
GeoEng_Large_Aerosol and by more than 30
years for GeoEng_Small_Aerosol (Fig. 3B).
Assuming a vertical expansion of the ozone hole,
the first stage of recovery would be delayed by
another 30 years for both cases (Fig. 3C). The
recovery of Antarctic ozone to conditions that
prevailed in 1980 would be delayed until the last
decade of this century by geoengineering, assum-
ing no vertical expansion of the ozone loss region
(Fig. 3B). However, if the vertical extent of the
ozone hole were to increase, this stage of recov-
ery would not occur within this century (Fig. 3C).

Our estimates of the risk of geoengineering do
not consider several important effects. A possible
consequence of a stratospheric sulfur injection,
which was not considered here, is a strengthening
of the polar vortex, because of the stronger tem-
perature gradient between high and low latitudes
caused by enhanced stratospheric aerosol (20).
This could increase the frequency of cold polar
winters, leading to even greater ozone loss than
estimated. On the other hand, volcanic aerosols
might result in dynamic instabilities, causing earlier
major stratospheric warming at the end of Arctic
winters, which results in smaller PACl and there-
fore less ozone loss. Also, enhanced sulfate aero-
sols could suppress denitrification in the polar
vortices in a manner that might affect the linear
relation between ozone loss and PACl. Enhanced
ozone loss through geoengineering would also
likely result in a thinning of the ozone layer at mid-
latitudes due to the export of polar processed air,
as observed during the period of rising halogen
loading (1979 to 1995) (21). Further, the enhanced
stratospheric aerosol levels would disturb ozone
photochemistry in mid-latitudes, resulting from the
suppression of stratospheric NOx, leading to even
further ozone depletion (22). Additional uncertain-
ty results from our use of idealized aerosol size and
perturbation. Finally, the impact on ozone of any
future major volcanic eruption would likely ex-
ceed, by large amounts, the ozone loss that was
observed after the eruption of Mount Pinatubo and
El Chichón, because additional volcanic aerosols
will be acting on an already perturbed stratospheric
SAD layer. Comprehensive chemistry–climate
model simulations, considering these effects and
perhaps others, are needed to fully evaluate the
impact of geoengineering on atmospheric ozone.

A substantial increase of stratospheric sulfate
aerosol densities caused by various geoengineering
approaches will likely result in strongly enhanced
chemical loss of polar ozone during the next several
decades, especially in the Arctic. The expected re-
covery of the Antarctic ozone hole due to a reduc-
tion in stratospheric halogen loading, brought about
by the implementation of the Montreal Protocol,
could be delayed by between 30 and 70 years by the
aerosol perturbation associated with geoengineering.
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Water Activity and the Challenge for
Life on Early Mars
Nicholas J. Tosca,1* Andrew H. Knoll,1 Scott M. McLennan2

In situ and orbital exploration of the martian surface has shown that acidic, saline liquid water was
intermittently available on ancient Mars. The habitability of these waters depends critically on
water activity (aH2O), a thermodynamic measure of salinity, which, for terrestrial organisms, has
sharply defined limits. Using constraints on fluid chemistry and saline mineralogy based on
martian data, we calculated the maximum aH2O for Meridiani Planum and other environments
where salts precipitated from martian brines. Our calculations indicate that the salinity of well-
documented surface waters often exceeded levels tolerated by known terrestrial organisms.

Because liquid water is required by all
organisms on Earth, evidence of cur-
rent or past water has been viewed as a

first-pass filter for habitable environments on
Mars. Further evaluation of habitability, how-
ever, requires that we move beyond the mere
presence of water to consider its properties.
Water may be required for life on Earth, but not all
terrestrial waters are habitable; the limits of ter-
restrial life are defined by additional parameters,
including temperature, pH, and salinity (1).

Layeredmartian rocks exposed on theMeridiani
plain have been interpreted as sandstones con-
taining Mg sulfate, Ca sulfate, jarosite [(K, Na,
H3O)(Fe3-xAlx)(SO4)2(OH)6, where x < 1], and
hematite (2–5). The geochemical, textural, and
sedimentological features of these rocks are con-
sistent with deposition in an arid, predominantly
eolian setting, with intermittent percolation of

acidic, oxidizing, and saline groundwater (4, 5).
The orbiting spectrometers OMEGA and CRISM
have identified other localities across the martian
surface that boast thick successions of layered
rock rich in Mg and Ca sulfates (6). Evaporite
minerals in martian meteorites and Fe-sulfate–
rich soils analyzed at Gusev Crater provide still
further evidence for acid saline conditions (7, 8).
By itself, the low pH inferred for martian brines
need not have imposed a barrier to life (1). What,
however, were the consequences of salinity?

At the high solute concentrations needed to
form evaporite minerals, water is, to a large de-
gree, made chemically unavailable by ion hydra-
tion. As a result, with increasing salinity, biological
activity sharply decreases.Quantitatively, the chem-
ical availability of liquid water can be expressed in
terms of its activity (aH2O) (9). The aH2O of pure
water is 1.0, a value that decreases with increasing
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salinity. The aH2O of terrestrial seawater is 0.98, and
the aH2O of most waters weathering Earth’s con-
tinental crust falls between 0.98 and 1.0. Most
organisms cannot grow at aH2O ~ 0.9, and few are
known to tolerate aH2O < 0.85 (10). A few extreme
eukaryotes fungi and archaea can live in NaCl-
saturated solutions with an aH2O = 0.75 (10), and a
single fungus, Xeromyces bisporus, has been
shown to grow at aH2O = 0.61 in a high-sugar
food (10, 11). This represents the effective hab-
itability limit for terrestrial organisms, but the bio-
logical stresses of organic solutes differ from those
imposed by inorganic salts, and so the limiting
aH2O could be higher for organisms in inorganic
saline systems (10). Recently improved thermo-
dynamicmodels allow us to calculate aH2O for mar-
tian surface environments and so constrain the
probability that life arose and persisted there (12).

As evaporation proceeds, precipitating saline
minerals act as robust markers for ambient aH2O.
The sequence of precipitatingminerals is itself con-
trolled by the chemistry of initially dilute waters at
the outset of evaporation (13). Because fluids on
Mars chemicallyweathered a basaltic crust, the chem-
istry of dilute martian waters would have been dis-
tinct from that of most waters on Earth (14).
Constraints on the cation chemistry associated with
this process come largely fromexperimental and theo-
retical studies on the chemical weathering of martian
basalt (15) [supporting onlinematerial (SOM) text].

Our results show that the evaporation of di-
lute martian waters results in distinct saline min-
eral assemblages, causing some minerals that are
common in terrestrial settings to precipitate at
lower aH2O values than they do on Earth (16). For
example, halite does not precipitate from martian
waters until aH2O ≤ 0.50 because of the low
abundance of Na released from basaltic weather-
ing. On this basis, the identification of halite at
the martian surface (17) indicates extreme salin-
ity and brines that would not be inhabitable by
known terrestrial organisms.

Temperature and anion content also control
the aH2O of martian brines. The effect of temper-
ature is minor near a temperature (T) > 0°C; aH2O

might increase by ~0.03 to 0.05 over the range of
25° to 0°C.When freezing occurs and equilibrium
between ice and surrounding brine is maintained,
aH2O will be controlled by temperature and the
amount of ice formed. Thus, in water ice–bearing
areas on Mars, the aH2O of brine phases can be
predicted by temperature alone (18) (fig. S4).

The proportional anion abundances of dilute
evaporatingwaters exert one of the largest controls
on aH2O. Unlike the principal cations in martian
brines, major anions originate ultimately from
volcanic degassing. At Meridiani, in situ chemical
analyses suggest that the initial S/Cl molar ratio of
groundwater brines ranged from ~6.0 to 30.0 (19).

Here we focus on three important anion species
and how changing their relative proportion before
evaporation affects aH2O. Our calculations show
that the effect of the SO4/Cl ratio is most impor-
tant, so that a decreasing ratio leads to progres-
sively lower aH2O upon evaporative concentration
(20) (fig. S1).We calculate that for martian waters
with an initial molar SO4/Cl = 6.0, halite precip-
itates when aH2O = 0.48. At a SO4/Cl ratio of
1.0, halite precipitates when the aH2O = 0.39.

For Meridiani Planum, aH2O can be con-
strained separately for evaporation that occurred
before sediment transport and deposition (Fig. 1)
and for brine evolution during diagenesis. Evap-
orating fluids were initially generated by basaltic
weathering (14); all major products initially
formed by evaporation are probably represented
in the Meridiani outcrop because its bulk com-
position is largely basaltic (4, 14).

The initially precipitated Mg sulfate phase is
not precisely identified inMeridiani rocks. Orbital
spectroscopy of the surrounding region has iden-
tified kieserite (MgSO4∙H2O) and other polyhy-
drated sulfates, for which a number of Mg sulfate
hydrates are candidates (6). Because of this un-
certainty, we considered the aH2O associated with
the precipitation of various Mg sulfate hydrates
(21). Epsomite precipitation places a maximum
on aH2O at 0.78 (Fig. 1), with hexahydrite and
kieserite precipitating at 0.62 and 0.51, respec-
tively (SOM text). Because it represents the most
conservative case with respect to habitability, we
focus on epsomite here.

Diagenetic events at Meridiani are recorded by
detailed textures viewed with the Microscopic
Imager. Secondary crystal moldic porosity (or
“vugs”) in some beds records the syndepositional
growth and subsequent dissolution of a soluble
mineral. This mineral was preferentially removed
by infiltrating groundwater, but much of the pri-
mary sedimentary fabric was preserved (Fig. 2).
From these textures and the observation of abun-
dant Mg sulfate in the outcrop, we infer that
groundwater was at or near saturation with respect
to a soluble Mg sulfate mineral (4, 14). The infil-
tration of dilute water would largely have removed
this soluble component, obliterating sedimentary
features, which did not occur (Fig. 2). Instead, a
variety of recrystallization textures and multiple
generations of cement were left behind (4).

It has been suggested that the moldic porosity
in Meridiani sediments reflects oxidation of a
syndepositional Fe2+-sulfate mineral such as
melanterite (Fe2+SO4∙7H2O) (4, 14). Our calcu-
lations show that at 25°C, saturation with respect
to epsomite and melanterite in this system occurs
at an aH2O = 0.78, similar to the evaporation se-
quence described above. Oxidation of the soluble
Fe2+ component to Fe3+-bearing oxides and sul-
fates (i.e., jarosite) has the overall effect of in-
creasing the aH2O to 0.86 while still maintaining
epsomite saturation. Alternatively, the incongruent
melting of meridianiite (MgSO4∙11H2O) to epsom-
ite and water has been proposed as a mechanism
for creating moldic porosity (22). The presence
of this mineral before deposition and diagenesis
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Fig. 1. Calculated mineral precipitation and aH2O values as a function of evaporative
concentration. The blue line represents modern terrestrial seawater evaporation. The red line
represents the evaporation of a basaltic-weathering derived fluid most representative of inferred
evaporation processes at Meridiani Planum. The green line represents the evaporation of a similar
fluid but with an anion concentration that gives rise to the saline mineral assemblage observed in the
Nakhla meteorite (and other members of the nakhlite meteorite class).
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requires the freezing of aqueous fluids.Water ice is
likely to have formed in association with this pro-
cess, appearing at temperatures near 0°C (18). If
water ice melts, the brine composition approaches a
chemical state essentially identical to the epsomite
calculation described above, with an aH2O = 0.78
at epsomite and melanterite saturation.

Late-stage chloride precipitates have also been
explored as vug precursor minerals on the basis of
their relatively high solubility (19). Regardless of its
identity, the dissolution of a chloride phase would
require that infiltrating pore water became less sa-
line, but still attained saturation with respect toMg
sulfate, with epsomite again fixing aH2O at 0.78.

Taken together, our results indicate that the
evaporation of Meridiani groundwater led to a
sustained aH2O ≤ 0.78 to 0.86, values too low for
all but a handful of terrestrial microorganisms to
survive. Moreover, additional evidence suggests
that chlorides are present in the sediments,
pointing to still lower aH2O with continuing brine
evolution. A range of Br/Cl ratios in different
rocks suggests that highly soluble chlorides formed
from evaporation and were incorporated into the
wind-blown sediments (4, 19). Progressive in-
creases in Cl in rocks deeper in Endurance Crater
suggest a similar process or one that differentially
affectedCl during diagenesis (19). In addition, there
is chemical and textural evidence for halite on rinds
and rock coatings analyzed at Meridiani Planum,
most likely reflecting late-stage fluid movement or
remnants left when altering fluids finally evapo-
rated to dryness (23). Accordingly, the maximum
aH2O at chloride formation (0.48, Fig. 1) may
reflect initial evaporite formation, syndepositional
fluid chemistry, and/or very late-stage diagenesis.

On a planetary scale, Mars Odyssey Gamma
Ray Spectrometer results show Cl-H2O correla-
tion across much of the martian surface (24),
consistent with recent spectral evidence for wide-
spread mid- to late-Noachian chloride-bearing li-
thologies in the southern highlands (25). Because
late-stage martian brines would have evolved to-
ward Cl-rich compositions as sulfates were
precipitated (20), these observations probably
represent the signature of low-aH2O brines.
“Paso Robles”–class Fe-sulfate–rich soils at Gusev
Crater represent another investigated locality char-
acterized by extreme acidity and high salinity (8).
Mössbauer and reflectance spectroscopic mea-
surements, supported by a-proton x-ray spectrom-
eter analyses, show that candidate Fe-sulfate
minerals include ferricopiapite and rhomboclase
(8, 26, 27). Mg sulfate is also indicated in some
analyses, occurring as several percent MgSO4 by
weight. The aH2O for a Fe3+-rich brine in equilib-
rium with ferricopiapite, rhomboclase, and ep-
somite is 0.61, with a pH (SOM text) of –0.7: a
remarkably harsh environment uninhabitable by
known microorganisms (10, 18).

Some martian meteorites also contain evapo-
rite assemblages of martian origin, most likely
reflecting subsurface geochemical processes.Mem-
bers of the nakhlite class have carbonate minerals,
including siderite and magnesite, as well as

gypsum and epsomite (7). The Nakhla meteorite
also contains late-stage halite; its saline assem-
blage represents the highest recorded extent of
evaporative concentration onMars. This evaporite
mineral assemblage can be generated from an
acidic solution with the same cation proportions as
at Meridiani Planum (setting an initial pH of 4.8
and a SO4/Cl ratio of 2.05) (20). After siderite and
gypsum precipitate, magnesite appears at an aH2O

of 0.83, then epsomite at aH2O = 0.78. Halite
precipitates at an aH2O of 0.40 (Fig. 1). These cal-
culations imply that the aH2O of at least some fluids
percolating through the martian subsurface dipped
well below known limits of terrestrial habitability.

Our calculations suggest that a number of
martian localities widely distributed in time and
space hosted fluids that were 10 to 100 timesmore
saline than halite-saturated terrestrial seawater. A
number of terrestrial organisms have evolved
mechanisms to accommodate the osmotic stresses
imposed by high salinities (28). However, all
known salt-tolerant organisms are descended from
ancestors that could not survive low aH2O, in-
dicating that although life has evolved mecha-
nisms to stretch the envelope of habitability, such
brineswere not a cradle for life onEarth (1, 10, 28).
Accordingly, life that could originate and persist
in the presence of extremely low aH2O on Mars
would require biochemistry distinct from any
known in even themost robust halophiles on Earth.

Precipitation is the sedimentary signature of
brines with low aH2O; dissolution records more
dilute waters. Althoughmore dilute solutionsmust
have carried ions to the sites whereMeridiani salts
precipitated, there is little evidence locally that
subsequent water table regeneration introduced
groundwaters dilute enough to dissolve Mg-
sulfate minerals. Globally, we cannot rule out
the possibility that more habitable waters existed
elsewhere on the planet or in the earliest epoch of
martian history. However, empirical evidence for
dilutewater at themartian surface remainsmeager.
Geochemical constraints onMeridiani diagenesis
suggest that the process was limited by the avail-
ability of water (29), which is consistent with a
global surface geochemistry controlled for more
than 3.5 billion years by water-limited processes
(30). At the same time, hydrological models sug-
gest that Meridiani Planum was one of the few
regions on Mars likely to be characterized by
groundwater upwelling about four billion years
ago (31). This slow, global-scale deep hydrology
would have focused water/rock interactions on
the subsurface, leading to chemically distinct,
concentrated groundwaters (31).Whenmigrating
groundwater breached the surface, continued up-
welling and evaporation would have allowed
standing water bodies to evolve toward greater
ionic concentrations while keeping total fluid vol-
ume more or less constant. Concentrated standing
water left its mark at Meridiani Planum in the
form of diagnostic subaqueous cross-beds (2, 4, 5),
and these same rocks display some of the highest
MgO and SO3 abundances measured, implying
Mg-sulfate saturation and low aH2O.Moreover, the

search for larger, more dilute bodies of water earlier
in the Noachian has proven difficult (25, 32). New
observations have abbreviated the era when dilute
surface waters could have been more common,
pushing it further into Mars’ planetary infancy.

Observations at Meridiani and other salt-
bearing localities, then, may not reflect snapshots
taken as local Mars waters evaporated to dryness,
but rather a long surface history dominated by
rock instead of water. On a planet where saline
minerals were continuously recycled at the surface
instead of removed by subduction and plate tecton-
ics, dilute fluids may have been transient excep-
tions. The sobering conclusion is that Meridiani
Planum, an extreme environment in terms of ter-
restrial habitability, may have been among the last,
best places for life on the early martian surface.

Fig. 2. Microscopic images taken by the Mars
Exploration Rover Opportunity in Endurance Crater.
(A) Portion of image taken of the undisturbed sur-
face of Cobble Hill on martian day (sol) 144. (B)
Portion of a mosaic taken on sol 149 of the feature
London after being ground with the rock abrasion
tool (RAT). Distinct grain boundaries are observable
throughout both images. Primary laminations (a)
and bedding structures are clearly visible. Sec-
ondary moldic porosity (b) can be seen through-
out the RAT-abraded target, providing evidence
for the selective removal of a syndepositionally
formed soluble mineral while preserving primary
sedimentary fabric. These features, observable in
most places throughout Meridiani outcrop rocks,
suggest groundwater saturation with respect to a
Mg-sulfate phase during diagenesis. Secondary re-
crystallization is evident in some places, as shown
by a generation of cement (c) surrounding hema-
titic concretions (d). Scale bars, 5 mm.
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A Cytosolic Iron Chaperone That
Delivers Iron to Ferritin
Haifeng Shi,1 Krisztina Z. Bencze,2 Timothy L. Stemmler,2 Caroline C. Philpott1*

Ferritins are the main iron storage proteins found in animals, plants, and bacteria. The capacity to
store iron in ferritin is essential for life in mammals, but the mechanism by which cytosolic iron
is delivered to ferritin is unknown. Human ferritins expressed in yeast contain little iron. Human poly
(rC)–binding protein 1 (PCBP1) increased the amount of iron loaded into ferritin when expressed in
yeast. PCBP1 bound to ferritin in vivo and bound iron and facilitated iron loading into ferritin in vitro.
Depletion of PCBP1 in human cells inhibited ferritin iron loading and increased cytosolic iron pools.
Thus, PCBP1 can function as a cytosolic iron chaperone in the delivery of iron to ferritin.

Ferritins are iron storage proteins that are
ubiquitously expressed in animals, plants,
and bacteria. They serve both to sequester

excess iron taken up by the cell and to release
stored iron to meet the cell’s metabolic needs
during iron scarcity (1). In animals, ferritin is a
cytosolic heteropolymer consisting of 24 subunits
of heavy (H) and light (L) isoforms that assemble
into a hollow sphere into which iron is deposited.
Ferritin H chains contain the iron-binding and
ferroxidase activities that are required for miner-
alization of the ferritin core. Deletion of the H-
ferritin gene is lethal in mice (2) and in flies (3).

In cells, metallochaperones deliver metals to
their cognate enzymes and transporters. Al-
though cytosolic copper and nickel chaperones
have been described (4–7), no cytosolic iron
chaperones have been identified, despite the
presence of numerous iron-dependent enzymes
in the cytosol. Frataxin—the protein lacking in
the neurological disease Friedreich’s ataxia—
functions as a mitochondrial iron chaperone for
iron-sulfur cluster and heme biosynthesis (8, 9).

Fungi are anomalous among eukaryotes in
that they do not express ferritins. We expressed
human H and L ferritins in the yeast Saccharo-

myces cerevisiae. The peptides assembled into
multimeric complexes, with properties similar to
those of native human ferritins, but contained
only small amounts of iron (fig. S1, A and B).
We hypothesized that yeast might also lack the
requisite iron chaperones needed for delivery of
iron to ferritin and designed a genetic screen to
identify human genes that, when expressed in
yeast, could increase the amount of iron loaded
into ferritin. We introduced an iron-regulated
FeRE/HIS3 reporter construct (10) into a yeast
strain expressing H and L ferritin (Fig. 1A). This
construct confers histidine prototrophy to cells
when the reporter is bound and transcriptionally
activated by Aft1p, the major iron-dependent
transcription factor in yeast. Aft1p is activated
during periods of cytosolic iron depletion (11),
which could occur if substantial amounts of cyto-
solic iron were diverted into ferritin.

Yeast cells containing ferritin and the iron-
responsive reporter were transformed with a
library synthesized from human liver cDNA en-
gineered into a yeast expression vector. Trans-
formants that exhibited growth on plates lacking
histidine were selected for further analysis. We
isolated multiple copies of PCBP1, as well as

proteins encoded by other unrelated genes, in-
cludingH ferritin. Plasmids containing PCBP1 or
the empty vector were retransformed into report-
er yeast strains lacking or expressing H and L
ferritins (Fig. 1B). Expression of PCBP1 did not
activate the FeRE/HIS3 reporter in cells lacking
ferritin, as indicated by a lack of growth onmedia
without histidine. But expression of PCBP1 did
activate the FeRE/HIS3 reporter in the yeast strain
expressing ferritins, resulting in growth on media
lacking histidine. Thus, expression of human
PCBP1 activated the iron-responsive reporter
only in the presence of ferritin. To confirm that
reporter activation was due to delivery of cyto-
solic iron into ferritin, we directly measured the
incorporation of iron into ferritin by growing yeast
in the presence of [55Fe]Cl3, isolating ferritin on
nondenaturing gels, and measuring the amount of
55Fe in the ferritin heteropolymer (Fig. 1, C and D).
Substantial amounts of iron-containing proteinwere
detected only in cells expressing ferritin, and iron
was detected in a single species that comigrated
with the ferritin heteropolymer. Coexpression of
PCBP1 in these cells resulted in a 2.3-fold increase
in the amount of iron in ferritin. This increase was
not due to changes in the overall amount of ferritin
(Fig. 1E) or in the relative ratio of H and L chains
(fig. S1A). Similarly, the total amount of 55Fe taken
up by the cells expressing ferritin alone was not
different from the amount taken up by cells express-
ing both PCBP1 and ferritin (fig. S1C).

The delivery of cytosolic iron to ferritin in the
presence of PCBP1 activated the FeRE/HIS3
reporter. We asked whether other proteins ex-
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