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Introduction: The mineralogical discoveries from 
the Mars Exploration Rover mission show that early 
Mars had an acidic aqueous chemistry [1]. The silicate 
and sulfate-rich deposits found by OMEGA in differ-
ent Mars regions [2, 3] reinforce the idea that acidic 
alteration was a main agent in producing the sedimen-
tary materials that filled up some Noachian and Hespe-
rian  basins [3]. However, the mineralogical diversity 
inferred, ranging from Fe3+ sulfates to phyllosilicates, 
strongly support pH variations in the water masses 
below neutral conditions. In the Rio Tinto basin, 
southwestern Spain, proposed as a partial Mars analog 
[4, 5], mineralogical changes seem to be the response 
to seasonal and spatial pH variations induced by the 
current climatic regime of the area [4]. Given that the 
low pH Rio Tinto environment allows us to establish 
direct correlations between mineral precipitation and 
hydrochemistry, it can be used to characterize the geo-
chemical and mineralogical sequences expected in an 
environment of changing pH. The main aim of this 
paper is model the hydrochemical and mineralogical 
sequences associated with changing pH and water ac-
tivity in order to compare results with the mineralogi-
cal data provided by MER and Mars Express and to 
infer those processes occurred in early Mars basins. 

 Methods: Rio Tinto mineralogy obtained by 
reflectance (ranging from 0.5 to 2.5 microns) and Ra-
man spectroscopy is shown in [6, 7]. Río Tinto water 
sample geochemistry has been completed by chemical 
speciation calculations at equilibrium (GWB software 
[8]) that are sourced in ICP-MS elemental analysis (Fe, 
Mg, Cu, Al, K and Na) of the Anabel’s Garden (ABG) 
and Mrs. White’s Garden (MWG) sites. SEM and 
EDAX analyses were performed to characterize spa-
tially mineralization processes that occur at the micro-
scale level. 

Field observations and mineralogical analysis: 
Fieldwork and mineral analysis done for samples ob-
tained in ABG and MWG [6, 7], as well as previous 
research in different Rio Tinto headwater areas [5], 
support the presence of, at least, five sedimentary loci, 
which are characterized by mineral associations as the 
following: 1) Fe-copiapite and gypsum forming efflo-
rescence blankets, 2) Gypsum and Fe-oxide surface in 
ferric crusts, 3) Schwertmannite deposits below per-
manent acidic water masses and, 4) Reddish and/or 

yellowish jelly-like precipitates found along with 
jarosite in extremely Fe-concentrated ponds. 

Mineral associations in these loci result from the 
interplay among different geochemical parameters that 
characterize the acidic springs in Río Tinto headwaters 
[5]. However, the species of ferric minerals occur un-
der certain pH fields in which hydronium jarosite ap-
pear at the highest acidity conditions [9, 10]. Thus, 
ferric species in the Río Tinto waters are indeed ar-
ranged along a pH gradient from the most acidic solu-
tions (pH < 1.5) found in the jarosite ponds, to the 
moderate acidic solutions (pH > 3.5) sourcing ferric 
oxyhydroxides.  

On the other hand, modern silicate deposits have 
been found overlaying Holocene deposits [5] that are 
only covered by the modern acidic stream during 
flooding events.  The materials occur as: 7) thin depos-
its of silicate with Fe-oxyhydroxides, and 8) greenish 
to grayish alternating laminae of phyllosilicates located 
in Río Tinto headwater pools. Such deposits may have 
originated by transportation during modern flooding 
events sourced in acidic weathering environments, as 
well as by precipitation under a pH higher than the late 
spring to summer acidic conditions of Río Tinto [4]. 
The thin silicate deposits formed during extreme flood-
ing events may have precipitated under lower acidic 
waters impoverished in ferric iron. (Fig. 1). When the 
current acidic conditions recover, the solutions become 
oversaturated with respect to silicate and may favor the 
precipitation of phyllosilicates with cations as Mg2+ 
and Fe2+, which are soluble under a wider range of pH. 

Río Tinto hydro-geochemistry: Field observa-
tions and mineral analyses [5, 6, 7] have provided suf-
ficnet information to begin to understand the precipita-
tion sequences of Fe-sulfates and oxides in this basin. 
Geochemical modeling provides a general scene in-
cluding silicates.  

Río Tinto Hydrochemistry is widely driven by the 
ferric buffering for pH below 4. These conditions oc-
cur when ferric iron is diluted during strong flooding 
events or by mixture with neutral solutions of fluvial 
or marine origin.  

Calculation of the saturation index of the Si bear-
ing species [8] suggests that other minerals associating 
oxyhydroxides should include phyllosilicates, which 
supports our field observations. Although the mineral 
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composition of the Río Tinto species has not yet been 
accomplished, nontronite species and kaolinite are 
expected to be formed above a pH of 3.5.  

SEM and EDAX analyses of the thin silicate 
deposits covering abandoned fluvial bars show 
cryptocrystalline phases with iron and aluminium that 
may be characterisitc of nontronite-like mineralogies 

(Fig. 1). Such analysis support amorphous silica as the 
silicon bearing mineralogy in low pH copiapite-alunite 
precipitates.  

The combination of field observations and mineral 
analyses of samples from Río Tinto headwaters, 
together with geochemical modeling of the acidic 
solutions sampled in MWG allows us to a construct 
preliminary pH-Eh diagram in which sedimentat 
succession can be inferred through the pH changes of 
the solutions (Fig. 2) when the sedimentary conditions 
are considered. 

Precipitation sequence:  Climate seems to play an 
essential role in driving sedimentary processes in the 
Río Tinto basin. During the wet season [4] sulfate 
ionic complexes are strongly diluted and ferric iron is 
removed as iron oxyhydroxides that can associate to 
silicon bearing phases. The first materials to precipi-
tate would be transported clays sourced in the acidic 
weathering of the ancient volcanosedimentary complex 
[5]. Under these conditions pH may rise above 3.5 and 

precipitate theoretically phyllosilicates with Mg and Fe 
(Fig. 1). Under drier conditions, currently reached 
from spring to late summer, the ferric sulfates precipi-
tate associate to different sedimentary loci of the river 
channel, from schwertmannite to jarosite in a decreas-
ing pH gradient. Moreover, copiapite and gypsum are 
also found forming efflorescences formed marginally 
to the river, precipitated by evaporative pumping. 
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Fig. 2. pH-Eh mineral stability diagram of the Fe-S-Si sys-
tem expected from Río Tinto solutions. Field stability for 
minerals in red has been inferred by field observations and 
pH measurement of precipitating solutions. Ferrous phyl-
losilicates as chamosite would not be expected to form 
given the peculiar chemistry of the Río Tinto solutions [11]. 

Fig. 1. SEM and EDAX analysis of the silicate thin de-
posits covering abandoned bars sampled in the Berrocal 
area of Río Tinto. 
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