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Introduction: The emerging view on the formation 
of suspected hydrothermal deposits observed by Mars 
Exploration Rover (MER) Spirit at and near Home Plate 
indicates diverse aqueous processes. Fumarolic 
alteration is supported based on discrete occurrences of 
sulfates among likely opaline silica-rich leached residue 
[1,2]. Neutral to alkaline hydrothermal fluids are 
supported based on textural and stratigraphic 
relationships of other silica-rich rocks [3,4], some of 
which show textures indicating post-depositional 
fumarolic modification [4]. How long the inferred 
hydrothermal system was active is left unconstrained. 
Determining the timespan of potentially habitable 
environments on Mars is important from an 
astrobiological perspective. 

The Geysir and Ölkelduháls areas, Iceland, are 
active hydrothermal systems that host hot springs with 
pH from acid to alkaline, fumaroles, and large swaths of 
heavily altered steaming ground. This study 
investigated the mineral and geochemical composition 
of alteration products associated with active thermal 
features at these sites to better understand the time 
needed for diagenetically mature hydrothermal 
alteration on Earth. The diversity of conditions at these 
sites allows us to compare hydrothermal alteration 
products produced under a range of end-member and 
intermediate aqueous conditions analogous to the 
proposed hydrothermal system near Home Plate, Mars. 

Methods: Solid samples were collected from two 
hot springs in Geysir’s main thermal field (pH = 6 –8.3, 
T = 84.1–92.5°C), Blessi hot spring (pH = 8.7, T = 
95.6°C), an extinct hot spring, and an active fumarole. 
At Ölkelduháls, materials associated with two acidic hot 
springs (pH = 2.2–3.5, T = 75.4-54.8°C) were collected. 
Mineral phases were identified by x-ray diffraction 
(XRD) using a Bruker D8 Focus XRD. Solid sediment 
and mineral samples were fused into glass and analyzed 
for bulk geochemistry using a Bruker S4 Pioneer x-ray 
fluorescence (XRF) spectrometer. 

XRF results: Box and whisker plots show the range 
for various major oxides in different sample groups (e.g. 
sinter precipitates vs. leached residues associated with 
acidic hot springs/fumaroles; Fig. 1). Sinter precipitates 
collected near active and extinct near-neutral hot springs 
had >90% silica. Samples collected near fumaroles/hot 
springs where leaching dominated were more variable, 
with more Fe2O3 and Al2O3.  

XRD results: XRD results are reported in Table 1. 
Samples collected near the active fumarole contained 
amorphous silica, and nanophase iron oxyhydroxides 

(npOx) in surface crusts, with pyrite just below 
(indicating a very shallow oxidation front). Smectites, 
kaolinite, and anatase (TiO2) are often also present. 
Actively precipitating sinters collected from near-
neutral hot springs were mostly amorphous silica. 
‘Fossil’ sinters from extinct hot springs contained 
amorphous silica and crystalline silica phases 
(tridymite, quartz, opal-A), indicating increased 
diagenetic maturation.  

Mineral diversity at Ölkelduháls was limited and the 
entire area sampled was extensively altered. Samples 
collected near hot springs commonly contained quartz 
with anatase, pyrite, smectite, and/or kaolinite. 1-2 cm 
euhedral trigonal quartz crystals (IO-19-14) were found 
protruding from altered muds meters away from the hot 
springs.  

Figure 1: Box and whisker plots showing spread of selected 
major oxide concentrations for solids 
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Discussion: This study targeted hydrothermal 
systems with upper limits of hydrothermal activity 
ranging from 400–800 kyrs for Ölkelduháls and Geysir, 
respectively (based on the age of the associated volcanic 
systems). We observed mixtures of kaolinite/smectite, 
mixtures of amorphous silica and quartz, and aerially 
extensive swaths of altered ground/outcrops, all 
implying long-term alteration and substantial diagenetic 
maturation. The ages provided above give a maximum 
time to produce the degree of diagenetic maturation 
observed. However, individual surface manifestations 
of hydrothermal activity are ephemeral, and modern 
surface features are unlikely to have survived several 
hundred thousand years. 

While the age of surface features is uncertain, the 
upper succession of siliceous sinter deposits at Geysir, 
now 2-2.5 m thick, has been dated to a maximum of 10 
ka [5]. At Ölkelduháls, the features we sampled crosscut 
basaltic hyaloclastites as young as 12 ka [6]. Therefore, 
our results show that high-intensity hydrothermal 
activity can produce extensively altered, diagenetically 
mature hydrothermal deposits (especially quartz 
replacement of amorphous silica), whether through 
acid-sulfate (e.g., Ölkelduháls) or near-neutral/alkaline 

(e.g., Geysir) hydrothermal processes, on 
geologically short timescales. 
Home Plate, Mars: Comparing the 
secondary minerals observed herein to 
those observed by MER Spirit suggests 
that the inferred hydrothermal system 
near Home Plate was short-lived. Spirit 
observed abundant sulfates (Paso Robles 
class soils), opaline silica (in the Eastern 
Valley adjacent to Home Plate itself), and 
minimal evidence of phyllosilicates 
[1,2,3,7]. The sulfate-rich Paso Robles 
class soils likely formed through 
precipitation from acidic fumarolic 
vapors/soil solutions with limited water 
availability. The long-term preservation 
of such phases also supports minimal 
post-depositional interaction with fluids, 
as sulfates are generally soluble and 
would quickly re-dissolve. Ruff et al. 
(2020) [4] make a convincing case that 
the nodular silica outcrops observed near 
Home Plate were originally precipitated 
as silica sinter, and were later altered by 
fumarolic vapors as the water table 
declined. However, experimental studies 
of diagenetic phase transformations that 
occur in terrestrial silica sinters subjected 
to this process imply that the transition 

from opaline silica (precipitated directly from hot spring 
fluids) to quartz can begin after only months of contact 
with fumarolic vapors [8]. Although conditions of 
modern-day Earth and Noachian Mars are likely much 
different (making it difficult to constrain the rates at 
which diagenesis occurred on early Mars), these 
observations suggest that the inferred Martian silica 
sinters must not have been exposed to fumarolic vapors 
for long. The apparent lack of diagenetic maturity across 
all deposits near Home Plate is most consistent with 
ephemeral hydrothermal activity, which has 
implications for the habitability of the hydrothermal 
system as a whole. 
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