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Elemental Geochemistry of
Sedimentary Rocks at Yellowknife
Bay, Gale Crater, Mars
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. A.

Sedimentary rocks examined by the Curiosity rover at Yellowknife Bay, Mars, were derived

from sources that evolved from an approximately average martian crustal composition to one
influenced by alkaline basalts. No evidence of chemical weathering is preserved, indicating arid,
possibly cold, paleoclimates and rapid erosion and deposition. The absence of predicted
geochemical variations indicates that magnetite and phyllosilicates formed by diagenesis under
low-temperature, circumneutral pH, rock-dominated aqueous conditions. Analyses of diagenetic
features (including concretions, raised ridges, and fractures) at high spatial resolution indicate that
they are composed of iron- and halogen-rich components, magnesium-iron-chlorine—rich
components, and hydrated calcium sulfates, respectively. Composition of a cross-cutting dike-like
feature is consistent with sedimentary intrusion. The geochemistry of these sedimentary rocks
provides further evidence for diverse depositional and diagenetic sedimentary environments

during the early history of Mars.

Bradbury Landing in Gale crater, the Mars
Science Laboratory Curiosity rover traversed
to Yellowknife Bay (/), where it encountered a
flat-lying, ~5.2-m-thick succession of weakly in-
durated clastic sedimentary rocks ranging from
mudstones at the base to mainly sandstones at
the top (2). Stratigraphic relationships and sedi-
mentary structures indicate that this coarsening-
upward succession likely represents sedimentation
in an ancient fluvio-lacustrine system that would
have been habitable. Also preserved is a spectrum
of diagenetic features, including concretions; void
spaces with a variety of sizes, geometries, and
origins; early diagenetic fractures (“raised ridges”)
filled with banded (possibly silicate) cements;
possible sedimentary dikes; and a later diagenetic
fracture system filled with sulfate cements. All of
these features indicate extended postdepositional
aqueous fluid flow through the rocks (2).
Curiosity fully applied its analytical payload
to investigate these sedimentary rocks and deter-
mine lithological, textural, chemical, mineralogical,
and isotopic compositions and their stratigraphic
relationships (2—4). The payload of Curiosity
includes two instruments capable of measuring
elemental abundances. The alpha particle x-ray
spectrometer (APXS) determines abundances on
~2.25 cm? surfaces and, when used in conjunc-
tion with the dust removal tool (DRT) or drilling
system, can analyze relatively clean surfaces and

Shortly after leaving its landing site at
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drill cuttings. The laser-induced breakdown spec-
trometer (LIBS), part of the ChemCam remote
sensing suite, detects atomic emission spectra
from areas of ~0.1 to 0.3 mm? (depending on
standoff distance), more than two orders of mag-
nitude smaller than APXS. LIBS offers the ad-
ditional capability of laser depth profiling (including
surface dust removal) of up to ~1000 pm. These
instruments provide complementary data by re-
vealing both bulk rock compositions and com-
positions that can be related directly to textural
features.

On Earth, the elemental geochemistry of
clastic sedimentary rocks provides information
central to interpreting sedimentary history, in-
cluding chemical weathering history, nature and
composition of the sediment provenance, sedi-
ment transport, and diagenetic history (5—10).
In turn, geochemical understanding of these
issues constrains many fundamental geological
questions such as paleoclimates, tectonic relation-
ships, basin evolution, diagenetic fluid flow, and
even crust-mantle evolution (7, 7/-15). Findings
from instruments onboard the Mars Exploration
Rovers Spirit and Opportunity, orbital spectros-
copy, and experiments using Mars-like compo-
sitions show that such approaches are applicable
to sedimentary environments on Mars, where pri-
mary igneous compositions and aqueous condi-
tions may differ from our terrestrial experience
(12, 16-24). Accordingly, we report elemental

geochemistry of the ancient sedimentary rock
succession, including its diagenetic features,
preserved at Yellowknife Bay; evaluate these
compositions in terms of the sedimentary his-
tory of this habitable paleoenvironment within
Gale crater; and place them within the context
of martian surface environments early in the
planet’s history.

Yellowknife Bay Stratigraphy

The geology, stratigraphy, sedimentology, and
diagenetic history of Yellowknife Bay are de-
scribed in (2). The sedimentary sequence, in-
formally named the Yellowknife Bay formation, is
subdivided into three members (Fig. 1) that like-
ly were deposited in a prograding alluvial fan
fluvio-lacustrine depositional system and in-
fluenced by at least two distinct diagenetic events.
The formation is likely Hesperian in age but
poorly constrained and could lie in a range from
early Hesperian (~3.7 to 3.4 billion years ago), if
part of the early Gale crater fill, to late Hesperian
or early Amazonian (~3.4 to 1.5 billion years ago),
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if coeval with the nearby Peace Vallis alluvial fan
exposed in Gale crater (2).

The stratigraphically lowest Sheepbed mem-
ber (>1.5 m thick), whose base is not exposed,
is composed of gray-colored, bedded mudstone.
Fine-grained texture, laterally extensive decimeter-
scale bedding, and stratigraphic relationships in-
dicate deposition from suspension, likely in a
distal alluvial fan lacustrine (or less likely playa)
environment but possibly as ash fall. Early di-
agenetic textures, which were formed before or
during lithification, include millimeter-scale nod-
ules interpreted as concretions, millimeter-scale
rimmed “hollow nodules” interpreted as void
space (possibly formed by gas expulsion during
carly diagenesis), and narrow centimeter-sized
intersecting “raised ridges” laterally correlative
to nodules and hollow nodules. These ridges,
whose margins are lined by resistant isopachous
cements, are interpreted as diagenetic cracks
formed in early lithified sediment, probably by
reactions involving pore fluids [see figures 6, A
to C, and 7 in (2)]. The upper ~50 to 75 cm of
the Sheepbed member weathers more recessively
than underlying beds and possesses higher abun-
dances of both early and late diagenetic fea-
tures. For geochemistry, we further subdivided
the Sheepbed member into lower and upper
parts with the boundary ~30 cm beneath the

>

Yellowknife Bay formation
Glenelg member (Gg)
Gillespie Lake member (Gl)
Sheepbed Member (Sb)

Geochemical Targets
@ APXS
© ChemCam

P,

Fig. 1. Geological context and locations of analyses. (A) HiRISE image
(part of PSP_010573_1755) showing geological relationships of the Yellowknife
Bay formation, location and names of APXS analyses, locations of ChemCam
LIBS analyses, and names of ChemCam targets, Tukarak and McGrath (also an
APXS target), discussed in the text. The inset shows expanded Navigational
camera overhead projection of the region where drilling of the Sheepbed
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Gillespie Lake member to evaluate compositional
transitions into the overlying stratigraphic unit.
The Gillespie Lake member is ~2.0 m thick
and overlies the Sheepbed member with a sharp,
likely erosional, contact. It consists of thin- to
medium-bedded, medium- to very coarse-grained
sandstones with relict centimeter-scale cross-
bedding. Mars Hand Lens Imager (MAHLI) and
ChemCam Remote Micro-Imager (RMI) images
indicate textural immaturity and compositionally
diverse grains [see figure 5D in (2)]. This mem-
ber was likely deposited in a distal fluvial envi-
ronment. Gillespie Lake sandstones exhibit little
primary porosity, suggesting a cemented rock,
but may contain secondary porosity in the form
of dispersed millimeter-scale vugs that may re-
sult from leaching of detrital grains or early diage-
netic phases during fluid circulation or perhaps
selective loss of readily degraded mudstone in-
traclasts during weathering (2). The Sheepbed
(including early diagenetic features) and Gillespie
Lake members are both cross-cut by a network
of later diagenetic (post-lithification) intersecting
fractures of variable thickness (hairline to ~8 mm)
filled with light-toned cement, identified as Ca
sulfate by a variety of measurements (see below).
These filled fractures are most abundant within
the uppermost Sheepbed member, and the bright
cements also fill hollow nodules, where they

intersect with fractures. Also cross-cutting the
upper Sheepbed member is a ~8-cm-wide dike-
like feature termed the “‘snake,” that terminates
in a small anticline within the middle Gillespie
Lake member, and is interpreted as a sedimen-
tary dike injected as a result of high pore pressures
that developed during rapid burial (2). A detailed
1.5-m stratigraphic section, termed the Selwyn
Section, was measured across the Sheepbed—
Gillespie Lake contact (Fig. 1 and fig. S1).
The upper Glenelg member (~1.7 m thick)
is lithologically heterogeneous (2). The lower
~40 cm (e.g., Point Lake outcrop) is poorly un-
derstood but possesses abundant millimeter- to
centimeter-scaled voids. Possible interpretations
include a debris flow, a volcaniclastic layer, a gas-
charged sedimentary sill (perhaps related to the
“snake”), or a vesicle-rich volcanic flow (although
there is no evidence for a nearby contemporane-
ous volcanic source). Some voids and cross-cutting
fractures are filled with light-toned minerals,
identified as Ca sulfate by ChemCam, reminiscent
of fracture fillings in the Sheepbed and Gillespie
Lake members. We assume that this part of
the Glenelg is also sedimentary but are mind-
ful of this uncertainty. Other parts of the Glenelg
member (e.g., Shaler outcrop) consist of com-
monly cross-bedded interstratified sandstones and
recessive finer grained sediment and was likely

@ Member M5 55 Co
Mmoo of _—I Bathurst Inlet
] outcrop
-4516m -
] Glenelg =
7 5 e Rocknest
b — | }_mrop Shaler
Atz - - outcrop
1.____1 R | Foint Lake
] = outcrop
-4518m
Jcillespie Lake
-4519m
] L
4520m —] Sheepbed =

Litholagy

Unknown Vuggy

- | Cross-stratified Sandstone (55)
% Sandstone (35)

———| Siltstone

Mudstone (M5)

/ “The snake®
L KL John Klein/Cumberland dillsites

member took place (John_Klein and Cumberland) and where the Selwyn Sec-
tion (targets between Snake_River and Ungava) was examined. Additional
details of sample locations, including the ChemCam target names, are shown
in figs. S1 to S7. (B) Stratigraphic section of the Yellowknife Bay formation
at Yellowknife Bay. Also shown is the stratigraphic relationship of the cross-
cutting dike-like feature termed “the snake” [adapted from (2)].
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deposited mainly by fluvial processes, with paleo-
currents indicating a source derived from the di-
rection of the crater rim. At the top of this member
are discontinuous fine-grained beds (e.g., Bathurst
Inlet), in some cases with distinctive chemical
compositions and possibly with distinctive ori-
gins (see below).

Mineralogical and Geochemical Constraints
from CheMin and SAM

Two locations within the upper Sheepbed mem-
ber, corresponding to APXS targets John Klein
and Cumberland, were drilled, with recovered
powders being sieved (<150 um) and delivered
to CheMin and SAM (Sample Analysis at Mars)
for x-ray diffraction (XRD) analysis of mineralogy
and chemical-isotopic measurements of evolved
gases using gas chromatography, quadrupole mass
spectrometry, and tunable laser spectrometry (3, 4).
Unsurprisingly for clastic sediments, both sam-
ples are composed of nonequilibrium mineral as-
semblages including primary igneous and a variety
of secondary phases, notable for a ~30 to 40%
amorphous component (including allophane-like
material) and ~20% trioctahedral phyllosilicates.
The remaining crystalline mineralogy includes (in
decreasing amount) plagioclase, pyroxene, mag-
netite, Ca sulfate (anhydrite, bassanite), forsteritic
olivine (John Klein only), akaganeite, sanidine,
pyrrhotite, and possibly (<1 to 2%) hematite, il-
menite, pyrite, quartz, and halite. The exact min-
eralogy of the trioctahedral phyllosilicates is not
fully constrained, but they consist of a ~10 A
collapsed saponitic smectite in John Klein and,
in Cumberland, clay minerals with both ~10 A
and ~13.2 A spacing, possibly reflecting poorly
formed vermiculite (lacking the 7 A peak) or a
smectite with either an interlayer cation with high
hydration energy (e.g., Mg) or metal-hydroxy
groups (i.e., incipient chlorite). SAM analyses
are also consistent with smectite, sulfates, sul-
fides, and Fe oxides; oxychlorine compounds
(e.g., chlorate and/or perchlorate) are indicated
as well. Both instruments indicate heterogeneous
Fe and S redox states. Mass balance calculations
provide estimates of the chemical compositions
of the combined amorphous component plus phyl-
losilicates and remaining crystalline minerals, and
these compositions (4) are used below.

Clastic Sedimentary Rocks

Yellowknife Bay S- and Cl-free compositions (all
on weight percent basis) determined by APXS
(25) (tables S1 to S4) correspond to iron-rich
basalt (i.e., mostly <48% SiO,, mostly >20%
FeOr, ~8 to 10% MgO, ~200 to 900 ppm Ni).
Alkalis are variable (~3 to 6% Na,O + K,0;
K,0/Na,0 ratio = 0.2 to 1.3). CaO is highly
variable (~5 to 25%), but values above ~7%
correspond to high SOs, indicative of elevated
levels of Ca sulfate. Typical for the martian sur-
face, both SO;3 and Cl are mostly elevated in
APXS observations, in part because of surface
soil and dust contamination. On brushed sur-
faces, APXS measurements of SO5 are as low
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as 0.9% (Werneke Brush, the analysis on the
brushed surface of the Werneke target), which
suggests that the sedimentary rocks may have
no more than 1 to 2% SO; on average. On the
other hand, Cl abundances are higher than in
most martian soils (26), reaching 1.9% and com-
monly leading to low S/CI ratios. Elevated ClI
abundances (>1%) are likely a primary rock
feature rather than just resulting from soil or
dust coatings, consistent with the presence of
oxychlorine compounds, akaganeite, and possi-
bly halite (3, 4).

Up to 9% magnetite in the crystalline com-
ponent of Sheepbed mudstone drill samples
was detected by XRD (4). We cannot complete-
ly exclude the possibility that very fine-grained
magnetite was delivered as part of the detrital
load into a lake environment, but on balance the
geochemistry suggests that this magnetite is not
detrital. For example, there are no systematic
relationships between the FeO1/MgO ratio and
FeOr abundance that could be explained by
magnetite variations; no evidence from XRD (4)
for enrichments of other minerals that might be
expected to form part of a heavy mineral suite
(e.g., spinels) nor correlations with related struc-
tural elements of these minerals (e.g., Cr, Ti);
and no geochemical evidence, from APXS or
ChemCam, for detrital magnetite enrichments
(e.g., Fe enrichment) in immediately overlying
Gillespie Lake sandstones, where heavy minerals
might be expected to concentrate even more.
Absence of geochemical evidence for detrital
magnetite is also consistent with deposition of
the Sheepbed mudstones from suspension into
a lake, where heavy mineral concentrations are
unlikely (2, 4). Thus, magnetite is most likely a
diagenetic phase rather than a detrital component.

Geochemical relationships are well illus-
trated in ternary diagrams plotting mole frac-
tions Al,O3-(CaO + Na,0)-K,O0 (i.e., A-CN-K)
and AlLO5;«(CaO + Na,O + K,O)-(FeOr + MgO)
(i.e., A-CNK-FM) (Fig. 2). On these diagrams,
igneous minerals plot on or below the plagioclase—
K-feldspar (A-CN-K) and feldspar-FM (A-CNK-
FM) joins, whereas secondary clay minerals plot
above (27). The chemical index of alteration (CIA),
defined as 100 x [A/(A + C + N + K)], reveals
any chemical weathering history by quantifying
the systematic loss of relatively mobile elements
(i.e., Ca, Na, K) from silicate minerals, and the
scale is plotted beside the A-CN-K diagrams.
For mafic sources, CIA values above ~40 to 45
in bulk sediment suggests some chemical weather-
ing history, and values above ~50 to 55 provide
fairly compelling evidence for open system weather-
ing (/0). ChemCam (Fig. 2, C and D) analyzed
many more targets than APXS (Fig. 2, A and B),
and given the strategy of using its greater spatial
resolution to target textural features (e.g., veins,
ridges, grains), more scatter is both expected and
observed. Mission experience so far indicates a
slight instrument bias with ChemCam data plot-
ting at higher Al,O; on these diagrams than APXS,
especially for alkali-rich compositions. Nonethe-

RESEARCH ARTICLE I

less, the analyses provide consistent geochem-
ical trends.

Lower Sheepbed and Gillespie Lake bulk rock
compositions (Fig. 2, A and B) are very tightly
grouped and are slightly more mafic than aver-
age martian crust (closer to FM apex). Most up-
per Sheepbed samples plot in a similar position,
but several trend toward the CN and CNK apexes,
where Ca sulfate plots. ChemCam analyses (Fig.
2, C and D) show a more complete linear trend,
with one end member defined by Ca sulfates within
the light-toned fractures and filled hollow nod-
ules that were targeted for analysis. The Glenelg
member has bulk compositions that common-
ly differ from both average crust and Sheepbed/
Gillespie Lake, with less relative amounts of
FeOr + MgO and higher K,O in some samples;
these characteristics were confirmed by ChemCam
analyses, which also showed evidence for de-
trital feldspar (Fig. 2D). An analysis of APXS
data for the Yellowknife Bay formation samples
Bathurst Inlet and Rocknest3, as well as the float
rocks Jake Matijevic (Jake M) and Et Then on
Bradbury Rise (which have been inferred to be
volcaniclastic or igneous), shows that the ele-
mental relationships among these rocks are con-
sistent with physical mixing between Bathurst
Inlet-like and Jake M-like material with addition
of an Fe-rich cement or rind, especially apparent
in Et Then (28). Some ChemCam analyses plot
above the plagioclase—K-feldspar and feldspar-
FM joins, suggesting phyllosilicate-rich targets,
consistent with the identification of phyllosili-
cates by XRD (4). In addition, some ChemCam
Sheepbed analyses plot closer to the FM apex,
consistent with the identification of Mg-Fe-Cl—-
rich phases associated with raised ridges (also
observed in the McGrath APXS raster) that were
also targeted for analysis (see below) and the Fe*'-
rich phases identified by XRD (e.g., magnetite,
akaganeite, and possibly hematite).

Despite identifying phyllosilicates in Sheep-
bed mudstones by XRD (4) and inferring them
from ChemCam (Fig. 2, C and D), the geochem-
istry of the Yellowknife Bay formation provides
scant support for any substantial chemical weath-
ering history affecting the sources or the sedi-
ment during transport into the depositional basin.
During circumneutral pH weathering, clay min-
erals form at the expense of primary igneous
phases, with loss of mobile elements. As a result,
bulk sedimentary rock compositions that have
been influenced by weathering, including those
derived from mafic sources, typically plot above
the plagioclase—K-feldspar and feldspar-FM joins
(29-31). Similarly, any clay minerals that formed
by hydrothermal alteration (e.g., impact-related)
in surrounding regions and transported into the
Yellowknife basin would also carry comparable
distinct chemical signatures (22, 32-34). Nor is any
evidence observed for low-pH alteration conditions
in the form of Fe** mobility and associated forma-
tion of Fe** sulfates, such as that observed by the
Spirit and Opportunity rovers (35—-37). During trans-
port, clays would concentrate more in fine-grained
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sediment (i.e., Sheepbed) than in associated coarse-  types (including clay minerals and magnetite) is  thereby mask evidence for chemical weather-
grained sediment (i.e., Gillespie Lake), but no  observed in the bulk analyses of either unit. ing (27). However, on a plot of CIA versus SO;
evidence for the predicted geochemical fraction- One complicating factor is that secondary Ca  content (Fig. 3), this clearly is not the case. At
ation related to hydraulic segregation of sediment  sulfate might lower the apparent CIA values and  high SOs, indicative of sulfates, CIA falls to lower
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Fig. 2. Al,03-(Ca0 + Na,0)-K,0 and Al,05-(CaO + Na,O + K,0)-(FeO; +
MgO) ternary diagrams. (A and B) APXS data; (C and D) ChemCam data.
Shown for reference are the CIA scale [measured on (A) and (C) only], and,
as open squares, average martian crust (12), local soil (64), and the local rock
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K0— Ca0Na,0 FeO,+MgO

2

Jake_Matijevic (Jake_M) (45), modeled compositions of John_Klein and
Cumberland crystalline and clay + amorphous materials (4), and arrows rep-
resenting typical trends observed for terrestrial weathering profiles on basalts
(65). The insets of (A) and (B) are expanded views of the main cluster of data.
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values as expected, whereas at lower SO3, CIA
levels off to values typical of martian mafic ig-
neous rocks; such findings indicate that none of
these samples has witnessed a substantial chem-
ical weathering history. This is also consistent with
sample positions on the A-CNK-FM diagram
(Fig. 2B). Accordingly, formation of phyllosili-
cates within Sheepbed mudstones likely resulted
from diagenetic processes that did not notice-
ably influence bulk rock composition, implying
rock-dominated (i.e., low water/rock ratio) post-
depositional aqueous fluid conditions.

Both major and trace elements exhibit strat-
igraphic trends (Fig. 4). To avoid variations in
absolute abundances imparted by simple dilu-
tion effects of Ca sulfate, we plotted ratios among
elements most often associated with siliciclastic
components. On a plot of K,O/Al,O5 versus
TiO,/ALO5 (Fig. 4A), the Glenelg member in-
cludes samples with higher K;0O/ALO; and gen-
erally slightly more variable TiO,/Al,05 relative
to samples from the Sheepbed and Gillespie
Lake members. The two analyses from the rock
Bathurst Inlet, from the top of the Glenelg mem-
ber, are especially distinctive in having the highest
K5O/ALLO; ratios. These differences are interpreted
to represent a notable change in the provenance
from which sediment particles were derived to
include more alkali-rich basalts higher in the
stratigraphic section.

Subtle differences in bulk composition also
exist within the Sheepbed member itself, with the
upper part of the member having slightly lower
and more variable TiO,/AlL,O3 (x = 0.104, SD =

0.011) than the lower part (x = 0.116, SD =
0.006). This could also be a subtle provenance
effect (38, 39), although relationships between
TiO,/AL,O3 ratio and overall bulk composition
are complex in detail, especially because all com-
positions are basaltic (12, 40). In addition, small
variations in plagioclase content that are ultimate-
ly related to sedimentary sorting effects (24) could
also play a role in changing the TiO,/ALO5 ratio
(Fig. 4A).

Stratigraphic variations in APXS trace ele-
ments are summarized on a plot of Ct/Ni versus
Zn/Ni (Fig. 4B). In this case, the Glenelg mem-
ber has higher and/or more variable ratios than
the Sheepbed member, related to combinations
of elevated Zn and Cr and lower Ni. There is also
a difference between the Gillespie Lake sand-
stone and Sheepbed mudstones, related mainly
to lower Ni in the former, although only a single
high-quality analysis is available for the Gillespie
Lake member. Major elements indicate a similar
provenance, so the reason for this is not clear. A
heavy mineral effect is one possibility but would be
more likely to cause an enrichment of Cr (chro-
mite) rather than depletion of Ni in the sandstones.
Thus, in Glenelg sandstones, Ni is similarly low
(~200 to 400 ppm) as in the Gillespie Lake sand-
stone sample, but Cr reaches very high levels
(>5000 ppm) consistent with a heavy mineral
(chromite) enrichment predicted by fluvial pro-
cessing (41). Within the Sheepbed member, the
upper part has lower Cr/Ni and Zn/Ni, related
mainly to higher Ni, consistent with a slightly
different but still mafic provenance.
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Fig. 3. Plot of CIA versus SO3 contents for Yellowknife Bay formation APXS analyses. Shown
for reference, as open squares, are average martian crust (12), local soil (64), the composition of
anhydrite (CaS0,) and horizontal lines that show the CIA values expected for basaltic sedimentary
rocks that have experienced a chemical weathering history.

www.sciencemag.org SCIENCE VOL 343 24 JANUARY 2014

RESEARCH ARTICLE I

Lithium contents measured by ChemCam (42)
also reveal a stratigraphic trend (Fig. 4C): Sheep-
bed mudstones have low and uniform Li abun-
dances (x = 4.3 ppm; SD = 2.4 ppm), whereas Li
abundances in the overlying units are greater by a
factor of ~2 and are much more variable. Although
secondary aqueous processes such as hydrothermal
activity can enrich Li (43), and even though evi-
dence for centimeter-scale Li redistribution is
observed in diagenetic raised ridges (see below),
this range for average values probably cannot be
distinguished from variations in basaltic prove-
nance, given our limited understanding of Li dis-
tributions in the martian crust-mantle system.

Early Diagenetic Features

Efforts were made to characterize chemical and
mineralogical controls on concretion formation within
the Sheepbed member. Numerous ChemCam ob-
servations were directed at concretions, but no
systematic differences were observed, limiting
compositional differences between concretion
and host sediment to less than ~10% for major
elements. APXS analyses of drill fines from
concretion + hollow nodule—rich (Cumberland)
and concretion + hollow nodule—poor (John Klein)
arcas were also examined (25) (table S5). Sam-
ples delivered to the internal instruments (CheMin
and SAM) that determined mineralogy (3, 4) are
preferable and can be analyzed by APXS after
being dumped onto the surface when CheMin and
SAM analyses are complete (as for John Klein).
However, at the time of writing, Curiosity was
still carrying the Cumberland sample, and conse-
quently it has not been analyzed by APXS; in-
stead APXS analyzed the fines that accumulated
around the drill hole from the drilling process.
Additionally, imaging of drill hole walls indi-
cates that John Klein has greater amounts of Ca
sulfate—filled fractures (see below). A two-stage
calculation was thus performed to evaluate re-
sults. First, 5% anhydrite was removed from the
John Klein composition to put SO; at similar
concentrations in both samples, and to be broadly
consistent with the relative amounts of Ca sulfate
obtained from maps of veins in drill hole walls
(4). Second, two gain-loss calculations were per-
formed assuming that Ti and Al, respectively, are
constant between samples. Elements enriched
(taken as >5% in both calculations) in Cumberland
include Fe, Ca, Cl, Br, Ni, and Ge. Elevated Ca is
difficult to interpret given the Ca sulfate in frac-
tures, but elevated Fe, Cl, Br, and Ni are consistent
with small amounts of a minor mineral such as
akaganeite, identified by XRD, forming at least
part of the concretion cement (4).

ChemCam and APXS analyses of isopachous
cements within early diagenetic raised ridges in-
dicate the presence of a Mg-Fe-Cl-rich phase (or
assemblage). ChemCam confirms that the amount
of MgO is as high as ~17%, and in places is ac-
companied by elevated Li (Fig. 5A). The ob-
servation that Li and Mg are not well correlated
across the different layers of isopachous cements
(e.g., right side of image in Fig. 5A) suggests a
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complex origin. APXS rasters on the raised-
ridge target McGrath further indicates that Fe is
elevated and that both Mg and Fe correlate with
Cl, although enrichment of any chloride phase
or oxychlorine compound explains only a tiny
part of the Mg-Fe variation (Fig. 5B). A mass
balance calculation, using the highest and lowest
APXS MgO analyses from the McGrath raster
(McGrath-R1 and -R2) and assuming that the
component is ~20% of the rock, indicates a
composition of ~45% SiO,, ~35% FeOr, ~18%
MgO, ~3% Cl, and ~1300 to 1500 ppm each for
Ni, Zn, and Br (25) (table S6). Such a com-
position cannot be accommodated by any single
phase identified in the drilled samples by XRD,
but perhaps is consistent with a mixture of Mg-
rich, Al-deficient smectitic clay (e.g., hectorite,
stevensite) and halogen-bearing Fe oxides (e.g.,
akaganeite).

Late Diagenetic Features

Both ChemCam and APXS provide constraints
on the mineralogy of cross-cutting late diage-
netic light-toned fractures, including filled hol-
low nodules. ChemCam shots on these features
(Fig. 5C) show elevated Ca, S, and in places
H, indicating multiple hydration states of Ca
sulfate. ChemCam also measured elevated Sr
content (up to 450 ppm) in the fracture fills
(Fig. 5C), as expected for Ca sulfate (44). The
presence of multiple Ca sulfate minerals is also
consistent with CheMin XRD analyses that
identified anhydrite and bassanite (but not gypsum)
and MastCam visible-near infrared (VNIR) spec-
troscopy that suggests that some fracture fills are
hydrated, possibly indicating gypsum (4). Finally,
APXS raster analysis on the fracture fill target
Sayunei also indicates the presence of Ca sulfates
through a correlation between CaO and SOs, the
slope of which is consistent with CaSO, stoichi-
ometry (Fig. 5D).

The composition of the dike-like “snake” fea-
ture (Snake River target) may bear on its origin.
The Snake River major element composition is
most similar to sedimentary rocks in the lower
part of the Yellowknife Bay formation and best
matches the lower Sheepbed member for major
elements (Fig. 6A); it differs from the Gillespie
Lake member for S, Cl, and all trace elements
(Fig. 6B). Although close similarity exists with
individual analyses of the heterogeneous Glenelg
member, the “snake” does not compare favorably
to the Glenelg average for a number of elements
(Fig. 6C), which suggests that it probably did
not result from infall of overlying sediment into
a fracture. These comparisons indicate that the
composition of the snake is consistent with a
sedimentary dike—as suggested from stratigraphic
relationships (2)—that intruded from the Sheep-
bed or other sediments at lower stratigraphic levels
and that are not currently exposed. In detail, its
trace element composition differs from all ex-
posed units (higher Cr, lower Ni) and suggests
an origin from a different, presumably lower,
stratigraphic level.
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Discussion

Elemental geochemistry reveals a fundamental
provenance change during deposition of the
Yellowknife Bay formation. Clastic sediments
of the Sheepbed and Gillespie Lake members
were derived from a source similar to the aver-
age martian crust but slightly more mafic and
Fe-rich (SiO, ~ 46% versus 49%; FeOr ~ 21.5%
versus 18%), whereas high-K alkaline igneous
rocks contribute substantially to the Glenelg mem-
ber provenance. The change in provenance may
be related to erosional evolution of drainage
basins feeding the alluvial fan system. Down-
cutting fluvial channels in the catchment of the
fan system may have encountered a distinct al-
kaline basalt bedrock lithology (likely related to
Jake Matijevic—type composition) or captured a
drainage underlain by such lithologies leading
to the abrupt change in sediment provenance.
On the other hand, alkaline basalts of the type

suggested to be incorporated into Glenelg sedi-
ments are rare on Earth (45); having them rep-
resent a dominant provenance component in
distal facies of a fluvial system is unexpected
and could suggest that such rocks, which have
also been observed in Gusev crater (46), are
more common on Mars than previously thought
(45—47). An alternative possibility is that an exotic
source of alkaline basalts was locally introduced
into the basin, by way of volcanic ash or flows,
and represents relatively small volumes of alka-
line basalt that in turn were locally recycled and
preserved as volcaniclastic layers. This scenario
is consistent with the observation that high-K
signatures appear restricted to certain beds with-
in the Glenelg member. Given the limited strat-
igraphic distribution that has been studied (the
Glenelg member exhibiting the high-K signature
represents only ~1.7 m of a ~5-m section), it is
not possible to distinguish whether relatively local
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or more regionally exposed high-K lithologies
caused the provenance change, and thus the scale
of any potential alkaline igneous province is not
well constrained from the sedimentary data.
Martian soils likely contain a small (~1 to
3%) meteoritic component (48), and estimates
of crustal composition (notably Ni) are derived
by assuming a 2% meteoritic soil component
(12). Sheepbed mudstones, if deposited in an
ancient lake that represented the terminus of a
watershed, might be expected to contain me-
teoritic material that was swept into the basin.
Provenance effects alone can explain the levels
of Ni (~450 to 850 ppm) in the Sheepbed mem-
ber, given the slightly more mafic and Fe-rich
composition relative to average martian crust.
However, trace element data are also consistent
with a modest meteoritic contribution. Modeling
the effects of adding an average Cl-type carbo-
naceous chondrite composition to average martian
crust and to one of the brushed lower Sheepbed

Fig. 5. Geochemical con-
straints on diagenetic fea-
tures within the Yellowlmnife
Bay formation. (A) ChemCam
RMI image of the McGrath
target “raised ridge” that is
dipping gently to the upper
right. The inset shows LIBS
MgO and Li transects for 20
shots taken a cross the fea-
ture. Shown for reference is
the average MgO of McGrath,
determined by APXS. Note
elevated and correlated Mg
and Li at the site of the raised
ridge. Also note that elevated
Mg (but not Li) is observed on
the right side that likely rep-
resents the outer layer of the
cement, exposed on the dip-

analyses (Ekwir Brush) shows that the low Cr/Ni
and Zn/Ni ratios of the Sheepbed member are
consistent with ~1 to 4% CI component, with a
larger amount in the upper part of the member
(Fig. 4B). For typical Cl-type chondritic com-
positions (49), a 1 to 4% meteoritic component
could also deliver as much as ~300 to 1200 ppm
of organic C, consistent with low levels of car-
bon detected by SAM (3).

Sediment chemistry, by constraining chemi-
cal weathering intensity, is one of the few tools
available to evaluate paleoclimate in the absence
of a fossil record (10, 50, 51). Low CIA values
and positions on A-CN-K and A-CNK-FM dia-
grams for the Yellowknife Bay formation (Fig. 2)
indicate very limited chemical weathering before
deposition. The similarity between major ele-
ments of the Gillespie Lake bedload-dominated
sandstones and Sheepbed member suspended
load—dominated mudstones also suggests that the
fluvial system carried a very high ratio of solid

ping surface. (B) APXS raster
analysis for McGrath show-
ing elevated Fe and Mg that
correlate with CL. Note the
break in the scale on the y
axis. A model of MgCl, addi-
tion is shown to illustrate that
the correlation is not due sim-
ply to the presence of chloride
phases. (C) ChemCam RMI
image of a late diagenetic
light-toned fracture at the
Tukarak target. Location of a
3%3 LIBS raster is shown; re-
sults for Ca, S and Sr, relative
to their position in the raster,
are given in the inset table.
(D) APXS raster analysis on
late diagenetic light-toned
fracture at the Sayunei tar-
get. The inset shows the plot
of Ca0 versus SOs;, with a
model illustrating the effects
of CaS0, addition.
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to dissolved river loads (Ly/Lg4), which in turn
results from both arid conditions and rapid
erosion and transport (57, 52) and could have
been further enhanced by cold conditions that
would kinetically inhibit chemical weathering
reactions. Accordingly, Yellowknife Bay forma-
tion geochemistry is consistent with some combi-
nation of a highly arid, possibly frigid, climate
and/or a high-relief fluvial system, and probably
both. On early Mars, impact processes may have
aided in the generation of sedimentary particles,
increasing the efficiency of physical denudation
(93, 54). Surface waters with low Ly would be sub-
stantially different from the ancient surface waters
of high ionic strength suggested at Meridiani
Planum (55), even though both apparently record
evidence of an arid climate system. Despite the
suggested arid conditions, relatively small amounts
of chemical sedimentation (e.g., sulfates, carbon-
ates, chlorides) may be expected in the Yellowknife
Bay sedimentary system. In addition, to the degree
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Fig. 6. Comparison diagrams for the dike-like feature, termed the “snake.
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member average. The upper Sheepbed is not used for this comparison because
relative to the lower Sheepbed, its geochemistry is more heavily influenced by

that this surface water contributes to the regional
groundwater system, it would also tend to promote
dilute, circumneutral pH, subsurface aqueous
conditions.

Elemental geochemistry also provides con-
straints on diagenetic history. The uniform bulk
rock compositions of Sheepbed mudstones are
particularly important in this respect. Sheepbed’s
suite of complex diagenetic features suggests that
postdepositional aqueous alteration took place at
combined low water/rock ratios and pH levels
modest enough that mineralogical changes took
place under nearly isochemical conditions; very
little mass has been removed from the system.
Therefore, the broad array of secondary min-
erals identified by XRD—including saponitic
phyllosilicates, magnetite, akaganeite, hematite,
and perhaps a substantial part of the amorphous
component—needs to be explained by plausible
reactions taking place within the sediment (4).

One important exception is that Ca sulfates
found in fractures, voids, and hollow nodules
were later “added” to the rock, as inferred from
textural and geochemical relationships; that is,
these Ca sulfates were not formed by local redis-
tribution of elements during the earlier stage of
diagenesis that transformed the Sheepbed sed-
iment to rock. Thus, at least two distinct diag-
enetic fluid events took place with distinct fluid
chemistry. The first fluid event (perhaps more than
one such event given the mineralogical complex-
ity, including coexistence of magnetite, akaganeite,
pyrrhotite, and possibly hematite and pyrite) re-
sulted in the mineral assemblage within the host
sediment (and perhaps the Fe-Mg-Cl-rich assem-
blage associated with early diagenetic raised ridges).
Plausible reactions that could be involved include
olivine (+ Al) — saponite + magnetite (4) and
pyrrhotite (+ pyrite?) — akaganeite (— hematite?),
the latter of which would be promoted by CI -
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Gillespie Lake (wt.%)
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bearing fluids that also could have promoted
concretion formation. Some time after lithifi-
cation, an additional fluid event, presumably
originating from deeper within the section and
associated with fracturing of the mudstone,
injected fluids that became saturated with respect
to Ca sulfate (typically early-precipitated min-
erals in evolving brines) because of changing
chemistry and/or pressure and temperature con-
ditions. These fluids precipitated sulfates within
the fractures and filled any void spaces that the
fractures intersected, including the hollow nod-
ules. Although considerable modeling and exper-
imental effort will be required to fully understand
these processes, it is possible to construct simple
forward thermochemical aqueous models broadly
consistent with these observations (25) (fig. S8).

Our findings add to the growing evidence
for highly diverse sedimentary environments on
early Mars (2, 56, 57). The Burns formation of
Meridiani Planum is the only sedimentary se-
quence that has been studied in situ in com-
parable detail and is of similar age—if anything,
even older (20, 57, 58). Although both represent
clastic sedimentation derived from basalt sources
and influenced by complex groundwater diagen-
esis, the sedimentary history is strikingly differ-
ent. For example, where the Burns formation
preserves evidence for groundwater of very low
pH and very high ionic strength, the Yellowknife
Bay formation had relatively dilute circumneutral
groundwater. Where the Bumns formation is dom-
inated by chemically precipitated constituents
(sulfates, chlorides) derived from evaporation of
acidic brines, Yellowknife Bay mudstones contain
very little in the way of chemically precipitated
constituents and, apart from cross-cutting Ca sulfate
veins, the secondary mineralogy formed mostly
within a largely closed geochemical system. Where-
as the basaltic debris within the Burns formation

Glenelg (wt.%)

diagenetic features (e.g., Ca sulfate veins, concretions). The diagonal green line
represents equal compositions. Error bars (if larger than the symbol size) rep-
resent 2c errors for individual samples (Snake_River, Gillespie Lake) and one
standard deviation on the mean for averages (Lower Sheepbed member, Glenelg
member). Significant differences in composition are shown as red symbols.

was substantially chemically weathered before
deposition, Yellowknife Bay detritus appears to
be essentially unweathered. Orbital spectroscopic
mapping suggests that surface aqueous environ-
mental conditions on early Mars (late Noachian)
evolved from circumneutral clay-rich to acidic sulfate-
rich settings (59), analogous to the early Earth where
evolving global surface environments are also re-
flected in the broad sweep of the geological record
(60). However, on Mars, just as on Earth, geolog-
ical complexities inevitably emerge when the sedi-
mentary record is examined closely.

Materials and Methods

APXS is a well-established analytical technique on
Mars, providing quantitative abundance data for
major and minor elements, including S, Cl, and
trace elements Cr, Ni, Zn, Ge, and Br (6/). Ana-
Iytical details are provided in (25); Yellowknife
Bay formation results are provided in tables S1
to S4. Multiple APXS analyses were sometimes
obtained on the same rock but at different loca-
tions. In some cases (e.g., Bathurst Inlet), both
analyses are considered because they represent
slightly different stratigraphic levels. However,
where multiple analyses were made at a single site,
such as drill sites (e.g., John Klein, Cumberland)
and APXS “rasters” (e.g., Sayunei, McGrath), the
analysis with lowest SO; was selected as most
representative of the sedimentary rock because
brushed surfaces indicate low SO5 and because
mapping of borehole walls suggests that Ca sul-
fate abundances correlate with diagenetic light-
toned veins and hollow nodule fills. APXS “rasters”
involving multiple closely spaced measurements
were used on two diagenetic features: fracture fills
(Sayunei) and raised ridges (McGrath). These re-
sults are provided in table S4, which also includes
the suggested sedimentary dike (Snake River analy-
sis). The ChemCam LIBS instrument provides
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semiquantitative analyses for major and some
minor and trace elements (e.g., Ba, Rb, Sr, Li)
using multiple laser pulses (shots) on targets
~350 to 550 um in diameter from distances of up
to 7 m (62, 63). The first ~5 shots remove surface
dust, and the rock analyses are based on averages
of subsequent shots. Further analytical details are
provided in (25).
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