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Summary:  Analysis of CRISM images reveals the 

presence of the iron hydroxide mineral goethite in 
anomalous terrains on the western flank of Olympus 
Mons reveals. These terrains are particularly intriguing 
because of their late Amazonian age [1]. This goethite 
could have resulted from surface liquid water, trans-
ported ancient sediments, or seeps from near-surface 
permafrost. Similar to cold spring flows in polar regions 
on Earth, near-surface acid brine percolating through 
the permafrost could explain these features.  

 
Fig. 1. a) Olympus Maculae study site over MOLA to-
pography. b) Bright maculae shown in MOLA topogra-
phy over THEMIS daytime IR [2] c) False color CRISM 
IR view of anomalous terrains with R=2529 nm, 
G=1506 nm, B=1080 nm overlain on CTX.  

Study Site: The Olympus Maculae (Fig. 1) are 
anomalous terrains located at 217.2 °E, 17.3 °N in an 
Amazonian landscape shaped by lava flows, glacial de-
posits, and ridged aureole terrain [2]. This array of 10 
semicircular features generally increase in diameter and 
albedo eastward along an arc. The maculae appear 
bright in both THEMIS daytime and nighttime images, 
consistent with fine-grained, coated, or weakly consoli-
dated materials, and are typically dark in the visible. The 
study region is heavily influenced by aeolian processes 
and dust deposition that are modifying the surface [3-4]. 

Unusual Spectral Properties: CRISM spectra vary 
considerably across these outcrops (Fig. 2): the brightest 
terrains exhibit distinctive and unique spectral features, 
whereas the dark terrains are more typical of basaltic 
materials observed elsewhere [e.g., 5]. Here we ana-
lyzed variations in the conspicuous 3.14-3.16 µm band 
[2] and associations with other spectral features, in av-
eraged spectra from multiple spots within the brightest, 
bright, intermediate, and dark regions of multiple mac-
ulae (Fig. 2). We compared atmospherically and photo-
metrically corrected I/F and ratioed bright region spec-
tra with spectral libraries and found several OH-bearing 
minerals with comparable features in the 3.0-3.3 µm re-
gion, but only goethite consistently matches the spectral 
features observed for the maculae (Fig. 3). 

 
Fig. 2. CRISM corrected I/F and ratio spectra of anom-
alous terrains from several images. I/F spectra from the 
brighter regions have a V-shaped band near 3.15 µm 
that is accentuated in the relative (R) spectra that are ra-
tioed to spectrally neutral, dusty regions. All spectra are 
averages of multiple spectra collected at regions of in-
terest: brightest, 2nd brightest, intermediate, and dark. 
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Fig. 3. CRISM spectra of just the brightest regions that 
exhibit the strongest ~3.15-µm band compared with 
spectra of several goethite samples and a few other min-
erals having features near 3.1-3.2 µm.  

Goethite Formation: Goethite typically forms on 
Earth from oxidation of Fe in surface waters [6-7]. Ob-
servations from lab and field studies indicate that Fe-
sulfates (e.g., jarosite or schwertmannite) occur at lower 
pH, goethite forms at ~pH 4-6, and hematite is favored 
in near neutral environments [6-9]. Thus, goethite could 
form in mildly acidic, cold brines below the surface.  

Possible Formation Scenarios: The goethite-bear-
ing bright terrains could have resulted from goethite 
precipitating out of liquid water on the surface in contact 
with atmospheric oxygen or ancient goethite could have 
been transported from another region, but neither of 
these are probable. Another option for formation of goe-
thite in these maculae is via seeps from near-surface 
flows. Cold springs in the polar desert of the Canadian 
High Artic transmit liquid brines at 5-6 °C through per-
mafrost to the surface where the mean annual tempera-
ture is –15 °C and lows of –40 °C are common in winter 
months [10]. Detailed characterization of these cold 
spring flows suggests that brine flows permeate the per-
mafrost in regions where discharge and lakes are ob-
served on the surface [11]. 

The current form of the maculae could be the result 
of surface erosion and dust deposition. At the time of 
goethite formation the maculae could have been one 
large deposit or several associated deposits along an arc. 
Weathering appears to be occurring from west to east 
and the eastern outcrops could be more recently exposed 

to the surface as they are less modified. Winds could be 
circulating dust and surface grains, resulting in sand-
blasting of the surface. The maculae towards the east 
exhibit the strongest goethite signatures in CRISM spec-
tra. The easternmost maculae is also the largest, which 
is not yet well explained. 

Subsurface brine springs were proposed to explain 
liquid flows permeating through permafrost and form-
ing lakes and flow features at Axel Heiberg, Canada and 
Svalbard, Norway [11-12]. A similar process could have 
been occurring at our study site and is illustrated in Fig. 
4. In this model a cold acid brine spring exists under-
ground and forms fluid seeps upwards through the per-
mafrost and regolith in some regions. The cold fluids 
could be associated with deep geothermal sources.  

 
Fig. 4. Diagram of cold spring flow model [after 11,12] 
that could be responsible for goethite formation at the 
Olympus Maculae formation. 

These acid brines could be circulating and penetrat-
ing through the cold ground periodically to feed precip-
itation of goethite at the surface. Low-temperature in-
vestigations of Mars analog salt brines have shown that 
frozen mineral-salt-ices liquify well below 0 °C [13]. 
Thus, near-surface brines on Mars could be liquid below 
0 °C as well. Andersen et al. [11] suggest that cold 
springs could have formed on Mars through melting of 
glaciers or from relic groundwater forced upward 
through expansion of permafrost during freezing. 

Conclusions: Goethite observed at the Olympus 
Maculae could have resulted from a near-surface acid 
brine percolating through the permafrost to produce 
transient cold spring flows at the surface. 
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