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a b s t r a c t
This study explores the possible applications of a spring complex, East German Creek (EGC), Manitoba,
Canada, as a terrestrial analogue for similar environments on Mars. Potential ancient spring deposits have
been identiﬁed by Allen and Oehler (Allen, C.C., Oehler, D.Z. [2008]. Astrobiology 8, 1093–1112) in Vernal
Crater, Arabia Terra, as well as in the intercrater plains of Terra Sirenum by Wray et al. (Wray et al. [2011].
J. Geophys. Res., 116, 1–41). EGC can provide guidance in the search for fossil spring deposits on Mars by
using comparative mineralogy to contrast mineral identiﬁcation from ﬁeld studies to that available from
remote sensing instruments such as the CRISM instrument aboard the Mars Reconnaissance Orbiter. The
formation processes of EGC are also useful for ﬁnding spring-like environments on Mars. A variety of
techniques were employed (X-ray diffractometry, reﬂectance spectra, water chemistry analysis) to analyze mineralogical changes in spring water precipitates with distance from the main springs at EGC,
which were compared with concentrations of dissolved species in outﬂow water. Biosignatures in outﬂow stream sediments as well as the effect of surﬁcial Fe oxyhydroxide coatings on the detection of
underlying carbonate absorption features have also been spectrally characterized.
Halite is the main mineral precipitated at EGC, followed by gypsum, and calcite. The presence of gypsum is readily detected in surﬁcial precipitate spectra while halite does not have a diagnostic spectral signature in the 0.35–2.5 lm region. An absorption feature indicative of chlorophyll a is present in stream
sediment spectra from most sampling stations and on outwash plain sediments. Carbonates appear to be
spectrally detectable through a coating of ferric minerals, such as goethite by a characteristic absorption
band near 2.3 lm.
We attempted to detect signiﬁcant spectral changes over an area of potential spring features in Vernal
Crater on Mars using CRISM data over the 1.0–3.92 lm interval, but results were inconclusive.
Analysis of the surﬁcial geology, geomorphology, biology, and water chemistry of EGC provides a number of insights into the possible nature of low-temperature spring deposits on Mars, while highlighting
the limitations of spectroscopy without the cooperation of X-ray diffractometry.
Ó 2013 Elsevier Inc. All rights reserved.
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1. Introduction
Analysis of low-temperature spring environments on the Earth
can provide insights into their possible presence on Mars, as well
as help to develop techniques for identifying them from remote
sensing data. Persistent low-temperature springs on the Earth are
less common than hydrothermal springs (e.g., Linares et al.,
2010; Allen and Oehler, 2008), but this does not preclude their
presence on Mars. Using a terrestrial analogue’s mineral precipitation patterns and potential for biosignature preservation in order
to gain insights into how past processes may have operated in potential spring environments on Mars is important in understanding
the possibility of whether or not microbial life ever existed on
Mars.
1.1. East German Creek and Mafeking Quarry
A hypersaline spring complex found at the East German Creek
(EGC) site on the western shore of Lake Winnipegosis in west-central Manitoba, Canada (52°450 N, 100°530 W), has been identiﬁed as
an analogue site for similar spring-like features tentatively observed on Mars.

The geology of EGC is dominated by a Devonian carbonate reef.
The site also has extensive coatings of goethite on surﬁcial materials (Cloutis et al., 2007; Fig. 1A–C). The Devonian carbonate reef
generally acts as a fresh-water aquifer in this region of the Paleozoic outcrop belt in southern Manitoba, although the EGC springs
do not produce freshwater and have high concentrations of dissolved salts. These dissolved salts come from buried salt beds
underlying the EGC springs; a reﬂux of glacial meltwater from
the Pleistocene glaciations brings this hypersaline water to the surface (Grasby and Londry, 2007). The presence of extensive surﬁcial
chloride deposits at EGC provides yet another link between this
site and possible similar features on Mars.
EGC is a cold-water, perennial hypersaline spring complex with
interdependent geology, water chemistry, and biology. The springs
(Fig. 1C) have high concentrations of sodium chloride and ammonia, which creates a rare ecosystem for microbial life (Grasby and
Londry, 2007; Londry et al., 2005). This water, including dissolved
minerals, is now rising to the surface in the form of springs as the
southwest to northeast ﬂow of groundwater in the Williston Basin
has been re-established after the removal of the Pleistocene glacial
ice (Grasby, 2000). This process results in salt ﬂats characterized by
extensive alteration through the dissolution and reprecipitation of

Fig. 1. Photographs from East German Creek: (A) Iron oxide staining. (B) Iron stained tufa pebbles precipitating out of solution (Canadian 5c coin for reference). (C) ‘‘Big
Cauldron’’, the largest spring at East German Creek, October 2010. The central pit is approximately 2 m wide. (D) Siliceous ﬁne grained sediment surrounding a small 15 cm
vent. (E) Fragmented bedrock altered by salt erosion. The creek is approximately 3=4 m wide. (F) ‘‘Brains, Canadian 5c coin for reference.
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Fig. 2. Extinct springs from the Mafeking Quarry: (A) Mafeking Quarry showing solution chimney locations. (B) An extinct spring chimney. (C) Schematic diagram showing
internal structural of the extinct chimneys.

limestone, the precipitation of gypsum and halite, and the Fe oxyhydroxide staining of the surface in the area of the springs (Cloutis
et al., 2007)
The EGC site is characterized by 20 active spring vents. The
central vents range in size up to 2 m across and 0.5 m in height
above the surrounding plain. The spring mounds range in diameter
up to 10 m. The vents are surrounded by ﬁne siliceous ﬂour
(Figs. 1D and 2), with well-consolidated Fe stained tufa pebbles
precipitating from solution which form pavement adjacent to
springs (Fig. 1B). Throughout the site, particularly in areas of higher water ﬂow, exposed fragmented bedrock is extensively altered
by salt erosion (Fig. 1E). Some of the active spring vents are free
of visible microbial activity, while others have extensive microbial
mats which are mainly composed of the marine green algae, Percursaria percursa (Londry et al., 2005). Though this site is hundreds
of kilometers from a marine environment, this organism can still
thrive at EGC due to the hypersalinity of the spring water. It is generally understood that marine organisms likely arrived in this midcontinental environment during the warm Holocene Hypsithermal,
probably through avian transport (Boudreau et al., 2001). Due to
the high level of osmotic stress imposed by such a saline environment, organisms present at the site are limited to this particular
species of marine algae and other salt-tolerant organisms. Marine
diatoms and sulfate reducing bacteria are found living in the
springs that show evidence of biotic activity, and photosynthetic
cyanobacteria, which produce ‘‘brain’’ biofabrics (Fig. 1F) covering
extensive drier areas are found in areas adjacent to the spring pools
(Grasby and Londry, 2007).
There have been no signiﬁcant changes in extent or ﬂow rates at
the EGC complex over the last 100 years. This is evidenced by a
ground-level panoramic image of the site from 1914 (Cole, 1915),
air photos taken from 1948 to 2001 (Fig. 3), and our most recent
observations.
The oldest possible age of the complex is constrained either by
the retreat of glacial Lake Agassiz, or the return of north-eastern
groundwater ﬂow within the Williston Basin; whichever came last.
Since the complex has not changed with the considerable post-gla-

Fig. 3. East German Creek complex airphotos: (A) 1948 with outwash plain
sediment sample selection superimposed. (B) 2001.

cial isostatic rebound during this 100 year period (Lambert et al.,
1998), the complex could very well exist indeﬁnitely barring geologic forces and the arrest of water ﬂow. This is signiﬁcant, as
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springs on Mars with somewhat similar formation processes, such
as what is thought to have happened with the putative mounds
found in Vernal Crater, could have provided surface and near-surface liquid water for an extended period of time.
Many hypersaline spring deposits in addition to EGC have been
identiﬁed in the region (Grasby and Londry, 2007). Of particular
interest are the inactive springs of the nearby Mafeking Quarry
(52°500 N, 101°030 W), where the spring chimneys have been exposed
in the walls of a limestone quarry, providing a look into the third
dimension of these springs (Fedikow et al., 2004). These spring chimneys have an outer rind of siderite surrounding unconsolidated siliceous silt to sand size particles and blue–green clay. Solution chert
nodules occur between the rind and the core zone of siliceous material (Fig. 2; Grasby et al., 2006). The silica chimneys at the Mafeking
Quarry likely represent a brine spring channel of discharge from the
Williston Basin that formed close to the present-day surface. Grasby
et al. (2009) were able to explain the origin of silica precipitation in
the chimneys with a thermodynamic model that simulates the effect
of mixing of brine water (similar to the modern discharge at EGC)
with shallow groundwater at low temperatures. Their results suggested silica pipe features in the rock record that cannot be assumed
to be indicative of hydrothermal activity.
1.2. Vernal Crater, Arabia Terra and Columbus Crater, Terra Sirenum,
Mars
Arabia Terra is located on the martian lowland–highland
dichotomy boundary, and is very heavily cratered. Liquid water

is suggested as the most likely erosional agent in this region (Atkins and Barlow, 2011). Vernal Crater is a Noachian-age impact
structure in southwestern Arabia Terra (6° N, 355.5° E) and is
55 km in diameter (Allen and Oehler, 2008).
The two main features discovered in Vernal Crater that may be
spring mounds have been described as being elliptical in shape,
with a light-toned albedo, terrace-like morphology, and central
depressions (Fig. 4A). The outwash plain features are associated
with river-like channels and are 200 m wide by 450–550 m long.
In addition to these characteristics, Arabia Terra may contain abundant near-subsurface ﬂuids which suggest ancient spring processes
as a possible mechanism for their formation (Allen and Oehler,
2008).
It is important to note that Allen and Oehler (2008) identiﬁed
the older dark subunit upon which the proposed springs are deposited as erosion resistant dipping dune and interdune sediments. It
has been proposed by Allen and Oehler (2008) that these dipping
beds acted as an artesian conduit for the potential martian spring
deposits, analogous to the dipping Devonian limestone reef upon
which EGC is deposited.
Columbus Crater (29° S, 166° W) is a 110 km diameter crater
located in Terra Sirenum on Mars (Wray et al., 2011). It is believed
to have contained a large paleolake due to groundwater upwelling
in Late Noachian times. Evaporation from this paleolake formed
extensive evaporite deposits that have the potential for preservation of biosignatures, much like the evaporite deposits at EGC.
The crater contains extensive sulfate deposits, including gypsum,
which is found at EGC. The intercrater plains near Columbus Crater
contain an isolated mound of opaline silica, which can also preserve biosignatures. Silica ‘‘chimneys’’ from the inner vent of
springs similar to those at EGC can be found at the nearby Mafeking Quarry, making it a potential analogue site for the Terra Sirenum silica deposits.
1.3. Investigation goals

Fig. 4. Vernal Crater: (A) Potential spring deposits in Vernal Crater, Mars. Image:
Allen and Oehler (2008). (B) ROIs delineated over Vernal Crater spring deposits in
ENVI.

The primary goals of this investigation were to determine the
capacity in which the EGC spring complex is useful as an analogue
for identifying and characterizing tentative spring features identiﬁed on Mars, assessing different investigative techniques, such as
spectroscopy and X-ray diffraction (XRD), and for the detection
of biosignatures in these types of environments. To do so, a full
assessment of mineral precipitation patterns and water chemistry
was conducted at the EGC site. Reﬂectance spectroscopy and XRD
analysis of sediments in the outﬂow stream and outwash plain
were also conducted to determine the spectral detectability of
any biosignatures, and what mineral precipitates might overlay
them. As well, changes in surface precipitates and stream sediments with distance from the main springs were examined as an
analogue for the possible mineral precipitation patterns associated
with low-temperature springs on Mars. The EGC site is also useful
for examining the spectral detectability of carbonate minerals in
the presence of overlying evaporites such as Fe oxyhydroxides,
chlorides, and sulfates. Many carbonate minerals form in aqueous
environments, and are therefore important indicator minerals for
the presence of water in the past on Mars (Ehlmann et al., 2008).
With methane being recently detected on Mars (Formisano
et al., 2004), albeit not without controversy (Zahnle et al., 2011),
a secondary goal of this investigation was to quantify subsurface
derived methane ﬂuxes at EGC. This is driven by the fact that if
water persists in the subsurface at martian spring sites, there is a
possibility for methanogenesis. Due to the microbial activity associated with the subsurface methanogensis, the chert nodules at
Mafeking Quarry are of considerable importance, on account of
the role siliceous sinters can play in preserving biosignatures
(e.g. Bock and Goode, 1996). Understanding the spectral differ-
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ences in hot versus cold silica deposition can work in conjunction
with the EGC results to identify and study low-temperature spring
deposits on Mars.
2. Methods
2.1. Sample collection
Water samples were collected from 11 stations along the length
of the outﬂow stream from the springs in May 2010. Station 1 was
the largest spring, Big Cauldron, at the beginning of the transect
(0 m). The other stations from which water and sediments samples
were taken were Station 2 (40 m from Big Cauldron), Station 3
(90 m), Station 4 (130 m), Station 6 (270 m – Station 5 was an inbetween station at which only a biological sample was taken), Station 7 (340 m), Station 8 (450 m), Station 9 (550 m), Station 10
(650 m), Station 11 (750 m), and Station 12 (820 m). Note that
water samples were not collected from Station 5 during water
sampling. Station 5 consists of a smaller spring that drains into
the main outﬂow channel at Station 6, and we only obtained biotic
samples from this station.
A Chek-Mite pH metre was used to determine the pH of the
spring and stream water at all EGC sampling stations. A VWR
Traceable salinity meter was used to measure both salinity in parts
per thousand (ppt) and temperature (°C) at each of the EGC sampling stations. Water samples were collected in 500 mL bottles,
and were completely ﬁlled, with no headspace, and sealed for
transport back to the University of Winnipeg.
Though evaporative conditions could not be replicated, precipitate samples were produced in the lab to supplement the ﬁeld
water chemistry results. Each precipitate sample was prepared
by decanting the remains of a water sample (400 mL), after all
water chemistry tests had been performed, into its own evaporation dish. The dishes were placed in a ventilated fume hood for
approximately 1 month to facilitate the evaporation of the water
and the precipitation of dissolved species. Sediments were ﬁltered
from the water samples before evaporation, using ﬁlter paper. The
evaporation dishes were covered with porous tissue paper to prevent the deposition of ambient dust in the samples while still facilitating evaporation.
Stream sediments for which reﬂectance spectra was measured
were collected from the outﬂow channel at each of the sampling
stations in May 2010. The ﬁnest fractions from the uppermost surface of the channel bed were collected from the bottom of the outﬂow channel. The samples were placed in sealed polyethylene bags
for transport back to the University of Winnipeg. They were left to
air-dry for approximately 1 month prior to spectral measurements.
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Outwash plain sediments were collected at variable distances
from Big Cauldron (Fig. 3A). Site choices were based on visible differences in color and texture. The samples were collected in the
form of 20  10 cm bricks extracted with a knife and shovel.
The samples were placed and sealed in plastic containers for
1 day until transported back to the University of Winnipeg.
Two Mafeking Quarry solution chimneys: SC-9 and SC-5S
(Fig. 5), were also collected and brought back to the lab for analysis. Both samples were friable, white nodules collected from a narrow zone between the outer rind and the core zone of the chimney
(Fig. 2).

2.2. Water chemistry analysis
The concentrations of nitrogen, calcium carbonate, magnesium,
silicon dioxide, sodium chloride, sulfates, and iron in all water
samples were measured using the Palintest photometer reagents
(Gateshead, England). All sample water to be tested was diluted
by a factor of 10 using distilled water, as the readings were consistently higher than the maximum value readable by the Palintest
7500 photometer when undiluted. The reported values were corrected for the dilution.

2.3. X-ray diffraction and X-ray ﬂuorescence
All stream sediment and outwash plain sediment samples analyzed by XRD were obtained by scraping material off the top surface of the bulk sample (grain sizes of 90 lm) in order to
preserve original crystalline material.
The precipitates that had been previously evaporated from the
EGC water samples were scraped out of the evaporation dishes
and ground and dry sieved to <1000 lm.
The compositions of both Mafeking Quarry solution chimneys,
SC-9 and SC-5S were determined by X-ray ﬂuorescence (XRF), as
described by Mertzman (2000), and are provided in Table 1.
XRD analysis involved acquiring continuous scan data from 10°
to 70° 2-h on a Philips PW1710 automated powder diffractometer
using a PW1050 Bragg–Brentano goniometer equipped with
incident- and diffracted beam Soller slits, 1.0° divergence and
anti-scatter slits, a 0.2 mm receiving slit, and a curved graphite
diffracted-beam monochromator. The normal focus Cu X-ray tube
was operated at 40 kV and 40 mA using a take-off angle of 6°.
Quantitative analysis was carried out using TOPAS (Bruker AXS
Inc.), a PC-based program that performs Rietveld reﬁnement (RR)
of XRD spectra.

Fig. 5. Reﬂectance spectra of nodules from the Mafeking solution chimneys: SC-9 (quartz with minor siderite) and SC-5S (quartz with minor calcite). Samples were crushed
and sieved to 90–1000 nm.
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were calculated for all relevant absorption features using Eq. (32)
of Clark and Roush (1984). For absorption features located on sloping continua, we removed a straight line continuum constructed
tangent to the reﬂectance spectrum on either side of the feature
of interest.

Table 1
Compositional data for Mafeking nodules from XRF data (Mertzman, 2000).

a
b
c

wt.%

SC-9

SC-5S

SiO2
TiO2
Al2O3
(Fe2O3)a
FeO
Fe2O3
MnO
MgO
CaO
Na2O
K2O
P2O5
SO3

92.52
0.02
0.52
(3.88)
3.04
0.50
1.87
0.33
0.61
0.11
0.08
0.03
0.02

97.63
0.02
1.27

Totalb
LOIc
Sr (ppm)
Zr (ppm)
V (ppm)
Co (ppm)
Cr (ppm)
Cu (ppm)
Ni (ppm)

99.99
3.64
30
18
39
20
<1
355
3

2.5. Biological investigations

0.17
0.04
0.01
0.16
0.36
0.01
0.03
0.02
99.72
0.82
80
15
33
5
26

All Fe expressed as Fe2O3.
Total expressed on a volatile-free basis and with all Fe as Fe2O3.
Loss on ignition after heating sample to 950 °C.

2.4. Reﬂectance spectra
Reﬂectance spectra were collected for the EGC spring water precipitates which were dry-sieved to <1000 lm, the air-dried stream
sediments, the outwash plain bricks, and the inﬁll of the Mafeking
Quarry solution chimney samples SC-9 and SC-5S.
Reﬂectance spectra of the outwash bricks were collected on
undisturbed surfaces, rather than in prepared powder form because it has been shown that this is more likely to yield diagnostic
spectral information (Horton et al., 1998). Both the light source and
the ﬁber optic cable were moved further away from the brick samples to obtain a 2 cm spot size. After initial spectral measurements
of the fresh brick samples were taken, the samples were dried at
room temperature while exposed to a low pressure CO2-rich atmosphere (1.3 kPa for 30 days) prior to post-drying reﬂectance spectra
measurements.
Diffuse reﬂectance spectra were obtained for all four types of
samples using an ASD FieldSpec Pro HR spectrometer over the
wavelength range of 350–2500 nm. Reﬂectance measurements
were acquired relative to a Labsphere Spectralon disk, measured
at i = 30° and e = 0°, using a 100 W QTH light source. Two hundred
scans were averaged to increase signal to noise ratio (SNR).
Spectral analysis consisted of comparisons of overall reﬂectance, and absorption band positions and depths. Band depths

Methane release from the areas of the springs covered with
mats was assessed using customized gas collection vessels that
penetrated through the spring water and into the sediments. Samples of the headspace of the containers were collected over time
and methane content was later analyzed by gas chromatography
(GC) using a GC-Mini 2, equipped with a ﬂame ionization detector
(Shimadzu Corp.) and a Porapak N 80/100 60  1/800  0.08500 SS column (Alltech Associates Inc.), using helium as a carrier gas. Three
outlets were selected to provide replicate measurements and assess the variability of the methane ﬂuxes over both short- (1 h)
and long- (24 h) time frames. In addition to this method, methane
as well as carbon dioxide and nitrous oxide were measured using
static vented ﬂoating chambers. Floating chambers were gently deployed over algal mats and in open-water areas of the research site
so as to not create any disturbance which may inﬂuence gas concentrations within the chambers. Results from the initial samples
collected from the chambers immediately after being deployed
had greenhouse gas (GHG) concentrations similar to those measured in ambient air samples collected, an indication that the initial placement of the chambers had little effect on the ﬂux of the
GHG. Ambient air temperatures and relative humidity were measured at the beginning and end of each sampling period. After
the initial samples collected at time = 0, additional GHG samples
were collected at 8, 16, and 24 min after the deployment of the
chambers. GHG ﬂuxes were calculated using the slope of the linear
relationship between time and GHG concentrations. MDCD (minimum detectable concentration difference) were calculated as 2SD
of ambient air samples measured from the same site on the same
day. Once the MDCD was determined this value was used to calculate a ﬂux for this value. Any calculated ﬂux that was lower than
the ﬂux calculated using the MDCD was assigned a value of zero.
2.6. Analysis of CRISM data: potential springs in Vernal Crater, Arabia
Terra
In its targeted mode, CRISM acquires hyperspectral images in
544 band channels at wavelengths between 0.4 lm and 4.0 lm
(visible to infrared). The spatial resolution of these images is
18 m/pixel (Ehlmann et al., 2008). CRISM hyperspectral near-infrared observations (1.0–2.5 lm) of the spring deposits
(frt000048bd_07_if165s_trr2_CAT_corr_destripe_despike.img and
frt000048bd_07_if165l_trr2_CAT_corr_destripe_despike.img),
were obtained from the NASA Planetary Data System (PDS)

Table 2
Band depths of absorption features in East German Creek sediments from May 2010.
Absorption
feature
670 nm
Chlorophyll band
900 nm
Fe3+ band
2330 nm
Carbonate band

Station 2
(%)

Station 3
(%)

Station 4
(%)

Station 6
(%)

Station 7
(%)

Station 8
(%)

Station 9
(%)

Station 10
(%)

Station 11
(%)

Station 12
(%)

5.5

n.d.

n.d

1.6

4.6

6.8

12

8.6

6.9

12.7

15.1

10.4

10.4

2.4

2.9

3

1

n.d.

n.d.

n.d.

3

3.6

7.2

5.9

5.9

3

2.8

8.5

8.9

2.0

Note: The abbreviation ‘‘n.d.’’ indicates that the feature was not detected in the sample spectrum.
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website. The raw observations were converted to estimated Lambert albedo using the CRISM Analysis Tools package for ENVI, also
available from the PDS. Lambertian photometric correction, atmospheric correction (volcano scan), and CIRRUS (CRISM clean) corrections were all applied.
Using ENVI, regions of interest (ROIs) of 3  3 pixels each were
delineated on the spring deposits. The central depression of each of
the two springs was selected as an ROI and seven further ROIs were
delineated on other regions of each deposit (Fig. 4B). Bands 259–
263 were removed from the spectra of all ROIs prior to analysis,
as these bands often exhibited negative reﬂectance values. The
mean spectra of each ROI were calculated by the ROI Tool ‘‘Stats’’
function in ENVI. For both the east spring and the west spring,
the spectrum of the central depression was divided by each of
the 7 other ROIs in Microsoft Excel. This ratio was then graphed
against Band number to give a visual representation of the differences between the two spectra.
A two-tailed, paired t-test was used to determine if there were
statistically signiﬁcant differences between the central depression
spectra and that of each of the 7 other ROIs for each spring. The
null hypothesis (H0) is that there is no signiﬁcant difference between the ROI at the central depression of a spring feature and
other ROIs delineated in other areas of the spring feature.
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Gypsum was the spectrally dominant mineral that precipitated,
but XRD indicated that it was only present in the samples at 1–
15 wt.%. While halite precipitation is fairly consistent along the
length of the outﬂow channel, the most gypsum is being precipitated at the ﬁrst few stations. Gypsum’s presence is clear in the
reﬂectance spectra through a comparison of the spectral features
of the precipitates at each of the sampling stations with the reﬂectance spectrum of pure gypsum. Gypsum is a hydrated mineral
with the chemical composition CaSO4 (2H2O) and therefore has
an absorption feature between 1450 nm and 1550 nm that is produced by three O–H stretching overtones. This process also causes
two shallow overtone absorption bands near 1000 nm and
1200 nm. There is a double absorption feature at 1950 nm in gypsum that is caused by an O–H stretch plus H2O bend. An additional
absorption feature near 1780 nm is attributable to an H2O combination band (Cloutis et al., 2008). Two more absorption features
indicative of gypsum are found at 2220 nm and 2260 nm, and are
caused by sulfur–oxygen (S–O) bond stretching (Cloutis et al.,
2008). Fig. 7 shows the changing gypsum signature in the precipitate reﬂectance spectra at Big Cauldron, Station 6, and Station 12
for comparison. While halite was present in large quantities in
these samples according to XRD data, it has no spectral signature
in the 350–2500 nm region.
3.3. Stream sediments

3. Results
3.1. Water chemistry
All water chemistry data can be viewed in Fig. 6. The lowest
water temperature observed was at the main spring, Big Cauldron,
at 9.5 °C.
The lowest pH is observed at Big Cauldron, at 6.78 and generally
increases along the outﬂow stream to a maximum value of 8.58 at
Station 12. The pH values at EGC are generally neutral.
Dissolved N concentrations (total nitrogen) decrease at stations
immediately downstream of Big Cauldron, followed by a spike in
concentration at Station 4. At the remaining stations along the outﬂow channel, concentrations remain low, below 3 mg/L.
The highest concentrations of CaCO3 are found at Stations 1 and
4, and concentrations greatly diminish beyond Station 4. Both N
and CaCO3 are found at much higher concentrations at the ﬁrst
few stations along the outﬂow stream and concentrations drop
off between Stations 4 and 6.
A decrease in dissolved Mg is observed between Stations 4 and
6, and concentrations then level out at values below 55 mg/L.
Silica concentrations ﬂuctuate to a large extent along the outﬂow channel from Big Cauldron, with peaks at Stations 6 and 9.
The NaCl concentrations were the highest in close proximity to
Big Cauldron, with tributaries meeting at Station 2 to yield the
highest concentration along the outﬂow channel.
The highest salinities are observed at Big Cauldron and Station 2
(65‰). Salinity drops off between Stations 4 and 6 to 4‰.
Sulfate concentrations decrease after Station 4, while Fe concentrations are highest at Stations 1, 2, and 4, and decrease after
Station 4.

3.2. Precipitates
All precipitate reﬂectance spectra can be found in the online
supplement. In the water samples that were evaporated from all
11 stations, halite was the dominant mineral being precipitated
according to XRD. The amount of halite being precipitated along
the outﬂow channel varies from 86 to 98 wt.% of the total
evaporates.

XRD analysis of the stream sediments are in the Supplementary
material.
There are three spectral characteristics of the air-dried sediments from the 11 EGC stations that are of interest. Firstly, there
is an absorption feature at 2330 nm that is likely indicative of carbonates (calcite, as identiﬁed by XRD), found in some, but not all of
the sediment samples. This feature is particularly shallow at Station 2 (Fig. 8; Table 2), and in general this feature becomes more
prominent with increasing distance from Big Cauldron.
Fe3+ appears to be present as a surﬁcial coating on these sediments based on the reﬂectance spectra, however the XRD data
does not indicate the presence of any Fe3+-bearing minerals. Their
presence is indicated by the wide absorption feature at 900 nm and
a signiﬁcant decrease in reﬂectance in the visible range, as well as a
reﬂectance shoulder at 500 nm (Sherman and Waite, 1985). All of
these features can be seen clearly in the reﬂectance spectra for
the Station 2 sediments, where the 900 nm absorption has a band
depth of 15.1% (Fig. 8). The prominence of these Fe3+ indicators decrease with increasing distance from Big Cauldron, particularly the
900 nm feature. For example, by Station 9, the 900 nm band has
decreased to a band depth of only 1%, and is not detectable beyond
this station.
Finally, a feature at 670 nm, chlorophyll a (Malenovsky et al.,
2006), is present in the air-dried sediment reﬂectance spectra from
all stations. While the feature is prominent at Station 2, it is indistinct in the Station 3 and Station 4 spectra (Fig. 8). From Station 6
through Station 12, however, the feature becomes increasingly
prominent with increasing distance from Big Cauldron.
3.4. Outwash plain sediments
Images taken of the outwash plain sediment bricks before and
after drying under Mars-like conditions and the XRD patterns can
be found in the online supplement. All reﬂectance spectra can be
found in Fig. 9.
Diagnostic mineral absorption features of gypsum and carbonates, as previously described in the stream sediment results, are
not present in the fresh bricks as they are masked by the prominent water absorption bands described by Hale and Querry
(1973). After drying the outwash plain sediment bricks under
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Fig. 6. Water chemistry: (A) water temperature. (B) pH. (C) Nitrogen concentration. (D) Calcium carbonate concentration. (E) Magnesium concentration. (F) Silicon dioxide
concentration. (G) Sodium chloride concentration. (H) Salinity. (I) Sulfate concentration. (J) Iron concentration.

Fig. 7. Precipitate spectra: Big Cauldron, Station 6, and Station 12. May 2010.

Mars-like conditions, these diagnostic absorption bands associated
with gypsum and carbonate become more evident.
Samples 2, 3, 4, and 7 show gypsum in the XRD patterns. All of
these, with the addition of brick 9 have cyanobacterial ‘‘brain’’ biofabrics. Samples 1, 5, 6, and 8 do not show gypsum in the XRD patterns and do not have biofabrics.
The chlorophyll a absorption band situated at 670 nm persists
after drying under Mars-like conditions, as can be seen in the
reﬂectance spectra of samples 1, 2, 3, 4, and 7, though it becomes
much less evident.
Fe oxyhydroxides are prevalent as a surﬁcial coating on most of
the samples, with the exception of samples 3 and 9. This is shown

Fig. 8. Sediment band depths with distance from main springs.

by the 900 nm Fe3+ absorption band; Fe oxyhydroxides are strong
absorbers below 1 lm. As the stream sediment results also show,
the Fe oxyhydroxides do not mask the carbonate absorption feature situated near 2300 nm. It is important to note that none of
the XRD patterns show evidence of crystalline Fe oxyhydroxides,
The carbonate absorption feature near 2300 nm is present with
variable intensities in all the sample reﬂectance spectra except
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Fig. 9. Outwash plain sediment spectra: Blue spectra are prior to drying under Mars-like conditions, orange spectra are after drying under Mars-like conditions. (A) Site 1. (B)
Site 2. (C) Site 3. (D) Site 4. (E) Site 5. (F) Site 6. (G) Site 7. (H) Site 8. (I) Site 9. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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sample 4. The carbonate absorption feature is limited when relatively large amounts of gypsum are present and contained in
cyanobacterial ‘‘brain’’ biofabrics, as seen in brick 3 and to a lesser
extent in brick 2. On the other hand, when gypsum is present in
relatively minimal quantities (identiﬁed by spectral absorption
features, but not with XRD patterns) and without cyanobacterial
‘‘brain’’ biofabrics, as seen with brick 5, the carbonate absorption
feature near 2300 nm is evident.
3.5. Mafeking silica
The reﬂectance spectrum of SC-5S is dominated by features
characteristic of hydrated silica: asymmetric hydration bands centered near 1410 nm and 1910 nm, and a broad feature from overlapping SiOH bands near 2210 and 2260 nm (e.g., Langer and
Florke, 1974). The broad, shallow absorption near 900 nm arises
from minor concentrations of iron (Table 1). The XRD data have
identiﬁed quartz with minor calcite, but because both of these
minerals are spectrally featureless in Vis–NIR wavelengths (e.g.,
Clark et al., 1990), small components of hydrated opal-A, if present,
could be dominating the reﬂectance spectrum. Therefore, although
the bulk mineralogy of the low-temperature sample SC-5S (quartz)
differs that of typical hydrothermal sinters (opal-A and/or opal-CT),
this sample is spectrally indistinguishable from hydrothermal
silica.
The reﬂectance spectrum of sample SC-9, however, does not exhibit the overlapping 2210 and 2260 nm bands that are characteristic of hydrothermal sinters. Instead, its spectrum is dominated
by a very broad feature from 900–1400 nm and a broad feature
from 2200 to 2400 nm. The XRD data conﬁrm that the sample is
primarily quartz with minor siderite (FeCO3), and the broad bands
are consistent with siderite absorptions (Hunt and Salisbury,
1971). The 1900 nm H2O feature indicates the presence of water
in the sample as well.
3.6. Methane release
All three sites produced methane, but only in trace quantities.
Results indicate that the ﬂuxes of carbon dioxide and methane
from spring pool and channel sites that have no or very little algal
material present are very similar, ranging from 620 to 1280 CO2–C
mg m2 d1 and 0 to 1.3 CH4–C mg m2 d1, respectively. Chambers that were placed in areas completely covered by mats of P.
percursa had greenhouse gas ﬂuxes similar to those observed in
the spring pool and channel sites with little algal material. Conversely where chambers were placed over open-water areas surrounded by algal mats, greenhouse gas ﬂuxes were noticeably
higher, ranging from 4108 to 20,721 CO2–C mg m2 d1 and 29.1
to 95.4 CH4–C mg m2 d1, respectively.
3.7. Analysis of CRISM data: potential springs in Vernal Crater, Arabia
Terra
Using a CRISM cube acquired over the putative spring deposits
in Vernal Crater, visible imagery shows tonal changes that are suggestive of compositional variability with distance from the proposed spring central depressions.
According to the outcomes of the t-test performed on the west
and east spring spectra, there is a statistically signiﬁcant difference
between the mean reﬂectance spectra of the central depression
and the mean reﬂectance spectra of the other ROIs delineated over
the spring deposits. There are no signiﬁcant differences between
CRISM reﬂectance spectra from the region of the putative springs
and nearby spectrally ‘‘unremarkable’’ areas. The HiRISE imagery
of the putative spring mounds at Vernal Crater (Fig. 4A) shows differences in visible albedo that suggest changes in mineral precipi-

tates with distance from the mounds; these differences do not
persist in the >1 lm region.

4. Discussion
4.1. East German Creek water chemistry and mineral precipitation
Analysis of the precipitates indicates that halite is the dominant
mineral precipitating at EGC. Gypsum is being precipitated in the
second highest quantities according to XRD, although it is the dominant mineral in the reﬂectance spectra. This is supported by the
high dissolved NaCl concentrations observed, with the highest
being 302 g/L. According to the water chemistry, the most halite
should be precipitating between Stations 1 and 4, but we see that
weight percent of halite in the precipitates is fairly similar along
the outﬂow channel and halite precipitation does not seem to closely follow the concentrations of NaCl (Fig. 6G). This suggests that
halite may be remobilized by overland water ﬂows, such as occurs
in spring due to meltwater at the site.
In terms of gypsum precipitation, the highest dissolved CaCO3
concentrations (yielding the cation Ca2+, which is present in gypsum) were found at Big Cauldron and Station 4. While it is intuitive
that Big Cauldron might be precipitating CaCO3, the high concentration found at Station 4 could be a consequence of the joining
of ﬂows from smaller springs at the site to the main outﬂow channel. While SO4 concentrations do not ﬂuctuate to a large extent, the
highest concentrations are found at Stations 1–6. From this information, it could be inferred that the most gypsum would precipitate from water samples collected between Stations 1 and 6. This
trend is observed in the precipitate spectral results, where strong
gypsum absorption features are found in precipitate sample reﬂectance spectra at both Big Cauldron and at Station 2; the XRD data
shows that the most gypsum is being precipitated at Stations 1,
3, and 4. The XRD results are generally more reliable than band
depth, and therefore we can conclude that the water chemistry
does correlate to a degree with the precipitation of gypsum along
the outﬂow channel.
Water temperatures were coolest in the spring pools and water
temperature of the outﬂow stream generally increased due to solar
heating, and then decreased once again towards the end of the outﬂow stream, likely due to an inﬂux of colder melt water from the
nearby forest, as the site was surveyed in May. At EGC, more minerals might precipitate out of the water closer to the springs as
cooler water will be closer to saturation for some dissolved species
than warmer water. In the case of carbonates, the opposite is true
and lower water temperatures promote higher solubility than
higher water temperatures (Morse et al., 1997). However, one
should also consider that the temperature increase due to solar
heating, as noted by Grasby and Londry (2007), also produces a
substantial amount of evaporation, which increases the concentration of dissolved species and hence would promote precipitation.
This indicates that mineral precipitation sequences could be used
to constrain environmental conditions at a spring site.
The increased pH further along the outﬂow stream could be due
to the inﬂuence of dissolved vegetative matter with a higher pH,
from the forest and wetland. It is not due to the inﬂuence of increased dissolved calcium carbonate as its concentration actually
decreases further along the outﬂow stream.
The increase in N concentrations away from the main springs is
likely due to the joining of individual tributaries of water from
individual springs. Therefore the amount of dissolved species increases where the tributaries meet. High ammonia content is a
limiting factor for biological growth, along with high NaCl content.
The dominant algae at the site, P. percursa is associated with eutrophication and is tolerant of high N and NH3 concentrations
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whereas other algae are not. It is believed that the N at EGC is produced by the biodegradation of organic materials in the deep subsurface of the springs (Cloutis et al., 2007).
The higher concentrations of CaCO3 away from the main springs
are likely due to the joining of tributaries from individual springs,
as was the case with the observed N concentrations.
Halite is the dominant contributor to the surface precipitates at
EGC, so the locations of the highest concentrations of NaCl at the
site are important. Based on observations on other dates, Big Cauldron appears to produce different concentrations of NaCl on a seasonal basis; the reason for these variations is not known. The drop
in salinity between Stations 4 and 6 could be due to precipitation
of Halite or an inﬂux of freshwater from the nearby wetland.
The decrease in SO4 after Station 4 indicates that sulfates (such
as gypsum) may have been precipitated along the outﬂow stream
before this.
The decrease in Fe concentrations after Station 4 is likely due to
the release of Fe by Big Cauldron and adjacent springs and the early
precipitation of Fe oxyhydroxides along the outﬂow stream.
4.2. Stream and outwash sediments
Analysis of the reﬂectance spectra of the air-dried sediments
collected from the outﬂow channel and outwash bricks dried under
Mars-like conditions from EGC suggests three important things
about this environment.
(1) When outwash bricks are dried under Mars-like conditions,
diagnostic absorption bands of gypsum and carbonates
become evident. Therefore, in the absence of surﬁcial liquid
water and the pervasive dust coating, these minerals would
be identiﬁable on the martian surface.
(2) The 670 nm chlorophyll a absorption feature indicates that
photosynthesizing biota, such as algae or cyanobacteria, are
present in the stream sediments at the site. Chlorophyll a is
a common pigment in terrestrial algae, and the spectral signature of the chlorophyll a is still present even after the sediments are air-dried. In addition to this, we have found that
chlorophyll a spectral signatures remain detectable after prolonged exposure to ultraviolet radiation; this may have
implications for detecting the presence of chlorophyll a in
martian sediment reﬂectance spectra. A general increase in
the band depths of the 670 nm band is seen with increasing
distance from the main springs. This possible increase in
photosynthesizing biota farther from the main springs could
be due to the increased temperature and pH observed farther
from Big Cauldron. This observation could also be due to
inﬂuences from the nearby forest and wetland, such as partially decomposed vegetative matter. There are less dissolved
species in the stream water further from Big Cauldron and
the other springs, therefore there would be less precipitates,
such as Fe3+, masking the chlorophyll a spectral signature.
There is a high abundance of the green algae P. percursa
around the main springs, which could also account for the
distinct chlorophyll a signature at the ﬁrst couple of sites.
The abundance of benthic algae likely increases with distance
along the outﬂow stream with the observed decrease in
salinity, which could potentially explain the increase in the
chlorophyll a spectral signature along the outﬂow channel.
The 670 nm absorption feature is also present in the dried outwash bricks that contain cyanobacterial ‘‘brain’’ biofabrics. What is
interesting is that these deposits precipitate gypsum crystals after
drying under Mars-like conditions, as identiﬁed by strong diagnostic absorption features and a prominent presence in XRD results.
Outwash bricks without the cyanobacterial biofabrics do not con-
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tain gypsum in the XRD results, and have at most weak gypsum
diagnostic features in the reﬂectance spectra.
(3) Fe oxyhydroxides are being precipitated from the spring
water, as indicated by a 900 nm absorption feature, attributable to a Fe3+ spin forbidden absorption band (Sherman and
Waite, 1985). Although this is not evident in the XRD data
for the stream sediments, the majority of the iron is precipitated at the beginning of the outﬂow stream, as indicated by
the relatively substantial decrease in 900 nm band depth farther from the main springs. At the last 3 stations, the 900 nm
band is no longer identiﬁable in the spectra. These observations are supported by the water chemistry from May 2010,
as higher concentrations of dissolved Fe are found at the ﬁrst
few stations along the outﬂow stream. This is also supported
by Grasby and Londry (2007), who observed orange–red precipitates for only a short distance along the outﬂow stream at
East German Creek, and identiﬁed it as goethite.
While Fe3+ phases do coat the stream sediments at the ﬁrst few
sampling stations along the stream, an absorption feature indicative of carbonate at 2330 nm can also be observed at these same
stations, indicating that carbonates can be spectrally detected in
the presence of these surﬁcial Fe precipitates, although the
2330 nm band depths are small: 2% to 4% at some stations.
These results are duplicated by the outwash sediments. All of the
outwash bricks that contain Fe precipitates show variable depths
of the diagnostic carbonate absorption band at 2330 nm. This has
implications for the search for carbonate deposits on Mars (Ehlmann et al., 2008). It is important to note that the depth of this
2330 nm feature increases with increasing distance from the main
springs as precipitation of goethite decreases. The precipitated
goethite coating likely masks the carbonate spectral signature of
the limestone bedrock to some extent (via scattering of incident
solar radiation), although ferric oxyhydroxides are quite transparent at these longer wavelengths (Cloutis et al., 2010). However, the
outwash sediments show that when gypsum and halite are abundant, the 2330 nm absorption band can become very subdued. This
implies that carbonate deposits related to spring deposits with
water chemistry that is not rich in dissolved carbonates may be
effectively hidden by sulfates or chlorides.
4.3. Mafeking silica
Pure silica is relatively spectrally featureless. The reﬂectance
spectrum of the SC-9 Mafeking silica nodule show absorption
bands attributable to Fe2+ crystal ﬁeld transitions in the accessory
siderite (near 0.9 and 1.15 lm), and minor absorption bands near
1.4 and 1.9 lm that are attributable to some form of OH/H2O.
The absorption feature near 2.2 lm is attributable to a Si–OH combination (Langer and Florke, 1974; Aines and Rossman, 1984),
while the feature near 2.3 lm is probably due to a CO3 stretching
overtone (Gaffey, 1986). The SC-5C nodule sample reﬂectance
spectrum, which contains minor calcite, has a weak band near
0.85 lm that is likely due to trace amounts of a Fe oxyhydroxide,
the 1.4 and 1.9 lm OH/H2O bands and the 2.2 lm region SiOH
band. The presence of calcite is not immediately apparent in the
reﬂectance spectrum. The expected 2.32 lm band is weak and
not readily detectable. The data suggest that silica, if present in
spring deposits, will best be detected by the presence of the
2.2 lm region absorption band.
4.4. Methane release
The low rates of methane ﬂux could be due to either low rates of
production in the sediment, or to high rates of methane consump-
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tion in the overlying mat. These results suggest that rates of methanogenesis are stimulated by the production of organic matter
within the algal mats. There is also a signiﬁcant amount of decomposition occurring in association with the algal mats as evidenced
by the high ﬂuxes of CO2. However, when algal mats completely
cover the surface of a spring pool they appear to effectively prevent
the release of CO2 and CH4 being produced beneath them. It is
important to note that ﬂuxes were measured in the fall only and
that these trends will likely change seasonally.
4.5. Analysis of CRISM data: potential springs in Vernal Crater, Arabia
Terra
The statistical difference between the mean reﬂectance spectra
of the central depression and the mean reﬂectance spectra of the
other ROIs delineated over the spring deposits may be due to noise
in the data, so it cannot be considered conclusive. This is further
substantiated when considering there are no signiﬁcant differences
between CRISM reﬂectance spectra from the region of the putative
springs and the nearby spectrally ‘‘unremarkable’’ areas. However,
the HiRISE imagery of the putative spring mounds at Vernal Crater
(Fig. 4A) shows differences in visible albedo that suggest changes
in mineral precipitates with distance from the mounds; these differences do not persist in the >1 lm region. This is consistent with
a composition for the underlying bedrock or sediments consisting
of near-infrared spectrally neutral materials, such as halite or Fe
oxyhydroxides. Alternatively, spectrally obscuring coatings of dust
may be preventing detection of other phases. Thus, the visible tonal differences may reﬂect either different amounts of these spectrally neutral materials, differences in grain size, or differences in
dust cover. The lack of well-deﬁned absorption bands in the available CRISM data hampers interpretation of bedrock or surﬁcial sediments in the region.
5. Implications for Mars
Analysis of the surﬁcial geology, geomorphology, biology, and
water chemistry of EGC provides a number of insights into the possible nature of low-temperature spring deposits on Mars.
During the transition from open water bodies to the presentday polar ice caps on Mars, basal meltwater could have recharged
a martian aquifer and potentially mixed with pre-existing evaporate deposits (Clifford and Parker, 2001; Grasby and Londry,
2007). As a result, proglacial hypersaline springs formed through
the injection of glacial basal meltwater into dipping strata, followed by reversal of ﬂow after glacial retreat may have developed
that would be very similar to those found at the EGC site. This may
have provided a long-lived source of surface and near-surface
water on Mars. For similar processes similar to those at EGC to occur, sedimentary deposits need to have been exposed to glaciation.
There is a growing body of evidence for glacial activity in various regions of Mars, even as recently as 2.1–0.4 Myr ago (Head
et al., 2003; Heard et al., 2010, and references therein). Although
Vernal Crater is not thought to have been glaciated, this does not
rule out the possibility for similar processes to have occurred elsewhere, especially with the existence of sedimentary bedrock.
Carbonate bedrock has recently been detected on Mars at different locations (Ehlmann et al., 2008; Morris et al., 2010). The identiﬁcation of widespread meters-thick chloride deposits on Mars,
particularly in the southern highlands, points to widespread water,
and resulting brines, in the planet’s past that could have led to the
precipitation of these deposits. Using spectral data from CRISM and
the Thermal Emission Imaging System (THEMIS) on Mars Odyssey,
deposits of chlorides and other aqueous minerals have been identiﬁed in eastern Margaritifer Terra (Osterloo et al., 2008). These

deposits are of great interest because they suggest the widespread
availability of water in Mars’ distant past for biological processes,
and they are areas of chemical sedimentation that could potentially preserve biomarkers, while creating the sedimentary strata
required for these types of springs.
Speciﬁc to EGC, we have found that surﬁcial evaporite deposits
are a complex function of the position and movement of outwash
and tributary channels and temporal changes in active versus inactive springs. Surface runoff and precipitation can also play a role in
remobilizing and distributing evaporites. The precipitation patterns of halite and gypsum as analyzed with XRD and reﬂectance
spectroscopy (in the case of gypsum), follow what is expected from
concentrations of NaCl, Ca2+ and SO2
4 in the spring water at each
sampling station. The strong color and tonal variations seen at
EGC are due almost exclusively to variations in Fe content and
likely the types of Fe oxyhydroxides that form.
Simple spectral ratios of the CRISM data from the Vernal Crater
springs show that there may be signiﬁcant changes in mineralogy
with distance from the center of the putative spring feature,
although we are unsure if this ﬁnding is simply due to noise and
error in the hyperspectral data. We could also only perform spectral ratios for the NIR bands in CRISM (>1 lm), as the data in the
visible wavelengths was unusable. There is a lack of readily apparent variations in reﬂectance and obvious Fe oxyhydroxide spectral
features in the Vernal Crater data, even though tonal differences in
HiRISE imagery are apparent. This spectral ‘‘discrepancy’’ is attributable to the fact that Fe oxyhydroxides are strong absorbers below
1 lm, but relatively transparent at longer wavelengths. This indicates that the choice of wavelength region will affect which minerals can be spectrally detected. This wavelength selectivity also
explains why halite, the volumetrically dominant surface mineral
across much of the EGC site is not detectable in our 0.35–2.5 lm
reﬂectance spectra, as it does not possess diagnostic absorption
bands in this region; the same situation applies to other evaporites
that may be present at spring sites (Osterloo et al., 2008), such as
sylvite, present at EGC in trace amounts.
Reﬂectance spectra of stream sediment and outwash samples
from EGC showed that carbonates can be spectrally detected
through a surﬁcial layer of Fe oxyhydroxides, but that carbonate
bands near 2300 nm are weak. Carbonate deposits on Mars should
theoretically be detectable using CRISM or other spectrometers
even if they are coated in a layer of ferric minerals. However, the
outwash sediment samples showed that when gypsum and halite
are prominent in precipitation the detection of carbonates can become more difﬁcult.
The EGC-Mafeking springs also indicate that such low-temperature springs can lead to the formation of extensive silica deposits
– something normally associated with hydrothermal systems, and
seen in possible spring mounds on Mars (Wray et al., 2011).
In terms of investigating spring deposits on Mars, EGC offers a
number of important lessons. Tonal variations, associated with
changes in Fe oxyhydroxides, do generally track with distance from
a spring. However, their detection does not appear possible using
XRD, as they are present only as volumetrically insigniﬁcant surﬁcial coatings. Variations in mineralogy across a spring site can be
used to infer groundwater chemistry, ﬂow patterns, and possibly
surface runoff. While not investigated in detail, EGC provides some
intriguing insights into geo-biological interactions at low-temperature springs. The formation and retention of gypsum seems linked
to the biological conditions at the site, as does the formation and
presence of Fe oxyhydroxides. A biosignature of photosynthesizing
life, a 670 nm chlorophyll a absorption feature, can be detected in
the EGC sediments even after this photosynthesizing biota is completely desiccated. This absorption feature is also found in the
cyanobacterial ‘‘brain’’ biofabrics of the spring outwash, and is intimately related to gypsum precipitation.
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While the chance of the pigment chlorophyll a existing on Mars
exactly as it does on Earth is not necessarily likely, if it did it could
potentially be spectrally detectable by the L3 Geology ﬁlter employed by PanCam on the Mars Exploration Rover (MER) Opportunity, which has been exploring the martian surface since 2004. This
ﬁlter has a band centered at 673 nm, with a bandpass of 16 nm
(Bell III et al., 2003), so if the chlorophyll a spectral signature
was present in martian sediment, the rovers should theoretically
be able to pick up the 670 nm feature, but obviously this inference
needs to be looked into in greater detail. It would also likely require two adjacent band passes just outside this absorption band.
The biological investigation showed that methanogenesis by
primitive life forms is an ongoing process in these springs. If life
on Mars is recent or ongoing, methane plumes on Mars could be
partially a result of methanogenesis in the depths of springs, as a
potential ‘‘last refuge’’.
The EGC site also provides insights into the selection of science
instruments for investigating spring deposits on Mars. The visible
spectral region is most sensitive to Fe oxyhydroxides, which
although volumetrically insigniﬁcant, do provide indications of
ﬂow directions, possible surface waters causing remobilization,
and which seem to vary with proximity to spring vents. XRD would
likely be insensitive to determining the cause of color variations if
such variations are due to surﬁcial grain coatings, but would be
valuable for detecting the presence of evaporites that do not have
strong or diagnostic spectral features. A more spectroscopy-based
approach would require fairly wide wavelength coverage for comprehensive site characterization as the types of evaporites at EGC
include species with widely varying spectral properties. Detailed
site imagery from a rover or lander could be used to reveal the
presence of springs through detection of dissolution/reprecipitation textures such as the carbonate ‘‘discs’’ and ‘‘pavement’’ seen
in the proximity of the springs, ﬁne-grained sediments deposited
at the periphery of the vents (with possible variations in composition), and brine-induced weathering textures on surface rocks. Older spring deposits, partially removed by erosion, may be
recognizable by the presence of dispersed silica sand or nodules,
and other chimney-associated deposits. As the EGC spring mounds
are low relief features, recognition from orbit using morphological
criteria would require high spatial resolution and vertical accuracy,
on the order of a few meters and tens of centimeters, respectively.
Most importantly, the laboratory spectroscopy of these analogues
has shown that orbital hyperspectral sensors are limited in their
ability to detect or analyze the type of mineralogy expected at
low temperature spring deposits. The XRD analysis has complimented the reﬂectance spectra, allowing a better understanding
of what is going on at these sites. This is ﬁtting, as the CheMin
instrument, a XRD/XRF instrument aboard Mars Science Laboratory, can provide complimentary data to CRISM during its run on
Mars. Although CheMin will not be analyzing any putative spring
deposits, this information will useful in analyzing Mount Sharp
and could provide further insights for any future missions involving putative spring-like deposits.
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