 × 5 (sol 155); (b) John Klein RP3,
3 × 3 (sol 165); (c) McGrath 2, 1 × 10 (sol 189); (d) McGrath 4, 1 × 20 (sol 226).

the elevated distance (5.4 m) to the target produced spectra with a poor signal-to-noise ratio, and laser spot
locations cannot be seen clearly on the post-LIBS RMI; the data were not quantiﬁed. Close inspection of RMI
images enabled us to determine if individual locations in a raster were on a raised ridge or not (Figures 2–5).
Only those that appear to hit the raised ridges are reported in Table 2. Overall, the raised ridges are
most signiﬁcantly enriched in MgO by a factor of 1.2–1.7 compared to the Sheepbed member in
which they occur (Figure 6). In addition, both the quantitative PLS data (Figure 7) and single line peak
intensity data (Figure 8) show that there is an anticorrelation between MgO and Al2O3, especially
strong for the McGrath target. At the scale of the ChemCam analyses, there does not appear to be
a correlation between MgO and FeO or between MgO and SiO2. The average FeOT content of the
raised ridges is 16.4–17.6, which is similar to the average composition of the Sheepbed mudstone
(Mangold et al., submitted manuscript) (Figure 6). Average TiO2 values are slightly lower in the raised
ridges compared to the Sheepbed member, while K2O values are even more depleted in the raised
ridges (Table 2 and Figure 6). We describe below each individual analysis and provide the ChemCam
sequence identiﬁcation number in the format ccamXXXXX.
For John Klein (sol 155, 1 × 5 diagonal, 30 shots, ccam01155, 5.4 m), the raster appears to start on a
protruding raised ridge and then goes across a ﬂat, subhorizontal oriented part of the ridge (Figure 3a).
This is likely a plateau-like, subhorizontal, exhumed and exposed part of a resistant crack ﬁlling as
described by Siebach et al. [2014]. All the locations except for location 1 show elevated MgO. In fact, the
average MgO content of location 3 shows the highest average (17.0%) of all the raised ridge analyses
(with a single-shot maximum of 17.7%). The SiO2 concentration is higher by approximately 10 oxide wt
% compared to the other targets, the standard deviation is higher, and the total for the analyses
averages 104 wt %.
For John Klein RP3 (sol 165, 3 × 3, 50 shots, ccam03165, 2.98 m), locations 1–3 are likely on the background
rock, while locations 4–9 are on subhorizontal oriented ridges (Figure 3b). Locations 4–6 have the highest
average MgO values (11.2–15.6%; with a single-shot maximum of 16.2% in location 5) of the raster, which is
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consistent with other analysis locations
on more resistant, outermost cement
layers. Location 7 has the lowest oxide
total (75.4%) and highest CaO (14.2%)
and corresponds to a bright white area
observable in the RMI where there
are clearly white veins cutting across
the raised ridge (Figure 3b). The
spectrum for this location also
shows S lines, and this is consistent
with observations of Ca-S-rich veins
throughout the Yellowknife Bay
region [Nachon et al., 2014].
The McGrath target was analyzed on
multiple sols using various rasters,
including a series of ﬁve 150-shot
depth proﬁles. We use the term
“McGrath” to refer to the overall
target rock and specify the actual
analysis (e.g., McGrath 1) when
referring to individual analyses. In
McGrath 1 (sol 185, 1 × 10, 30 shots,
Figure 4. RMI mosaic of Lady Nye target showing the locations of three
ccam07184, 2.3 m), locations 1–6
depth proﬁles (Lady Nye 1 to 3) and 1 × 15 raster (Lady Nye_4). There is
appear to be on a raised ridge, but
an abundance of dust covering the target in some cases (e.g., locations
only locations 2, 5, and 6 show an
9–11 in Lady Nye_4). In Lady Nye_1, the laser shots have clearly moved dust
elevated MgO (7.2–9.4%). Location 1 is
and exposed the underlying material. Locations 12–15 of the raster correparticularly low in MgO, but it also
spond to the layer analyzed in Lady Nye_1, and this layer is most enriched in
MgO. Locations 5–8 correspond to the layer analyzed in Lady Nye_2.
appears to be very dusty in the RMI
image (not shown). Locations 2–6
appear to be outermost cement layers. Locations 7–10 are not on raised ridges but instead on pebbles and dust.
For McGrath 2 (sol 189, 10 × 1, 30, ccam01189, 2.3 m) locations 1–4 are on the outermost cement layer of the ridge
(Figure 3c), and these show a MgO content of 8.9–9.9 wt %. Locations 5–10 are on pebbles or dust. In McGrath 3
(sol 193, 10 × 1, 30 shots, ccam01193, 2.3 m), location 1 may be on the edge of the ridge middle layer. Locations

a)

b)
0.8

0.0105

0.0014

0.2

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

Location #
30

Li (ppm)

25
20
15
10

Abundance

MgO (wt. %)

Mg Peak Intensity

0.0012

0

0.01
0.001
0.0095

0.0008
0.0006

0.009

0.0004

Li Peak Intensity

0.4

R2

0.6

0.0085

Mg 518

Li 671

0.008

5

0.0002
0

1

3

5

7

9 11 13 15 17 19 21 23 25

Laser shot #

0
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

Location #

Figure 5. Lady Nye_4 raster (sol 290, 1 × 15, 30 shots, ccam01290) across raised ridge. (a) The average MgO (wt %)
and Li (ppm) concentrations are plotted for each location (bottom). There is a general correspondence between
2
high MgO and high Li. The R values for each spot for shots 6–30 (ﬁrst ﬁve shots removed) (top). However, the locations with
low MgO and Li (8–11) appear to be in an area with a thick dust cover. (b) For location 7, shots 6–30 (ﬁrst ﬁve shots removed)
2
show the strongest correlation (R = 0.68) between MgO and Li abundance.
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2.00

2–5 are on the outermost cement layer.
Locations 6–10 are not on the raised
ridge. In the McGrath 4 raster (sol 226,
20 × 1, ccam01226, 2.3 m), several
locations were on the raised ridge
(Figure 3d). In fact, the data suggest that
ChemCam successfully targeted both
outer layers of resistant cement coating
the fracture walls, as well as an inner,
less resistant cement layer. The
outermost layers are consistently more
enriched in MgO than the central layer
as ﬁrst observed by McLennan et al.
[2014]. In this case, the more MgO-rich
layers also show elevated Li, and MgO is
strongly anticorrelated with Al2O3
(Figure 7).
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Figure 6. Comparison of the average composition of raised ridges to the
Sheepbed member. The average composition of three raised ridge targets
is normalized to the average composition of the Sheepbed member of
Yellowknife Bay. See Table 2 for data. The raised ridges are consistently
enriched in MgO but slightly depleted in TiO2, Al2O3, and K2O when
compared to Sheepbed. Sheepbed ChemCam data are from Mangold et al.
(submitted manuscript).

The Lady Nye_4 raster (sol 290, 1 × 15, 30,
ccam01290, 2.43 m) targeted a
horizontal proﬁle across the raised
ridge layers. However, not all of the LIBS craters are clearly visible in the RMIs, partly due to variable dust
cover of the target (Figure 4). In particular, locations 8–11 are in dust, and these show the lowest MgO and
highest Al2O3 abundances. Locations 13–15 are in a distinct resistant cement layer, and these locations show
the highest MgO abundance, with location 15 showing the highest average (of the 30 shots) at 9.7%. This
resistant cement layer corresponds to the cement layer analyzed in the Lady Nye_1 depth proﬁle (see below).
The upper part of the depth proﬁle (ﬁrst 70 shots) does show an average MgO abundance that is consistent
with that in locations 13–15 of the raster. However, the MgO abundance increases to greater than 10% for most
of the rest of the 600 shots (see below). Although difﬁcult to say with conﬁdence, locations 4–8 may be in a
distinct less resistant cement layer and these show moderately high MgO (average 6.8–7.7%). This layer
corresponds to the layer analyzed in the Lady Nye_2 depth proﬁle, which indeed shows a lower MgO abundance
throughout the depth proﬁle (average of 9.1%). Like for McGrath, there is a moderate correlation of MgO and Li in
the locations with the highest MgO in Lady Nye (R2 as high as 0.7; Figure 5).
3.2. Depth Proﬁles
We successfully performed a series of ﬁve 150-shot depth proﬁles (Sol 234, 1 × 5, 150 shots, ccam02234,
2.3 m) across the McGrath 5 target (Figure 9). The ﬁrst three locations are in the outermost layer and show, on
22
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Figure 7. (left) Concentration of MgO compared to SiO2, FeOT, and Al2O3 for the McGrath target. There is a strong correlation
between MgO and Al2O3 but no obvious correlation between MgO and SiO2 or between MgO and FeOT. (right) Plot of Al2O3
2
and MgO for the three main targets showing a general anticorrelation, especially strong for McGrath (R = 0.72).
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average, the highest MgO (Figure 9), and
lowest Al2O3, which is consistent with the
0.003
comparable analyses in the McGrath 4
1 × 20 line raster. Locations 4 and 5 are on
0.0025
the middle, less resistant layer and show
lower MgO, but higher Al2O3, again
0.002
conﬁrming the analysis of this middle layer
in the McGrath 4 raster. There are deﬁnite
0.0015
changes with depth in all ﬁve proﬁles, and
Mg 448.2
Al 309.4
these may reﬂect a layered structure to the
raised ridges. Locations 1 to 3 show a
0.001
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general decrease in MgO over the 45 shots,
Shot number
with some variation, followed by a general
Figure 8. Normalized peak intensities for the Mg (448.2 nm) and
increase for the remainder of the 150 shots.
Al (309.4 nm) lines for the ﬁrst 150 shots of the ChemCam depth
For location 3, the initial part of the depth
proﬁle on Lady Nye 2 (sol 286, 2.5 m, 600 shots, ccam01286).
proﬁle shows a slightly lower MgO than
locations 1 and 2 but then increases rapidly to match the two other proﬁles. This could reﬂect a thinner upper
layer that is intermediate between the layer at locations 1 and 2 and what is at locations 4 and 5. The
proﬁles at spots 4 and 5 are both offset to lower MgO values compared to the three other proﬁles. However,
after about 50–60 shots, they both show an increase in MgO, though not reaching the levels of the higher
proﬁles. This may reﬂect the fact that the laser initially was hitting a low-MgO layer, which is consistent
with the inner layer seen in the line raster. As the laser “drilled” in the target, it may have passed into the
MgO-rich layer which would be below (to the left of point 5 in the RMI image in Figure 9). As such, these
depth proﬁles may represent the third dimension of the multilayered structure of the raised ridges.

Shot number

For Lady Nye, three 600-shot depth proﬁles were performed in addition to the 1 × 15 line raster. In all three
depth proﬁles, variations can be seen with depth for the major oxides though the most signiﬁcant changes
with depth occur in the ﬁrst 150 shots. Lady Nye_1 (sol 285, 1 × 1, 600 shots, ccam06284, 2.5 m) shows an
initial MgO content of approximately 8 wt % but then increases to 10% over the course of the ﬁrst 150 shots
(Figure 10). This layer would be on top of the Lady Nye_2 layer; the Lady Nye_3 layer is not analyzed in this
proﬁle. For Lady Nye_2 (sol 288, 1 × 4 × 150, ccam 01286, 2.5 m), the exact stratigraphic position of this layer is
not clear, but it also shows an increase in MgO, from 8.4% to 9.7%. The Lady Nye_3 (Sol 288, 1 × 4 × 150, ccam
02286, 2.5 m) location appears to be
on a layer that overlaps the other two
wt% MgO
layers. Overall, there is little change
6
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with depth and the average MgO is
9.6%. The Lady Nye target appears to
20
be a more complex target and does not
clearly show the three-layer structure as
40
does McGrath. Nevertheless, all the
60
depth proﬁles show variations with
5 mm
depth. However, the differences in MgO
80
content in Lady Nye appear to be
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smaller than in McGrath.
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Figure 9. MgO content in McGrath 5 depth proﬁles (sol 234, 1 × 5, 150 shots,
CCAM 02234). The RMI (inset) shows that spots 1 to 3 are on the MgO-rich
outer layer, while spots 4 and 5 are on the MgO-poor middle layer, as
seen in the McGrath_4 1 × 20 line raster. Variations in MgO content with
depth can be explained by the laser ablating through different layers of
varying composition.
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gradual changes in composition with
depth; in some cases these changes
are quite subtle. This can be explained
in part by natural variations in
composition and heterogeneities in the
targets themselves. However, terrestrial
LIBS studies on natural rock coatings
and multilayered mineral deposits
are also informative. Lefebvre et al.
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Figure 10. Six hundred-shot depth proﬁle for Lady Nye_1 (sol 285, single spot, 600 shots, ccam06284) showing (a) major
oxide concentration as a function of shot number and (b) total intensity as a function of shot number. The most signiﬁcant
variations in composition occur in the ﬁrst 150 shots, especially for MgO, SiO2, and FeO. The total intensity decreases with
depth as the plasma becomes conﬁned in the crater created by the laser.

(submitted manuscript) noted that for multilayer mineral coatings on rocks, the transition between different
layers and between coatings and the rock underneath for a single element was not abrupt but rather gradual.
Lanza et al. [2012, 2014b] also noted this characteristic LIBS coating signature. These trends with depth in the
LIBS data can be explained by a combination of natural sample heterogeneities but also the physical
interaction of the laser with the target. Brieﬂy, the laser power has a Gaussian distribution [Maurice et al.,
2012]. Therefore, the central most part of the laser will potentially ablate more rapidly than the periphery,
though more detailed work on geological materials is required to better understand this behavior. In
addition, the plasma itself may interact with the walls of the crater as it expands. Thus, the depth proﬁle may, in
fact, be combining the ablated material from the crater and the integrated analysis of the crater walls by laser
and plasma interaction. Loose particles may also be displaced and redeposited though we do not have direct
evidence of this. Continuing laboratory studies of LIBS depth proﬁles and laser-plasma-sample interactions
in natural geological materials will greatly help to interpret these unique chemical data sets from ChemCam.

4. Discussion
4.1. Summary of Raised Ridge Chemistry From ChemCam Analyses
Systematic analyses by ChemCam of the raised ridges in the Sheepbed mudstone reveal that the ridges have
a distinct composition as compared to the host mudstone. Speciﬁcally, the raised ridges show a consistent,
though variable, enrichment in MgO when compared to the Sheepbed mudstone, whereas TiO2 and Al2O3
are slightly depleted and K2O is signiﬁcantly depleted (Figure 6). MgO in the raised ridges is also strongly
anticorrelated with Al2O3 (Figures 7 and 8), though not with SiO2, which shows no correlation with MgO.
This suggests that the raised ridges contain a Mg-rich and Al-poor, Si-bearing phase with a similar SiO2
content as the host rock. The elevated MgO and presence of SiO2 cannot be attributed simply to an increased
abundance of forsterite, enstatite, or other primary igneous Mg-rich silicate as the MgO/SiO2 is incompatible
with such phases, and it is unlikely that the ridges contain much if any detrital material [Siebach et al., 2014];
the isopachous geometry of the raised ridge cements strongly suggests precipitation of minerals in the
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phreatic groundwater zone. Similarly, the compositions observed cannot be attributed uniquely to
carbonates, sulfates, or chlorides. Some amount of CaO is likely attributed to the presence of Ca sulfate,
present as thin veins observed in some RMI mosaics, and as reported in Nachon et al. [2014]. Some
amount of S (as well as possibly Cl, Mn, and other minor/trace elements), not quantiﬁed here, can also
account for oxide analysis totals being less than 100%. If a nonsilicate Mg-rich phase was present in abundance
(more than a few weight percent), we would expect an anticorrelation between MgO and SiO2. In addition, we
would also expect an anticorrelation between MgO and the total of the analysis of the oxides, as is seen with
CaO for Ca sulfate veins analyzed by ChemCam at Yellowknife Bay [Nachon et al., 2014]. None of these
observations are seen for the analyses here. Therefore, it is unlikely that abundant Mg carbonates, Mg sulfates,
or Mg chlorides are present in the raised ridges, at least not in abundance of more than a few weight percent.
Based on the McGrath target, and to a lesser extent on the Lady Nye target, the raised ridges also
appear to consist of multiple layers with different compositions (Figure 12). This variation in composition
of the different layers can be considered as a cement stratigraphy [cf. Kauffman et al., 1988; Yamin Ali,
1995; Wolela and Gierlowski-Jordesch, 2007]. We interpret the variations with depth as representative
of changes in ﬂuid composition over time, or distinct phases of cement precipitation, as the walls of
the fractures were ﬁlled isopachously by the different episodes of mineral precipitation. Although we
have no constraints on the time interval represented by these fracture-ﬁlling veins, we do know that
they were formed after cracking of the, at least, partly lithiﬁed sediment and before the later stage
of fracturing and inﬁlling by Ca sulfate. The cracks and their isopachous ﬁlls are regarded as an early
diagenetic phenomenon since they show lateral substitution with concretions (nodules and hollow
nodules) [Stack et al., 2014]. Further details on the possible mode of formation are provided below.
4.2. Comparison With APXS, CheMin, and Sample Analysis at Mars Results
A similar enrichment in MgO and anticorrelation between MgO and Al2O3 were also observed in the Alpha
Particle X-ray Spectrometer (APXS) data for the McGrath target [McLennan et al., 2014]. As ﬁrst noted in
McLennan et al. [2014], the McGrath raised ridges also show a correlation between MgO and Li based on
ChemCam data. As shown in Figure 5, the Lady Nye target also generally shows this enrichment of Li in the
most Mg-rich points. Clay minerals, in particular trioctahedral Mg-rich smectites, can be effective at trapping Li,
either adsorbed on their surface or within the crystal structure, most commonly substituting for Mg2+
in octahedral sites, though presumably in interlayer space as well [Starkey, 1982; Decarreau et al., 2012].
Li-bearing smectites have also been described from ﬂuviolacustrine settings [Starkey, 1982, and references
therein]. McLennan et al. [2014] also reported elevated Fe and Mg, together both correlated with Cl, and
interpreted these as reﬂecting the presence of an assemblage of Mg-Fe-Cl-bearing phases. Based on mass
balance calculations, McLennan et al. [2014] estimated a composition (by weight) of SiO2 = 45%, FeOT = 35%,
MgO = 18%, Cl = 3%, >1300 ppm Ni and Br (each) for the raised ridges and proposed a possible mixture of
Mg-rich, Al-deﬁcient smectitic clays and Cl-bearing Fe oxides, such as akageneite, in part because some
akaganeite was also detected by the CheMin instrument in the two drilled samples at Yellowknife Bay
[Vaniman et al., 2014]. Based on the ChemCam data presented here, the FeOT appears to be lower than 35%
(maximum value of 20%). In addition, at the scale of ChemCam analyses, there is no obvious correlation
between MgO and FeOT as noted by McLennan et al. [2014] based on APXS data, likely because the
APXS instrument integrates over a much larger area (roughly a circle with a diameter of 1.5–2.0 cm).
ChemCam was not able to detect Cl in these targets, likely because of its low concentrations (i.e., 1–2 wt %,
as per APXS measurements) [McLennan et al., 2014]. Some of the Cl found to be enriched in the raised
ridges may also be related to coprecipitated evaporitic chlorides, including NaCl as the ridges also contain
2 wt % Na2O [McLennan et al., 2014].
X-ray diffraction analysis by the CheMin instrument of the drilled rocks Cumberland and John Klein, both in
the Sheepbed member and located within 2–3 m of the John Klein and McGrath ChemCam targets, revealed
abundant smectitic clays including possibly an Fe-bearing saponite, as well as magnetite and minor amounts of
akaganeite [Vaniman et al., 2014]. Evolved gas analyses with the Sample Analysis at Mars (SAM) instrument
also indicate the presence of clay minerals based on the evolution of water at approximately 800°C, which is
consistent with dehydroxylation of a smectitic clay mineral [Ming et al., 2014]. Unfortunately, the raised ridges
were not drilled, and consequently, no CheMin or SAM observations were made of them directly. However,
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Figure 11. Atomic ratios of the Grifﬁth Park (California) variety of saponite [Treiman et al., 2014]. Fe-saponite from hydrothermally altered Lonar Crater basalts [Hagerty and Newsom, 2003] and alteration Fe-Mg phyllosillicates in nahklite meteorites
[Treiman et al., 1993; Bridges et al., submitted manuscript] compared to (a) the average composition of the main raised ridge
targets and (b) the John Klein target (ccam01155, 1 × 5, 30 shots; ﬁrst ﬁve shots removed), which shows the highest MgO
(up to 17.7% MgO). Estimated compositions for Sheepbed olivine, pigeonite, and augite are from [Vaniman et al., 2013]
based on CheMin analyses of the John Klein drill sample [after Changela and Bridges, 2010].

ifthe cementing material that creates the isopachous linings within the cracks is associated with the same
ﬂuid migration event that cemented the mudstone, then it is possible that the CheMin and SAM data are
highly relevant.
4.3. Inferred Mineralogy of Raised Ridges
Taken together, these observations are most consistent with the presence of a Mg-rich phyllosilicate.
More speciﬁcally, the raised ridges match closely the composition of an iron- and Mg-containing saponite
(Figure 11), such as ferrian saponites described by Kodama et al. [1988], randomly interstratiﬁed saponitevermiculite from the Granby basaltic tuff [April and Keller, 1992], and “green saponite” from seaﬂoor
hydrothermal alteration [e.g., Andrews et al., 1977]. In particular, the compositions resemble the saponite
which has been described in the Martian Lafayette nakhlite meteorite [Changela and Bridges, 2010] and that
has recently been proposed as the main phyllosilicate phase present in the Sheepbed mudstone at
Yellowknife Bay based on the CheMin X-ray diffraction results and terrestrial analogues [Vaniman et al., 2014;
Treiman et al., 2014]. The composition of this alteration mineral matches closely the composition of the raised
ridges, generally within 1–6 wt % for MgO, FeOT, Al2O3, and SiO2, and including a couple of percent Na2O.
Note that dehydrated (not dehydroxylated) smectite should contain about 4.5 wt % H2O equivalent,
which may be the case for many clays at the surface of Mars, though there is evidence of some variably
hydrated smectites in the Sheepbed mudstone [Vaniman et al., 2014]. APXS data for McGrath [McLennan
et al., 2014] suggest that the raised ridges may also contain approximately 3–4 wt % CaO, 2–3 wt %
Na2O + K2O + P2O5, and 1–2 wt % Cl. As the elements H, S, P, and Cl are not quantiﬁed in low abundances
by ChemCam using the PLS method, the sum of these (approximately 11–14%) could well account for the
missing components in the analysis (Table 2). For McGrath and Lady Nye this amounts to 12.5–17.4 wt %,
which is close to the expected value based on the APXS analyses and the assumed hydration, considering
the predicted errors on the PLS results. The calibration of hydrogen in the ChemCam analyses is
particularly challenging [cf. Schröder et al., 2014], and no obvious correlation was observed between Mg
and H for the raised ridges. Even in measurements of the Sheepbed drill holes, where phyllosilicates
are known to be enriched based on CheMin analyses [Vaniman et al., 2014], the hydrogen peaks are not
particularly high in ChemCam spectra.
Saponites are a group of trioctahedral smectites that generally have Mg in the octahedral site, though Fe-rich
varieties also exist, and a chemical solid solution exists between the saponite and nontronite end-members
[Grauby et al., 1994]. Saponites commonly form from hydrothermal alteration as veins and vesicles or from
the weathering of maﬁc rocks, in both seaﬂoor and terrestrial alteration systems, and precipitates from
aqueous solutions as crack ﬁllings [e.g., Andrews, 1980; Desprairies et al., 1989; April and Keller, 1992; Garvie and
Metcalfe, 1997; Ehlmann et al., 2012; Treiman et al., 2014]. The smectite-chlorite transition through chlorite-
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saponite mixed-layered mineral series is also common in diagenetic and low-temperature metamorphic
systems [Beaufort and Meunier, 1994; Meunier, 2005]. Generally, corrensite (ordered mixed-layer chloritesmectite) has a chemical composition between chlorite and saponite, and Mg ions may be present
in exchangeable sites. Abundant chlorite does not appear to be present in the Sheepbed mudstone based
on the CheMin X-ray diffraction results [Vaniman et al., 2014]. However, in one of the drilled mudstone
samples (Cumberland), the persistent larger interlayer spacing may be attributed to incipient chloritization by
ﬁxation of Mg-hydroxyl groups, likely at near-surface conditions in the presence of a Mg-rich alkaline ﬂuid
[Vaniman et al., 2014]. By analogy, we do not expect chlorite to be an abundant phase in the raised ridges
and suggest instead that the measured compositions are more representative of a Mg-Fe-saponite phase.
The lack of abundant chlorite in either the sediment or the raised ridges may suggest that these materials
did not undergo extensive burial diagenesis or were not subjected to temperatures above ~80°C after
deposition. Therefore, it seems more likely that the composition is representative of a Mg-Fe-saponite phase,
rather than a nontronite or chlorite.
However, as proposed by McLennan et al. [2014], it is also possible that the raised ridges consist of a mineral
assemblage that includes one or more Mg-rich clay minerals and Fe-oxy/hydroxides or Fe-oxy/chlorides
(such as akaganeite). In fact, the compositions of the raised ridges plot closer toward FeO on the
Aluminum-Iron-Magnesium (AFM) diagram when compared to many Mg-Fe-saponites (not shown) or
toward the Fe apex in the atomic ratio plot in Figure 11. This could reﬂect a cooccurrence of iron oxides,
which are common in Mars dust and rocks [e.g., Morris et al., 2000; Bish et al., 2013; Vaniman et al., 2014].
Iron oxides could also serve as nucleation sites for authigenic formation of Fe-rich smectites, such as
nontronite, or perhaps Mg-Fe-saponite in a Mg-rich ﬂuid. The variability in composition of the raised
ridges may, in fact, be a result of varying proportions of the minerals in the assemblage. While it is
entirely possible that the raised ridges contain an assemblage of secondary phases that are different
from those in the drilled Sheepbed mudstone, our ﬁndings are consistent with the interpretation that
the minerals present in the raised ridges are similar to the alteration minerals in the Sheepbed
mudstone. The Sheepbed mudstone likely consists of a mixture of basaltic detrital material and
authigenic alteration products such as the proposed Fe-saponite [Vaniman et al., 2014; Ming et al., 2014;
Treiman et al., 2014]. The composition of the raised ridges may simply represent an authigenic endmember clay mineral phase that has precipitated from the ﬂuids that have also circulated through and
interacted with the Sheepbed rocks and precipitated a similar phase as pore ﬁlling cements in the
mudstone. One possibility is that the Mg enrichment in the raise ridges may be related to Mg
enrichment in interlayer sites of the saponite [Rampe et al., 2014]. The possible origin of these raised
ridges is discussed further in section 4.4.
4.4. Geochemistry of Fluids and Implications for Past Habitability of Mars
Grotzinger et al. [2014] ﬁrst reported on the occurrence of raised ridges and interpreted them to have originated
as early diagenetic cracks that formed in consolidated or partly lithiﬁed ﬁne-grained sediments, which were
then ﬁlled with one or more generations of cement that lined the margins of the cracks. The raised ridges
appear to be contemporaneous with nodules and hollow nodules, but they are crosscut by later-stage Ca
sulfate veins, which penetratively cut all of the Yellowknife Bay formation and represent a late-stage alteration
event with a distinct ﬂuid composition [Grotzinger et al., 2014; McLennan et al., 2014; Vaniman et al., 2014;
Nachon et al., 2014; Siebach et al., 2014].
No obvious textural differences between the different layers of the raised ridges have been observed,
suggesting that they likely formed from the same process. This is also supported by the apparent
isopachous growth of the cements [Grotzinger et al., 2014; Siebach et al., 2014]. In addition, the fractures
that contain the raised ridges must have been completely ﬁlled by cements as later-stage formation of
Ca-S veins would have ﬁlled, at least partially, any remaining pore space in the fractures. Siebach et al.,
[2014] and Grotzinger et al. [2014] have proposed that the raised ridges formed as authigenic cements
precipitating from syndepositional pore ﬂuids within synaeresis, or early subaqueous shrinkage, cracks
in the mudstone. These are compared to molar tooth structures, which are a terrestrial example of
cement-ﬁlled synaeresis cracks. However, unlike on Earth where these features are dominated by calcium
carbonate, the raised ridges have a unique phyllosilicate composition, which possibly reﬂects very different
atmospheric and source rock conditions than typically encountered in terrestrial sedimentary systems.
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However, Tosca et al. [2011] did propose that Proterozoic sedimentary talc nodules from Svalbard formed
via dehydration of poorly ordered saponitic or kerolite-like Mg-rich silicates within molar tooth structures.
Although the innermost, less resistant cement ﬁll layer of the McGrath raised ridge has a similar
composition to the Sheepbed mudstone, the enrichment in Mg, especially in the outer layers, cannot
easily be explained by input of detrital material, such as injection of mud. We therefore favor a
subaqueous, authigenic formation for all the layers of the raised ridges.
Meteoric waters in basaltic terranes on Earth are typically dominated by Mg-Ca-SiO2, and Mg is one of the
more mobile elements in near-neutral solutions. As such, Mg-rich minerals in ﬂuid-ﬁlled fractures, porosity, or
void spaces are expected to form. In less oxidizing conditions, or at lower pH, iron will also tend to be more
mobile. This may be the case for early Mars whereby an Fe-Mg-silica-dominated solution resulted from
leaching of rocks or sediments of basaltic composition. The Sheepbed member may have been leached
preferentially of Mg, Fe, and SiO2 by circulating meteoric ﬂuids that preferentially dissolved olivine, and possibly
some amount of glass and amorphous material, to form the Mg-Fe-saponite in the Sheepbed member
[Vaniman et al., 2014]. The pH of the ﬂuids that deposited the raised ridge minerals were likely circumneutral to
slightly alkaline as Fe-rich saponites are most stable between pH 6 and 9 and Mg-rich clay minerals, most
commonly form at pH greater than 8–9 [Siffert and Wey, 1962; Léveillé et al., 2002; Tosca et al., 2011; Meunier,
2005]. This is consistent with the ﬁndings for the proposed ﬂuids that deposited the Sheepbed mudstone
[Grotzinger et al., 2014 (J. Bridges, et al. Diagenesis and Clay Mineral Formation at Gale Crater, Mars, submitted to
Journal of Geophysical Research: Planets, 2014)]. The lack of abundant soluble minerals points to a nonsaline
ﬂuid, though a brakish composition is possible (e.g., Bridges et al., submitted manuscript). However, we note
that knowing the exact mineral composition (e.g., from CheMin X-Ray diffraction) of diagenetic features like
these raised ridges would greatly increase our ability to derive paleoenvironmental conditions and better
assess habitability.
In weathering proﬁles in maﬁc and ultramaﬁc rocks on Earth (and possibly on Mars; see below), Mg-rich clay
minerals are common in the deeper parts (e.g., saprolite) as Mg is more mobile than Fe or Al, which
accumulate in leached layers above [e.g., Veniale and van der Marel, 1968; Fontanaud and Meunier, 1983;
Kodama et al., 1988; Ehlmann et al., 2013]. The lower layers are thus enriched in the relatively mobile Mg, often
as Mg-rich clay minerals. Assemblages of alteration minerals are often dominated by Fe-Mg smectites
(nontronite and saponite), talc (or kerolite, a poorly ordered hydrated talc-like phase), serpentine, with oxides
and possible zeolites, as well as Mg gels. However, the geological setting of Yellowknife Bay does not point to
a weathering proﬁle, and no signiﬁcantly leached layer has been observed here [e.g., Grotzinger et al., 2014;
McLennan et al., 2014]. In addition, at least one occurrence of raised ridges has been observed in the
overlying Gillespie member [Siebach et al., 2014]. Nevertheless, it should be noted that changes in
composition with depth can be small especially if the alteration is not extensive, as appears to be the case
at Yellowknife Bay. Fontanaud and Meunier [1983] noted that chemical variations observed in a lherzolite
rock having undergone weathering in a temperate climate can be relatively small, with Mg, Ca, and Na
being only slightly enriched in the lower layers and Si, Al, Fe, and K enriched in upper, more leached, layers.
They underline the importance of reactions at microsites, and they interpret these as open microsystems
whereby the nature of mineral reactions is dictated by the amount of ﬂuid entering the microsystem. The
enrichment in MgO and depletion of immobile TiO2 and Al2O3 in the raised ridges compared to the
Sheepbed are perhaps consistent with some leaching of an upper unit, which may have been since
deﬂated. The depletion of K2O, on the other hand, in the raised ridges may instead be more related to
crystal chemistry of the main phyllosilicates present, though we cannot verify this claim with the present
data. Downward percolating ﬂuids, enriched in Mg, could have precipitated an Mg-(Fe)-rich clay mineral
due to temperature change (freezing) or more likely evaporation.
In recent years, phyllosilicates have been remotely detected at numerous locations on Mars, primarily by
the High Resolution Imaging Science Experiment and Observatoire Martien pour l’étude de l’Eau, des Glaces
et de l’Activité (OMEGA) spectroscopy instruments aboard the Mars Reconnaissance and Mars Express
spacecraft, respectively [e.g., Mustard et al., 2008; Carter et al., 2010; Ehlmann et al., 2011, 2013; Meunier et al.,
2012]. In fact, based on these observations, Fe/Mg smectites may be the most common phyllosilicates on
Mars [Ehlmann et al., 2011]. Unfortunately, remote observations of Gale Crater are hindered by surface dust,
and mineral identiﬁcation for Yellowknife Bay are lacking. That being said, Fe/M smectites are expected to
form during water/basalt interaction and diagenetic clays in veins have been explicitly predicted to form on
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Figure 12. A-FM-CNK plot of single-shot data for (a) McGrath 5 (sol 234) 5 × 150 shot raster and (b) AFM plot of single-shot
data for McGrath 4 (Sol 226) 20 × 30 shot raster. Locations 1–3 on the sol 234 raster are in the outermost layer and are
distinct in composition from locations 4 and 5, which are in the innermost layer. These correspond to locations 1–10 and
14–16 (outermost layers) and locations 11–13 (innermost layer) in the sol 226 raster. In all cases, the ﬁrst ﬁve shots of each
analysis have been removed. The average composition of the Sheepbed mudstone is also plotted, and it can be seen to
most closely match the composition of the innermost layer in McGrath.

Mars [Ehlmann et al., 2011]. In addition, the trend in composition observed for the raised ridges (e.g.,
Figure 12a) approximates closely the trend seen for the composition of Fe/Mg smectites (calculated from
dust-removed modal mineralogy) in Nili Fossae and other cratered terrains (summarized in Figure 2 of
Ehlmann et al. [2011, Figure 2]). This trend would appear to suggest that alteration took place in a system
with low water/rock with relatively little compositional fractionation.
Volcanism, magmatism, and impact-induced hydrothermal activity have also been implicated in the
formation of authigenic clay minerals on Mars, or their postdepositional alteration [e.g., Ehlmann et al., 2011;
Meunier et al., 2012]. It is conceivable that smaller and younger impacts within Gale Crater may have led to
localized, short-lived hydrothermal systems. While we have found no direct evidence for this based only on
the compositional data from ChemCam and APXS, we cannot rule out this alternative explanation for the
formation of the raised ridges. Despite this, given the mineralogy of the mudstone and the geological setting,
we favor the low-temperature origin for the minerals in the raised ridges. This interpretation is supported
by the geological context [Grotzinger et al., 2014], the geochemical and mineralogical evidence [McLennan
et al., 2014; Vaniman et al., 2014], as well as thermochemical modeling of water-rock interaction in the
Yellowknife Bay (Bridges et al., submitted manuscript).
After formation of the raised ridges, there was likely limited interaction with liquid water and especially limited
or no interaction with acidic solutions. Tosca and Knoll [2009] noted than an abundance of Fe-Mg-smectites
suggests the presence of immature sediments with no abundant interaction with liquid water postdeposition.
Continued interaction with abundant liquid water could have led to leaching of the magnesium and alteration
of the Mg-rich clay to more Fe-rich, nontronite-like phases, such as hisingerite [e.g., Kohyama and Sudo, 1975]
or to chlorite through diagenesis [e.g., Tosca and Knoll, 2009]. Experimental results for dilute HCl leaching of
saponite show removal of cations, initially mostly Mg (and followed by Fe) and production of free silica [Vicente
Rodriguez et al., 1995]. No evidence for silica formation in the raised ridges was observed though we cannot rule
this out completely. That being said, calcium- (and sodium-)rich saline ﬂuids in desert lakes systems of the
western U.S. do not promote signiﬁcant changes in clay mineral composition, including smectites, during
diagenesis [Droste, 1961]. Later-stage ﬂuids were rich in Ca and S as Ca-S-rich veins are seen to crosscut raised
ridges (Figures 3 and 4). However, these ﬂuids did not react signiﬁcantly with the raised ridges themselves likely
due to low permeability of the host clay-rich mudstone and the ridges themselves.
4.5. Formation Scenario
We provide here a scenario of formation for the raised ridges in Yellowknife Bay. (1) Deposition and partial
lithiﬁcation of Sheepbed mudstone. (2) Cracking of Sheepbed mudstone. (3) Fluids ﬂow through cracks.
(4) Subaqueous deposition of initial MgO-rich, resistant cement along margins of cracks. Possible
mechanisms may include partial dissolution of host Sheepbed mudstone, evaporation of partial freezing of ﬂuids
in cracks. (5) Inﬁlling of remaining space with less resistant cement between outer layers of cement from ﬂuid of
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slightly different composition, notably with lesser MgO. (6) In some case, more than one less resistant inner
cement layer is possible for a typical total of 3–4 distinct cement layers ﬁlling the cracks. (7) Deﬂation and
exhumation of upper part of Sheepbed mudstone.
4.6. Future Investigations
Further reﬁnements in data processing and quantitative estimates by the ChemCam team, continued
systematic passive reﬂectance spectroscopy with both ChemCam and Mastcam, and additional CheMin and
SAM-Evolved Gas Analysis analyses on related targets will help to further constrain the exact chemical
composition and mineralogical makeup of these raised ridges, as well as other, possibly temporally or
genetically related, diagenetic and sedimentary features. We also suggest that further work on the stability of
Fe-Mg-smectites at Martian surface conditions, their use as pH and redox indicators, and their ability to
preserve organic matter over geological time is needed. Continuing laboratory studies on coatings and
multilayered ﬁne-scale deposits will also lead to a better understanding of LIBS analyses of such complex
multielement natural targets. Nevertheless, we have shown here that high spatial resolution threedimensional chemical analyses of ﬁne-scale features on Mars by ChemCam can reveal important details
about past processes on Mars, including aqueous alteration and the deposition of secondary phases on a very
small scale. The fact that ChemCam can make these observations remotely will continue to be an asset for
mission operations, perhaps more so as Curiosity makes its way up valleys and between mesa-like features at
the base of Mount Sharp, the primary science destination of the MSL mission. In addition, next-generation,
laser-based spectroscopic instruments, possibly even combining both LIBS and Raman spectroscopy, will
be a major asset on future landed missions.

5. Conclusions
Detailed and targeted probe-like analyses by ChemCam provide chemical compositions with unprecedented
spatial resolution on Mars. The raised ridges in Yellowknife Bay show a composition that is distinct from
the Sheepbed host mudstone and also show at least two distinct compositions, thus measuring, for the ﬁrst
time on Mars, a cement stratigraphy that records either an evolution in ﬂuid composition or distinct ﬂuid
compositions over time. This is consistent with the interpretation of the raised ridges as being multilayered,
isopachous fracture-ﬁlling precipitates. The raised ridges are the products of water-rock interaction, weathering,
and early diagenesis. Mg- (Fe-)rich clay minerals likely record precipitation at near-neutral or slightly alkaline pH,
which is consistent with previous interpretations for the Yellowknife Bay ﬂuvial-lacustrine system [e.g.,
Grotzinger et al., 2014; McLennan et al., 2014]. Fluids would have initially precipitated Mg-Fe-phyllosilicates
(and possibly some Fe oxides) in the raised ridges that may be similar to the clay minerals in the Sheepbed
mudstone [Vaniman et al., 2014], possibly as a result of leaching of olivine or a basaltic precursor sediment. This
was followed by a distinct episode of fracturing and vein ﬁlling with Ca sulfates at later stage [Nachon et al.,
2014]. Chemical, mineralogical, and morphological evidence for multiple stages of ﬂuid ﬂow in the Sheepbed
mudstone suggest that this location may have been habitable for an extended period of time.
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