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Introduction:  Our understanding of paleoclimate 

and surface alteration processes, as well as potential 
past life and habitable environments on other planets 
depends on the geochemical, mineralogical and visual 
data we receive from space missions and our ability to 
interpret these observations based on analog terrestrial 
processes [1,2]. The Mars 2020 mission landing crite-
ria exclude “special regions” where solid or liquid wa-
ter  may be found within 1 m of the surface from the 
target regions for planetary protection [3]. Therefore, 
determination of past life will depend on observing 
morphological fossils and/or interpreting biosignatures. 

In order to determine potential relationships among 
sediment texture and primary mineralogy, bulk chemis-
try, depositional setting, alteration history, and micro-
bial influences, we have previously investigated the 
physical (surface area, grain size, SEM morphology), 
chemical and mineralogical properties of a large col-
lection of glacio-fluvial sediments, drift/till deposits 
and permafrost soils [4,5]. Our analyses of sediment 
from Antarctica, Iceland and Norway successfully 
linked grain surface area to depositional setting and 
thus paleoclimate [4]. However, isolating the effects of 
microbial influences on surface alteration is difficult, 
as all samples have been exposed to some microbial 
alteration, and chemical and mineralogical biosigna-
tures are often overshadowed by  original bedrock 
characteristics. Therefore, we are conducting con-
trolled biotic and abiotic weathering experiments to 
compare alteration features and identify potential inor-
ganic biosignatures (mineral, morphologic, and inor-
ganic chemical traces of microbial activity) in analog 
sediments. 

Here we report our first results from biotic and abi-
otic cold-temperature (12ºC) weathering experiments 
on Icelandic glacio-fluvial sediments to identify poten-
tial inorganic biosignatures that could also be observed 
on Mars (Figure 1).    

Sample Collection, Preparation and Characteri-
zation:  Fine-grained glacio-fluvial sediments were 
collected from the proglacial stream after the eruption 
of Eyjafjallajökull volcano in Ásólfsskáli, South Ice-
land.  The sediment was wet sieved to obtain the 
<63μm (mud) fraction, and treated with glacial acetic 
acid and H2O2 to remove carbonate and organic frac-
tions, respectively [5,6]. Freeze-dried samples were 
analyzed with a Rigaku Ultima IV XRD with Cu radia-
tion source and graphite monochromator, using the 

Bragg-Brentano method (2-70o 2θ angle interval). The 
chemistry of the silicate mud was analyzed with ICP-
OES. Sediment surface area was determined with the 
BET nitrogen adsorption method and grain size was 
determined with laser particle size analysis (LPSA).  

 
Figure 1.  Our experimental design is aimed at identi-
fying potential biosignatures that can be applied to 
future sample return missions. (A) Batch reactors con-
taining sediment and cyanobacteria or sterile media  
(B) Analyzing aqueous trace metal chemistry (C) Iden-
tifying secondary minerals by SEM and comparing 
textures in biotic and abiotic weathering experiments 
(D, E) using bioweathering results to interpret data 
from Mars. (A-D this study, E NASA JPL).  
 

Culture Growth and Comparative Weathering 
Experiments: We purchased non-axenic filamentous 
Antarctic polyextremophilic cyanobacteria, Lep-
tolyngbya glacialis (ULC073) from BCCM [7,8]. We 
grew the culture at 12ºC in a BG11 freshwater medium 
(pH 7) in a shaking incubator, providing an 8-hour 
dark/16-hour light cycle. We then adapted subcultures 
to nutrient limited meltwater conditions (0.1x BG11, 
pH 7) at 12ºC (optimum growth).  

We inoculated 50 ml sterile flasks containing 25 ml 
sterile 0.1x BG11 medium and 0.25g of UV-sterilized 
muds with 25 mg of 12ºC-adapted wet cells. We also 
set up abiotic controls, containing sterile mud and 25 
ml 0.1x BG11 medium (Figure 1A). Each separate 
batch reactor experiment lasted 2-, 3-, 4-, and 6 weeks 
(5 sampling events, including t0, in triplicate), repre-
senting Antarctic melt season, as the climate at Antarc-
tic glacial settings are analogs to current climate on 
Mars.  
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Throughout the experiments, we sampled leachates 
by filtering supernatants through 0.22 µm syringe fil-
ters for major anion and cation, trace element and alka-
linity analyses. We also monitored cyanobacterial 
growth by spectrophotometric chlorophyll-a (chl-a) 
measurements [9], and pH on additional culture tubes 
with L. glacialis, but without sediments. We also ana-
lyzed microbe-mineral relationships and local chemical 
changes on mineral surfaces with SEM (Scanning Elec-
tron Microscopy) coupled with EDS (Electron Disper-
sive Spectroscopy) analyses. 

Finally, we modeled the solution chemistry ob-
tained from the water chemistry analyses with Geo-
chemists’ Workbench SpecE8 module to determine 
mineral saturation states. 

Preliminary Results: Solution pH increased from 
6.7 to 7.9 in biological experiments, but pH stayed at 
6.8 throughout the abiotic weathering experiments. 
Aqueous Si concentration increased from 0.5 ppm to 
6.2 ppm in the biological reactors, whereas it only in-
creased to 3.5 ppm in chemical weathering reactors. Al 
concentration also increased almost 10-fold in the 
presence of bacteria (up to 0.13 ppm), compared to 
chemical experiments. Ca, Mg, K, Na and Fe values all 
significantly decreased in biotic experiments after 6 
weeks, relative to the initial growth medium (perhaps 
due to secondary mineral precipitation), whereas, Na, 
Ca and K slightly increased and only Fe decreased in 
chemical experiments. Additionally, nitrate and sulfate 
values drastically decreased in the presence of mi-
crobes, but stayed constant in the abiotic reactors. 
Chemical modeling showed that the starting aqueous 
environment was Na-NO3 dominated water and it only 
changed to Na-HCO3 dominated water in the presence 
of cyanobacteria, when the growth peaked at 3 weeks. 
Modeled CO2(aq) concentrations were approximately 5 
orders of magnitude higher in the abiotic experiments, 
as compared to biotic experiments. Smectite minerals 
(nontronite-Mg and beidellite-Mg) were saturated with 
respect to the solution in both biotic and abiotic exper-
iments while saturation indices were higher in the bio-
tic experiments. Zeolite minerals (clinoptilolite-K, 
mordenite and heulandite) were more saturated in the 
presence of microbes, starting with the second week. 
However, only clinoptilolite-K was saturated in chemi-
cal weathering experiments after 6 weeks. Solutions 
were saturated with respect to one or more iron oxide 
phases throughout  the duration of both the bio and 
abiotic experiments. Carbonate minerals were under-
saturated in both experimental sets. Finally, modeled 
electrical conductivity (EC) values dropped from 
255.11 µS/cm to 185.29 µS/cm in biotic experiments; 
whereas, it increased from 244.92 µS/cm to 274.66 
µS/cm in the abiotic weathering experiments. 

Conclusions and Implications: Results indicate 2- 
fold higher silicate dissolution rates in the presence of 
microbes compared to the abiotic reactors. Modeling 
and geochemical measurements indicate alkalinity of 
the environment also increased twice as fast in biotic 
reactors and pH only increased in the presence of mi-
crobial activity. The decreases in Ca, Mg, K, Fe, Na 
and EC values in the presence of microbes suggest 
secondary minerals precipitated in the presence of mi-
crobes, while solutes increased due to dissolution in the 
abiotic experiments.   

Our preliminary results suggest that precipitation of 
secondary minerals, including iron oxides and smec-
tites, may be indicative of  microbial activity and could 
be used as inorganic biosignatures in basaltic sediments 
exposed to short-lived glacial meltwaters. Future ex-
periments at 4oC and with other terrestrial analog sed-
iments will improve our understanding of low-
temperature planetary surface alteration processes and 
residual inorganic biosignatures.    
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