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a b s t r a c t
Jarosite 40Ar/ 39Ar ages can be used to date surface processes such as weathering and environmental
transitions (i.e. aridiﬁcation) on Earth and Mars. To better interpret jarosite ages from a thermochronological
perspective, the diffusion kinetics of argon in jarosite were determined. Incremental fractional loss
measurements indicate an activation energy (E) of 37.8 ± 1.5 kcal/mol and a log Do/a2 of 5.68 ± 0.63 s− 1
corresponding to a closure temperature of 143 ± 28 °C, assuming a cooling rate 100 °C/Ma. Downward
extrapolation of these parameters to Martian surface temperatures (≤22 °C) predicts b 1% fractional loss of Ar
over 4.0 Ga. Forward modeling of 40Ar/39Ar age spectra using the least retentive E, Do/a2 pairs predict that if
held at 22 °C or less for 4.0 Ga, supergene jarosite would preserve original growth ages manifest as plateau
ages consisting of N 95% of the gas release. Because of its susceptibility to mineralogical breakdown, 40Ar/39Ar
ages on preserved Martian jarosite will reﬂect the time since water was present at a location that has since
undergone aridiﬁcation and remained hydrologically inactive and thermally quiescent.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
The landing site at Meridiani Planum for the Mars exploration rover
(MER) Opportunity was selected based in part on remote sensing data
from orbiters that indicated the presence of hematite hypothesized to be
the product of aqueous weathering processes (Christensen et al., 2000).
Using the Mossbauer spectrometer aboard Opportunity, the hydrous,
potassium-bearing iron sulfate, jarosite [K2Fe3(SO4)2(OH)6], was
detected in Martian sediments at Eagle Crater (Klingelhofer, 2004)
and subsequently found throughout the deposits at Meridiani Planum
(Squyres and Knoll, 2005). The presence of jarosite on Mars has two
ﬁrst-order astrobiological implications: 1) as an (OH)-bearing mineral,
jarosite requires the presence of water during its formation, and 2) as a
K-bearing mineral, jarosite has been demonstrated as a reliable
terrestrial chronometer using the 40Ar/39Ar method (Lueth et al.,
2005; Vasconcelos et al., 1994). When these two implications are
combined, it is evident that measuring an isotopic age on jarosite may
not only record the time since formation of the mineral, but also the time
since water was present at that location. This paired signiﬁcance
provides a basis for continued study of jarosite and is consistent with the
fundamental principle of “follow the water” that has guided the ongoing
search for evidence of life on Mars. Additionally, because jarosite is
present on Earth, it can be studied at length in the context of its Martian
occurrence (as constrained by orbiters and MERs) prior to being
retrieved during Mars sample return missions (Burger et al., 2009;
Madden et al., 2004; Papike et al., 2006).
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With the recent transition in Mars exploration program themes from
“follow the water” to “explore habitable environments”, jarosite
remains on the list of key astrobiologically signiﬁcant subjects for
continued research. Evaporitic sulfate minerals have been shown to
preserve amino acids and amines over geologically long time periods on
Earth (Aubrey et al., 2006), and glycine has been recovered from natural
jarosite samples (Kotler et al., 2008). Therefore, just as the hydrous
chemistry of jarosite rendered it signiﬁcant towards identifying aqueous
environments, its sulfate character implicates jarosite as a potential
preserver of biological signatures. Jarosite-bearing locations have been
recommended as targets for future sample return missions to Mars
(Navrotsky et al., 2005; Papike et al., 2006) at least in part because of
these characteristics. To date, however, it remains unknown the degree
to which Martian jarosite may, or may not, retain original argon isotopic
signatures recording the timing of formation and, by extension, the age
of transient jarosite-forming aqueous conditions.
To better interpret measured 40Ar/39Ar ages within their petrologic
context, the kinetics of argon diffusion in jarosite were determined.
Results are used to evaluate the argon retention behavior of jarosite as it
relates to the processes by which this mineral forms on Earth. Fractional
loss calculations and model constraints on the long-term retention of
argon in jarosite are discussed from a thermochronologic perspective
with application to the preservation of original isotopic compositions
(ages), and the possibility of dating near surface processes on Mars.
2. Experimental determination of argon diffusion in jarosite
Jarosite sample NMNH C7137, acquired from the Natural History
Museum of the Smithsonian Institute was used in this study. Beyond the
results presented here, the only information available for the sample is a
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3. Interpreting jarosite

40

Ar/ 39Ar ages on Earth

Based on a 100 °C/Ma cooling rate (i.e. rapid cooling at the Earth's
surface), the diffusion kinetics (E, Do/a 2) correspond to an average
closure temperature (Tc) of 146 ± 30 °C (Table 1). Closure temperature refers to the temperature at the time corresponding to the
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collection location in the Santa Eulalia District, Chihuahua, Mexico. From
visual inspection and electron microprobe analysis, this sample is a
coarsely crystalline, homogeneous K-jarosite (Supplementary Table 1,
Supplementary Fig. 1). Details of the chemical analyses for sample
characterization and 40Ar/39Ar irradiation and analytical procedures are
provided in the supplementary Materials and methods.
Jarosite has been shown to break down during vacuum heating
into hematite and yavapaiite at 302 °C and above (Xu et al., 2010). As
it is heated, jarosite expands along the c-axis where relatively weak
K\O bonds connect structural sheets of SO4 tetrahedra and Fe(O,OH)6
octahedra. The Fe(O,OH)6 dehydroxylates to become FeO6, where
approximately one third of these octahedra join with SO4 tetrahedra
to form Fe(SO4)2 sheets linked together by interstitial K + forming
nanocrystalline yavapaiite (Xu et al., 2010). The remaining FeO6 form
hematite by joining into stacks of gibbsite-type octahedral layers.
Using long-duration (4 h), low-temperature (150–285 °C), vacuum
furnace step-heating with monotonically increasing temperatures, argon
was incrementally extracted from three size fractions of the sample.
40
Ar/39Ar age determinations are presented in Supplementary Fig. 2 and
Supplementary Table 2. The heating schedule was selected to ensure the
jarosite remained stable during a portion of the experiments. We infer Ar
loss is via volume diffusion from stable jarosite and only gas fractions
extracted at temperatures below 300 °C were used to determine
diffusion kinetics (see supplementary Materials and methods). At these
temperatures 39Ar extracted from the three size fractions yield
reproducible Arrhenius arrays (Fig. 1) with strong linearity (r2 ≥0.99),
consistent with maintaining mineral stability throughout this temperature range of the step-heating experiments. Diffusion kinetics for 39Ar are
assumed to reﬂect those of 40Ar* (radiogenic 40Ar produced by natural
decay of 40 K). Least-squares regressions (Fig. 1) indicate an average
activation energy (E) of 38.80 ± 1.58 kcal/mol and log Do/a 2 of
6.09 ± 0.67 s− 1 (Table 1). These values are also obtained when the
three separate analyses are regressed together (Fig. 2). All results are
summarized in Table 1. Because of extremely low MSWD values due to
overestimated uncertainties (Wendt and Carl, 1991), omission of the ﬁrst
and seconds points from the regressions is based on 1) reduction in the r2
value of the regression when included, 2) their position off of the welldeﬁned (r2 ≥ 0.99) linear array (N0.5 log units) consisting of subsequent
steps, and/or 3) the relatively high uncertainty associated with small
signal sizes.
The Arrhenius diagram in Fig. 2 indicates that, with the exception
of one point, the largest size fraction (150–200 μm) plots above the
two smaller size fractions. In log D vs. 1/T space this relationship
between size fractions has been interpreted as resulting from an
effective diffusion radius that is between the largest crystal size
analyzed and the smaller sizes with overlapping log D values
(Harrison et al., 1985). However, in log D/a 2 vs. 1/T space, the larger
size fraction should plot below the smaller size fractions if indeed the
effective diffusion radius was smaller than the measured grain size.
Fig. 2 depicts an opposite relationship between the grain sizes.
However since each fraction consists of a range of crystal sizes it is
unclear if an effective diffusion radius can be determined. Calculation
of log D values using the maximum of each grain size range (i.e., 125,
150, 200 μm), results in a log D vs. 1/T plot with overlapping values at
temperature steps 150, 200, 250, 265, and 285 °C. This may indicate
that the effective diffusion radius is equal to the physical grain size
and thus the apparent non-intuitive relationship between grain sizes
in Fig. 2 may be caused by the mixing of a range of crystal sizes in each
size fraction.
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Fig. 1. Arrhenius diagrams based on incremental 39Ar released during step-heat
experiments. a. 75–125 μm size fraction. b. 125–150 μm size fraction. c. 150–200 μm
size fraction. Least-square regression yields consistent results between grain sizes.

measured age for a mineral (Dodson, 1973). Therefore, if these results
are applicable to all jarosite, a ﬁrst order, although not always correct,
interpretation of 40Ar/ 39Ar ages is that jarosite formed below 116 °C
records the timing of mineralization, and jarosite formed above 176 °C
records the timing of post-formational cooling.
In supergene jarosite-forming environments on Earth such as acid
mine drainage areas, acid-hypersaline lakes, and acid sulfate soils
(Stoffregen et al., 2000), where mineralization occurs at surface
temperatures, the measured 40Ar/39Ar age reﬂects the timing of jarosite
formation. In cases of hypogene jarosite formation, such as thosethat
occur at sulfur-rich volcanic fumaroles and hydrothermal conduits (e.g.
along faults, ﬁssures) where mineralization can occur at temperatures as
high as 240 °C (e.g., Lueth et al., 2005), a jarosite 40Ar/39Ar age reﬂects
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the timing of cooling below the closure temperature, possibly marking
the cessation of an episode of thermal venting.
It is noteworthy that for both supergene and hypogene environments,
a measured jarosite age will constrain the timing since water was present
at that location. Water is necessary for jarosite formation, although this
does not mandate the occurrence of ﬂowing or standing water at the time
of mineralization (e.g., Schiffman et al., 2006). Studies of jarosite
occurrence and stability indicate that a more appropriate description
for a jarosite-forming environment may be a ‘drying’ environment rather
than a ‘wet’ one (Fairen et al., 2009; Madden et al., 2004; Navrotsky et al.,
2005). Therefore, whether ﬂuvial, lacustrine, ground, meteoric, or vapor,
a H2O component is necessary for jarosite formation, and jarosite
preservation depends largely upon the post-formational absence of
water (Elwood Madden et al., 2009). Based on this understanding of
jarosite formation, we infer that jarosite ages will constrain the timing of
secondary mineralization related to the ﬁnal waning of aqueous
conditions prior to the ultimate aridiﬁcation of a region.

4. Implications for determination of
jarosite

40

Ar/ 39Ar ages from Martian

The variety of processes that lead to jarosite formation on Earth
result in different crystal morphologies and associated bulk mineralogy
of the jarosite-bearing deposits (Alpers et al., 1992; Fernández-Remolar
and Morris, 2005; Greenwood et al., 2006; Lueth et al., 2005; Schiffman
et al., 2006). At present, the morphology of jarosite on Mars is unknown
although hypotheses have been made based on Earth analog sites
(Fairen et al., 2009). Improved constraints on Martian jarosite
morphology are expected as understanding of Mars surface processes
progresses with additional measurements obtained via advanced future
landers and rovers. From a thermochronologic perspective, in all cases
the crystal morphology of a chronometer and how it relates to the
process of formation is important because 1) the conditions at the time
of mineral formation need to be considered with respect to the
parameters deﬁning the chronometer's isotopic closure (especially T)
to properly interpret a measured isotopic age, 2) the approximate
geometry (i.e. reﬂecting crystal habit, K\O bond conﬁguration) is an
input parameter in the iterative calculation of bulk closure temperature
(Dodson, 1973), 3) the mineral's diffusion geometry is used in the choice
of the relevant fractional loss equations used to calculate Arrhenius
parameters (Crank, 1975), and 4) the calculated diffusivities based on
degassing experiments are typically expressed as the combined term
D/a 2 where a is the diffusion length scale (e.g. crystal radius).
Although details of Martian jarosite morphology are presently
unknown, the argon diffusion parameters presented here can be used
along with knowledge of terrestrial jarosite to place constraints on the
preservation of original isotopic signatures at the Martian surface. In
addition the potential robustness of measured jarosite ages from future
sample return missions can be assessed.

It is now well-demonstrated that aqueous environments have existed
during early Mars history (e.g., Klingelhofer, 2004), and it is becoming
increasingly convincing that aqueous environments continue to exist in
the more recent Mars history (Byrne et al., 2009; Neukum et al., 2010),
although more transiently. Jarosite mineral stability considerations
indicate that the current Mars surface environment supports preservation
of the mineral (Navrotsky et al., 2005). If the present Mars surface
conditions have been maintained over the past ~4.0 Ga, (Fairén, 2010;
Gaidos and Marion, 2003; Shuster and Weiss, 2005) then the Martian
surface has been within the jarosite stability ﬁeld for the past ~4.0 Ga.
Although mineralogically stable, residence at seemingly low
temperatures (bbTc) for adequately long durations can result in
partial-retention zone conditions (e.g., Lister and Baldwin, 1996). The
possibility of partial loss of 40Ar* from Martian jarosite due to long
(~4.0 Ga) residence at the surface can be evaluated using the argon
diffusion kinetics presented here along with constraints on Martian
surface temperatures based on measurements made by the Spirit
exploration rover and investigations of the ALH84001 meteorite
(Cassata et al., 2010; Shuster and Weiss, 2005).
By downward extrapolation of the Arrhenius relationships (Fig. 1,
Table 1) to 0° and 22 °C, an expected fractional loss can be calculated
for varying residence times (Fechtig and Kalbitzer, 1966). Using the
cited E and log Do/a 2 values (Fig. 1, Table 1) these calculations predict
that for jarosite residing at temperatures of 22 °C or below for 4.0 Ga,
diffusive loss of less than 1% of the radiogenic 40Ar will occur
(Table 1). Still, the effect of seemingly small degrees of partial loss on a
theoretical age spectrum can be evaluated (Lovera, 1992).
To demonstrate the likelihood that jarosite records original, undisturbed
ages, model 40Ar/39Ar age spectra were produced using the AGESME
program (Lovera, 1992) [see supplementary Materials and methods]. The
least retentive diffusion parameters (lowest E, highest Do/a2 pairs as
deﬁned by uncertainties in Table 1) were used in these models to illustrate
the maximum partial diffusive loss that may occur due to long-residence at
low temperatures. The models are based on a single spherical domain held
at 0 and 22 °C for 4.0 Ga that was ‘numerically’ step-heated using the 18step heating schedule in Supplementary Table 2 with a 20-minute duration
for all steps. The model results (Fig. 3) indicate that jarosite held at 0 °C for
4.0 Ga is expected to yield plateau ages within 0.4 Ma (.01%) of 4.0 Ga
consisting of at least 98% of the gas release (Fig. 3a). At 22 °C, plateau ages
are reduced to 95% of the gas released, but remain just within 1% (3963 Ma)
of the actual 4.0 Ga age (Fig. 3b). Note again, this result is based on the least
retentive E and Do/a2 values as constrained by the uncertainties cited in
Table 1, as representing argon diffusion in jarosite, therefore it is likely to
overestimate the actual partial loss at these times and temperatures.
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Fig. 3. Model jarosite 40Ar/39Ar age spectra for the least retentive kinetic pair (E, Do/a2)
for each set of diffusion parameters in Table 1. a.) Model results for jarosite held at 0 °C
for 4.0 Ga. Inset shows the full age spectra while the ﬁgure focuses on the initial 2.0% of
the model gas release to highlight the partial loss proﬁle. b.) Model results for jarosite
held at 22 °C for 4.0 Ga. Inset shows the full age spectra while the ﬁgure focuses on the
ﬁrst 5.0% of the model gas release to highlight the partial loss proﬁles. Note both
scenarios result in plateau ages within 1.0% of the 4.0 Ga crystallization age consisting
of greater than 95% of the gas release.

Additionally, although loss proﬁles are apparent over the initial few percent
of the model gas release, the majority of the age spectra yields the original
crystallization age well within analytical precision and consists of far
greater than 50% of the gas release (conventional minimum criteria for
deﬁning plateau ages, (e.g., McDougall and Harrison, 1999)).
A similar result to these models was presented by Landis et al. (2005)
and Julian et al. (2005) where Paleoproterozoic ages (1.87 Ga) were
recovered from alunite in the Tapajos gold province of Brazil. Although
40
Ar/ 39Ar age spectra exhibited an apparent loss proﬁle with ages
progressively increasing with temperature, consistency in plateau ages
(N50% of the gas release) indicates the alunite effectively preserved
original ages over billion year timescales. As minerals of the same group
(substituting Al 3+ and Fe3+ for alunite and jarosite, respectively), the
recovery of Paleoproterozoic ages in alunite may lend support to the
model results presented here as a mineralogical analog for the longterm retention of argon in sulfates.

5. Implications for Mars jarosite sample return
Because 22 °C is a maximum temperature based on modeling of
meteorite age spectra, and also represents the maximum temperature
measured by the Spirit rover, model ages assuming this temperature
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persisted on Mars for 4.0 Ga reﬂect the maximum estimate for longduration partial retention of argon. Therefore, the diffusion parameters presented here predict that jarosite collected from the Mars
surface and transported to Earth for laboratory analysis should record
the original ages of formation, likely reﬂecting the time since water
was present at the sample locality. 40Ar/39Ar ages from jarosite samples
collected along a vertical proﬁle, such as that investigated by the
Opportunity MER (Grotzinger et al., 2005), may record the timing of
downward migration of an aridiﬁcation front during water table retreat.
This is dependent on the duration of the retreat. Additionally, jarosite is
not a very robust mineral like zircon (e.g., http://www.geology.wisc.edu/
zircon/zircon_home.html) but rather quite friable. It readily breaks
down into hematite and yavapaiite at relatively low temperatures
(beginning at 300 °C, and completely by 350 °C (Xu et al., 2010)), is
susceptible to rapid dissolution in water (Elwood Madden et al., 2009),
and it is precipitated and destroyed by erosion/dissolution on very short
timescales in some settings (Schiffman et al., 2006). Based on its
susceptibility to breakdown, preservation of jarosite on Mars requires
that it has not experienced a signiﬁcant thermal event (i.e. volcanism,
impact) that would result in age compromising diffusive loss of argon as
the mineral would not survive.
The Mars surface is dominated by basaltic compositions in the form of
lavas and reworked sediments and ash, affording an abundant supply of
Fe and S available to interact with the evaporating/sublimating surface
and groundwaters/ice. The recent discovery of jarosite in the Mawrth
Vallis region (Farrand et al., 2009) supports the premise that on Mars,
jarosite is highly likely to form anywhere water existed, especially during
the waning stages of drying aqueous environments (e.g., Mccubbin et al.,
2009). Therefore, a distribution of Martian jarosite ages could reﬂect
locations where past aqueous environments once persisted and
importantly, have not since been affected by astrobiologically catastrophic events such as impacts and volcanism, thus marking sites possibly
favorable for biological development.
Supplementary materials related to this article can be found online
at doi:10.1016/j.epsl.2011.08.006.
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