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Elliptical sulfate-rich features, stained red by the presence of iron oxides, are set within
permafrost and carbonate rock at Borup Fiord Pass in the Canadian High Arctic. These
features, which vary in diameter from ~0.5 to 3 m, exhibit the co-localization of sulfur (S)
and iron (Fe) minerals, with S and Fe both preserved in multiple oxidation states. Through
application of x-ray diffraction (XRD) and Raman microspectroscopy, we find that these
features appear to encapsulate central cores with abundant pyrite while S0, gypsum, and
iron-bearing secondary minerals such as jarosite, goethite, and hematite have formed from
oxidative weathering of the pyrite. These features appear similar to terrestrial gossans,
mineral features representative of weathered sulfide ores in the near-surface. We use
Raman microspectroscopy and scanning transmission x-ray microscopy (STXM) to show
that organic carbon is associated with the minerals within these features. The origin of this
carbon remains enigmatic; however, we consider the possibility that this carbon, along
with etching of the pyrite grains and accumulation of encrusted filaments detected in the
features, may be indicative of preserved biological activity during alteration of the pyrite. We
also consider how such geological sulfide emplacements and their weathered surface
expressions may provide a target for future surface and remote sensing studies of Mars
and in the search for extraterrestrial life.
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INTRODUCTION

Pyrite is the most common metal sulfide mineral at the Earth’s surface (e.g., Rickard and Luther,
2007), and can form through multiple pathways. These include precipitation within magmatic and
volcanic/hydrothermal systems as well as through biologically driven processes in anoxic, low-
temperature sulfidic systems. Sulfide ore deposits formed directly from magmatic sources, where
sulfides are essentially smelted from intrusive magmas, often consist of pyrrhotite, pentlandite, and
chalcopyrite (Barnes et al., 2017), while hydrothermal deposits can be enriched in pyrite and other
sulfide minerals as well (Fontboté et al., 2017). Meanwhile, sedimentary pyrite emplacements are
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common in myriad environments on Earth and constitute some
95% or more of the sulfide on the surface of our planet (Bottrell
et al., 2006; Rickard, 2012; Rickard et al., 2017). Furthermore, the
majority of this pyrite in sedimentary deposits is formed through
biological sulfate reduction (BSR) and subsequent titration of
geologically available ferrous iron (Picard et al., 2016; Rickard
et al., 2017). Such pyrite deposits form a critical record of the
evolution of the global biogeochemical sulfur cycle on Earth
(Canfield, 2001; Canfield and Farquhar, 2012).

The acidic weathering of minerals in pyrite-rich, near-surface
systems can produce recognizable alteration mineral assemblages
and creates gradients of chemical disequilibrium that provide
habitable, though perhaps relatively extreme, environments for
life (e.g., Edwards et al., 1999; Edwards et al., 2000a; Zolotov and
Shock, 2005; Amils et al., 2007; Amils, 2016). For instance, the
energy available from the oxidation of ferrous iron and sulfur
within sulfide minerals to form sulfates, ferric (oxyhydr)oxides,
and acidity is harnessed by organisms in a variety of systems on
Earth, including acid mine/rock drainage systems like those at
Iron Mountain, CA, USA (e.g., Edwards et al., 1999; Edwards
et al., 2000a) and the Rio Tinto system in Spain (e.g., Fernández-
Remolar et al., 2005; Amils et al., 2007; Amils, 2016).
Furthermore, the oxidative leaching of pyrite in near-surface
veins forms geological structures known as gossans. Gossans
produce recognizable, stratified alteration features, with
circular red staining from iron oxides often overlying the
region of the sulfide vein. Also known as “red caps,” gossans
have long been a target for ore exploration (e.g., Taylor and
Eggleton, 2001; West et al., 2009; Percival andWilliamson, 2016).

Terrestrial systems with sedimentary pyrite emplacements, as
well as the products of the acidic alteration of such pyrite, are
important analogs for our explorations of potentially inhabited
(or, at least, habitable) environments on Mars. Biological
formation and/or alteration of Fe-S minerals produces mineral
assemblages that are diagnostic of biological activity on Earth and
so could be a target for exploring potential signs of past or present
life on Mars. Iron and sulfur are both enriched in the Martian
crust (e.g., Toulmin et al., 1977; Gellert and Clark, 2015), and the
formation and weathering of iron sulfide deposits may be a key
piece to understanding iron and sulfur mineralogy in Mars’
surface and near-surface environments (Burns and Fisher,
1990a; Wallace et al., 1994; Peretyazhko et al., 2021). Though
limited in detection thus far, reduced sulfur and iron sulfide
minerals (such as pyrrhotite and pyrite) have been observed and/
or inferred on Mars through rover-based instrumentation
(Morris et al., 2008; Vaniman et al., 2014; Rampe et al., 2017;
Wong et al., 2020), while sulfates have been identified globally
through remote sensing (Ehlmann and Edwards, 2014) and
observed directly in many locations on the surface (e.g.,
Squyres et al., 2004; Nachon et al., 2014; Rapin et al., 2016).
Although undetected to-date, gossans or similar pyrite- and/or
sulfide-alteration features may exist within the Martian near-
surface and may have provided environments for life on the Red
Planet (Burns, 1987; Burns and Fisher, 1990a).

Conspicuous red-stained features rich in iron and sulfur that
are embedded in surrounding carbonate rock and permafrost
have been observed at Borup Fiord Pass in the Canadian High

Arctic and may serve as potential analogs for similar systems
should they be detected on Mars. These features occur in a valley
that has been of astrobiological interest due to the presence of a
modern, sulfide-rich, biologically-active spring system at a nearby
glacier (Grasby et al., 2003; Gleeson et al., 2010; Gleeson et al.,
2011; Wright et al., 2013; Lau et al., 2017; Trivedi et al., 2020). It is
not currently known if the hydrogeochemical system driving the
modern-day springs is related to the red-stained features in the
valley, though Grasby et al. (2012) have implicated the features as
remnants of past spring features.

In this work, we set out to intensively characterize the red-
stained mineral features at Borup Fiord Pass. Using geochemical
and spectroscopic methods, including x-ray diffraction (XRD),
Raman microspectroscopy, scanning electron microscopy (SEM),
and scanning transmission x-ray microscopy (STXM), we detail
the bulk and microscale mineralogy of two of the features.
Furthermore, we examine these features for their relevance to
Mars exploration and evaluate whether they represent an example
of a habitable environment that could be produced and preserved
within Fe-S rich mineral deposits on Earth, Mars, and beyond.

MATERIALS AND METHODS

Field Site and Sample Collection
Borup Fiord Pass is a north-south trending valley located at
~81°N, 81°W, on Ellesmere Island in the Canadian High Arctic
(Figure 1). The geology of this region was first described in
scientific writing by Thorsteinsson and Tozer (1957), with further
characterization of the valley’s stratigraphy reported by Gleeson
et al. (2011) and Hill (2014). Borup Fiord Pass occurs within the
Krieger Mountains, in the deformed eastern portion of the
Sverdrup Sedimentary Basin, a Carboniferous to Eocene
depocenter (Embry and Beauchamp, 2008). The valley’s
surface is composed primarily of Carboniferous to Permian
carbonate units. A right-lateral strike-slip fault crosses this
valley roughly 100 m from the toe of a coalescence glacier
(“Borup Fiord Pass Glacier”), which forms from the merger of
local alpine glaciers (Grasby et al., 2003; Gleeson et al., 2011).
Modern-day sulfide-rich springs and spring derived ices (aufeis)
form at the toe of this glacier and have been the focus of previous
research due to the presence of extensive deposits of elemental
sulfur that form at this site (Grasby et al., 2003; Gleeson et al.,
2012; Wright et al., 2013; Trivedi et al., 2018; Trivedi et al., 2020).
The valley where these sulfur deposits and the red-stainedmineral
features are located in a polar desert region, with mean annual
rainfall <100 mm andmean annual air temperatures of −19.7°C as
reported at the Eureka meteorological station ~140 km to the
southwest (Figure 1A; Grasby et al., 2003).

Materials for this study were collected during a summer field
campaign in 2014. Two of the conspicuous red-stained features
were selected for surface sampling (Figure 1C), one of which was
also selected for subsurface sampling (Figure 2). For subsurface
samples, a trench was dug by shovel to provide access to near-
surface materials (Figures 2C,D). Three samples were collected
from ~30 cm below the surface from the side wall of this trench.
In addition, a core drill was used to collect material from the
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permafrost-hosted material below the trench (which had been
dug until permafrost hindered hand-powered action, at ~60 cm
below the surface). Cores of material were wrapped in aluminum
foil and placed on ice during transport back to the laboratory (the
core material did not maintain a cylindrical structure, instead
breaking apart upon warming once removed from the
subsurface). Other samples were collected using plastic bags
and sterile polyethylene tubes and were stored at ambient
temperatures during transport. After transport to the
laboratory, all materials were stored at −70°C until analysis.

The feature in Figure 2A is located to the north, near the fault
crossing the valley and so was named “North Feature” (NF).
Samples from this structure are called NF1, NF2, and NF3. The
other feature (Figures 2B,C) is located ~400 m to the south of the
fault and so is here called “South Feature” (SF). Samples from this
feature are named relative to their position in the shovel-dug
trench: samples of material from the top of the trench before
digging are named T1 and T2 (for the top material from the
center and rim of the trench, respectively); samples from the side
wall of the trench are labeled S1, S2, and S3; and samples of core

FIGURE 1 | Location and regional geology of Borup Fiord Pass. A line drawing (A) shows the location of Ellesmere Island within the Canadian High Arctic (black-
and-white inset). The bottom inset in (A) shows the location of Borup Fiord Pass as well as the location of the Eureka weather station. A satellite image of Borup Fiord
Pass (B) was collected on 21 June 2014 by the Operational Land Imager (OLI) onboard Landsat 8 (image credit: NASA Earth Observatory/USGS/J. Allen/R. Simmon).
The dashed box in (B) shows the location of the geological map in (C). A map of regional geology (C)was adapted from Hill (2014). Features in (C) include: a black
dashed line showing the location of a strike-slip fault running across the valley; a large yellow arrow showing where modern sulfur springs emerge at the base of the
glacier; a blue dotted circle showing the rough region where pyrite veining and general red staining of rocks has been observed; and two red-filled arrows pointing to the
locations of the North Feature (NF) and South Feature (SF).
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material extracted from below the trench are labeled C1 through
C4 (all labels in respective positions within the trench are shown
in Figure 2D).

Total Organic Carbon Measurement
Samples for total organic carbon (TOC) analysis were prepared by
repeat washing with concentrated (1M) HCl to remove carbonate
carbon followed by centrifugation and removal of supernatants.
TOC measurements were made in the Arikaree Environmental
Laboratory (AEL) at the Institute for Arctic and Alpine Research
(INSTAAR) at the University of Colorado Boulder using a FLASH
EA 1112 Series CHN Analyzer (Thermo Finnigan, LLC., San Jose,
CA, USA). Data were calibrated using an atropine standard.

Isotopic Measurements
Isotopes of sulfur (32S and 34S) were analyzed through elemental
analyzer isotope ratiomass spectrometry (EA-IRMS) in the Isotope
Science Laboratory at the University of Calgary. δ34S values were
standardized against V-CDT (Vienna Canyon Diablo Troilite).
Sulfur isotopes were measured in sulfides and sulfates from
submitted samples. Sulfide was first extracted through washing
of material with acidified water and then sieving to select reflective
grains greater than 425 μm. Sulfates were extracted from samples
by the Isotope Science Laboratory prior to analysis.

X-Ray Diffraction
X-ray diffraction (XRD) data were collected on either a D2
PHASER desktop diffractometer (Bruker Corporation;

Billerica, MA, USA) at the University of Colorado Boulder or
a D500 diffractometer (Siemens AG, Berlin, Germany) at the
United States Geological Survey (USGS). X-rays were generated
as Cu Kα radiation and data were collected with 1- to 2-s dwell
times per step and steps of 0.02° 2θ. Ranges of data collection vary
for some samples, but all cover at least 15°–60° 2θ. Prior to data
collection, samples were dried and then ground to a fine powder.
Samples were packed on Si-wafers for reduced background and
rotated during data collection to reduce common orientation
effects. XRD patterns were analyzed using Jade 9 (Materials Data
Inc., Livermore, CA, USA) and the JCPDS PDF-2 database, 2001
release (ICDD: Newtown Square, PA, USA, 2001).

Raman Spectroscopy
Raman microspectroscopy of samples was performed at the
University of Colorado Boulder using a LabRAM HR
Evolution Raman spectrometer (Horiba, Ltd., Kyota, Japan)
with reflected light microscopy for imaging and a 532 nm
green laser for Raman spectroscopy. Data collection and
analysis was conducted using Horiba’s LabSpec 6 (v6.4.1.63)
spectroscopy suite. Raman spectra were processed using
LabSpec and peaks were fit with reference compounds from
the RRUFF database (Lafuente et al., 2015), either manually or
by using the program Know-It-All (Bio-Rad Laboratories,
Hercules, CA, USA). Spectral maps were processed using
LabSpec and were corrected using the Instrument Correction
System (ICS) process and then subtracted to baselines using 3rd
degree polynomial functions applied over 100+ data points. Noise

FIGURE 2 |Mineral alteration features and sampling locations. Samples were collected from the features labeled as North Feature (NF; A) and South Feature (SF;
B). Samples NF1, NF2, and NF3 are labeled in (A) (with author GL for scale). For site SF, a shovel and core drill (shown in B) were used to dig a trench and take samples
from the permafrost (C). Goggles are shown in (C) for scale. The locations of samples collected from this feature are shown in a representation of the trench in (D).
Sample names from the trench samples are included. Approximate lengths along the long axes of the features in (A) and (B) are 4 m.
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points were added into baselines with low signal data. Map data
were analyzed using the classical least squares (CLS) and
multivariate curve resolution (MCR) applications within
LabSpec to spatially resolve components within map regions
and to detect the range of components within map data.

Electron Microscopy
Material for scanning electron microscopy (SEM) was thoroughly
dried and then placed on carbon tape over an aluminum stud.
Samples were sputter coated with Au to decrease charging
artifacts. Electron microscopy was conducted at the
Nanomaterials Characterization Facility (NCF) at the
University of Colorado Boulder using a JEOL JSM-6480LV
SEM outfitted with an energy dispersive spectroscopy (EDS)
x-ray detector. SEM was conducted in secondary electron
mode with accelerating voltages from 2 to 5 kV for imaging
and 15 kV for EDS.

X-Ray Microscopy
Scanning transmission x-ray microscopy (STXM) was conducted
at the sulfur L-edge and carbon K-edge at the soft x-ray
spectromicroscopy (SM) beamline, 10ID-1, at the Canadian
Lightsource (CLS) in Saskatoon, Saskatchewan, Canada. STXM
was used to map the distribution and characterize the speciation
of sulfur and carbon in the sample at a 35 nm spatial resolution.
STXM data were collected on samples which were prepared
through repeated washings with ultrapure water to remove
salts. Samples were then mixed with ultrapure water and
allowed to settle. Supernatants were then sampled with
micropipettes and deposited on gold carbon-coated TEM
grids. Material was thoroughly dried before analysis. The
sample was then placed in a vacuum chamber for STXM
collection; the chamber was evacuated to ~13 Pa and then
back-filled with He to standard atmospheric pressure before
data acquisition. The monochromator was calibrated using the
standard 3p Rydberg transition of gaseous CO2 at 294.96 eV.
Scanning transmission x-ray images were collected for sulfur at
four energies (160, 163, 170, and 173 eV). These energies were
selected to target variations in x-ray transmission intensities for
reduced and oxidized sulfur compounds (160 vs. 163 eV and 170
vs. 173 eV, respectively; e.g., Jalilehvand, 2006). For carbon,
images were collected at 280.0 eV (below the C K-edge) and
288.2 eV (the absorption energy of 1s→π* electronic transitions
of carbon in amide groups; Benzerara et al., 2004). Maps were
then collected over energies correlating with the S L-edge
(155–190 eV) and the C K-edge (260–340 eV) using step sizes
ranging from 0.114 to 10 eV (smaller step sizes were selected over
the ranges of interest for sulfur and carbon compounds while
large step sizes were used in regions where only baseline data
would be collected; Supplementary Table S1). STXM data were
processed using the aXis2000 software package (Hitchcock,
2015). Transmission intensity data for images were converted
to optical densities (OD). The differences in OD between images
at the energy of interest and below the edge were used to generate
maps of sulfur and organic carbon distribution within sample
materials. These maps were then used to select regions for
collections of stacks of images over ranges of energies through

either the sulfur L-edge (155–190 eV) or the carbon K-edge
(260–340 eV). X-ray absorption near edge structure (XANES)
spectra were generated from image stacks using aXis 2000. Linear
background corrections were applied to the spectra below the C
K-edge and the S L-edge to eliminate the contributions of lower
energy absorption edges. The spectra were compared to the
literature for speciation interpretations.

RESULTS

Field Observations and Sampling
The red-stained rocks at Borup Fiord Pass are located on a hill,
standing ~50 m above the surrounding valley and having a
diameter of ~1,000 m (Figure 1C; Supplementary Figures
S1–S3). This topographically high region lies just to the south
of a strike-slip fault that crosses the valley. Previous mapping in
this region revealed that the exposed materials on this hill are
mostly Quaternary glacial deposits and exposed limestone rock of
the Permian-aged Nansen Formation (Grasby et al., 2003; Hill,
2014; Figure 1). Six red-stained elliptical features have been
identified on this hill to-date, with two of these revealing
white-colored central regions (Supplementary Figure S2).
While the feature labeled NF lies along the fault at the north
end of the hill, the other features all occur ~400 m to the south
and lie within ~50 m from each other. The red-stained features
stand out against the grey carbonate rocks of the surrounding
valley (Figure 2; Supplementary Figure S3). The material within
the features is crystalline, but also friable. All of the elliptical
features are 1–5 m in diameter and show apparent red staining
from the presence of iron oxides (measured here and in previous
work). Also, abundant red staining of rocks can be observed in
areas around the hill where the features are located. For instance,
a small lake (which can be seen in satellite imagery;
Supplementary Figure S1) roughly 100 m from most of the
features has abundant red-stained rocks (Supplementary
Figure S3). In addition, to the west of the alteration features
on the hill is a drainage, informally referred to as “pyrite canyon”,
where carbonate rocks are marked by veins of pyrite (identified
visually; Supplementary Figures S1–S3).

The feature labeled SF in this work, where materials were
collected from a trench that was dug into the feature, is the same
one that was used for surface mineralogy characterization in a
previous study by Grasby et al. (2012). Materials collected in this
study as well as in Grasby et al. (2012) appear to show a surface
redox gradient moving laterally from the central gypsum- and
pyrite-rich region outward through the more iron oxide-rich
region. However, these materials in the active zone above the
permafrost of the valley may not be entirely representative of the
subsurface mineralogy of the features (due to constant exposure
to the atmosphere and annual freeze-thaw cycles). For this
reason, in the current work, we sampled from the surface as
well as from deeper within the active zone and from the
permafrost layer below for this feature. Sampling from
multiple depths into the structure provided a spatially
resolved suite of samples for chemical and mineralogical
analyses.
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Geochemical Measurements and Bulk
Mineralogy
Discrete samples taken from core to rim in the alteration features
were analyzed to determine total organic carbon content. One
sample, T2 from the rim of SF, exhibited a relatively high total

organic carbon (TOC) concentration of 0.37%, while the average
TOC over all the remaining measured samples that could be
measured was only 0.03% (Table 1). All of the core samples were
below the detection limit for the instrument (<0.01% TOC). TOC
in samples NF2 and NF3 has not been measured.

TABLE 1 | Total organic carbon measurements and minerals detected with XRD and Raman spectroscopy.

Sample TOC (%) XRD mineralogy Raman spectroscopic results

Common Less common

T1 0.02 Gypsum, S0, (pyrite) Gypsum, pyrite, S0, OC Anatase
T2 0.37 Quartz, gypsum, goethite Goethite, gypsum OC, anatase, quartz
S1 0.01 Gypsum, S0, pyrite, anhydrite Gypsum, S0, pyrite OC
S2 0.06 Gypsum, (pyrite) Gypsum, pyrite, goethite S0, OC
S3 0.02 Gypsum, S0, anhydrite S0, gypsum, OC
C1 DL Gypsum, pyrite, S0 Pyrite, gypsum, anhydrite, S0, quartz OC, calcite, hematite, (silicon)
C2 DL Gypsum Gypsum, pyrite, S0, anhydrite, hematite, iron oxides Goethite, OC, anatase
C3 DL Gypsum, (pyrite) Gypsum, anhydrite, pyrite, S0, OC Hematite, mackinawite
C4 DL Pyrite, gypsum, quartz, S0 Gypsum, pyrite S0, OC
NF1 0.19 Gypsum, quartz, jarosite Gypsum, goethite, jarosite, pyrite, OC Anatase, quartz
NF2 NM Gypsum, quartz, pyrite Gypsum, pyrite, goethite, jarosite, OC S0

NF3 NM Gypsum, goethite, quartz, jarosite Gypsum, goethite, jarosite, quartz, OC Pyrite, anatase

For TOCmeasurements, “DL” indicates below detection level of the instrument (see text), while “NM” indicates where no measurement was collected. XRD data are ordered by dominant
peak heights; questionable mineral assignments are indicated in parentheses. Raman spectroscopic results are split into the most common and less common phases observed (most
common are observed in nearly every observed region of the sample material, while less common phases are sparsely located within the materials). S0 indicates elemental sulfur, while OC
indicates organic carbon.

FIGURE 3 | Sulfur isotopes. Sulfur isotopes are reported as δ34S (‰) against V-CDT. Ranges of δ34S values for anhydrite in local evaporite units are from the Mount
Bayley Formation (reported in Wallace et al., 1994) and the Otto Fiord Formation (reported in Grasby et al., 2003); lines show ranges while average values are shown as
filled markers. Data for deposits of elemental sulfur (S0) and gypsum in the modern spring system are from samples collected in 2000 as reported by Grasby et al. (2003).
The average δ34S of mineral sulfides from the strike-slip fault (dotted line in Figure 1C) are from samples collected in 2000 (Grasby et al., 2003). Isotope data for
alteration feature samples include sulfide and sulfates in core samples C1 and C2 as well as sample NF1. A range of δ34S values from S0 and gypsum from a surface
transect reported by Grasby et al. (2012) are reported as a solid black line (ranges overlap; δ34S of S0 ranges from 7.4 to 14.2‰, while δ34S of gypsum ranges from 7.3
to 13.0‰).
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X-ray diffraction (XRD) was used to probe the bulk
mineralogy of sample materials. XRD data show that gypsum
is the primary component of nearly all bulk powder samples, by
relative XRD peak heights (Table 1). XRD data for samples T1,
S1, C1, and C4 all reveal pyrite, elemental sulfur, and gypsum co-
occurring. Quartz was identified in several samples (T2, C4, NF1,
NF2, and NF3). Jarosite was detected in NF1 and NF3, but not in
any samples from the trench. X-ray diffractograms for each
sample are available in the Supplementary Information.

Sulfur isotopes (δ34S) in sulfides and sulfates were measured
for three samples. Core samples C1 and C2 from site SF were
analyzed to reveal sulfur isotope values of materials preserved
within the permafrost. δ34S values in sulfides from these samples
are 6.5 and 8.5‰, respectively, while δ34S in sulfates are 7.7 and
8.0‰, respectively. One sample from site NF (NF1) was
measured as well, with a sulfide δ34S value of 11.7‰ and
sulfate δ34S of 12.7‰. These isotopic values are compared to
data for other sulfur-bearing materials from Borup Fiord Pass in
Figure 3. For instance, a sample from this study that was collected
from the fault in the eastern portion of the valley, far from the
region of the alteration features, revealed δ34S of 16.2‰ in sulfide
and 15.2‰ in sulfate. Figure 3 also shows relevant sulfur isotope
measurements from Borup Fiord Pass from previous studies.
These include δ34S values for S0 and gypsum in the modern spring
system sampled in 2,000 and previously reported by Grasby et al.
(2003), values for S0 and gypsum at the surface of site SF as
reported by Grasby et al. (2012), pyrite within the fault (Grasby
et al., 2003), and δ34S measurements for local anhydrite-bearing
geological units. These anhydrite-bearing units, such as the Otto
Fiord Formation and the Mount Bayley Formation, are proposed
to be potential sources of subsurface dissolved sulfate; they have
average δ34S values of 14.6 and 13.1‰, respectively (Davies and
Nassichuk, 1975; Wallace et al., 1994; Grasby et al., 2003).

Raman Microspectroscopy
Raman microspectroscopy allows for spectroscopic identification
of the most common mineral phases while also allowing for more
spatially resolved analyses that can reveal the discrete spots
containing less-common materials within complex samples.
Also, while XRD patterns are dominated by the most
abundant and crystalline phases, some compounds are more
or less Raman active (or not at all), and so Raman
spectroscopy can be very useful for targeting certain mineral
phases that are highly Raman active even at low concentrations,
including S0 and organic carbon. In this work, Raman
microspectroscopy analyses revealed S0 and organic carbon in
nearly all of the sample materials, even though they were not
detected with XRD (Table 1; Supplementary Sections S2.2.1,
S2.2.2).

Raman microspectroscopy of sample T1 from site SF showed
primarily tabular crystals of gypsum, with large pyrite grains (tens
to hundreds of microns in width) and smaller spots containing
elemental sulfur (S0; Figure 4). Organic carbon is also detected in
association with the pyrite and S0 in this sample (see Figure 4;
Supplementary Figures S7–S8). Sample T2, meanwhile, consists
primarily of gypsum heavily stained in red/orange from the

occurrence of iron (oxyhydr)oxides, including goethite
(Supplementary Figure S9).

The sidewall samples from site SF (S1, S2, and S3) show
primarily tabular gypsum crystals. Sample S1 had an abundance
of gypsum grains with associated sulfur and pyrite (Figure 5A).
Sample S2, while similar, also had many regions containing red/
orange stained gypsum grains with goethite and pyrite
(Figure 5B). The pyrite grains in S1 and S2 also revealed
associations with globules of elemental sulfur and organic
carbon (Figure 5C; Supplementary Figure S10). Sample S3
appears to be composed primarily of gypsum and elemental
sulfur with abundant organic carbon. A Raman spectral map
for sample S3 also shows that organic carbon is associated with
globular sulfur in this sample, while pyrite has not been detected
in sample S3 (Supplementary Figures S11, S12).

The core samples from site SF show similar mineral
morphologies and compositions to the sidewall samples, with
an abundance of gypsum, pyrite, elemental sulfur, and organic
carbon (Figure 6; Supplementary Section S2.2.2.3). Sample C1
contains large sulfide and gypsum grains (tens to hundreds of
microns in width) with micron-sized spots bearing S0 and quartz
(Figures 6A,B). Sample C2 also contains large grains of pyrite
and gypsum. One region from sample C2 contains tabular
gypsum grains with spots of S0, pyrite, and organic carbon
(Figure 6D). This region also appears to have the red/orange
staining indicative of iron (oxyhydr)oxides, though these phases
are not observed in the Raman map for this region (Figures
6C,D). Other regions of this sample show tabular gypsum grains
encrusted in iron (oxyhydr)oxides, including hematite (Fe2O3).
Sample C3 (Supplementary Figures S16–S19) revealed pyrite
and gypsum together with iron (oxyhydr)oxide, while a large
grain of pyrite (~50 microns by 80 microns) revealed associated
gypsum, and hematite. This pyrite grain also had associated
organic carbon, which is compared to organic carbon from a
dark spot in/on a gypsum crystal in the same sample. C3 also had
a region (~6 microns by 8 microns) that is rich in S0.
Furthermore, a Raman map of one large pyrite grain revealed
the presence of micron-sized spots bearing mackinawite and as-
of-yet unidentified peak splitting of the pyrite spectrum. Sample
C4 contains primarily pyrite, S0, gypsum, and organic carbon.
There are S0- and OC-rich regions of the sample that are up to
10 μm in width (data not shown).

Reflected light microscopy and Raman microspectroscopy
reveal that the NF samples are very similar to the materials
from the trench-sampled feature (Figure 7; Table 1). All NF
samples are primarily composed of tabular grains of gypsum with
goethite, jarosite, and pyrite found in many places (Figure 7). In
many ways, the NF samples are indistinguishable from those of
the other feature, except that jarosite is abundant in the NF
samples and was not detected in the other samples in these
analyses (although jarosite was previously identified in SF surface
materials through XRD by Grasby et al., 2012). Organic carbon is
detected throughout the NFmaterial, including in darker, isolated
spots as were detected in the trench samples as well as one
~200 µm2 region of organic carbon associated with two globules
of S0 (Figure 7; Supplementary Figure S23).
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Raman microspectroscopy revealed regions apparently rich in
organic carbon in all of the samples (Table 1; Supplementary
Section S2.2.2.4). Organic carbon compounds are Raman active
and can be detected through the presence of the D- and G-bands
(“disordered” and “graphitic” bands, located at ~1,350 and
1,550–1,600 cm−1, respectively; sometimes a series of D-bands
can be discerned around 1,150, 1,350, 1,500, and 1,620 cm−1

depending on the carbon compounds and the quality of the
spectra; Ferrari and Robertson, 2000; Beyssac et al., 2002; Beyssac
et al., 2003; Sadezky et al., 2005). These bands derive from the
level of disorder among aromatic sp2-bonded carbon atoms. For
instance, stretching vibrations in well-ordered aromatic carbon in
the graphite arrangement will produce the G-band, while
disorder in the structure of the organic compounds from in-
plane defects, heteroatoms, and tetrahedral carbon interactions
outside of the plane give rise to the D-bands (Beyssac et al., 2002;
Beyssac et al., 2003; Brolly et al., 2016). Most of the organic
carbon detected in the alteration feature materials appears to be
associated with pyrite, S0, and/or iron (oxyhydr)oxides within the
samples; Figure 4 shows associations of organic carbon with both
pyrite and S0 in sample T1.

A comparison of the disordered (D) bands of organic material
to the graphitic (G) bands can yield useful information regarding
the alteration of the carbon (through thermal alteration and
graphitization). For instance, the broad and overlapping D and
G bands in organic carbon from these pyrite alteration features

(Supplementary Tables S1, S2) is generally indicative of
disordered carbonaceous matter with low levels of
carbonification and structural organization (e.g., Spötl et al.,
1998; Ménez et al., 2012). This indicates lower-temperature
formation of the organic carbon in these samples, but also
makes it difficult to further constrain the thermal maturity of
these materials.

A number of filamentous materials have also been observed
within these materials (specifically in samples C2, C3, C4, and
T2). Several spiral-shaped filaments were detected in sample C2
(Supplementary Figure S24). These filaments are ~1 µm in
width and tens of µm in length. Unfortunately, attempts to
collect Raman spectra for these filaments were unsuccessful, as
the filaments were so thin that the spectra returned showed only
the glass slide in the background. A thicker filamentous
structure (~10 µm width) was also detected in C2 and
appeared to contain gypsum (see Supplementary Figure
S24D). Thicker filaments (~5–10 µm widths) were also
detected in samples C4 and T2 (Supplementary Figures
S24E,F). The filament in sample C4 was highly fluorescent to
the laser, but peaks for organic carbon were still discernible.
Small spheroids of pyrite were attached to this filamentous
structure. The filament in T2 was also fluorescent, but also
revealed the presence of organic carbon. This filament appeared
to be embedded in materials rich in goethite, quartz, and organic
carbon (Supplementary Figure S9).

FIGURE 4 | Raman Spectroscopy of Sample T1. Two regions from sample T1 are shown in reflected light microscopy in (A) and (B); white rectangles in (A) and (B)
show locations where Raman maps were collected (maps are presented in C and D, respectively). The map in C shows fits for pyrite (red; 375–380 cm−1), gypsum
(green; 1,000–1,010 cm−1), and the G-band of organic carbon (blue; 1,500–1,650 cm−1). The map in (D) shows fits for S0 (red; 205–220 cm−1), gypsum (green;
1,000–1,020 cm−1), and the G-band of organic carbon (blue; 1,500–1,650 cm−1). Averaged organic carbon spectra from the regions in the white rectangle in (C)
and the white circle in (D) are plotted in (E) and (F), respectively; results from peak fitting of organic carbon D and G bands are also shown. Raman peaks from gypsum
are also indicated (“Gyp”).
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Electron Microscopy
SEM/EDS analyses were used for imaging and elemental analysis
on samples C2, C3, and C4 from site SF. Outside of the expected
tabular grains of gypsum, sample C2 revealed a large number of
filamentous materials, which appear to be composed of, or coated
in, aluminum-rich material (Figure 8). This material also
contains oxygen, sulfur, and calcium. This sample also shows
many gypsum crystals that are encrusted in materials that were
determined to be aluminum and iron rich. Sample C3 materials
included an aluminum-rich filament as well. Sample C4 contains
abundant pyrite grains from 10 to 100 s of microns in size. These
pyrite grains in many places appear to be geometrically etched,
leaving grooves and polygonal holes (Figure 8).

Scanning Transmission X-Ray Microscopy
STXM allows for element-specific, nanoscale imaging of x-ray
transmissive materials paired with nanoscale x-ray absorption

spectroscopy. STXM was used to map the distribution and
characterize the speciation of carbon and sulfur in samples
due to absorptions at the C K-edge and S L-edge. Samples
that were analyzed using STXM include samples S2 and C4
from site SF (sidewall and core samples, respectively), as well
as sample NF1. STXM data revealed the association of organic
carbon with sulfate particles in the materials (Figures 9, 10).
Sulfate, matching spectra for gypsum (Jalilehvand, 2006), was
identified in micron-sized grains in all three samples; no other
form of sulfur was detected in these materials using this sample
preparation and analysis approach. Organic carbon was detected
and mapped using STXM as well, with data from one region in
sample NF1 (Figures 9A–C) showing defined carbon XANES
peaks corresponding to aromatic and/or ketone functional groups
as well as carboxylic groups (Brandes et al., 2004; Chan et al.,
2010; Liu et al., 2013). In addition, organic carbon detected in two
regions within sample C4 revealed the presence of two potentially

FIGURE 5 | Optical and Raman microspectroscopy of samples S1 and S2. A gypsum grain with associated dark grains of micron-sized pyrite from sample S1 is
shown in (A), while (B) shows a region of red/orange stained gypsum with iron oxide globules and larger pyrite grains within sample S2. Spectra presented in (C) show
data for a pyrite grain from S1 (green circle inA) which bears pyrite as well as elemental sulfur (S0) and also reveals gypsum. Spectra for a globule of goethite from S2 (blue
diamond in B) and a pyrite grain from S2 with peaks for organic carbon (red box in B) are also shown. A spectrum is presented bearing peaks for S0 and organic
carbon, which comes from micron-sized spots on the pyrite grain in the red square in (B). Reference spectra for pyrite, S0, gypsum, and goethite are also shown.
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different forms of carbon in this sample (Figure 10). One region
(shown in the blue circle in Figure 10A and the blue spectra in
Figure 10D) has a strong carbon XANES peak indicative of
carboxyl functional groups (1s→π*C=O). The associated dashed
blue spectrum in Figure 10D (averaged over multiple small spots
around the edges of a large gypsum grain in Figure 10A) may
reveal further carbon XANES peaks, however these potential
peaks may also be noise in data and are not interpreted
further. Another region (shown in magenta in Figure 10B and
the magenta spectra in Figure 10D) reveals the presence of
unsaturated or aromatic carbon (1s→π*C=C) as well as
aliphatic and/or aromatic carbonyl groups, ketones, and/or
phenols (1s→σ; e.g., Brandes et al., 2004; Chan et al., 2010;
Liu et al., 2013).

DISCUSSION

Source of the Pyrite and the Relationship to
the Modern Sulfur Spring System
The conspicuous red-stained features at Borup Fiord Pass were
previously described and discussed by Grasby et al. (2003),
Grasby et al. (2012), and Scheidegger et al. (2012). These
features have been implicated as remnants of springs similar
to those that currently form sulfur-rich deposits and spring-
derived ices (aufeis) at the toe of the glacier to the north of the
features (Grasby et al., 2003, Grasby et al., 2012; Lau et al., 2017;
Trivedi et al., 2020). The source of sulfur for this modern spring
system has been proposed to be biological sulfate reduction (BSR)
of subsurface anhydrite-bearing evaporite formations, as

evidenced through interpretations of local geology/hydrology
and sulfur isotope systematics (Grasby et al., 2003; see Figure 3).

Grasby et al. (2012) proposed a model of sulfuric acid
speleogenesis (SAS) for the formation of the red-stained
mineral structures. In this model, spring conduits carrying
sulfide-rich fluid from the subsurface formed beneath the local
coalescence glacier when it was further south in extent. The
oxidation of reduced sulfur species in such springs, forming
sulfates as well as acidity, was then hypothesized to lead to the
dissolution of local carbonates and replacement with sulfate
minerals in the pipes carrying the spring fluids. After glacial
retreat, permafrost advance would eventually cut off such spring
conduits. The model of Grasby et al. (2012) then suggests that the
mineral suite produced by spring activity would be “trapped” by
being frozen in-place. These authors posited that the surface
expression of the features, with their friable gypsum-rich
materials, at the same topographic relief as the immediately
surrounding native valley rock suggests that the features
formed (at least partly) after the recession of ice from this
region. This led for a constraint on the maximum age of the
surface formation of the features to sometime within the last
~7,500 years (when glaciers in this region began to significantly
retreat).

Our findings here require, at least in part, a reinterpretation of
the nature of these iron- and sulfur-rich mineralized features. For
instance, while Grasby et al. (2012) did not detect pyrite in the
surface materials used in their study, we find abundant pyrite
throughout the features, especially within the core material
closest to the center of the trench in one feature (sample C1).
Thus, it is important to recognize that processes occurred to

FIGURE 6 | Optical and Raman microspectroscopy of samples C1 and C2. Microscope images and Raman spectral maps are shown for samples C1 (A,B) and
C2 (C,D). The white rectangles in microscope images show where maps were collected. The map for sample C1 shown in B is colorized to match fits for pyrite (red;
375–380 cm−1), gypsum (green; 1,000–1,020 cm−1), and the G-band of organic carbon (blue; 1,500–1,650 cm−1). Quartz, S0, anhydrite, hematite, calcite, and silicon
were also found in this map region (see text). The map for sample C2 shown in (D) is colorized to match fits for pyrite (red; 365–375 cm−1), S0 (green;
205–225 cm−1), and gypsum (blue; 1,000–1,020 cm−1). This map region also contains anhydrite and organic carbon.

Frontiers in Astronomy and Space Sciences | www.frontiersin.org April 2022 | Volume 9 | Article 82501910

Lau et al. Arctic Alteration Features and Mars

https://www.frontiersin.org/journals/astronomy-and-space-sciences
www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


induce pyrite emplacement in the near-surface. In addition,
oxidative weathering of the pyrite in the features likely
released acidity, playing a role in forming the current suite of
oxidized iron and sulfur minerals (and leading us to term these as
“mineral alteration features”). The alteration of the pyrite into
more oxidized forms of Fe and S minerals, as we’ve detailed here,
also appears to have developed a redox gradient within these
features, from more reduced conditions near the central regions
to more oxidized conditions in the outer regions of the features.

The extensive red staining of the region, and smaller pyrite
veining in nearby carbonate rocks, suggests that pyrite
emplacement in the region was more extensive than just
within the features alone. Three potential mechanisms that

may reasonably have led to the emplacement of the pyrite in
this region include: 1) magmatic sulfide ore derived directly from
regional Mesozoic igneous intrusions; 2) pyrite derived from a
geothermal system in conjunction with such igneous intrusions,
with sulfur sourced from contact of a sill or dyke with a local,
anhydrite-bearing evaporite unit; and 3) the low-temperature
emplacement of authigenic pyrite from sulfide-rich fluids
titrating ferrous iron from subsurface sources (where sulfide is
derived from BSR of evaporite anhydrite).

Regional igneous intrusions are potential sources of thermal
energy as well as iron and sulfur for the subsurface system that
formed the pyrite in the structures under consideration (see
Figure 1C). These intrusions are part of the High Arctic Large

FIGURE 7 | Raman microspectroscopy of North Feature samples. Sample NF1 shows an abundance of gypsum with grains of pyrite, jarosite, and goethite
throughout (A–C). The dark grain in (A) appears to be a grain of pyrite, which also reveals dispersed goethite, discrete granules of jarosite, anatase, and organic carbon,
all set within gypsum. The microscope image in (B) and corresponding Raman spectral map in (C) show tabular grains of gypsum (green in C; 1,000–1,020 cm−1) with
smaller grains of jarosite/natrojarosite (red in C; 425–435 cm−1) and various organic carbon-rich spots (blue in C; 1,500–1,650 cm−1). Anatase and goethite were
also detected in this map region. Pyrite grains are apparent within the gypsummatrix of NF2 (D). A yellow box in (D) highlights a region where a “goop” of organic material
adhered to a gypsum crystal was detected. This material, shown in (E) and (F), revealed two globules of elemental sulfur (red in F; 205–225 cm−1) with a large clump of
organic carbon (blue in F; 1,500–1,650 cm−1). The green in F signifies gypsum (fitting intensities from 1,000 to 1,020 cm−1). Sample NF3 showed a greater abundance of
red/orange staining from goethite (G). A low-resolution spectral map of the region in (G) revealed the presence of anatase, quartz, goethite, and gypsum in this region.
One region showed a grain of gypsum along with abundant goethite and jarosite as well as organic carbon and anatase in sample NF3 (H).
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Igneous Province (HALIP), a predominantly intrusive,
Cretaceous to Paleogene magmatic emplacement spanning
much of the circum-Arctic region (e.g., Evenchick et al., 2015;
Deegan et al., 2016; Saumur et al., 2016; Naber et al., 2020). Sills
and dykes from these intrusions can be observed in the valley of
Borup Fiord Pass (Grasby et al., 2003; Hill, 2014; Supplementary
Figure S3). Although it is not known if an intrusion directly
underlies the region of the pyrite mineralization for these features
(and at what depth such an intrusion may be found), such
magmatism may have been a source of thermal energy driving
high-temperature emplacement of sulfide in veins around and
within the local strike-slip fault in the valley (dashed line in
Figure 1C).

Magmatic intrusions can give rise to sulfide ore deposition
through concentration of sulfur within the melt or through
interaction with crustal sources of sulfur (Robertson et al.,
2015; Barnes et al., 2017). In the region of the Sverdrup Basin,
evaporite deposits are a likely source of crustal sulfur for such
magmatic sulfide mineral formations.

Alternatively, geothermal processes could have formed pyrite
within the red-stained features. Such geothermal activity would
likely have been related to the intrusive magmatism discussed
above. While high temperatures of metal sulfide formation in
magmatic sulfides leads primarily to pyrrhotite and pentlandite,
geo/hydro-thermal sulfide deposits most commonly consist of
pyrite (Barnes et al., 2017; Fontboté et al., 2017). The sulfur for
such hydrothermal deposits could again be derived from reduced
magmatic sources or from the abundant crustal sulfate in local
evaporite deposits.

There are two known anhydrite-rich evaporite units
regionally, the Otto Fiord and Mount Bayley Formations. The
Otto Fiord Formation is a Carboniferous evaporite formation

composed primarily of anhydrite (CaSO4) and halite, with
variable amounts of gypsum, limestone, and shale (Davies and
Nassichuk, 1975; Grasby et al., 2003). This formation outcrops
~20 km to the north of Borup Fiord Pass (Davies and Nassichuk,
1975; Grasby et al., 2003). Stratigraphic constraints on the
subsurface depth of the Otto Fiord Formation at Borup Fiord
Pass range from hundreds of meters below the valley floor (Hill,
2014) to as much as 1.5–2 km in depth (Grasby et al., 2003;
Gleeson et al., 2010). Meanwhile, the Mount Bayley Formation,
which outcrops 19 km to the east of Borup Fiord Pass, is a Lower
Permian evaporite unit of anhydrite, shale, and both fossiliferous
and non-fossiliferous carbonates (Wallace et al., 1994). If the
Mount Bayley Formation underlies Borup Fiord Pass, it may be
within 200 m of the valley floor. However, it has been suggested
that the formation appears to “pinch out” stratigraphically east of
the valley (Gleeson et al., 2010; Gleeson et al., 2011).

If sulfate-rich rocks are the source of sulfur, the sulfate must
first be reduced to sulfide to precipitate pyrite, through either
thermochemical sulfate reduction (TSR) or BSR. TSR and BSR
occur in much different thermal regimes. TSR often requires
minimum temperatures from 100 to 140°C (although in some
systems TSR requirements of 160–180°C have been observed;
Machel, 2001). As described by Grasby et al. (2003), permafrost
from an oil well 43 km to the south of Borup Fiord Pass has been
measured at 540 m, suggesting potentially even deeper
permafrost at Borup. Moreover, with the local geothermal
gradient of 22°C km−1 beneath the base of the glacier/
permafrost (Grasby et al., 2012), TSR could only occur if
sulfate-enriched fluids from the dissolution of the Otto Fiord
or Mount Bayley Formations travel as deep as 5–6 km into the
subsurface. Lithostatic pressure at this depth precludes fluid flow,
and thus TSR is not likely the source of sulfide in modern springs.

FIGURE 8 | SEM/EDS of Samples C2 and C4. Several encrusted filamentous structures were detected in sample C2 (A–C). The red inset in (C) shows a higher
magnification image of two filaments. A spectrum was collected at the spot in the yellow square and shows O, Al, S, and Ca (as well as the Au which was used as a
coating). Grains of pyrite with polygonal etchings were observed throughout sample C4 (D–G).
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However, TSR could still have occurred previously if circulating
fluids were heated during Cretaceous magmatism.

Biological sulfate reduction is the likely pathway for reduced
sulfur within the modern sulfur springs at Borup Fiord Pass since
there is currently no known source of high temperatures for TSR
within the modern system (Grasby et al., 2003). Subsurface BSR
may also have been active in the past as well, giving rise to the
sulfide (pyrite) now extensively mineralized in the shallow
subsurface. One way to distinguish between TSR and BSR is
evaluation of the isotope systematics of sulfate and sulfide. TSR
does not impart a significant fractionation of sulfur isotopes
(Machel, 2001).Thus, in the case of TSR the sulfur isotope
composition of the pyrite mineralization would closely match

the δ34S of the known evaporite units underlying Borup Fiord
Pass. In contrast, in BSR dissimilatory sulfate reducing organisms
have a selective preference for 32S over 34S, which can give rise to
diagnostic sulfur isotope fractionations (e.g., Thode, 1991). Thus,
if BSR is occurring in subsurface fluids enriched in sulfate from
the dissolution of Otto Fiord orMount Bayley Formations, sulfide
should be depleted in δ34S relative to the source anhydrite. As
shown in Figure 3, the isotopic offset between the local geological
sulfates and the pyrite in the features (6.5‰ in C1, 8.5‰ in C2,
and 11.7‰ in NF1) are sufficiently large that BSR can reasonably
be invoked.

An interpretation of sulfur for the features being sourced
through BSR of local anhydrite units still necessitates a

FIGURE 9 | Scanning transmission x-ray microscopy (STXM) of sulfur and organic carbon in North Feature and trench sidewall material. Sulfate and organic carbon
were detected in sample NF1 (A–C). An image collected at 280.0 eV shows a chain of particles (A). A STXM map of this region in (B) shows sulfur (172 vs. 170 eV) and
carbon (288.2 vs. 280.0 eV), colorized as yellow and white, respectively. Spectra from these species revealed organic carbon and gypsum (top orange and bottom
purple spectra in C, respectively). The carbon spectrum in (C) revealed peaks interpreted as ketone carbon-oxygen bonds (C-OH and/or C=O; highlighted with a
dotted vertical line at 286.3 eV) as well as carboxylic carbon (C=O; highlighted with a solid vertical line at 288.6 eV; Brandes et al., 2004; Chan et al., 2010; Liu et al.,
2013). Dips in the carbon spectrum around 284 and 291 eV derive from instrumental issues. The sulfur spectrum in (C) reveals the presence of gypsum in (A) & (B) (a
reference spectrum for gypsum is also shown inC; adapted from Jalilehvand, 2006). A STXM image of material in sidewall sample S2 is shown in (D) (image collected at
160 eV). Particles of sulfates with associated organic carbon rich regions from this sample are shown in the spectral map in (E) (yellows are sulfur (172 vs. 170 eV); blues
are organic carbon (288.6 vs. 280.0 eV)).
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geological source of iron and a mechanism for iron titration
forming pyrite at low-temperature. The local Cretaceous igneous
intrusions and the Permian-aged Esayoo Bay lavas at Borup Fiord
Pass (Figure 1C) may provide a source of ferrous iron for the
formation of pyrite in the alteration features. However, it is
beyond the scope of the data collected for this study to specify
the exact source of the iron within the features.

Weathering of Pyrite: Gossans in
Permafrost
Given the extent of red staining from iron (oxyhydr)oxides in the
alteration features at Borup Fiord Pass and the red staining of
rocks and pyrite veining in the surrounding region, we infer that
the pyrite mineralization emplaced beneath the surface of this
region has been subsequently weathered. The oxidation of pyrite
by oxygen and ferric iron (often driven and accelerated by
biology) produces ferric iron (oxyhydr)oxides, sulfates, and
acidity. The mineralogical suite we detect in the alteration

feature materials, with an abundance of iron (oxyhydr)oxides
in the presence of pyrite and gypsum (Table 1), are reminiscent of
acid mine/rock drainage systems (e.g., Edwards et al., 1999;
Fernández-Remolar et al., 2005; Taylor and Konhauser, 2011).
Our detections of minerals common in such systems of pyrite
oxidation (e.g. hematite, goethite, jarosite, sulfates) suggest to us
that the alteration features represent emplacements of pyrite that
have since been altered to form their current oxidized iron and
sulfur mineralogical structure. Also, lowered pH does not
increase silica solubility, explaining the abundances of quartz
in gossans (Taylor and Eggleton, 2001), where silicate minerals
are often leached in the acidic system leaving behind quartz. This
may explain the abundance of quartz detected in these Arctic
features as well.

The nearly identical δ34S values for sulfides and sulfates in the
alteration features suggests that the sulfates (primarily gypsum)
formed from the oxidation of the sulfide, a process that is not
commonly thought to impart a significant fractionation of sulfur
isotopes (e.g., Zerkle et al., 2009). The production of sulfates from

FIGURE 10 | Scanning transmission x-ray microscopy (STXM) and x-ray absorption near edge structure (XANES) spectroscopy of sulfur and organic carbon in
trench core material. Two regions of core sample C4 are presented (A,B), showing the colocation of sulfur and organic carbon (identified with sulfur and carbon XANES
spectra inC andD, respectively). A STXM image collected at 320.0 eV (A) shows particles identified as gypsum (see representative yellow spectrum inC, collected from
the location in A of the yellow circle). The blue circle in (A) shows the location of collection of the solid blue carbon spectrum at the top of (D) (the dashed blue
spectrum represents organic carbon from smaller spots distributed around the largest gypsum-rich grain). A STXM map of sulfur and carbon is presented in (B), where
green represents the difference in sulfur absorptions between 170 and 172 eV, and magenta represents the difference in carbon absorptions between 280 and
288.2 eV. The green spectrum in (C) represents gypsum detected throughout the green regions in (B). Themagenta circle in (B) highlights the location of collection of the
solid magenta carbon XANES spectrum shown in the middle region of (D) (the dashed magenta spectrum represents organic carbon from smaller spots distributed
throughout the material in B). A reference spectrum for gypsum is shown in C (data adapted from Jalilehvand, 2006). Reference spectra for multiple organic carbon
compounds are also shown in (D). These reference data are reported by Chan et al. (2010) and are as follows: a protein (bovine serum albumin; BSA), alginate (an acidic
polysaccharide), agarose (a neutral polysaccharide), a sample of DNA, and a lipid (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine). Vertical lines, included to
highlight the carbon functional groups in the sample spectra, represent the following carbon functional groups: unsaturated or aromatic carbon (1s→π* C=C; solid line at
285.2 eV and dotted line at 285.4 eV); aliphatic carbon, aromatic carbonyl, ketones, and/or phenols (1s→σ; dashed line at 287.6 eV); and carboxyl (1s→π* C=O; double
lines; 288.6 eV; see references in the text).
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the oxidation of pyrite also releases acidity. The discovery
through SEM/EDS of filamentous materials that appear
enriched in aluminum (Figure 8) reveals the importance of
acidity in alteration feature formation. The presence of
aluminum-rich materials suggests that aluminum had at one
time been mobilized in this system, and aluminum is only stable
in solution at significant concentrations when pH is very low or,
to a lesser degree, very high (e.g., Hem, 1985).

Gossan sites on Victoria Island (Northwest Territories, Canada)
also present materials indicative of pyrite alteration including
gypsum, goethite, jarosite, and hematite, all in a permafrost-rich
environment (Percival and Williamson, 2016). In particular, the site
called Gossan Hill is topographically high compared to the
surrounding region, possibly due to the presence of pyritic sand
and erosion resistant iron oxides in the soil (Peterson et al., 2014), and
is similar to the topographically high region at Borup Fiord Pass that
hosts the alteration features in this study (Figure 1; Supplementary
Figures S1, S3). Gossan Hill also bears concentric gossan features,
with interior regions dominated by gypsum and quartz, a yellow-
stained border with gypsum, quartz, and jarosite, and then a brown
colored rim with quartz and ferric (oxy)hydroxides. Below the
surface, the central regions also contain quartz and pyrite along
with S0. Also in common with the alteration feature region at Borup
Fiord Pass, Gossan Hill is underlain by carbonate with inter-bedding
of sulfate evaporites (Peterson et al., 2014).

Due to the presence of permafrost at Borup Fiord Pass, it is
likely that little oxidation of the pyrite can occur at depth in this
gossanous system. In terrestrial gossans at lower latitudes, iron
oxides are often leached downward through the gossan from
infiltration by meteoric waters (e.g., Taylor and Eggleton, 2001).
However, a pyrite vein in permafrost will not see infiltration of
fluids and rather will likely leach horizontally along the active
zone. We infer this as the reason for the white central regions rich
in gypsum in the two largest alteration features, as well as for the
anatase and quartz that were detected within these materials.

The question arises as to what fluid source allows for pyrite
alteration in these features. Even though Borup Fiord Pass
receives a minor amount of precipitation annually, the melt
and refreezing of snow and ice likely imparts a significant
volume of water into the alteration features and surrounding
region. For instance, during the process of digging the trench and
drilling cores for this study, we encountered several cavities
within the features. Deployment of a camera into some of
these cavities revealed significant amounts of water ice around
the rims of the cavities. Furthermore, summertime temperatures
at the site of the alteration features can be quite mild, allowing for
the melt of glacial ice and snow and providing a source of fluid for
pyrite alteration. This was observed by glacial melt streams, lakes,
and water-logged sediments throughout the region of the
alteration features.

The Role of Biology in the Formation of the
Pyrite Alteration Features: Development of
a Potentially Habitable System
There are two potential roles for biology in the cycling of sulfur
and the formation of the mineral assemblages in the alteration

feature region at Borup Fiord Pass: 1) reduction of sulfate to
sulfide in the subsurface through BSR and 2) the oxidative
alteration of the pyrite at the surface to form the gossanous
suite of minerals. Both processes harness the dominant forms of
chemical energy available and are excellent indicators of a
habitable and/or inhabited system. BSR is dependent upon
there being a source of reductants (e.g., organic matter or H2)
present to drive sulfide production; the later pyrite oxidation,
forming the alteration features and their suite of minerals,
involves the oxidation of Fe(II) to ferric phases and the
oxidation of reduced sulfur to elemental sulfur and sulfates.

Pyrite is abundant in the materials we explored in this work.
We have demonstrated the presence of pyrite in surface and near-
surface samples within the active zone (T1, S1-2, and NF1-3), as
well as within all four of the core samples from the permafrost of
SF. In addition, when extracting grains for submission for sulfur
isotopes, it was observed that opaque, metallic grains >425 μm in
diameter made up ~45% of sample C1 (these grains were later
confirmed by EA-IRMS to bear 54% sulfur, roughly the expected
concentration of sulfur in pyrite). Our data and these findings
suggest that pyrite may be abundant in the central regions of these
features, especially at depth. The alteration features may thus be
windows into previous subsurface processes, including BSR and
subsequent titration of geologically available iron.

Previous research from Grasby et al. (2003), Gleeson et al.
(2011), Gleeson et al. (2012), Grasby et al. (2012), Lau et al.
(2017), and Trivedi et al. (2020) has explored both the modern
spring system as well as the alteration feature system at Borup
Fiord Pass as habitable analogs for astrobiological research. One
key factor in these studies has been the role of life in the cycling of
sulfur through reduced and oxidized species, such as from BSR in
the subsurface, where the reduction of local geological sulfates by
microbial metabolisms has led to sulfide rich springs emerging in
the modern day and may have similarly been responsible as the
source of sulfide for the pyrite in the alteration features explored
in this study. While pyrite formed through BSR in sedimentary
deposits may be the largest source of pyrite at Earth’s surface
(Bottrell et al., 2006; Rickard, 2012; Rickard et al., 2017), the
production of pyrite emplacements in the near surface from fluids
enriched in sulfide due to BSR are an intriguing target for
understanding the habitability of the subsurface in such
systems. However, these features also provide a unique target
in understanding the potential role of biology in the alteration of
the pyrite to oxidized Fe and S minerals, as well as for such
alteration to provide a habitable system for living processes.

The acidic weathering of sulfide minerals driving alteration to
sulfates and ferric (oxyhydr)oxides provides energy for life in
various environments on Earth, ranging from acid mine/rock
drainage systems (Amils, 2016; Edwards et al., 2000a) to
terrestrial gossans and other pyritiferous weathering systems
(Percival and Williamson, 2016; Grasby et al., 2021). Such
systems produce not only diagnostic mineral assemblages but
also chemical and redox gradients that make them potentially
habitable systems (e.g., Zolotov and Shock, 2003; Grasby et al.,
2021).

Our work here presents these features at Borup Fiord Pass as
potentially habitable pyrite alteration features. The features we
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have characterized are primarily composed of gypsum with the
inclusion of Fe-oxides, driving the surface colorations as
previously noted by Grasby et al. (2012). However, using XRD
and Raman microspectroscopy, we notably also detected pyrite,
S0, and organic carbon in nearly all of the samples from the trench
at site SF (Table 1). Also, while the red coloration of the outer
region of this feature is visually apparent and goethite is detected
in sample T2 through XRD, iron (oxyhydr)oxides (primarily
goethite and hematite) were also detected through Raman
microspectroscopy within the interior of the trench and in the
permafrost (samples S2 and C1-C3). Although jarosite was
detected at low concentration in the outer region of the
surface at site SF by Grasby et al. (2012), we did not detect
jarosite in any of the samples from the trench, even though
jarosite was detected in all three samples from the North Feature.
Also, while the surface transect of samples from Grasby et al.
(2012) did not contain detectable pyrite, quartz, or anatase, these
minerals are detected in several samples throughout the trench of
SF as well in samples from site NF (Table 1).

The feature at site NF has not been previously reported. This
feature is on the edge of the topographically high region and
exhibits a similar mineralogy to the other red-stained structures
(Table 1; Supplementary Figures S1–S3). This feature does not
bear the familiar gypsum-rich white core of the two larger mineral
alteration features. Instead, site NF has developed red-staining
from iron (oxyhydr)oxides mixed with pebbles and cobbles of
carbonate rock. There are additional dissimilarities in the surface
mineralogy. Along with pyrite and gypsum, site NF also contains
abundant jarosite, detected through both XRD and Raman
microspectroscopy (Table 1; Figure 7). Also, quartz and
goethite were detected in each NF sample, while S0 was only
detected in NF2 (through Raman spectroscopy; observed to be
scarce in sample material) and anatase was detected in NF1
and NF3.

The detections of anatase (TiO2) and quartz (SiO2) in these
features is intriguing and may indicate that the features are
derived from some level of geo/hydro-thermal activity.
Titanium is usually considered an immobile reference element
in alteration processes, although it is soluble at very low and high
pH (Tilley and Higgleton, 2005). However, anatase is commonly
found in hydrothermal and metamorphic systems (Banfield et al.,
1993; Tilley and Higgleton, 2005). TiO2 minerals (e.g., anatase,
rutile, brookite) often occur as fine crystals in other minerals and
can be difficult to study through XRD (Banfield et al., 1993),
however the implementation of Raman microspectroscopy in our
study allowed for the microscale identification of anatase in these
samples.

It is currently unknown what fraction of the organic carbon
inventory in these features may derive exogenously (e.g., from
BSR or other organic carbon sources in the subsurface) and how
much, if any, of the organic carbon may have formed in situ
through biological processes involved in the alteration of the
pyrite, thereby being a target for future biosignature analysis.
Beyond potential subsurface sources, organic carbon may be
present in the surface materials from the interactions of
tundra plants and animals (muskox and Arctic hare were
observed at the site in 2014) and soil microbial processes of

the valley. Also, pre-glacial soils may have imparted a significant
fraction of organic matter regionally (for instance, glacial till at
the toe of the glacier in 2014 had 2.5 wt.% TOC; unpublished
data). In the alteration features, sample T2 had the highest TOC
at 0.37%, but also is close to nearby tundra plants and soil.
However, we cannot infer how much of that carbon may come
from surface sources and how much is primary.

We hypothesize that much of the carbon either comes from
subsurface sources or was formed in situ. Although we cannot
preclude exogenous sources of organic carbon in the alteration
features, Raman microspectroscopy reveals a close association of
the organic carbon with pyrite, S0, and iron (oxyhydr)oxides in
the materials (though conspicuous dark grains of OC either on or
in grains of gypsum are also detected). The material from site NF
(specifically sample NF2) also has an organic carbon-rich region
of ~200 μm2, identified through Raman microspectroscopy,
where the organic carbon is associated with two globular
regions of elemental sulfur (Figures 7D–F; Supplementary
Figure S23). These elemental sulfur regions are 2 and 4 μm in
diameter and, together with the organic carbon glom, are found
in a region of tabular gypsum crystals and large grains of pyrite.
These co-associations of organic carbon and S0 in a region of
pyrite and gypsum may indicate biological activity in the
formation of the elemental sulfur regions. Perhaps even more
intriguingly, organic carbon is found associated with sulfur
minerals across a range of oxidation states, supporting the
proposal that a redox gradient within the system may provide
an impetus for living microorganisms to inhabit these features.

Our STXM data also show associations of organic carbon with
sulfates in these materials (Figures 9, 10). For instance, a carbon
spectrum derived from one region in sample NF1 showed the
presence of carbon and oxygen bonds inferred to be aromatic
and/or ketone functional groups as well as carboxylic groups
(Brandes et al., 2004; Chan et al., 2010; Liu et al., 2013). While we
do not have sufficient data to determine the specific organics that
are present, our spectra do appear compatible with the presence
of lipids or polysaccharides. However, our data do lack a signal
from amide functional groups in proteins (which should show a
peak at 288.2 eV); this may indicate a lack of microbial cell
abundances within the materials.

Although we cannot here determine the source(s) of organic
carbon that we’ve identified in the alteration feature materials and
our STXM data may indicate a lack of microbial cells, some
potential indicators for biological activity in the process(es) of
pyrite alteration are demonstrated in this work. For instance,
pyrite grains within the alteration features are geometrically
etched (Figure 8), similar to etchings which have previously
been identified in microbial leaching patterns in pyrite (e.g.,
Edwards et al., 2000b; Rojas-Chapana and Tributsch, 2004).
Also, the abundance and variety of filamentous structure
detected in the alteration feature materials (Figure 8) may
indicate potential biological activity. For instance, the
aluminum-rich filaments in the alteration features resemble
similar structures that have been implicated as forming
through microbial processes from a variety of low-
temperature, subsurface sites globally (e.g., Hofmann and
Farmer, 2000). If such filaments formed through biological
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processes, they may then have later served as sites for
precipitation of aluminum oxides from aluminum which had
beenmobilized in the low-pH system caused by the oxidation and
alteration of the pyrite. However, recent work by Cosmidis et al.
(2019) and Cosmidis and Templeton (2016) shows that systems
rich in organic carbon and sulfide can abiotically form carbon and
sulfur rich microstructures, reminiscent of filaments previously
identified and implicated as forming from biological processes in
the Borup Fiord Pass sulfur spring system (Gleeson et al., 2012).
The filaments identified in the alteration feature materials share
some sizes and morphologies with these abiotic filaments
presented by Cosmidis and Templeton (2016), though this
does not preclude biological activity in formation of
filamentous materials within the alteration features. Further
work will be necessary to better understand the composition
and nature of these microstructures.

The Pyrite Alteration Features as Analogs
for Potential Mineralized Paleohydrological
Features on Mars
Pyrite alteration features and gossans such as the features we have
explored at Borup Fiord pass may be ideal targets in the search for
past or present life as well as potentially habitable systems on
Mars (should they exist there). High concentrations of iron and
sulfur in the Martian regolith were first detected by the Viking
XRF instrument (Toulmin et al., 1977) and have since been
confirmed with APXS instruments onboard multiple Mars
rovers (e.g., Gellert and Clark, 2015). The potential for the
emplacement of iron sulfide ores in the Martian subsurface
and subsequent oxidative leaching via gossanous systems has
been considered by Burns (1987) and Burns and Fisher (1990a),
Burns and Fisher (1990b). They have proposed that komatiitic
basalts on Mars likely host sulfide deposits rich in pyrrhotite and
pentlandite (similar to known Earth-based analogs). Also,
sulfides formed from sulfate reduction through
thermochemical and potentially biological processes may also
exist on Mars.

Although rare, sulfide minerals have been identified from several
locations on Mars through surface rover instrumentation, including
the potential detection of pyrite/marcasite in sample Fuzzy Smith at
Home Plate in the Columbia Hills from Spirit (Squyres et al., 2007;
Morris et al., 2008) as well as the detection of pyrrhotite in samples
John Klein and Cumberland in Gale crater from Curiosity and the
detection of pyrite, though at/near detection limits, in sample John
Klein (Vaniman et al., 2014; Hurowitz et al., 2017; Rampe et al.,
2017). More recently, reduced sulfur has been inferred from evolved
gas analyses of samples at Vera Rubin Ridge, suggesting that sulfur
redox chemistry has played in important role in the geological
history of the region (Wong et al., 2020). Sulfides have also been
identified within Martian meteorites (e.g., King and McLennan,
2010; Tarnas et al., 2021; and references therein), however the
abundance and distribution of sulfides on Mars is currently not
well constrained and the lack of detections suggests that sulfides are
not common in easily accessed surface materials.

Oxidative weathering of Martian sulfide ores (should they
exist) and other pyritiferous materials in near-surface

environments would follow pathways similar to those for
known gossanous systems on Earth, and the strong redox
gradients established may have provided habitable systems
for life (e.g., Percival and Williamson, 2016; Grasby et al.,
2021). There are abundant oxidized iron and sulfur minerals
identified through remote sensing and from surface
observations on Mars (e.g., Ehlmann and Edwards, 2014),
though its unknown yet if any such features may indicate
pyrite alteration, regionally or locally. The presence of
sulfates associated with hematite spherules at Meridiani
Planum, as detected by the Opportunity rover, has been
interpreted as having formed through the emplacement of
sulfide ore followed by later oxidative leaching, creating the
jarosite-goethite-gypsum assemblage observed (Zolotov and
Shock, 2005; though other interpretations also exist, c.f.;
Squyres et al., 2004; McCollom and Hynek, 2005). The
emplacement of parent pyrite in such a system was
hypothesized by Zolotov and Shock (2005) to have formed
through hydrothermal input of sulfide, however it is also
possible that low-temperature pyrite emplacements exist on
Mars. Furthermore, recent work by Peretyazhko et al. (2021)
suggests that the presence of akageneite in various localities in
Gale crater implies the oxidative alteration or oxidation-
hydrolysis of iron sulfide (namely pyrrhotite) in an acidic
system.

It appears likely that there have been and may still be
emplacements of iron sulfides and pyritiferous materials on
Mars. However, even in the absence of abundant surface
expressions of iron sulfide minerals, there are a variety of
oxidized iron and sulfur materials that resemble, at least in
part, the mineral assemblages we see in these alteration features
from the Arctic. Beyond abundant iron and sulfur minerals on
Mars’ surface, veins of calcium sulfates (gypsum and/or
bassanite) have been detected by both the Opportunity rover
in Endevour Crater (Squyres et al., 2012) and by the Curiosity
rover within Gale Crater (Nachon et al., 2014; Rapin et al.,
2016). Also, light-toned materials that were excavated by the
Spirit rover in a region with abundant sulfates (Wang et al.,
2008) revealed material that resembles the surface expressions
of our sample SF as shown in Figures 2B,C. Our current and
future explorations of Mars will allow for further interrogation
of regions enriched in sulfates and iron mineralogies. Should
they be similar to what we report for the alteration features from
Borup Fiord Pass, then such mineral suites on Mars may be
diagnostic of potential systems where sulfides were emplaced
and subsequently weathered, perhaps through focused fluid flow
in a system allowing for pyrite emplacement (as we hypothesize
to potentially have occurred at Borup Fiord Pass) or through
other processes such as igneous emplacement (Burns and
Fisher, 1990a). Such regions may be primary targets for
drilling and sample collection to explore for sulfides in the
subsurface as well as potential indications of past or present
biological activity.

Although the preservation potential for organic materials in
acidic iron-rich systems on Mars may be limited (e.g., Sumner,
2004), the prevalence of such systems on Mars and the potential
for their forming a habitable refuge for life make them a key target
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forMars exploration. Our work on the pyrite alteration features at
Borup Fiord Pass presents organic carbon as well as etching of
pyrite grains and the formation of filamentous structures as
potential targets for further exploration of the potential role of
biology in the system at Borup Fiord Pass, and such features could
also be initial indicators for further work on systems identified
on Mars.

Unfortunately, during the course of our field work, the
materials that were collected from the alteration features were
not collected in a manner that would allow for a well-resolved
extraction and characterization of the organic carbon and/or
potential lipid biosignatures through methods such as gas
chromatography mass spectrometry (GCMS). However, the
initial indications through Raman and STXM along with
detections of mineral etchings and microstructures in such
alteration features relate directly to current and future research
on the Martian surface, specifically being carried out by the
Perseverance rover at Jezero Crater and with the upcoming
ExoMars rover Rosalind Franklin at Oxia Planum.

Perseverance is the first mission to use Raman
spectromicroscopy on the Martian surface (Farley et al., 2020)
and is capable of detecting and analyzing organic carbon (Beegle
et al., 2014; Bhartia et al., 2021). Should such detections be made,
it is highly likely that a sample will be collected and cached as part
of the sample return architecture of which Perseverance is taking
part (Farley et al., 2020). Such returned samples will certainly be
scrutinized with a variety of methods and may include high
resolution synchrotron based methods such as STXM. These
returned samples will also allow for high resolution microscopy
paired with other methods to explore the potential for organic
and mineralized filaments and other microstructures such as we
observe in these Arctic alteration features. While current
observations do not suggest pyrite alteration features may exist
within Jezero Crater, our samples from the pyrite alteration
features at Borup Fiord Pass may serve as a strong rationale
for seeking organic carbon in such alteration mineral suites, to
detect potential biosignatures within future samples returned
from Mars.

The Rosalind Franklin rover will also feature a Raman
spectrometer along with its suite of instrumentation; however,
this mission will also have a drill potentially capable of reaching
depths up to 2 m (Vago et al., 2017). Drilling to such depths will
allow for the collection of organic materials that have been less
effected by exposure to cosmic radiation and surface oxidants.
Intriguingly, this may also allow for exploration of potential iron
sulfide minerals in the subsurface that lead to alteration mineral
assemblages in surface materials. The potential for life detection
along with exploring subsurface geochemistry and mineralogy
with the Rosalind Franklin rover also highlights the importance
of further exploration of our Arctic alteration features.

Future work on the alteration features at Borup Fiord Pass
should include sample collection and analyses that allow for
rigorous characterization of the organic carbon present and to
potentially target lipids that may have preserved evidence of the
activity of iron- and/or sulfur-oxidizing microbes in the alteration
features. Furthermore, a future study may seek to deploy a coring
drill capable of exploring a great depth into the permafrost of the

features in order to better explore the mineralogical structure of
the features, especially as we have here argued that pyrite appears
to be more abundant at depth.

CONCLUSION

Our findings show that conspicuous mineral alteration features at
Borup Fiord Pass combine iron and sulfur minerals in a suite of
oxidation states (frommost reduced Fe and S near the cores of the
structures to more oxidized forms at the rims). We infer that
pyrite is more abundant in the subsurface and that oxidative
weathering of the pyrite is forming this unique mineral
assemblage, and furthermore that these and similar features
may preserve unique ecological niches.

In this work, we have asked whether or not sulfate-rich pyrite
alteration features may be good astrobiological targets that
preserve evidence of habitable environments on Mars as well
as at Borup Fiord Pass. We show that pyrite is abundant in the
alteration features from Borup Fiord Pass, especially within cores
taken from below the active zone. Isotopic data suggest that the
sulfide in the pyrite could have come from BSR of subsurface
anhydrite, and thus these mineralized features may be derived
from prior biological activity. However, we also present two other
potential mechanisms for the emplacement of the pyrite in the
system, specifically magmatic pyrite and hydrothermal pyrite
related to the intrusion of Mesozoic dykes and sills regionally;
all three processes should be further explored to determine the
source of pyrite in these features.

Our integrated mineralogical analyses reveal pyrite, S0, and
gypsum co-localized within these features, preserving strong
chemical disequilibria represented by multiple oxidation states
of sulfur. Also, we find a mineralogical suite including iron
(oxyhydr)oxides co-associated with the sulfates that is
indicative of pyrite alteration. Abundant red-staining and
pyrite veining in materials within the alteration feature region
also suggest large-scale pyrite alteration. Organic carbon is
abundant in these materials, as are geometrically etched pyrite
grains and aluminum-encrusted filamentous materials, raising
the possibility that these features preserve physical and chemical
signals of subsurface and surface biological activity. Further
research on these features should include detailed work on
potential biological processes, including DNA extraction and
sequencing and detailed characterization of the organic
materials present.

The emplacement of pyrite and subsequent leaching to form an
alteration mineralogy (potentially through biological action)
presents a high-quality target for our future geological and
astrobiological explorations of Earth and Mars. Gossanous
systems may preserve signatures of biological processes that
occur during the oxidative alteration of emplaced pyrite, and
such systems may present topographically high features for
initial indication of their presence, warranting further
exploration. Discovery of a pyrite rich mineral alteration feature
and/or system onMars will require further data and interpretations
of the importance of sites like the alteration features at Borup Fiord
Pass as potentially habitable systems and astrobiological targets.
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