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Origin of acidic surface waters and the
evolution of atmospheric chemistry on

early Mars

Joel A. Hurowitz'*, Woodward W. Fischer?, Nicholas J. Tosca®*' and Ralph E. Milliken’

Observations from in situ experiments and planetary orbiters
have shown that the sedimentary rocks found at Meridiani
Planum, Mars were formed in the presence of acidic surface
waters' . The water was thought to be brought to the surface
by groundwater upwelling®¢, and may represent the last
vestiges of the widespread occurrence of liquid water on
Mars. However, it is unclear why the surface waters were
acidic. Here we use geochemical calculations, constrained by
chemical and mineralogical data from the Mars Exploration
Rover Opportunity’™, to show that Fe oxidation and the
precipitation of oxidized iron (Fe3*) minerals generate excess
acid with respect to the amount of base anions available in the
rocks present in outcrop. We suggest that subsurface waters
of near-neutral pH and rich in Fe?>* were rapidly acidified as
iron was oxidized on exposure to O, or photo-oxidized by
ultraviolet radiation at the martian surface. Temporal variation
in surface acidity would have been controlled by the availability
of liquid water, and as such, low-pH fluids could be a natural
consequence of the aridification of the martian surface. Finally,
because iron oxidation at Meridiani would have generated large
amounts of gaseous H;, ultimately derived from the reduction
of H,0, we conclude that surface geochemical processes would
have affected the redox state of the early martian atmosphere.

The sedimentary rocks examined by the Mars Exploration Rover
Opportunity reflect an ancient climate in transition. Deposited
~3.7 billion years ago in an arid environment punctuated
by episodes of groundwater upwelling, these siliciclastic-saline
sediments record the last vestige of an era when liquid water
was more common than at present. The sediments contain
jarosite and other mineral phases diagnostic of formation from
acidic (pH ~2-4), Fe-rich surface waters''. Meridiani data are
a cornerstone for interpreting the early chemical evolution
and habitability of our planetary neighbour, yet the origin of
surface acidity and redox conditions at the time of deposition
are largely unknown.

Outcrop microtextures, sedimentology and mineralogy'™, as
well as geophysical-hydrological modelling®®, all indicate that
a fluctuating groundwater table drove episodic deposition and
modification of chemical sediments at Meridiani Planum and
elsewhere on the late Noachian surface of Mars. The inescapable
consequence of even limited interaction between subsurface
groundwaters and a basalt-dominated aquifer is buffering to
circum-neutral pH and anoxia, in turn allowing solubilization and
transport of Fe**. However, paradoxically, Mars Exploration Rover

data indicate that Fe was almost entirely oxidized during chemical
sediment formation and/or early diagenesis in a dune—interdune—
playa depositional setting, pointing to an effective atmospheric
oxidant. What then were the consequences of wholesale Fe
oxidation occurring at the interface between emerging groundwater
and the atmosphere? In situ measurement of Meridiani outcrop
chemistry and mineralogy make it possible to quantify the amount
of acid consumed or produced during Fe oxidation and Fe**
mineral precipitation. The acid produced can then be titrated
against the available base-anion content measured in outcrop (that
is, SO,*~,Cl~,PO,*~ and CO;*), yielding a net proton balance
reflective of the parent fluid. For our titration method (fully
described in the Supplementary Information), we sum the number
of moles of H generated during the precipitation of a measured
quantity and distribution of Fe**-bearing secondary minerals,
using data collected through sol 548 of the Opportunity mission on
19 Meridiani Planum outcrop targets’'°.

Anoxic (rock-buffered) aquifer fluids rich in Fe** (derived
from basalt) would have oxidized on emergence either by photo-
oxidation (reaction (1)) in the presence of ultraviolet light, or by
dissolved molecular O, (reaction equation (2)) ultimately derived
from atmospheric H,O (reactions (2a) and (2b)):

Fe’*(aq) +H,O+hv =Fe’*(aq) + OH™ +0.5H, (1)
Fe?*(aq) +0.250,(aq) + HT = Fe’*(aq) 4+ 0.5H,0 (2)

0.5H,0+hv =0.250,+H" +e~ (2a)

H20+e_ =Q0H" +05H2 (Zb)

We assume that all dissolved Fe’™ would have precipi-
tated to form schwertmannite (FeO(OH),75(SO4)0.125; See jus-
tification in Supplementary Information) through precipita-
tion from solution'?:

Fe’(aq)40.12550,*" +1.75H,0
=FeO(OH)75(SO04)0.125 + 2.75H* (3)
We then assume that schwertmannite dissolves and reprecipi-

tates to form a mixture of jarosite ((K, Na)Fe;(SO,),(OH)s, reac-
tion (4)) and goethite (FeO(OH), reaction (5)), which ultimately
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Table 1| Summary of titration calculations.
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Mol kg~" outcrop unless noted Bylot_RAT Ontario_London_RAT

Total Fe 246 2.02

Fe3D3 (% subspectral area)*Jr 14 19

Haematite (% subspectral area) 41 85

Jarosite (% subspectral area) 30 27

H* produced 3.36 2.63

pH?2 pH4 pH 2 pH4

H titrated as S (V) 0.92 1.8 %1072 1.24 2.4x1072
as CI~ 45x1073 45x107° 11x 1072 11x 1074
as P (V) 0.37 0.29 0.40 0.31
as C (IV)* 0.46 0.46 0.46 0.46

H* remaining 1.61 2.59 0.52 1.84

Data are presented for samples with the most (Ontario_London RAT) and least (Bylot_RAT) acid titrated relative to the amount of acid produced during oxidation and mineral precipitation. The total iron
content and ferric mineral distribution allows for calculation of total acid (H*) produced, which is then titrated against available bases at pH 2 and 4, leaving the indicated amount of H* remaining. See

Supplementary Information for details on all 19 outcrop analyses.

*Represents the percentage of Fe atoms associated with each phase determined by the Mdssbauer spectrometer. Note that the three phases do not sum to 100% because there are other primary igneous

Fe“—bearing minerals present (olivine, pyroxene) that do not bear on our calculations.

"Fe3D3 is the name given to a nanophase component having non-unique Méssbauer spectral attributes that are consistent with one or a combination of: schwertmannite, superparamagnetic goethite or
haematite, ferrihydrite and akaganeite'®. For the purposes of our analysis, we assume Fe3D3 is schwertmannite having the formula FeO(OH)0.75(S04)0.125-

*Calculated from an upper limit of 2.3 wt% CaCO3 in outcrop?%:39,
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Figure 1| Groundwater emergence at Meridiani Planum. Schematic
cross-section showing the emergence of an Fe2*- and SO4%~ -bearing
groundwater from a porous basaltic aquifer (stippled region). The fluid is
buffered to circum-neutral pH and anoxia, and undergoes oxidation at the
interface between grounwater and the atmosphere. Ferric mineral
precipitation reactions, enabled by ultraviolet-promoted oxidation in
surface waters (reaction (1)) and O,-promoted oxidation (reaction (2)) in
both the vadose zone and surface waters, generate substantial acidity in
the area indicated by red hatching.

dehydroxylates to form haematite (Fe, O3, reaction (6)):
FeO(OH); 75(SO4)0.125 +0.25H,0 +0.75H" 4-0.5417S0,*~

+0.33(K" or Na*) =0.33(K, Na)Fe;(SO,),(OH) (4)

FCO(OH)O.75(SO4)0'125 +025H20 = FCO(OH)
+0.25H" +0.12550,* (5)

Having arrived at a value for total acid generated to form
the measured concentration and distribution of schwertmannite,
jarosite and haematite in outcrop through reactions (1)—(6),
titration of that acid against the measured concentrations of base
anions in outcrop yields the net proton balance, in acidity or basicity
of each sample. The acid titrating properties of these bases are
themselves a function of pH (Supplementary Fig. S1), which is
constrained by the presence of jarosite at about pH 2—4.
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For all 19 outcrop analyses (Table 1 and Supplementary Tables
S1-S4) there is an excess of HT generated in forming the observed
secondary Fe’™ mineral phases relative to the available titrant in
outcrop. Our results are valid at standard temperature and pressure
for any initial fluid pH < 7 because the ratio of H*/OH™ in the
ambient fluid is >1, and so we need not consider titration against
OH~. We suggest that the results are also valid for fluids with higher
initial pH values if we assume approximately millimolar dissolved
Fe?* concentrations, in accordance with ref. 13. Our calculations
imply that as long as redox conditions in the aquifer were conducive
to the transport of Fe?’*(aq) from the subsurface, Fe oxidation
and formation of schwertmannite, jarosite and haematite would
have resulted in the generation of low-pH fluids at the site of
Fe>* mineral precipitation, as shown in Fig. 1. The acid generated
would have been available to react with primary mineral phases (for
example, materials analogous to the basaltic sand that covers the
present-day Meridiani surface) or with deeper lithologies if acidic
waters retreated into the subsurface, in a manner analogous to that
suggested in refs 14,15. Note that we have considered only acid-
producing reactions that are based on Fe chemistry; the oxidation
of reduced sulphur species (for example, H,S, SO,), from which
outcrop SO,*~ must ultimately be derived, could have produced
more acid (for example, ref. 16). The critical result, however, is
that iron oxidation and iron mineral precipitation are sufficient
to have generated the acidity recorded by the mineral assemblage
at Meridiani Planum. Accordingly, input of acid volatiles (for
example, SO,, H,SO,) at the site of sediment formation'”""® is not
required and SO,*~ can be considered a background constituent of
the aquifer fluid (Fig. 1).

Our analysis permits an estimate of the volume of water
supplied to the region to form the Meridiani Planum succession.
We calculate that 951 of H,O per kg of outcrop is required
to dissolve the average amount of H' remaining after titration
(Supplementary Table S3) and generate a pH = 2 fluid. This
value is then multiplied by the mass of Meridiani Planum
outcrop (Supplementary Table S5 and Fig. S2) to derive a total
water volume. We arrive at a value of 7 x 10"-3 x 10”1 for a
200-800-m-thick deposit. This estimate is in reasonable agreement
with an independent groundwater flow modelling study®, which
reports an integrated water flux to the surface equivalent to a
2.5-17 km water column, or 5 x 10'7-3 x 10'®] over the total area
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Figure 2 | Oxidation timelines at Meridiani Planum. Oxidation rates for
ultraviolet- and dissolved-O,-promoted oxidation of a 4 mM solution of
Fe2*(aq) at 20-25°C and pH < about 4.0. The rates of the former are
plotted as a function of water depth, whereas the rates of the latter depend
on (O»(aq)). Also shown are the approximate times required for the
complete oxidation of the 4 mM Fe%*(aq) solution at the

corresponding rate.

of Meridiani Planum. However, if we carry out the same calculation
for our pH =4 case, the required water volume estimates increase
by ~2 orders of magnitude—a gross overestimate compared with
results from groundwater modelling®. This substantial volume
increase highlights the important role water has in diluting the acid
produced by Fe redox processes.

Redox-driven surface acidity requires that iron oxidation was
fast enough to occur in the playa-vadose zone sediment source
region described in ref. 1. Figure 2 illustrates experimental rates for
ultraviolet-promoted photo-oxidation®® and oxidation by dissolved
molecular O,(aq) (ref 21; see Supplementary Information for
details). Ultraviolet-promoted Fe-oxidation rates are extremely
rapid, with complete oxidation occurring within ~1-50 days
depending on water column depth. Under the pH range considered,
the oxidation of Fe’™(aq) by molecular O, is characteristically
slow?'. Incoming aquifer fluids, however, would have arrived
at circum-neutral to alkaline pH. Accordingly, initial rates of
oxidation would have been orders of magnitude faster than
indicated for dissolved O, in Fig. 2, slowing only as acid production
drove pH downwards (oxidation rates increase by a factor of
100 for every unit increase in pH above pH = 4; ref. 21). For
either mechanism, available rates were sufficient to drive the rapid
oxidation of Fe over geologically short timescales, and are consistent
with fluid acidification during groundwater emergence (Fig. 1).

The geochemistry of sedimentary rocks at Meridiani Planum
shares important connections with the redox state of the atmo-
sphere and can therefore provide constraints on atmospheric loss
processes operating during the late Noachian. For both pathways
(reactions (1) and equation (2), above), the electrons lost from
iron during oxidation are used to reduce protons from water to
H,. Ultimately, the generation of acidity by oxidation of Fe*" in
surface fluids is tied to the fate of H,, and the primary process
responsible for net surface oxidation is planetary H, escape??. From
outcrop chemistry, we can calculate the rates of H, production, and
hence the required H,-escape rate, for oxidation and acidification
at Meridiani Planum. We use our estimate of the total mass of
the Meridiani Planum deposit, varied as a function of outcrop
thickness, to determine the total H, yield for production of the Fe**
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Figure 3 | Hydrogen-escape rates for Fe oxidation at Meridiani Planum.
Escape rates (log mol H3 yr~1) plotted as a function of the thickness of
Meridiani Planum outcrop (m) and the time over which the entire volume
of outcrop accumulates (years). The blue field indicates a solution space
with a higher required H-escape rate than can be accounted for by the
Jeans escape rate reported in ref. 23.

abundance measured in outcrop (average = 1.84 mol Fe** kg™,
Supplementary Table S1). The details of this calculation and its
sensitivity to outcrop area, density and porosity can again be found
in the Supplementary Information. This amount of H, production
is divided by a range of plausible accumulation times for the
sediments at Meridiani Planum, and is plotted in Fig. 3.

A significant portion of the solution space, characterized by the
rapid (10-50 Myr) accumulation of a relatively thick (200-1,000 m)
deposit, indicates that H,-escape rates required for net surface
oxidation are greater than that predicted for present-day thermal
(Jeans) escape processes alone?>. We note that the use of the Jeans
escape rate from ref. 23 as a benchmark assumes a constant H,-loss
rate throughout geological time. The required H,-escape rates
shown in Fig. 3, however, are fundamentally minimum estimates
because they consider only the oxidation occurring at Meridiani
Planum. Coeval deposits elsewhere on Mars (for example, refs 5,6)
would have added significantly to the oxidation demand. Given
the absence of a complementary electron-rich reservoir preserved
in the ancient crust (for example, significant sulphide mineral
or reduced C-bearing deposits), these results may indicate the
operation of H,-escape processes such as hydrodynamic escape?* or
non-thermal solar-wind stripping®. The former mechanism would
imply the continued removal of a H-rich atmosphere ~3.7 Gyr ago,
significantly later into martian geologic history than is generally
thought®®?’, and a counterintuitive result given the evidence for
widespread surface oxidation at Meridiani Planum.

Our analysis demonstrates the existence of two separated and
chemically distinct aqueous environments at Meridiani Planum:
a subsurface hydrosphere disconnected from the atmosphere
and buffered to circum-neutral pH and anoxia by basalt-water
interactions, and a surface hydrosphere driven to acidity by rapid
oxidation of Fe*" in the presence of potent atmospheric oxidants.
Of critical importance to the pH state of this surface hydrosphere
is the availability of liquid water to dilute acid produced by
redox processes, and thus acidity is linked directly to aridification
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of the martian surface. Observations of an apparent temporal
evolution in martian surface mineralogy prompted ref. 28 to
suggest a net acidification of the martian surface resulting from
an increase in the rate of acid volatile supply from volcanic
activity. Although this mechanism could have been important, our
results indicate that redox processes were the critical driver of
acidification at Meridiani Planum and potentially elsewhere on the
late Noachian surface of Mars.

Received 28 October 2009; accepted 26 February 2010;
published online 4 April 2010

References

1. Grotzinger, J. P. et al. Stratigraphy and sedimentology of a dry to wet eolian
depositional system, Burns formation, Meridiani Planum, Mars. Earth Planet.
Sci. Lett. 240, 11-72 (2005).

2. Squyres, S. W. et al. Exploration of Victoria Crater by the Mars rover
Opportunity. Science 324, 1058—1061 (2009).

3. McLennan, S. M. et al. Provenance and diagenesis of the evaporite-bearing
Burns formation, Meridiani Planum, Mars. Earth Planet. Sci. Lett. 240,
95-121 (2005).

4. Tosca, N.J. et al. Geochemical modelling of evaporation processes on Mars:
Insight from the sedimentary record at Meridiani Planum. Earth Planet.

Sci. Lett. 240, 122—-148 (2005).

5. Andrews-Hanna, J. C., Phillips, R. J. & Zuber, M. T. Meridiani Planum and the
global hydrology of Mars. Nature 446, 163-166 (2007).

6. Andrews-Hanna, J. C., Zuber, M. T., Arvidson, R. E. & Wiseman, S. J. Early
Mars Hydrology: 1. The Meridiani playa deposits and the sedimentary record
of Arabia Terra. J. Geophys. Res. doi:10.1029/2009JE003485 (in the press).

7. Gellert, R. & Rieder, R. MER APXS Oxide Abundance Archive, NASA
Planetary Data System, MER1/MER2-M-APXS-5-OXIDE-SCI-V1.0
(MER APXS Oxide Abundance Archive, NASA Planetary Data System,
MER1/MER2-M-APXS-5-OXIDE-SCI-V1.0, 2006).

8. Rieder, R. et al. Chemistry of rocks and soils at Meridiani Planum from the
alpha particle X-ray spectrometer. Science 306, 1746—1749 (2004).

9. Klingelhofer, G. et al. Jarosite and hematite at Meridiani Planum from
Opportunity’s Mossbauer spectrometer. Science 306, 1740—1745 (2004).

10. Morris, R. V. et al. Mossbauer mineralogy of rock, soil, and dust at Meridiani
Planum, Mars: Opportunity’s journey across sulphate-rich outcrop, basaltic
sand and dust, and hematite lag deposits. J. Geophys. Res. 111, E12515 (2006).

11. Burns, R. G. & Fisher, D. S. Iron-sulfur mineralogy of Mars—magmatic
evolution and chemical-weathering products. J. Geophys. Res. 95,
14415-14421 (1990).

12. Bigham, J. M. & Nordstrom, D. K. in Iron and Aluminum Hydroxysulphates
from Acid Sulphate Waters in Sulphate Minerals Vol. 40 (eds Alpers, C. N.,
Jambor, J. L. & Nordstrom, D. K.) 351-403 (Mineralogical Society
of America, 2000).

13. Tosca, N.J. & McLennan, S. M. Experimental constraints on the
evaporation of partially oxidized acid-sulphate waters at the martian
surface. Geochim. Cosmochim. Acta 73, 1205-1222 (2009).

14. Burns, R. G. Rates and mechanisms of chemical weathering of ferromagnesian
silicate minerals on Mars. Geochim. Cosmochim. Acta 57, 45554574 (1993).

326

—
wu

. Burns, R. G. & Fisher, D. S. Rates of oxidative weathering on the surface of
Mars. J. Geophys. Res. 98, 3365-3372 (1993).

16. Halevy, I, Zuber, M. T. & Schrag, D. P. A sulfur dioxide climate feedback on
early Mars. Science 318, 1903-1907 (2007).

17. Knauth, L. P., Burt, D. M. & Wohletz, K. H. Impact origin of sediments at the
Opportunity landing site on Mars. Nature 438, 1123-1128 (2005).

18. McCollom, T. M. & Hynek, B. M. A volcanic environment for bedrock
diagenesis at Meridiani Planum on Mars. Nature 438, 1129-1131 (2005).

19. Niles, P. B. & Michalski, J. Meridiani Planum sediments on Mars formed
through weathering in massive ice deposits. Nature Geosci. 2, 215-220 (2009).

20. Jortner, J. & Stein, G. Photochemical evolution of hydrogen from aqueous
solutions of ferrous ions.1. Reaction mechanism at low pH. J. Phys. Chem. 66,
12581264 (1962).

21. Singer, P. C. & Stumm, W. Acidic mine drainage: The rate determining step.
Science 167, 1121-1123 (1970).

22. Catling, D. C., Zahnle, K. J. & McKay, C. Biogenic methane, hydrogen escape,
and the irreversible oxidation of early Earth. Science 293, 839843 (2001).

23. Yung, Y. L. et al. HDO in the martian atmosphere—implications for the
abundance of crustal water. Icarus 76, 146—159 (1988).

24. Tian, F., Kasting, J. F. & Solomon, S. C. Thermal escape of carbon from the
early martian atmosphere. Geophys. Res. Lett. 36, 102205 (2009).

25. Jakosky, B. M. & Phillips, R. J. Mars’ volatile and climate history. Nature 412,
237-244 (2001).

26. Jakosky, B. M. & Jones, J. H. The history of martian volatiles. Rev. Geophys. 35,
1-16 (1997).

27. Lammer, H. ef al. Atmospheric escape and evolution of terrestrial planets and
satellites. Space Sci. Rev. 139, 399-436 (2008).

28. Bibring, J. P. et al. Global mineralogical and aqueous mars history derived from
OMEGA/Mars express data. Science 312, 400—404 (2006).

29. Clark, B. C. et al. Chemistry and mineralogy of outcrops at Meridiani Planum.
Earth Planet. Sci. Lett. 240, 73-94 (2005).

30. Glotch, T. D. et al. Mineralogy of the light-toned outcrop at Meridiani Planum

as seen by the Miniature Thermal Emission Spectrometer and implications for

its formation. J. Geophys. Res. 111, E12S03 (2006).

Acknowledgements

Research was carried out at the Jet Propulsion Laboratory, California Institute of
Technology, under a contract with the National Aeronautics and Space Administration
(J.A.H., R.EM.). This work was also supported by the California Institute of Technology
(W.W.E.) and by an Origins Initiative Postdoctoral Fellowship (N.J.T.). The authors
thank Y. Yung, N. Heavens and J. Wilson for constructive comments.

Author contributions

J.A.H. carried out data analysis, modelling and wrote the paper, W.W.F. and J.A.H.
conceived the study, N.J.T. and R.E.M. contributed to modelling and W.W.F., N.J.T. and
R.E.M. contributed to writing.

Additional information

The authors declare no competing financial interests. Supplementary information
accompanies this paper on www.nature.com/naturegeoscience. Reprints and permissions
information is available online at http://npg.nature.com/reprintsandpermissions.
Correspondence and requests for materials should be addressed to J.A.H.

NATURE GEOSCIENCE | VOL 3 | MAY 2010 | www.nature.com/naturegeoscience

© 2010 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/ngeo831
http://dx.doi.org/10.1029/2009JE003485
http://www.nature.com/naturegeoscience
http://npg.nature.com/reprintsandpermissions
http://www.nature.com/naturegeoscience

	Origin of acidic surface waters and the evolution of atmospheric chemistry on early Mars
	Figure 1 Groundwater emergence at Meridiani Planum.
	Figure 2 Oxidation timelines at Meridiani Planum.
	Figure 3 Hydrogen-escape rates for Fe oxidation at Meridiani Planum.
	Table 1 Summary of titration calculations.
	References
	Acknowledgements
	Author contributions
	Additional information

