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Abstract Silica has the highest demonstrated potential of any phase to preserve microfossils on Earth
and therefore may host potential biosignatures on Mars. We detected hydrated silica in Jezero crater, the
landing site of the National Aeronautics and Space Administration's Mars 2020 rover mission, by applying
Dynamic Aperture Factor Analysis/Target Transformation to images from the Compact Reconnaissance
Imaging Spectrometer for Mars. Hydrated silica detections with Dynamic Aperture Factor Analysis/Target
Transformation were verified using commonly accepted Compact Reconnaissance Imaging Spectrometer
for Mars analysis methods. The morphology of geologic units associated with silica was characterized with
high‐resolution imaging. Several hypotheses are presented for the formation environment of hydrated
silica. All are testable via in situ investigation. We assess the likelihood of silica to preserve biosignatures in
these different scenarios based on habitability considerations and biosignature preservation in Earth analog
environments and materials. Also reported are possible detections of hydrated silica in the Nili Fossae
basement and olivine‐rich units, as well as Al‐phyllosilicate within Jezero crater.

1. Introduction

Opaline silica (amorphous SiO2·nH2O) was first detected on Mars using the Miniature‐Thermal Emission
Spectrometer (Christensen et al., 2003) onboard both Mars Exploration Rovers in Meridiani Planum
(Glotch et al., 2006) and Columbia Hills (Squyres et al., 2008). These detections confirmed theoretical geo-
chemical arguments that sedimentary silica would be a common alteration product where water‐rock inter-
action had occurred in Mars' dominantly basaltic primary crust (McLennan, 2003). More widespread
outcrops of hydrated silica were identified in a variety of ancient aqueous environments using hyperspectral
visible and shortwave‐infrared images from the Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM; Murchie et al., 2007) (Bishop et al., 2008; Ehlmann et al., 2009; Fraeman et al., 2016; Milliken
et al., 2008; Murchie et al., 2007; Mustard et al., 2008; Skok et al., 2010; Smith & Bandfield, 2012; Sun &
Milliken, 2015, 2018). High‐silica occurrences were identified with thermal infrared emissivity spectra from
the Thermal Emission Spectrometer (TES; Christensen et al., 2001) and the Thermal Emission Imaging
System (THEMIS; Christensen et al., 2004) (Bandfield, 2008; Bandfield et al., 2013). Both detrital and authi-
genic cementing silica (Morris et al., 2016) as well as silica enrichments formed by later infiltration of both
alkaline and acidic fluids (Yen et al., 2017) have also been detected in Gale crater by the Mars
Science Laboratory.

Formation hypotheses for silica detected on Mars include sedimentary deposition (detrital), direct precipita-
tion (authigenic), and leaching of basaltic protolith (cation removal) (Bishop et al., 2008; Milliken et al.,
2008; Ruff et al., 2011; Skok et al., 2010; Squyres et al., 2008; Yen et al., 2017). On Earth, silica forms in a wide
range of settings including hot springs in both neutral‐alkaline and acidic hydrothermal systems (e.g.,
Campbell et al., 2015), volcano‐fumarolic settings (e.g., Seelos et al., 2010), marine environments (e.g.,
Bohrmann et al., 1994), and lacustrine settings (e.g., Eugster, 1969; Peterson & Borch, 1965). Secondary silica
initially precipitates as opal‐A—an amorphous phase—and becomes more crystalline upon further water‐
rock interaction (e.g., Kastner & Gieskes, 1983). Sun and Milliken (2018) showed that opal‐A on Mars
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tends to be associated with bedrock, while more crystalline silica exists primarily in unconsolidated sedi-
ments. The prevalence of opal‐A on Mars has been interpreted to imply limited water‐rock interaction
throughout the planet's history (Tosca & Knoll, 2009).

Siliceous sinter (deposit of silica surrounding a hot spring or geyser) and chert (sedimentary microcrystalline
silica) have high potential to preserve biosignatures relative to other mineral phases on Earth. This is
because silicification of organic matter is caused by the bonding of silicic acid to organic cell walls and/or
envelopes, causing both organic matter and morphologic biosignatures to be preserved (e.g., Knoll et al.,
1985; McMahon et al., 2018). The silicification process is insensitive to variations in cell type, substrate type,
pH, and salinity (McMahon et al., 2018; Orange et al., 2009, 2013, 2014). Permineralized cells, organic carbon
(which may or may not appear morphologically similar to cells), molecular fossils (e.g., lipids), and micro-
bially induced sedimentary structures are preserved exceptionally well in these mineral phases (Farmer &
Des Marais, 1999; McMahon et al., 2018). Silica's rigidity, impermeability, and resistance to chemical weath-
ering allow preserved microfossils and other biosignatures to remain relatively unaffected by external envir-
onmental conditions (McMahon et al., 2018). Determining where silica exists on theMartian surface, as well
as the habitability of its various formation environments, is thus key to maximizing chances of detecting
Martian biosignatures.

The Nili Fossae region is one of the most mineralogically diverse regions of Mars (Ehlmann et al., 2009;
Mustard et al., 2008) and hosts a well‐defined stratigraphy, including—in order from bottom to top—a
Fe/Mg‐phyllosilicate and Al‐phyllosilicate‐bearing Noachian brecciated basement unit, an olivine‐enriched
unit variably altered to carbonate, an olivine‐poor mafic capping unit, and a locally exposed, layered sulfate‐
bearing unit (Ehlmann &Mustard, 2012). Jezero crater, located within the Nili Fossae region, contains some
of the best preserved deltaic outcrops onMars (Fassett &Head, 2005; Goudge et al., 2017) and once hosted an
open basin lake fed by two inlet valleys from the north and west and drained through an outlet valley to the
east (Goudge et al., 2015) (Figure 1c). Two deltas exist within the crater, one at each inlet channel entrance
(Fassett & Head, 2005). Fassett and Head (2008) derived an age of 3.8 ± 0.1 Gyr for the Jezero valley system
using buffered crater counting and the Neukum isochron system (Neukum&Hiller, 1981). This implies that
fluvial activity around Jezero likely occurred during themain phase of Martian valley network formation. As
Jezero crater is the landing site of the National Aeronautics and Space Administration (NASA)'s Mars 2020
rover mission, its imminent in situ investigation will enable characterization of the physical and chemical
processes that occurred during the main phase of Martian valley network formation in the Noachian.

Goudge et al. (2015, 2017) generated a geomorphic map of Jezero crater and its watershed and further con-
strained the location of carbonate‐ and smectite‐bearing rock units in the crater. The regionally widespread
olivine‐rich unit also exists within Jezero crater (Goudge et al., 2015; Kremer et al., 2019) and is no older than
the ~3.96 Ga Isidis impact (Werner, 2008) and no younger than the Syrtis Major lavas that stratigraphically
overlie it, which have been dated to ~3.6 Ga (Hiesinger & Head, 2004). Sedimentological evidence demon-
strates the existence of an ancient lacustrine environment in Jezero crater (Fassett & Head, 2005; Goudge
et al., 2017; Schon et al., 2012). The presence of carbonate in the Jezero deltas and surrounding Nili
Fossae region may indicate neutral‐ to alkaline‐pH water‐rock interactions in the Jezero‐hosted paleolake,
the lake's watershed, and possibly the prepaleolake crater environment, favoring the existence of potentially
habitable environments in all of these settings (Ehlmann et al., 2008, 2009; Goudge et al., 2015). Ehlmann
et al. (2008) assessed the biosignature preservation potential of deltaic smectite clays in Jezero crater, but
no study has rigorously evaluated CRISM data for the presence or absence of silica in Jezero crater or
assessed its potential to host biosignatures.

2. Methods

Hydrated silica has near‐infrared and shortwave‐infrared absorption features at 1.37–1.46 μm (OH stretch-
ing overtones from Si‐OH and H2O), 1.91–1.96 μm (H2O combination bending and stretching mode), and
2.21–2.26 μm (OH stretching‐Si‐OH bending combination mode) (Burneau et al., 1990; Sun & Milliken,
2018) (Figures S3–S6 in the supporting information). Most hydrated minerals have absorptions around 1.4
and 1.9 μm, but unique to hydrated silica is the presence, and broad shape of, the 2.21–2.26 μm absorption
feature (e.g., Rice et al., 2013). An Al‐OH vibrational absorption also exists near 2.2 μm but can be differen-
tiated from the Si‐OH absorption based on its shape, where the Al‐OH absorption is significantly narrower
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Figure 1. Overview map of Jezero crater mineralogy. (a) Location of Jezero crater on Mars globe colored with Mars Orbital Laser Altimeter topography.
(b) Overview image of Jezero crater. (c) Enlarged view of western Jezero crater, with geomorphic maps from Goudge et al. (2015) of both deltas, fluvial channels,
and the olivine‐rich unit overlain. (d) Hydrated silica detections and an Al‐phyllosilicate detection in Jezero crater generated via DAFA/TT analysis of CRISM
images FRT000047A3 and HRL000040FF, with CRISM image boundaries shown in black. Detections 1 and 2 (hydrated silica) were discovered via DAFA/TT
analysis and verified by extraction of ratioed spectra. Detection 3 (Al‐phyllosilicate) was discovered via DAFA/TT analysis and verified by extraction of an unratioed
spectrum (Figure S1). I/F spectra of each detection are shown in (e). (e) Spectra from dot locations indicated in (d), where dot colors correspond to spectra
colors. Detections 1 and 2 have 2.2 μm absorptions that broaden toward longer wavelengths, as well as 1.9 and 1.4 μm absorptions (Figures S2–S5). These features
indicate the presence of hydrated silica. Detection 3 is Al‐phyllosilicate, based on the presence of a narrow 2.2 μm absorption accompanied by a 1.9 μm absorption
(extracted from Itoh & Parente, 2019 processed CRISM image) (Figure S1). The black spectra are library spectra for hydrated silica (RELAB Spectral ID
C1OP09, Sample ID OP‐MCG‐009) and Al‐phyllosilicate (RELAB Spectral ID BIR1JB799, Sample ID JB‐JLB‐799), (f) Overview of hydrated silica DAFA/TT
detection near the western Jezero delta (purple). (g) Overview of hydrated silica DAFA/TT detection near the northern Jezero delta (red). (h) DAFA/TT fits to
library spectra for Al‐phyllosilicate, hydrated silica near the western delta, and hydrated silica near the northern delta. These minerals were initially discovered via
DAFA/TT analysis and then verified via extraction of I/F spectra shown in (e). The hydrated silica library spectrum for both detections is RELAB Spectral ID
BKR1OP007, Sample ID OP‐MCG‐007. The Al‐phyllosilicate library spectrum is RELAB Spectral ID BIR1JB799, Sample ID JB‐JLB‐799. North is up in all images.
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than the Si‐OH absorption (Figure 1e) (Milliken et al., 2008; Stolper, 1982). Sun and Milliken (2018) showed
that the band minimum position of the 1.4 μm feature shifts to shorter wavelengths in more amorphous
silica (1.37–1.42 μm) and shifts to longer wavelengths in more crystalline silica (1.41–1.44 μm). We use
the presence of a 2.2 μm absorption feature with a broad shoulder toward longer wavelengths, accompanied
by 1.4 and 1.9 μm absorptions, as evidence for the presence of Si‐OH bonds in CRISM data, thus indicating
the presence of hydrated silica where these spectral features exist.

We analyzed CRISM TRR3 (Version 3 of CRISM processing pipeline) images over Jezero crater and the sur-
rounding Nili Fossae region that are reduced and calibrated to I/F (radiance observed by CRISM/solar radi-
ance at Mars) using two different data processing methods. The first processing method uses the CRISM
Analysis Toolkit Version 7.4 (Murchie et al., 2007) and applies standard volcano‐scan atmospheric, photo-
metric, and denoising corrections (McGuire et al., 2009). The second method applies scene‐dependent atmo-
spheric correction and denoising (Itoh & Parente, 2019). We analyzed the 1.0–2.6 μm spectral range of
CRISM images FRT00005C5E, HRL000040FF, FRT000047A3, FRT00016A73, and FRT00003E12.

We used Dynamic Aperture Factor Analysis/Target Transformation (DAFA/TT) (Lin et al. 2018) to detect
potential hydrated silica outcrops that were then validated using commonly applied CRISM data analysis
methods of band parameter mapping and extraction of ratioed and unratioed I/F spectra. DAFA/TT, similar
to previous applications of factor analysis and target transformation to CRISM data (Amador et al., 2018;
Thomas & Bandfield, 2017), is capable of detecting phases present in low abundance and in complex convo-
lutions. By spatially subsetting the CRISM data in an iterative manner, DAFA/TT is also capable of charac-
terizing the spatial distribution of modeledminerals within a given image. Factor analysis was performed via
the Hysime algorithm (Bioucas‐Dias & Nascimento, 2008), which extracts the spectral endmembers that
describe the signal subspace within a given set of pixels. It then performs target transformation via linear
least‐squares fitting of extracted signal subspace endmembers to a suite of library spectra for a variety of spe-
cific minerals (Amador et al., 2018; Bandfield et al., 2000; Glotch & Bandfield, 2006; Malinowski, 1991;
Thomas & Bandfield, 2017). We perform target transformation for spectra in the 1.7–2.6 μm range in order
to avoid the 1.6 μm region of CRISM, which is particularly noisy. If the target transformation fit falls below
an empirically determined root‐mean‐square error (RMSE) threshold of 1.5 × 10−4, we consider it a positive

detection. RMSE is defined as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i¼1 byi−yið Þ2
n

s
where n is the number of bands analyzed,byi is the normalized

I/F of the library spectrum at band i, and yi is the normalized I/F of the target transformation fit at band i.
Normalization is performed by dividing the I/F value at each wavelength by the sum of I/F in all wave-
lengths from 1.7–2.6 μm, which mitigates spectral variability caused by albedo differences in CRISM images.
We perform this RMSE calculation for spectra from 1.7–2.6 μm. We applied this process to clusters of ~50
CRISM pixels with different geometries that move across the scene, shifting the center of the cluster one
pixel at a time, and then only accepted pixels with detections in all cluster geometries as true detections
(Lin et al., 2018). We used ~50 hydrated silica library spectra acquired from the Keck/NASA Reflectance
Experiment Laboratory database as the target spectra in our CRISM image analysis, as a way to represent
the significant spectral variability of this phase. The number of eigenvectors used to generate each
DAFA/TT fit to library spectra is usually ≤15. The results of DAFA/TT analysis are maps used to highlight
targets for subsequent investigation by commonly accepted spectral analysis methods, including band para-
meter mapping (e.g., Figure S6) and manual inspection of individual I/F spectra. If unratioed and ratioed
spectra from those DAFA/TT highlighted pixels show a 2.2 μm absorption with a broad shape toward longer
wavelengths, as well as 1.4 and 1.9 μm absorptions, we deem this a robust detection.

We determined the geologic context for the positive detections of hydrated silica and associated minerals
using images from the High Resolution Imaging Science Experiment (HiRISE; McEwen et al., 2007) with
a spatial resolution of ~0.25 m/pixel. Atop the HiRISE images, we used manually generated tiepoints to cor-
egister mineral detections from the CRISMDAFA/TT analysis. These mineral maps have a spatial resolution
of ~18 m/pixel (full‐resolution targeted; FRT) or ~32 m/pixel (half‐resolution long). We also analyzed the
topographic setting of hydrated silica using HiRISE and Context Camera (Malin et al., 2007) digital elevation
maps produced using the Ames Stereo Pipeline (Beyer et al., 2018; Shean et al., 2016). Most HiRISE image
mosaics and digital elevation maps used in this study were generated by the Bruce Murray Lab for
Planetary Visualization at the California Institute of Technology (Dickson et al., 2018).
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We constrained the possible formation mechanisms for detected hydrated silica deposits by assessing
their stratigraphic context and the morphological characteristics of associated rock units apparent in
HiRISE images. We also used the minerals detected in association with hydrated silica to infer the geochem-
istry of alteration conditions that formed these silica deposits, provided that they were a product of water‐
rock interaction rather than primary volcanism. We base geochemical interpretations on laboratory and
field studies of silica assemblage formation on Earth (e.g., Falk & Kelemen, 2015; Fialips et al., 2000;
Streit et al., 2012). We also searched for exposures of hydrated silica in the olivine‐rich and basement units
in the greater Nili Fossae region to ascertain whether this assemblage is prevalent throughout this region
of Mars.

3. Results

Both the DAFA/TT analysis (Figure 1h) and inspection of individual I/F spectra (Figures 1e, 2d, 2i, and S2–
S5) indicate the presence of hydrated silica near the western and northern Jezero deltas. These detections
were also reported by Dundar et al. (2019) and Parente et al. (2019). The I/F spectra for both hydrated silica
detections have broad 2.2 μm absorption features, as well as a weak 1.4 μm absorption feature and stronger
1.9 μmabsorption feature with bandminima positions consistent with hydrated silica (Sun &Milliken, 2018)
(Figures 1e, 2d, 2i, and S2–S5). Both detections of hydrated silica are likely associated with olivine and
Fe/Mg‐smectite based on the presence of accompanying broad 1 μm and narrow 2.3 μm absorption features
(Figures 1e, 2d, 2i, and S3–S6) in both hydrated silica spectra. We also detected possible hydrated silica in the
olivine‐rich unit elsewhere in the Nili Fossae region, where it is associated with olivine, magnesite, and
Fe/Mg‐smectite (Figures 3e–3g). This is based on the presence of a 2.2 μm shoulder accompanied by broad
1 μm, narrow 2.3 μm, narrow 2.39 μm, and narrow 2.5 μm absorption features (Figure 3g). Additionally,
hydrated silica is detected in the basement unit, the oldest unit in the exposed Nili Fossae stratigraphy
(Bramble et al., 2017), based on the presence of a broad 2.2 μm absorption feature accompanied by 1.4
and 1.9 μm absorption features. This hydrated silica is associated with Al‐phyllosilicate (Figure 3d) based
on the presence of a narrow absorption feature centered at 2.2 μm and accompanied by 1.4 and 1.9 μm
absorption features. Because we have detected hydrated silica in the basement unit and possible hydrated
silica in the olivine‐rich unit, which are the units incised by the fluvial channels in Jezero's watershed
(Goudge et al., 2015), we refer to these as possible hydrated silica detections in the Jezero watershed
rock units.

Both detections of hydrated silica in Jezero crater are associated with dark‐toned material that covers the
olivine‐rich unit. The olivine‐rich unit can be seen protruding through the smooth dark‐toned material in
some areas. The dark‐toned material appears smooth at the scale of HiRISE and is covered in some areas
by aeolian bedforms (Figures 2e and 2j). Delta remnants surround the hydrated silica detections on the north
and south sides (Figures 2a–2c and 2f–2h). There is no geomorphic evidence for the existence of the volcanic
floor unit in this area, which stratigraphically overlies the delta remnants (Goudge et al., 2015), and indeed,
the observed silica‐bearing smooth dark‐toned material does not contain the large fractures and numerous
small impact craters typically found in the volcanic floor unit as defined by Goudge et al. (2015) (Figures 2e
and 2j). The olivine‐rich unit is exposed from beneath the smooth dark‐toned material cover southeast of the
hydrated silica detection near the western delta and northeast of the hydrated silica detection near the
northern delta.

Al‐phyllosilicate is detected with DAFA/TT near a mound south of the western Jezero delta (Figure S1), and
its presence is verified via extraction of spectra that exhibit a narrow 2.2 μm absorption feature accompanied
by 1.4 and 1.9 μm absorption features. There is also a 2.3 μm absorption feature associated with the Al‐
phyllosilicate, indicating that it is mixed with Fe/Mg‐smectite. Magnesite and Fe/Mg‐smectite are associated
with both the delta and the olivine‐rich unit in Jezero crater (Ehlmann et al., 2009; Goudge et al., 2015,
2017), in contrast to hydrated silica which is primarily associated with dark‐toned material that covers the
olivine‐rich unit and is smooth at the scale of HiRISE spatial resolution. These new detections of hydrated
silica and Al‐phyllosilicate increase the mineral diversity observed within Jezero crater that similarly resem-
bles that observed in the greater Nili Fossae region (Ehlmann et al., 2009), which includes the watershed for
the Jezero deltas.
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Figure 2. Hydrated silica detections in Jezero crater. (a) Hydrated silica detection (green) near the western delta overlain on HiRISE DEM and images. The white
line denotes the elevation profile cross section shown in (b). (b) Elevation profile from cross section shown in (a) illustrating the relationship between the
elevation profile, silica detection, olivine‐rich unit, and deltaic unit. (c) Location of hydrated silica detected near western Jezero delta (green). The rectangle shows
the area that is enlarged in part (e). (d) (black) Library spectrum of hydrated silica (RELAB Spectral ID C1OP09, Sample IDOP‐MCG‐009). (green) Ratio spectrum of
hydrated silica near western delta from green pixels in (a) and (c). The dotted lines are at 1.41, 1.93, and 2.21 μm. (e) Enlarged view of hydrated silica detection
near the western delta. The linear features are aeolian bedforms. The underlying smooth dark‐toned material bears the hydrated silica spectral signal. (f) Hydrated
silica detection (green) near the northern delta overlain on CTX DEM and HiRISE images. The white line denotes the elevation profile cross section shown in (g).
(g) Elevation profile from cross section shown in (f) illustrating the relationship between the elevation profile, silica detection, olivine‐rich unit, and deltaic unit.
(h) Location of hydrated silica detected near northern delta (green). The rectangle shows the area that is enlarged in part (j). (i) (black) Library spectrum of
hydrated silica (RELAB Spectral ID C1OP09, Sample ID OP‐MCG‐009). (green) Ratioed spectrum of hydrated silica near northern delta from green pixels in (f) and
(h). The dotted lines are at 1.41, 1.93, and 2.21 μm. (j) Enlarged view of hydrated silica detection near the northern delta. The linear features are aeolian bedforms. The
underlying smooth dark‐toned material bears the hydrated silica spectral signal. North is up in parts (c)–(e) and (h)–(j). North is to the left in parts (a) and (f).
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Figure 3. Hydrated silica and associated minerals detected in Jezero watershed rock units. (a) Conceptual stratigraphic cross section showing relationship between
Nili Fossae basement unit and overlying olivine‐rich unit, with detected alteration minerals shown. (b) Overview of circum‐Jezero region. (c) Overview of other
location in Nili Fossae where hydrated silica is detected in the olivine‐rich unit. (d) Detection of Al‐phyllosilicate (purple) and hydrated silica (red) in the basement
unit. The purple spectrum is from the purple pixels, and the red spectrum is from the red pixels. The presence of hydrated silica is indicated by the presence of 1.4,
1.9, and 2.2 μm absorptions, where the 2.2 μm absorption broadens toward longer wavelengths. The presence of Al‐phyllosilicate is indicated by the presence of 1.4,
1.9, and 2.2 μm absorptions, where the 2.2 μm absorption is significantly narrower than that of hydrated silica. Spectra are shown in standard I/F and in continuum
removed I/F. Presence of this mineral assemblage is possibly indicative of acidic hydrothermal alteration. (e) Overview of area where possible hydrated silica is
detected in the olivine‐rich unit. (f) Enlarged view of olivine‐rich unit with its characteristic fractured texture. The orange pixels contain the spectral signal shown in
(g). (g) Hydrated silica or Al‐phyllosilicate detected in assemblage with magnesite and smectite or talc. The orange spectrum is from the orange pixels in (f). The
spectrum is shown in standard I/F and in continuum removed I/F. the broad absorption feature centered at 1 μm is indicative of olivine. It appears to be centered at
1.4 μm in the continuum removed spectrum because the continuum starts at 1.03 μm due to the wavelength range of the CRISM long wavelength detector (1.03–
3.92 μm). Boxes near dotted lines going through absorptions at 2.2, 2.3, 2.39, and 2.5 μm indicate the minerals with which these absorption features are consistent.
The 2.3 and 2.39 μm features are also present in talc, so hydrated silica/Al‐phyllosilicate may be associated with magnesite and talc rather than magnesite and
smectite. North is up in all images. All spectra shown in this figure were extracted from CRISM TRR3 images processed through the pipeline described in Itoh and
Parente et al. (2019).
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4. Discussion

We cannot discern whether the hydrated silica in Jezero crater is opal‐A or opal‐CT via the method of Sun
andMilliken (2018), which uses the bandminimum position of the 1.4 μm feature to estimate crystallinity of
silica. The 1.4 μm features in our spectra are quite weak, making it difficult to interpret the crystallinity of
these samples. Laboratory studies show that the weakness of the 1.4 μm absorption feature in some hydrated
silica spectra can be attributed to the dehydration of silica through either heating or exposure to a Mars ana-
log atmosphere, as has been witnessed in other hydrated silica spectra on Mars (e.g., Skok et al., 2010). The
hydrated silica detection near the northern delta has a 1.4 μm feature with a band minimum at 1.41 μm
(Figures S3 and S4), which can be attributed to either opal‐A or opal‐CT via the method of Sun and
Milliken (2018). The ratioed spectrum for the hydrated silica near the western delta has a 1.4 μm feature cen-
tered near 1.42 μm, which indicates that it is closer in crystallinity to opal‐CT than opal‐A based on the find-
ings of Sun and Milliken (2018), but is not uniquely diagnostic of either opal‐A or opal‐CT. As such, the
crystallinity of this silica cannot be used to constrain the amount of water‐rock interaction experienced by
this phase, in contrast to hydrated silica detected elsewhere on Mars (Morris et al., 2016; Sun &
Milliken, 2018).

Hydrated silica detected by rovers on Mars likely formed in a variety of geochemical conditions, which var-
ied widely in their degrees of habitability. The Spirit rover discovered opaline silica that likely formed as a
hot spring sinter deposit (Ruff & Farmer, 2016), while the Curiosity rover discovered detrital silica, silica
formed as a cement (Morris et al., 2016), as well as silica enrichments formed via infiltration of alkaline
fluids that transitioned to acidic fluids (Yen et al., 2017). Fine‐grained and/or amorphous silica formed by
water‐rock interaction is an exceptional material for preserving biosignatures on Earth and therefore has
high biosignature preservation potential. Constraining the types of geochemical environments in which
hydrated silica in Jezero crater could have formed is key to assessing these environments' habitability and
thus the likelihood of this silica to host biosignatures.

The geochemical origin and provenance of the dark‐toned material associated with hydrated silica—which
covers the olivine‐rich unit and appears smooth at HiRISE spatial resolution—is ambiguous. The silica‐
bearing smooth dark‐toned material appears to occur exclusively in close proximity to the delta remnants
(Figures 1f, 1g, 2a, and 2f). It may represent the stratigraphically lowest component of the deltaic unit, as
the olivine‐rich unit protrudes through it and directly underlies it at multiple contacts visible in HiRISE
images (Figures 2c, 2e, and 2h). Alternatively, it may be colluvial material that has been sourced from the
breakdown of the adjacent deltaic outcrops. It is unlikely that the spectral signature for hydrated silica comes
primarily from the aeolian bedforms overlying the smooth dark‐toned material, as these bedforms cover a
minor proportion of the CRISM pixels used to generate the hydrated silica spectra from near the northern
and western deltas (Figures 2a, 2c, 2e, 2f, 2h, and 2j) relative to the smooth dark‐toned material. The aeolian
bedforms cover an especially small area in the CRISM pixels used to generate the hydrated silica spectrum
near the western delta (Figure 2e). Therefore, we hypothesize that the silica is most likely associated with the
smooth dark‐toned material rather than the overlying aeolian bedforms.

If the smooth dark‐toned material associated with hydrated silica is the stratigraphically lowest component
of the deltaic unit, then deltaic hydrated silica is present in Jezero crater. If this potential deltaic hydrated
silica is an alteration product, it could have formed authigenically in three possible scenarios: (1) via preci-
pitation during formation of the western and northern deltas (silica is cement); (2) precipitation in the lake
water column (silica is in fine sediment grains within the cementing matrix), which may have also occurred
in Gale crater (Morris et al., 2016); or (3) later diagenesis via fluid infiltration, as seen in Gale crater (Yen
et al., 2017). Alternatively, it could be detrital material that formed in the Jezero watershed in either (1) a
neutral‐pH hydrothermal system or (2) an acidic hydrothermal system, such as those hypothesized to exist
based on the mineral assemblages detected in the Jezero watershed rock units (Figures 3d–3g). If this silica is
hydrated volcanic glass, it could have been deposited within the Jezero watershed and would have remained
undissolved during fluvial transport, which is theoretically possible in cold, acidic, silica‐saturated solutions.
Alternatively, it could be hydrated volcanic glass‐bearing material transported to its current location via aeo-
lian processes. All formation hypotheses for detected silica are presented in Table S1.

Possible hydrated silica in the Jezero watershed rock units is present in association with magnesite and
Fe/Mg‐smectite in the olivine‐rich unit (Figures 3e–3g)—favoring formation in neutral‐pH hydrothermal

10.1029/2019GL085584Geophysical Research Letters

TARNAS ET AL. 12,778



conditions (e.g., Falk & Kelemen, 2015; Streit et al., 2012)—as well as in association with Al‐phyllosilicate in
the Noachian basement unit (Figure 3d), favoring formation in highly acidic hydrothermal conditions
(Fialips et al., 2000). As such, none of the detrital origin hypotheses can be ruled out for the hydrated silica
in Jezero crater. Similarly, none of the authigenic hypotheses nor the primary volcanic hypotheses for
hydrated silica's origin can be ruled out either. In situ investigation is therefore necessary to distinguish
between these possible formation scenarios. We evaluated some of the in situ observations that would be
consistent with each origin hypothesis in Table S1.

The various geochemical conditions implied by the proposed formation hypotheses for hydrated silica in
Jezero crater span from uninhabitable with no chance for biosignature preservation, to habitable with high
likelihood to preserve biosignatures (Table S1), if life existed in Jezero crater's lake, in an ancient hydrother-
mal system in Jezero crater, or elsewhere in the Jezero watershed. Earth analog environments and materials
can be used to assess where biosignatures in silica would likely be found for each different origin hypothesis
that involves habitable geochemical conditions. Authigenic silica cements preserve 3.4 Gyr old microfossils
in the Strelley Pool Formation in Western Australia (Wacey et al., 2011). Such silica cements are the types of
materials where biosignatures could be hosted in possible deltaic secondary silica in Jezero crater, if this
material formed via authigenic hypotheses 1 or 2. Detrital silica sediments preserve Proterozoic age micro-
fossils in bedded cherts found in the Buxa Formation in Northeast India (Schopf et al., 2008). This scenario,
where microfossils are preserved in detrital silica sediment grains rather than the cementing matrix, is ana-
logous to where biosignatures from detrital silica could be located in possible deltaic hydrated silica in Jezero
crater or in silica that formed in a habitable environment and was transported to Jezero crater via
aeolian processes.

Hydrated silica formed via alteration of preexisting units in Jezero crater during a later diagenetic event
(authigenic hypothesis 3) has the potential to preserve biosignatures, given that it could have formed in
water‐rock alteration systems with a wide range of possible temperatures and pHs. Earth analogs in which
ancient microfossils are preserved in silica also exist for this scenario. For example, silica precipitated in sub-
surface hydrothermal systems (not in surficial hot springs) preserves 3.5 Gyr old kerogen biosignatures in
the North Pole area,Western Australia (Ueno et al., 2004). Silica associated with smooth dark‐tonedmaterial
in Jezero crater may be associated with smectite, but this assemblage is not indicative of any particular pH
during silica formation. Overall, hydrated silica detected in Jezero crater is an excellent target for in situ
astrobiological investigation, if it is secondary rather than volcanic in origin. However, the possibility of a
volcanic origin for this silica cannot be ruled out from orbit; thus, in situ investigation is required to fully
constrain the likelihood of this material to host biosignatures.

5. Conclusions

We have detected occurrences of hydrated silica in Jezero crater associated with dark‐toned material that
covers the olivine‐rich unit and appears morphologically smooth at HiRISE spatial resolution. From orbit,
we cannot definitively determine whether this silica is hydrated volcanic glass or a secondary alteration pro-
duct. Possible hydrated silica was detected in the Jezero watershed rock units, in both the olivine‐rich unit
and the basement unit (Figures 3d–3g). In the olivine‐rich unit, possible hydrated silica is associated with
magnesite and smectite, whereas in the basement unit, it is associated with Al‐phyllosilicate. We interpret
the former mineral assemblage to be indicative of neutral‐ to alkaline‐pH alteration conditions and interpret
the latter mineral assemblage to be indicative of acidic alteration conditions (Falk & Kelemen, 2015; Fialips
et al., 2000; Streit et al., 2012).

The likelihood of detected silica to host biosignatures is highly dependent on the geochemical conditions of
its formation environment. We have proposed nine hypotheses for the origin of hydrated silica in Jezero cra-
ter, including primary volcanism, diagenesis via fluid infiltration of the olivine‐rich or deltaic units, authi-
genic formation in a lacustrine environment, detrital transport of material formed authigenically in the
Jezero watershed, or transport to Jezero crater via aeolian processes. We are limited in our ability to further
constrain these formation hypotheses from orbit, but with imminent in situ exploration of this area by
NASA's Mars 2020 rover mission, we will soon be able to more accurately constrain the origin of this
detected silica and thus can assess its likelihood to preserve biosignatures with greater confidence, precision,
and accuracy.
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