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Abstract

The cryosphere hosts a widespread microbial community, yet microbial influences on

silicate weathering have been historically neglected in cold-arid deserts. Here we

investigate bioweathering by a cold-tolerant cyanobacteria (Leptolyngbya glacialis) via

laboratory experiments using glaciofluvial drift sediments at 12�C, analogous to

predicted future permafrost surface temperatures. Our results show threefold

enhanced Si weathering rates in pre-weathered, mixed-lithology Antarctic biotic

reactors compared to abiotic controls, indicating the significant influence of microbial

life on weathering. Although biotic and abiotic weathering rates are similar in

Icelandic sediments, neo-formed clay and Fe-(oxy)hydroxide minerals observed in

association with biofilms in biotic reactors are common on Icelandic mafic minerals,

similar to features observed in unprocessed Antarctic drifts. This suggests that

microbes enhance weathering in systems where they must scavenge for nutrients

that are not easily liberated via abiotic pathways; potential biosignatures may form in

nutrient-rich systems as well. In both sediment types we also observed up to fourfold

higher bicarbonate concentrations in biotic reactors relative to abiotic reactors, indi-

cating that, as warming occurs, psychrotolerant biota will enhance bicarbonate flux

to the oceans, thus stimulating carbonate deposition and providing a negative feed-

back to increasing atmospheric CO2.
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1 | INTRODUCTION

Occupying 10% of the Earth's land surface and comprising 90% of the

cryosphere, the Antarctic continent is a climatically sensitive environ-

ment that has major influences on global biogeochemical cycles.1,2

This environment is also experiencing some of the most extreme

effects of anthropogenic climate change.3,4 Increased mean annual

temperatures of 3.4�C over the past 50 years resulted in melting ice

sheets, unusual flooding events in the McMurdo Dry Valley (MDV)

streams and lakes,5 retreat of alpine glaciers,6 expanding hyporheic

zones,7 thickening active layer,8,9 permafrost loss,10 and similar

changes.3 Whereas current mean annual soil temperatures range

between �15�C and �40�C, surface temperatures up to +12�C are

recorded in the Molodezhynaya station11 and can reach up to 20�C in

the Ross Sea region during the austral summer.12 Because microbial

diversity is related to soil chemistry,13 that is, in turn, influenced by

microclimatic conditions,14 dynamically changing permafrost condi-

tions accompanying climate change will likely cause shifts in the

cryosphere's microbial population.15

Antarctic soils record signatures of climate change as well as

information on the glacial history of the MDVs.3,16–18 These hyperarid

soils form through an interplay between cryogenic (fragmentation by

glacial retreat and mechanical and chemical weathering) and microcli-

matic processes (precipitation, katabatic winds, and ice sublimation).

However, despite the impressive microbial diversity within a range of

cryospheric habitats,1,19,20 the role of psychrotolerant (cold-tolerant)
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bacteria in silicate weathering has not been deeply investigated,

except in organic-rich and relatively humid soils of eastern

Antarctica.11

All polar glacial settings exert extreme environmental conditions

such as high ultraviolet (UV) light fluxes, extreme cold, nutrient defi-

ciency, high salinity, and aridity.21 As one moves from the coastal

regions to inland, the microclimatic zones gradually become hyperarid

and colder from mixed xerous in the MDVs (50–200 mm/year precipi-

tation) to ultraxerous (0–50 mm/year precipitation) zones in high-

altitude mountain ranges,22,23 thus potentially decreasing biological

diversity and curtailing microbial activity. However, polyextremophilic

microbes have evolved multiple survival strategies such as pigment,

exopolymeric substance (EPS), cold-adaptive enzymes, and osmo-

protectant production that allow them to cope with their extreme

environments.21,24,25 Moreover, microbial cells can persist within ice

(e.g.,26,27) and permafrost up to a few million years and may still be

capable of sustaining basic metabolic activities.28–30 Therefore, we

hypothesize that as permafrost warms, microbial communities may

enhance silicate weathering in polar environments, even in xerous and

ultraxerous settings.

Previous studies of Antarctic ephemeral meltwater streams rev-

ealed that solute fluxes indicate active chemical weathering of drift

sediments, even under kinetically limited extremely cold conditions

and short periods of liquid water availability.31–33 Higher-than-

expected nutrient concentrations of these streams also show evi-

dence of additional microbial silicate weathering contributing to

chemical weathering pathways along these streams.34 In addition,

biotically promoted weathering in arid settings of the MDV such as

rock crevices and pores occurs as a result of micro-acidic conditions

produced within the EPS layer and mechanical weathering via EPS

expansion along with lichen and filament placement.35–40 MDV soils

also have C and N isotopic signatures, indicative of partial soil forma-

tion by microbial life within endolithic environments.41 Furthermore,

cyanobacteria may have formed primordial soils of early Earth, and

prospective extraterrestrial soil formation processes on Mars and

other bodies may also be tied to bioweathering by poly-

extremophiles.30,41 Traces of such biological surface alteration can be

used as inorganic biosignatures, which are defined as the chemical,

morphological, and mineralogical (biomineral) biproducts of microbe–

mineral interactions.42,43

Considering the compelling evidence of chemical and potentially

biological weathering from previous studies in Antarctica (e.g.,35,41)

and the role of microbes in accelerating silicate weathering (e.g.,44–47),

we hypothesize that cyanobacterial mats in polar environments have

the potential to enhance chemical weathering rates via both elevated

pH in the solution and locally generated micro-acidic regions within

their EPS on the grains via cell-surface attachment. Therefore, we pre-

dict that the cyanobacterial mats could cause significant changes in

the aquatic chemistry and detectable mineralogical changes in sedi-

ments and/or protosoils within glaciated planetary settings. Here we

report the results from comparative biotic and abiotic silicate

weathering experiments at 12�C on mixed felsic-mafic, fine-grained

(<63 μm), pre-weathered proglacial sediments of the Onyx River

(Wright Valley [WV]) that derive from MDV drifts. Although the focus

is on Antarctic bioweathering and the relationship to biogeochemical

processes in the permafrost, we include a separate set of experiments

on basaltic glacio-volcanic outwash deposits from Iceland to compare

bioweathering effects on fresh mafic sources in Arctic regions and

predict potential bioweathering processes on other icy planets such

as Mars.

2 | METHODS

2.1 | Starting material: source, preparation, and
characterization

To quantify the weathering rates of silicate minerals derived from dif-

ferent bedrock compositions in glacial regions, we used glacial melt-

water sediments collected from Antarctica (mixed felsic-mafic source

materials) and Iceland (uniform mafic source), representing glacial drift

deposits. Sediments were collected by G.S. Soreghan, M.E. Elwood

Madden, and previous researchers from slackwater regions of mar-

ginal channel bars32,33,48,49 and stored at �21�C until further analysis.

We obtained the Antarctic sediments from the Onyx River (n = 3;

77� 27.0030 S, 162� 29.8580 E; 77� 27.3180 S, 162� 28.5810 E;

77� 27.7870 S, 162� 26.5670 E, collected in January 2010), a MDV

meltwater stream emanating from cold-based Wright Lower Glacier

and Clark Glacier in WV. The Onyx River drains from Lake

Brownworth and passes through pre-Last Glacial Maximum glacial

sediments derived from the Ferrar Dolerite, and plutons composed of

diorite, granite, granodiorite, and quartz monazite flowing into Lake

Vanda.18,33 We additionally collected various drift deposits, meltwater

stream sediments, and soil samples from both Wright and Taylor

Valleys to compare their microtexture and weathering features with

the ones to be produced in experimental samples. We obtained the

basaltic Iceland sediments from the modern glacial outwash stream of

the Eyjafjallajökull volcano (n = 3; 63� 40.8580 N, 19� 38.0320 W;

63� 40.9760 N, 19� 38.1680 W; 63� 40.1780 N, 19� 37.5040 W;

collected in May 2017) to investigate abiotic and biotic weathering of

fresh mafic glacio-volcanic deposits, similar to those expected on

Mars.50

Before any sample was processed, we sputter-coated a subsam-

ple of the Antarctic sediments with Au/Pb and imaged them using

scanning electron microscopy (SEM) with energy dispersive X-ray

spectroscopy (EDS). This imaging enabled the observation of the natu-

ral state of the samples and examination of any preexisting

weathering features and biofilms (Figure 1).

We merged the three Onyx River sediments together into one

batch and three Eyjafjallajökull outwash sediments into another and

then wet sieved the two samples through a <63-μm mesh to obtain

the “glacial-fine”51 mud-sized fraction. We focus on the fine-grained

components of the sediments because these have the most abundant

surface area for alteration, allowing us to observe solute fluxes in

short-term weathering reactors. Although weathering also occurs on

larger grains, it proceeds more slowly and does not generate
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significant weathering fluxes.51,52 We treated the samples with glacial

acetic acid (24 hours) and hydrogen peroxide (3 days) to remove sec-

ondary carbonate and organic remnants (cell, biofilm, and other

organic matter) and/or sulfide fractions, respectively.32,42 These treat-

ments isolated the silicate fraction, thus simplifying the design and all-

owing us to focus on the aqueous and mineralogical changes resulting

solely from silicate weathering and microbial activity.

Following the chemical treatments, we determined the clay and

silt fractions within these glacial fines (Table 1) using a Malvern

Mastersizer 3000 laser particle size analyzer, after treatment with

sodium hexametaphosphate as a dispersant.53 We quantified the spe-

cific surface area of the glacial fines (Table 1) using the Brunauer–

Emmett–Teller (BET) nitrogen adsorption method, with a Quan-

tachrome Nova 2000e gas adsorption analyzer,54,55 and determined

F IGURE 1 SEM (scanning
electron microscopy) images of
untreated Antarctic drift (b: Ross
Sea Drift, TV [Taylor Valley]),
sediment (a, e, f: Delta Stream,
TV; d: Clark Glacier Stream, WV
[Wright Valley]), and soil (c:
Upper Onyx River, WV) samples.
Numbers indicate EDS (energy

dispersive X-ray spectroscopy)
measurement locations
(Table S6). (a) Side-by-side
comparison of a biofilm-covered
(arrow) and uncolonized smooth
grain shows that biofilms
effectively disintegrate the
sediments. (b) Incongruent
dissolution pits formed via abiotic
weathering and secondary blade-
like potential Ca-carbonates (EDS
1) and spherical Fe-bearing
carbonates (EDS 2) are observed.
(c) Exfoliation (flaking) of the
mineral surface (arrows).
(d) Exfoliation features are
generally associated with biofilms
(arrows). (e) EPS (exopolymeric
substance) covering mineral
surfaces leave large grooves on
mineral surfaces via etching
(arrows). (f) Close-up of the
etched grooves in
Figure 1e (white box) shows
nanophase spherical Fe
precipitates (putative inorganic
biosignatures) nucleating on and
within the biofilm layer

TABLE 1 Physical characteristics of
Antarctic and Icelandic sediments

Location BET (m2/g) Clay (<4 μm) grain size (%) Silt (4–63 μm) grain size (%)

Antarctica 8.2 3.8 96.2

Iceland 11.5 2 98

Note. BET, Brunauer–Emmett–Teller.

TABLE 2 Chemical and mineralogical characteristics of Antarctic and Icelandic sediments

Location

SiO2

(%)

Al2O3

(%)

P2O5

(%)

Fe2O3

(%)

MnO

(%)

Mafic

minerals (%)

Quartz + K-

spar (%)

Plagioclase

(%)

Clay

minerals (%)

Amorphous

phases (%)

Antarctica 56.4 15 0.3 8.6 0.1 12.2 16.2 28.8 37.6 3.2

Iceland 52.9 15.6 0.5 11.8 0.2 25.9 0 38.7 0 31.6
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the mineralogy of the glacial fines with X-ray powder diffraction

(XRD) using a Rigaku Ultima IV with a Cu radiation source and graph-

ite monochromator (Figures S2 and S3). We mounted the sediments

in standard glass sample holders and employed the Bragg–Brentano

method (2–70� 2Ɵ angle interval). Analyses were performed with

0.02� step size and 2-second counting time, using fixed slits. We

determined the mineral composition quantitatively (Table 2) with MDI

Jade software using the Reitveld refinement method56,57 in combina-

tion with ClaySIM software using the RockJock method.58 Finally, we

sent our samples to ALS Labs (ALS USA Inc., Reno, NV, USA) for

whole rock geochemistry (Inductively Coupled Plasma Mass Spec-

trometry (ICP-MS), Li borate fusion method) and trace element and

base metal geochemistry (Inductively Coupled Plasma Atomic Emis-

sion Spectroscopy (ICP-AES), acid-digestion methods).

2.2 | Culture growth and experimental design

We purchased the polyextremophilic culture, Leptolyngbya glacialis

(ULC073), from Belgian Coordinated Collections of Microorganisms.

This culture is non-axenic (also contains some heterotrophic cells) due

to the difficulties in isolating filamentous cyanobacteria.59,60 We grew

the culture at 12�C in 1� BG11 freshwater medium (Sigma-Aldrich,

St. Louis, MO, USA, catalog #C3061, adjusted pH 7 with 1 M KOH) in

a rotary shaking incubator (Inova 42R with cyanobacterial growth

lamp) at 60 rpm for 3 weeks, providing an 8-hour dark/16-hour light

cycle (Figure S1b), representing optimal conditions for the strain.

Then, we inoculated �25 mg of wet cells into 50-ml sterile glass

Erlenmeyer flasks containing 25-ml sterile 0.1� BG11 and 0.25 g of

UV-sterilized muds, in triplicates to set up biological weathering

experiments. We set up abiotic controls containing UV-sterilized mud

and 25-ml 0.1� BG11. Each separate batch reactor experiment lasted

0, 1–2, 3, or 4 weeks, representing varying durations of the Antarctic

melt season. In addition, we set up parallel culture growth controls

(without adding sediments) to monitor the pH and microbial growth in

the absence of nutrient flux from weathering. We monitored the

cyanobacterial growth in 0.1� BG11 medium for 6 weeks to obtain

data points at all phases on its growth curve (lag, exponential, station-

ary, and death).

2.3 | Sampling and analyses during the
experiments

We sampled individual batch reactors (in triplicate) of Icelandic biotic

weathering experiments at week 0, 2, 3, and 4. Chlorophyll-a (Chl-a)

measurements demonstrate that the culture showed considerable

growth in the first week.42 Therefore, we added a week-1 sampling

time point to the later Antarctic weathering experiments. During each

sampling, we filtered supernatants through 0.2-μm syringe-tip filters

to remove particulates and cells from the solution, and we periodically

measured the pH of the filtrates. We sent separate aliquots of the fil-

trates (untreated) for ion chromatography and acidified (1 M HNO3)

aliquots of the filtrates for ICP-AES analyses (The Advanced Water

Technology Center and J. Ranville Lab at the Colorado School of

Mines, Golden, CO, USA) to monitor all released anions and cations.

We also monitored the changing alkalinity via bicarbonate and car-

bonate ion measurements (flow injection method, OSU Soil Labs, Still-

water, OK, USA).

2.4 | Weathering rate calculations

Weathering rates were measured based on aqueous silica concentra-

tions observed during both the abiotic and biotic weathering experi-

ments. We calculated Si weathering rates by plotting aqueous Si

concentrations (obtained by ICP-AES) normalized to BET surface area

of sediments versus time elapsed (Figure 2) and then fitting the curve

F IGURE 2 Antarctic and Icelandic silica release normalized to BET (Brunauer–Emmett–Teller) surface area (mol/m2). Solid black and dashed
gray lines are biotic and abiotic weathering trend lines, respectively. Note the higher biotic weathering rates (diamonds) as compared to abiotic
weathering rates (circles)
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with a polynomial equation. We used the first derivative of the poly-

nomial to determine the rate of biological and abiotic weathering.61

2.5 | Microbial growth monitoring

We monitored cyanobacterial growth within both the biotic

weathering experiments and culture growth controls via Chl-a mea-

surements on microbial mats. We harvested and weighed cell pellets

weekly (centrifuged at 12,000g for 10 minutes in preweighed tubes).

We extracted Chl-a in 90% methanol at 25�C in the dark and mea-

sured the absorbance values of the extract at 663 nm using UV/Vis.

spectrophotometry (Genesys 6, Thermo Scientific, Waltham, MA,

USA). We also measured the absorbance values at 750 nm to correct

for interreference and calculated Chl-a concentrations using

Equation 1.62–64

Chl-a μg=μlð Þ¼Absorbance 663-750nmð Þ�12:7 ð1Þ

We also performed the same extractions and spectrophotometric

measurements on the sediments of the abiotic experiments to

account for remnant Chl-a (if any) or other green pigments coming

from the field. Then we corrected the absorbance values of biotic

experiments by subtracting the absorbance values of abiotic experi-

ments. This correction allowed us to ensure that our results represent

only cyanobacterial growth.

2.6 | Imaging microbial mats, weathering features,
and secondary mineral formation

To preserve the biofilm structure for SEM imaging, we fixed

sediment–microbe aggregates on pre-sputter-coated glass slides

immediately on harvesting using a mixture of 2.5% glutaraldehyde,

50mM lysine, and 0.1 M HEPES buffer (pH 7). Then we successively

applied a secondary fixation (1% OsO4 in 0.1 M HEPES), EtOH dehy-

dration (25%, 50%, 75%, 95%, and 100%), and finally chemical drying

(HMDS:EtOH ratio 1:2, 1:1, and 2:1) protocols suggested for microbial

biofilms.65,66 We sputter-coated with Au/Pd (10-nm coating) to cre-

ate conductive specimens and then imaged biofilms, cells, and poten-

tial microbial weathering features (e.g., cell-shaped pits) using SEM.

We also coupled EDS measurement with our imaging to determine

elemental composition changes on the grains and characterized sec-

ondary precipitates, thus identifying and characterizing inorganic bio-

signatures of surface alteration.42 We performed our SEM-EDS

studies at the OU Samuel Roberts Noble Microscopy Laboratory,

using Zeiss NEON 40 EsB field emission SEM with an Oxford Electron

Backscattered Diffraction camera and INCA Energy 250 energy dis-

persive X-ray microanalysis system. We used a combination of sec-

ondary electron, backscattered diffraction, and InLens detectors

alternating between 5 and 15 kV, depending on surface charging,

organic matter content, and scale of the mineral or bacteria to image.

2.7 | Statistical analyses

To determine the significance of our results, we performed four multi-

variate statistical analyses67–69 on abiotic and biotic weathering

experiments, separately for Antarctica and Iceland reactors, using

GraphPad Prism 9.0.2 software. We performed PCA (principal compo-

nent analysis67) with principal components (PCs) with eigenvalues

greater than 1.0 (Kaiser rule). Plots of PCs are grouped based on the

presence of microbes (biotic or abiotic) and overlapped with loading

vectors showing which water chemistry variables (solutes and pH) are

driving the most significant differences. We also performed multiple

unpaired t-tests using two-stage step-up Benjamini, Krieger, and

Yekutieli procedure controlling the false discovery rate,70 comparing

the water chemistry at each time point between abiotic and biotic

experiments to identify the significant differences. Finally, we plotted

r scores from Pearson's correlation matrix to prepare separate heat

maps for Antarctica and Iceland experiments to determine which

water chemistry changes are significantly correlated with each other

in both biotic and abiotic reactors. High positive correlation is indi-

cated by r scores between 0.5 and 1, increasing in degree with higher

r scores, whereas high negative correlation between the two variables

is indicated by r scores between �0.5 and �1. Finally, we sup-

plemented these tests with two-way ANOVA (analyses of variance)

coupled with Tukey's multiple comparisons68 on our solute chemistry,

using p < 0.05 threshold as an indication of significant microbial influ-

ence on silicate weathering. Here we also investigated the significance

of pH and Chl-a increase between comparable biological weathering

and culture growth experiment time points using two-way ANOVA

coupled with Šídák's multiple comparisons.

3 | RESULTS

3.1 | Weathering features observed in the field

SEM imaging of the untreated field samples shows mechanical, biolog-

ical, and abiotic weathering textures in Antarctic drift sediments and

soils (Figure 1). Side-by-side comparisons of colonized and

uncolonized samples (Figure 1a) illustrate that biofilm cover results in

the disintegration of the grain surfaces, whereas uncolonized grains

do not disintegrate. Chemical incongruent dissolution features were

discernable as smooth-pitting and blade-like Ca-rich secondary precip-

itates, Fe-bearing carbonates, and potential Fe coatings on pit walls

(Figure 1b; Table S6). Biofilms and filaments also contribute to

mechanical and chemical weathering by separating the grains

(Figure 1c,d), dissolving them (Figure 1e), and leaving nano-phase sec-

ondary precipitates (Figure 1f). Exfoliation structures observed

(Figure 1c,d) may be artifacts of both mechanical disintegration by the

microbial mats and weathering by acidic chemical solutions. SEM

coupled with EDS measurements revealed that nano-phase potentially

neo-formed precipitates are Fe-(oxy)hydroxide minerals on mafic

grains impacted by biofilms (Figure 1f).
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3.2 | Weathering experiments

3.2.1 | Characteristics of the treated starting
material

Specific BET surface area values of the Antarctic and Icelandic sedi-

ments are 8.2 and 11.5 m2/g, respectively. The bulk SiO2 and Al2O3

contents, as well as the grain size (silt/clay), are comparable (Tables 1

and 2). The primary difference between the Antarctic and Icelandic

samples is their contrasting mineralogy. The Antarctic sample contains

more felsic primary minerals and clay minerals (largely smectite and

illite), whereas the Iceland sample contains more mafic phases and

amorphous materials (Table 2; Figures S2 and S3).

3.2.2 | Silica release rates

Silica release rates in all of the Antarctic mixed-source experiments

were significantly slower than the silica release rates observed in the

mafic Icelandic experiments, in both the biotic reactors and abiotic

controls (Table 3; Figure 2). Within the mafic Icelandic sediments, we

observed little difference between the bioweathering and abiotic

TABLE 3 BET-normalized comparative Si release rates (mol/m2s)

Replicate

Antarctica Iceland

Biotic Abiotic Biotic/abiotic Biotic Abiotic Biotic/abiotic

1 7.0 � 10�15 4.0 � 10�15 1.8 1.0 � 10�14 9.0 � 10�15 1.1

2 1.0 � 10�14 3.0 � 10�15 3.3 9.0 � 10�15 1.0 � 10�14 0.9

3 9.0 � 10�15 2.0 � 10�15 4.5 1.0 � 10�14 9.0 � 10�15 1.1

Average 8.7 � 10�15 3.0 � 10�15 3.2 9.7 � 10�15 9.0 � 10�15 1.0

Standard deviation 1.3 � 10�15 8.2 � 10�16 1.1 4.7 � 10�16 8.2 � 10�16 0.1

Note. BET, Brunauer–Emmett–Teller.

F IGURE 3 Changes in solute
chemistry during Antarctic and
Icelandic biotic (diamonds) and
abiotic (circles) experiments.
Dotted lines mark initial
concentrations in the growth
medium. Note the significant
biotic intake of bioessential
nutrients (Ca, Mg, Fe), whereas
HCO3

–, Al, and Si increase due to
silicate weathering

6 DEMIREL-FLOYD ET AL.



weathering rates. However, in the more felsic, mixed-source Antarctic

sediments, the bioweathering rates were up to three times faster than

the abiotic controls (Table 3; Figure 2).

3.2.3 | Aqueous chemistry and chlorophyll
production

We observed increasing Si, Al, and HCO3
� concentrations in both

biotic and abiotic reactors for the Antarctic and Icelandic silicate

weathering experiments; however, the final concentrations of Si, Al,

and HCO3
� were significantly higher in the presence of microbial

life (Figure 3; Table S1). Nutrients important for biota (Ca, Fe, Mg,

Mn, P, NO3
�, SO4

2�) decreased significantly in all biotic reactors

(Figures 3 and 4; Table S1). These solutes changed only slightly or

remained constant in all abiotic reactors (Figures 3 and 4; Table S1).

This trend is also observed in the Fe plots, where Fe was nearly

depleted in the solution by the end of week 2 in the biological

experiments and then increased, whereas Fe decreased throughout

the abiotic experiments.

Solution pH increased from 6.5 through 7 in abiotic weathering

experiments and up to 8 in biological weathering experiments and cul-

ture growth controls (Figure 5; Table S2). pH increases in the biotic

reactors were accompanied by increasing Chl-a (Chl-a) pigmentation

(Figure 5; Table 2). Differences in Chl-a between each of the three

biotic replicates likely result from sampling both microbial cells and

biofilm within the microbial mat. Chl-a concentrations depend on the

amount of the active cyanobacterial cells; however, the weight of the

biofilm (e.g., EPS components) and the actual cells cannot be differen-

tiated. For example, the highest Chl-a concentrations within the three

replicates should correspond to the highest weight of cyanobacterial

cell density within the sampled microbial mat, even though the total

microbial mat (cell + biofilm) weights are almost the same.

3.2.4 | Statistical analyses

PCA analyses (Figure S4) revealed that pH, Si, HCO3
�, Al, and Fe sol-

ute concentrations resulted in the most significant differences in both

Iceland and Antarctic experiments, where pH, Si, HCO3
�, and Al cor-

relate strongly with biotic pathways, whereas Fe solute concentra-

tions show the most difference in abiotic experiments. Significant

differences in water chemistry between biotic and abiotic weathering

experiments occur starting with the first and second weeks of the

experiments but accentuated in the third and fourth weeks. As

expected, no significant differences occurred between week 0 sam-

ples. The results of the t-tests (Table S3) are in agreement with all

PCA results. t-Test analyses also show that Ca, Mn, Al, Mg, P, SO4
2�,

and NO3
� are significantly different between biotic and abiotic exper-

iments due to significant decreases in aqueous concentrations in

biotic experiments (Figures 3 and 4; Table S1). Pairwise comparisons

indicate that all investigated water chemistry variables, except Fe, are

significantly different between biotic and abiotic experiments at the

end of 4 weeks. Two-way ANOVA pairwise comparisons of biotic and

abiotic solute chemistry (Table S4) are in agreement with PCA and t-

test results. In addition, pairwise comparisons of biotic and culture

growth comparisons of pH and Chl-a results indicate no significant

differences between comparable time points, besides higher mean

Chl-a in biotic at weeks 3 and 4 of Antarctic and Icelandic experi-

ments, respectively (Table S5). Finally, Pearson's correlation tests

(Figure 6) of both biotic and abiotic experiments showed high positive

correlation between Fe-P and Ca-Mg. These results are in strong

agreement with the PCA analyses; Si is highly correlated with pH,

HCO3
�, and Chl-a in all biotic reactors, with the addition of high cor-

relation to Al in Iceland biotic experiments, indicating a high positive

correlation of silicate weathering to photosynthesis. In addition,

microbially important nutrients (Ca, Mg, Mn, P, SO4
2�, and NO3

�) are

highly positively correlated with one another in both Antarctic and

Icelandic biotic experiments, whereas similar trends and/or strong cor-

relations are not observed in abiotic experiments. Overall, the

F IGURE 4 Changes in Mn, P, NO3
�, and SO4

2� concentrations
during Antarctica and Iceland biotic (diamonds) and abiotic (circles)
weathering experiments. Mn, P, and NO3

� are consumed by
Leptolyngbya glacialis as they are essential for the photosystems. SO4
2� depletion in the biological experiments is likely due to
microbial use
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combined statistical results are in agreement pointing to significant

differences in water chemistry driven by L. glacialis.

3.2.5 | SEM observations

Although we did not observe any discernable textural changes in the

abiotic experiments (Figure 7a), we did observe a few chemically

weathered surfaces (Figure 7b), where weathering starts from a cor-

ner and regularly moves across the grain surface, leaving a very shal-

low pitted surface (Figure 7c) that is different from its biogenic

counterparts (e.g., Figure 7f). We observed several features indicating

biological weathering in the SEM images collected from Icelandic

biotic experiments (Figure 7d–f). For example, the cyanobacteria

physically trapped grains within a mesh of filaments and were bound

to the sediments with their biofilms (Figure 7d). Biofilm and cell

attachment also dissolved the grains, leaving filament or coccus-

shaped etch pits (Figures 7e,f and 8a) on grain surfaces, and poten-

tially aided the formation of secondary Fe-oxy(hydroxide) and flakey

clay precipitates on mineral and cell surfaces (Figures 7e and 8b,c).

Botryoidal etch pits resembling coccus colonies (Figure 7f) were also

observed and may potentially reflect heterotrophic communities

(potentially Deinococcus sp. in MDV soils71) that came with the

microbial mat.

4 | ENHANCED WEATHERING BY
MICROBES IN SEDIMENTS

These results show that L. glacialis enhance Si release rates up to

threefold relative to abiotic weathering (Table 3; Figure 2) in the

mixed-source Onyx River sediments, comparable to Si release rates at

25�C from Leptolyngbya strains collected in temperate glacial environ-

ments.45 Increased weathering rates in biotic reactors relative to abi-

otic controls likely relate to acidic microenvironments developed

beneath microbial biofilms (e.g.,72), forming the cell-shaped etch pits

observed by SEM imaging (Figure 7). Organic acids produced within

the EPS also likely facilitated the extremely high Al release observed

(Figure 3; Table S1).40 However, the overall pH increases in biotic

experiments (up to �8) track closely with the pH observed in the cul-

ture growth controls, accompanied by increasing Chl-a, suggesting

that the overall pH is largely controlled by photosynthesis (Figures 5

and 6; Table S5). This overall increase in pH in the bioweathering

experiments likely contributed to enhanced Si release.45 Chl-a pig-

mentation in the microbial mats peaked at weeks 2–3 and was rep-

laced with carotenoid pigments likely as a result of prolonged

exposure to UV radiation (Figure S1d and S1e) and NO3
� depletion73

(Figure 4). Decreasing Chl-a concentrations after weeks 2–3 also sug-

gest that L. glacialis reached the stationary phase of their life cycle;

solute concentrations also either stay constant or change more slowly

(observed by relatively gentle slopes, Figures 3 and 4) around the

same time, further relating solute release rates to microbial activity.

We observed faster weathering rates in both the biotic and abi-

otic mafic Icelandic weathering experiments compared to the mixed-

lithology Antarctic experiments (Table 3), likely attributable to differ-

ences in chemistry and mineralogy (Table 2; Figures S2 and S3).

Icelandic muds contain higher concentrations of fresh reactive mafic

minerals (olivine and pyroxene) and volcanic glass, whereas nearly

38% of the Antarctic muds contain clay minerals (Table 2), which are

less reactive. Because chemical weathering of the mafic minerals pro-

ceeds faster than rates observed for felsic minerals or clays,74,61 suffi-

cient nutrients may be abiotically delivered to the bacteria in the

F IGURE 5 Changes in pH and chlorophyll-a
(Chl-a; μg/ml) during Antarctic and Icelandic
biotic (solid diamonds) and abiotic (circles)
experiments. Hollow diamonds indicate culture
growth experiments. Note the increase in pH
with Chl-a in bioweathering and culture growth
experiments due to photosynthesis, as opposed
to nearly constant abiotic pH
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mafic Iceland experiments, eliminating the need to scavenge nutrients

through enhanced chemical weathering, leading to similar weathering

rates observed in both the biotic and abiotic weathering experiments.

In contrast, we posit that microbes stimulated chemical weathering in

the Antarctic sediment experiments due to the lower nutrient release

rates from less-reactive clays and felsic phases, resulting in nutrient-

poor conditions that caused microbes to actively scavenge nutrients

through biologically enhanced mineral dissolution reactions.

The Antarctic sediments have a complex weathering history dat-

ing from the Early-Mid Quaternary,75 whereas Iceland sediments were

freshly supplied by recent volcano-glaciogenic events.76 Thus, the

Antarctic sediments experienced prolonged “pre-weathering” before

our experiments and thus were less reactive due to aging, in addition

to differences in the source lithology. Wild et al.77 found a nearly

10-fold increase in abiotic weathering rates from fresh labradorite and

olivine minerals compared to artificially acid-aged samples in labora-

tory experiments.

Our water chemistry results show that nutrients essential for

photosystems (i.e., Ca, Fe, Mn, Mg, and P)78 decreased with

increasing Chl-a production (Figures 3–5), consistent with potential

secondary mineral precipitation and/or cellular intake by L. glacialis.

SEM observations coupled with EDS measurements revealed

potential neo-formed flakey secondary clay minerals (Figure 8c)

and spherical nano-phase iron oxy/hydroxides (Figures 7e and 8b)

associated with EPS and cell surfaces that are similar to the nano-

phase minerals observed on biofilm-impacted grains in the field

(Figure 1f). Previous studies suggest that such minerals in associa-

tion with biofilms are potential biosignatures of microbial surface

alteration.41,46,79,80 These secondary phases also consume cations

from solution, resulting in lower aqueous concentrations, thus low-

ering the apparent weathering rates. In addition, survival mecha-

nisms observed in polyextremophilic cultures (e.g., EPS and

carotenoid production; Figure S1d and S1e) might consume added

nutrients.

F IGURE 6 Pearson's correlation matrices of (a) Antarctic and (b) Icelandic bioweathering and abiotic weathering experiments. Numbers in the
cells are calculated r scores, whereas color transitions from dark to light correspond to their graduation from higher to lower correlation. Red
colors (negative values) indicate negative correlation, and blue colors (positive values) indicate positive correlation between the variables
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Increasing Si dissolution (Figure 3) with increasing Chl-a produc-

tion (Figure 5) indicates that weathering was enhanced by microbial

activity in the biotic reactors. Overall, our results and statistical ana-

lyses indicate strong impacts of cold-tolerant cyanobacterial mats on

silicate weathering, even in cold-arid conditions such as the Antarctic

Dry Valleys. Our results also suggest that cyanobacteria likely play an

important role in facilitating pedogenesis via silicate weathering in the

MDV, as suggested by Mergelov et al.41

5 | IMPLICATIONS

5.1 | Carbonate production, chemical weathering,
and nutrient cycling on Earth

Psychrotolerant polar cyanobacterial mats both enhance silicate

weathering, releasing nutrients that promote primary production, and

provide refugia for other organisms within their EPS. Cyanobacterial

F IGURE 7 SEM (scanning electron microscopy) images from the fourth week of Icelandic abiotic and biological weathering experiments.

Numbers indicate EDS (energy dispersive X-ray spectroscopy) measurement locations (Table S6). (a) Illustration of the overall case for abiotic
experiments at a magnification of 1.17 k�. Sediments in abiotic experiments illustrate mostly smooth surfaces. (b) Leptolyngbya glacialis filaments
form a mesh trapping sediments and binding them with their EPS (exopolymeric substance) (arrows). (c) An etched surface (star) detected on a
potential plagioclase grain. (d) A highly weathered Mg- and Fe-rich mineral (potentially olivine; EDS 24, 31) covered with biofilm (EDS 23) and
colonized by bacteria (e.g., EDS 25), showing spherical secondary Fe-(hydr)oxide precipitation (EDS 20–21, 27, 30). Note that apatite minerals
(EDS 28, 29) are detected on the surface, which might make the mineral favorable for colonization. (e) Close-up look at the boxed area in c. As
expected, abiotic chemical weathering starts from the corner of the mineral (star) and creates a somewhat smoother surface as opposed to deep-
pitted bioweathered minerals (e.g., F). Note that the lower left grain with pits is a vesicular basalt, not a weathered grain. (f) Etch pits (arrows) left
by coccus (tetrad)-shaped colonies resembling B, indicating that other microbes in the mat assist weathering. Note that the mineral surface
around the pits is flakey
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mats also trap and bind mud-sized grains,81 creating an inorganic

nutrition bank during prolonged nutrient-limited conditions.82 EPS

excreted by psychrophilic cyanobacteria (Figure 7d,7e) likely helped

some eukaryotes like microalgae (e.g.,83) survive through cold climates

and adapt to warmer environments by acting as a physical barrier.84

Thus, psychrotolerant polyextremophilic cyanobacteria may have

been crucial to sustain terrestrial life during paleoclimatic extremes,

including Proterozoic glaciations such as Snowball Earth. Most of the

Antarctic cyanobacteria, including those belonging to Leptolyngbya

genus, are known for their cold tolerance and functionality across a

wide range of temperatures (i.e., 4�C–23�C), making them good candi-

dates for monitoring the effects of global warming85 on soil processes

such as weathering fluxes from silicate minerals.

Fresh, fine-grained sediment supplied by glacial milling and/or

volcaniclastic processes fertilizes phototrophs,86 stimulating further

(bio)weathering and associated nutrient release and thus further

enhancing phototroph activity in a positive-feedback cycle that

greatly accelerates CO2 drawdown. In our experiments, increased

photosynthetic activity carried out by the cyanobacteria increased the

pH due to CO2 consumption, shifting the carbon speciation toward

HCO3
�,87 thus resulting in four times higher HCO3

� concentrations

compared to the abiotic weathering controls (Figure 3). Enhanced

bicarbonate concentrations and cations released due to biological

weathering of silicates could thus supersaturate oceans and promote

the precipitation of carbonates, similar to those observed associated

with Snowball Earth glaciations.88

The results of our experiments provide insights into the effects of

future warming of permafrost soils on the global C cycle. Although

warming temperatures might cause the death of some strictly psy-

chrophilic communities, growth rates of the psychrotolerant cyano-

bacteria will increase85 in parallel with increasing nutrient fluxes that

accompany higher chemical weathering rates. Nutrients resulting from

combined abiotic and biotic chemical weathering pathways carried by

meltwaters will fertilize the oceans34 and periglacial soils. In addition,

as microbial diversity is closely related with the chemistry of

permafrosts,13 we posit that soil chemistry and mineralogy will change

with intensifying weathering reactions and cause ecological shifts in

soil microbial populations within glaciated settings. Based on our

observations from untreated MDV sediments and our laboratory

experiments, we posit that the Antarctic cyanobacterial mats have the

potential to influence soil-forming processes and chemistry via

enhanced silicate weathering and nutrient release, resulting in second-

ary mineral precipitation.

5.2 | Weathering and biosignatures on Mars

Microbe–mineral interactions leave biosignatures in the rock record

and permafrost soils on Earth, providing clues to interpret similar

chemical and mineralogical transformations within planetary soils. In

our experiments we observed neo-formed clay and nano-phase Fe-

(oxy)hydroxide precipitates (Figures 7e and 8b,c) similar to features

F IGURE 8 SEM (scanning electron
microscopy) images showing cyanobacteria
filament–shaped etch pits, biominerals
nucleating on cells, and flakey surface
deposits in Icelandic bioweathering
experiments. Numbers indicate EDS (energy
dispersive X-ray spectroscopy)
measurement locations (Table S6).
(a) Leptolyngbya glacialis (white arrow) and

filament-shaped etch pit (star) on a mineral
surface. Notice that the mineral surface
displays other etching features associated
with biofilm attachment (black arrows) and
chemical dissolution (circle). (b) Secondary
nano-phase Fe-(hydr)oxides (EDS 15–17)
nucleating on coccus-shaped cell surfaces
(white arrows, EDS 12-13) within the EPS
layer (EDS 11) and a potential clay
precipitate associated with biofilms (EDS
18). (c) Close-up of a region of flakey
surfaces shown in Figure 7F. These
honeycomb-like features are potentially
neo-formed clays produced by
bioweathering. Notice the stepwise etching
associated with cells and biofilm traced by
black arrows
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also observed in unprocessed field samples (see Figure 1f

and41,46,79,80). While secondary Fe and clay precipitates can also be

precipitated solely by abiotic pathways, we did not observe them in

our abiotic experiments. However, minerals observed on EPS and cell

surfaces indicate the role of microbes in precipitating secondary

phases through their biofilms. We observed these potential bio-

minerals primarily on mafic minerals in unprocessed Antarctic drifts

(Figure 1f) and throughout the bioweathered Icelandic sediments

(Figures 7e and 8b,c).

Our findings suggest that cyanobacterial mats have the potential

to produce putative biosignatures in mafic extraterrestrial terrains,

thus providing biosignatures within the soils on other icy planets, espe-

cially Mars.42,55 Even though our experiments are not set up in Mars

conditions, our felsic and mafic starting materials are sampled from

sites (Antarctica and Iceland) considered to share climatic and mineral-

ogic similarities to the Mars surface.42,50,55,57,89 Finding similar inor-

ganic biosignatures, including spherical nano-phase Fe-(oxy)hydroxide

minerals and clays associated with biofilm sheet-like etch surfaces and

cell-shaped etch pits from mixed mafic-felsic terrains under SEM imag-

ing (Figures 7e and 8b,c) in returned samples from the Perseverance

Rover, might indicate the potential presence of past life on Mars.

6 | CONCLUSIONS

Our study demonstrates that psychrotolerant cyanobacterial mats sig-

nificantly accelerate silicate weathering in mixed-source, pre-aged

sediments by increasing the pH due to photosynthesis and EPS pro-

duction, under warming polar temperature conditions. Even though

the weathering rates are higher, in general, in mafic and volcanic

glass-rich polythermal terrains in more temperate settings, chemical

and biological weathering are almost of equal importance in terms of

nutrient release as fresh mafic minerals can be easily weathered by

abiotic pathways. In terms of the global C cycle, the biotic pathways

accelerate atmospheric CO2 withdrawal and bicarbonate production

through weathering and shifting the saturation state toward carbon-

ate via pH increase. As anthropogenic climate change (warming) con-

tinues, we posit cyanobacterial mats will contribute increasingly to

significant changes in the permafrost in the MDV, altering the soil

chemistry through enhancing fluxes of Si, Al, and HCO3
�, thus pro-

moting the formation of clay and carbonate deposits. Such psy-

chrotolerant polyextremophilic mats would also leave their

biosignatures of surface alteration in the form of spherical nano-phase

Fe-(oxy)hydroxide minerals on micron-scale biofilm sheet-like etch

marks and cell-shaped pits on mafic minerals within mixed mafic-felsic

planetary terrains. Therefore, the occurrence of such putative bio-

minerals in future sample return missions would indicate microbial

influences on geochemical cycling within planetary regoliths and thus

the presence of past extraterrestrial life.
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