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Abstract

Manganese-Mineralized Chemical Gardens: An Abiotic Approach to the Search for Life 

on Earth and Other Planets

Sigrid Huld

The search for life on ancient Earth and indeed on other planets is a long and ongoing one. Many
innovative methods have been used to distinguish between biological and abiotic signatures in the
geological  record  but  these  are  not  always  conclusive.  Manganese  oxides  are  minerals  that  are
precipitated  in  nature  through  the  enzymatic  processes  of  many  bacteria  and  fungi  but  similar
structures may be produced abiotically or synthetically in the lab. Morphology has often been used as a
criteria for the identification of microbes in the rock record referring to complex characteristics like
curved and straight trajectories, hollowness, branching, constant diameters, bulb-like protrusions and a
small size of less than 1µm in diameter. Through the use of chemical gardens with manganese sulfate
grains  acting as  a  “seed” metal  salt  in  alkaline silicate  solutions,  filaments  can be produced that
maintain many of the purported biological characteristics. Moreover, the precipitation of manganese
(IV) oxides from a soluble Mn(II) precursor is thought to be a very slow and difficult process with
conditions like a high pH and large amount of O2 necessary for it to take place. In this study it is shown
that the process may not be as time consuming as previously supposed. 

Other techniques to determine the composition of the filaments are applied. Raman spectroscopy is
used in an attempt to identify the minerals formed, an analytic approach which gives mixed results due
to the missing reference spectra in literature. Electron Paramagnetic Resonance (EPR) Spectroscopy  is
a relatively new approach used to try to characterize the spin state of the manganese oxides which can
potentially be used to determine biogenicity. However, the results in this work show otherwise, getting
the same “biological” signal in the chemical garden experiments.

The overall consensus from this study is that deciding unequivocally whether manganese oxides in
nature are biogenic or not is a very complex procedure and caution should be taken in claiming that
microbes or fungi are involved especially when applied to the search for ancient life on Earth and on
other planets.

Keywords:  manganese  oxides,  chemical  gardens,  raman  spectroscopy,  electron  paramagnetic
resonance, bacteria
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Popular Science Summary

Manganese-mineralized chemical gardens: an abiotic approach to the search for life on 

Earth and other planets

Sigrid Huld

Life on Earth was around for billions of years before the arrival of humans. Bacteria are thought to be
one of the oldest living beings that were around on the early Earth and looking for fossils of this kind
can help us get an idea of what they and their surroundings looked like. They live in all  sorts of
environments from the stomach of mammals to the pores of rocks deep under the ocean floor. This
means that it is not always easy to find fossils of them. Often researchers are resigned to looking for
tiny traces and signs in the rocks to prove that they were around. Manganese oxides are a type of
mineral that are thought to be connected to the activity of bacteria, so when a sample is found, the first
question is whether or not it is biological in nature or whether it has formed without the interference of
any  living  things.  The  formation  of  minerals  and  crystals  of  this  kind  can  happen  simply  if  the
chemical conditions of the environment are right, even without the input of bacteria. Many scientists
have suggested that it may be enough to look at the shape and size of fossils and compare them to the
forms that bacteria have today. 

In this study we try to add to the research that is being done on the subject of defining biologically
made minerals versus chemical. Using a method called chemical gardening, we made filament-shaped
manganese oxide minerals similar to the ones that are claimed to be biological but with only the use of
chemicals in the lab. We find that they often have the same shapes. As such, we don’t think it  is
enough to only use this category to determine whether or not manganese oxide minerals in nature are
made by bacteria  or  not.  Other  methods have also been used here,  like  Raman spectroscopy and
Electron Paramagnetic Resonance (EPR) Spectroscopy both of which are used to find out what kind of
manganese  oxide  mineral  you  have,  since  there  are  many  different  types  in  nature.  These  two
techniques can give a possible signal that is different in biological and non-biological samples. Here
we find that the Raman spectroscopy method gives signals that are too difficult to read to come to a
definite conclusion. The EPR results show a different signal from ones that other authors got and the
conclusion is that this is not a method that can be used to see whether or not a mineral in nature is
made by organisms or not. 

Keywords:  manganese  oxides,  chemical  gardens,  raman  spectroscopy,  electron  paramagnetic
resonance, bacteria
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1. Introduction

Bacteria are a domain of prokaryotic organisms that not only make up a large portion of biomass on

earth but are also essential to the life of almost every other living being on the planet. Their ability to

adopt many different mechanisms to harness energy from their surroundings has allowed them to

become ubiquitous  and as  such they have also  taken on both symbiotic  and parasitic  roles  with

animals, plants and fungi. These microscopic creatures occupy almost every possible niche the world

has to offer from hydrothermal vents to earth’s deep subsurface biosphere which hosts the largest

amount of biomass in the world after  forests  (Bar-On et  al.,  2018;  McMahon & Ivarsson, 2019).

Considering this,  they may well  be  ideal  candidates  for  the  search  for  life  on other  planets  and

ongoing research on return samples from Mars focus on biomarkers of a similar nature (Hofmann &

Farmer, 2000; Onstott et al., 2019). Earth’s own biosphere reveals the capacities of these remarkable

organisms to be extremophile and this very characteristic can be the key to understanding whether or

not they could occupy cracks and fissures flushed by groundwaters in the martian subsurface. 

One  of  the  many  different  metabolic  strategies  that  they  can  adopt  is  chemoautotrophy  and

chemoheterotrophy which is the oxidation or reduction of a compound from which energy is obtained

to assimilate inorganic and organic carbon respectively. Manganese oxidation is carried out by many

bacteria  belonging  to  various  phylogenetic  groups  like  cyanobacteria,  sheathed  Leptothrix-like,

budding  Hyphomicrobium-like  and  spore-forming  Bacillus  sp.   bacteria.  Many  fungi,  both

ascomycetes and basidiomycetes,  are also capable of oxidizing manganese (Emerson et  al.,  1989;

Takano  et  al.,  2006).  Manganese  has  a  very  unusual  chemistry:  in  its  soluble  form,  Mn(II)  is

thermodynamically favored to be oxidized in aerobic conditions, thus releasing energy.  The oxidation

occurs in two steps: Mn(II) → Mn(III) → Mn(IV), wherein the first step is kinetically difficult to

overcome and is  thus the rate-limiting reaction (Luther,  2010).  This  is  because manganese has  7

electrons in its outer shells: 2 are in an s-orbital that can easily be lost to form Mn2+, whereas the other

5 are present as unpaired electrons, one in each of its 5 d-orbitals. Stripping away the first electron

from the Mn2+ ion requires energy. The second part of the reaction is easier and this is the one thought

to be possible for bacteria to catalyze and potentially derive energy from (Sjöberg, 2019). However, it

has  never  been  documented  that  they  can  use  the  energy  from  the  reaction  to  fix  carbon.  The

intermediate, Mn3+  is  unstable and quickly disproportionates back into Mn2+ or further oxidizes into

Mn4+ (Fig. 3.1.1). Certain parameters can alter  the stability of soluble Mn2+ like an increase in the pH,

in the concentration of O2 or the presence of manganese-binding compounds like manganese oxides

themselves, a process called auto-oxidation (Nealson, 2006). What’s more, manganese oxides act as

strong oxidizing agents in other redox reactions and their adsorption capacity due to a high specific

surface area and negative surface charge causes the cycling of additional elements in the system like
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Fe, S, C, Cr, trace metals and rare earth elements (REE) (Takahashi et al., 2005; Learman et al., 2011;

Sjöberg,  2019).  Their  role  as  oxidizing  agents  results  in  a  relatively  short  residence  time  in  the

environment as they become continuously cycled. The kinetic control of the reaction in nature can be

overcome by the presence of Mn-oxidizing bacteria and their ability to bind Mn with enzymes but it

quickly becomes difficult  to distinguish between the biotically produced oxides and the snow-ball

effect of abiotic auto-oxidation. 

Methods of distinguishing between manganese oxides produced by microbes and those that are

abiotically precipitated from the water column are many but inconclusive (e.g.  Tebo et al.,  2005;

Ivarsson et al., 2011; Kim et al., 2011). The complex morphology of imprints and filaments in the

rock record has widely been used as a category for the recognition of microfossils.  In turn, their

presence within layers of manganese or iron oxides and their encrustation in these minerals has been

suggested to indicate a microbial origin for the precipitates (e.g. Little et al., 2004; Ivarsson et al.,

2011; Nayak et al., 2013; Dodd et al., 2017). To support this, many authors have alluded to the fact

that manganese oxidation needs a catalyst, potentially provided by microorganisms, and that the rate

of reaction is significantly higher when microbes are involved (Tebo et al., 2004), further enhancing

the idea that the vast majority of manganese oxides in nature are a product of microbial metabolic

processes. An attempt at recognizing differences in mineralogy between the two has also been made

(Saratovsky et al., 2006). 

Filaments  of  nano-  and  microcrystalline  metal  (oxyhydr)oxides  and  silicates  exist  in  many

different  localities  including  hydrothermal  cherts  (Dodd  et  al.,  2017;  Johannessen  et  al.,  2019),

terrestrial and marine basalts (Ivarsson et al., 2011) and mineralized cavities in limestones (Little et

al., 2004; Vasilatos et al., 2018). They tend to display many complex morphological characters that

potentially define them as the biological remains of microorganisms. These include circular cross-

sections,  curved  growth  trajectories,  discrete  spore-like  swellings,  true  bifurcate  branching  and

anastomosis, among others (Little et al., 2004; Fru et al., 2013; Dodd et al., 2017). Many of these

structures are suggested to be good proxies for the search for life on other planets, as their presence on

Earth is assumed to represent the oldest forms ever found (Dodd et al., 2017). In some cases, this

“fossil evidence” is backed up by non-morphological data like the presence of carbonaceous material

or biopolymers within the iron oxide filament (Ivarsson et al., 2012).

Studies of the abiotic formation of metal-oxide filaments bring attention to the phenomenon of

chemical gardening (Cartwright et al., 2002; Barge et al., 2015). This is the process in which a ‘seed’

metal salt is placed in an alkaline carbonate or silicate solution, producing a pocket of acidic solution

that is surrounded by a gelatinous membrane of hydrous metal carbonate or silicate along with metal

(oxyhydr)oxides.  Osmotic  processes  between the interior  and the  surrounding solution  elicits  the

growth of the membrane bound pocket which will eventually rupture, causing a jet of fluid to shoot
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out. This proceeds to be coated in a membrane, thus forming a branching structure. Further ruptures

may occur both on the original pocket and on the secondary protrusions. Hydroxyl ions that flow into

the structure may react with the metal ions of the fluid and precipitate as metal oxides on the inside

layer of the membrane. Natural chemical gardens can occur where carbonate- or silica-rich alkaline

solutions come into contact with metalliferous particles like, for example, near marine hydrothermal

vents or in the vicinity of serpentinization processes deep in the Earth’s crust. 

Electron  paramagnetic  resonance  (EPR)  spectroscopy  has  also  been  applied  to  the  study  of

biomarkers  and minerals.  This  is  a  technique that  detects  unpaired  electrons  in  species  like  free

radicals  or  many  transition  metals.  Manganese  is  one  such  transition  metal,  with  five  unpaired

electrons in its reduced state Mn(II), four in Mn(III) and three in Mn(IV).  The signal of EPR from

manganese oxides is supposedly different in biogenic and abiogenic minerals, and can be used as a

marker for biogenicity, according to some studies (Kim et al., 2011; Ivarsson et al., 2015). Raman

analysis  provides  one additional  tool  to  explore  the  properties  of  the  minerals  produced in these

experiments.

The purpose of this thesis is to explore the possibilities of determining quantifiable differences

between  biogenic  and  abiogenic  metal  oxides  in  nature  both  in  past  and  present  formations.  In

particular, chemical gardens can be made using manganese sulfates in carbonate and silicate solutions

to attempt to produce manganese oxide filaments in the lab. Manganese oxides have similarly been

found to coat fossil microorganisms (e.g. Nayak et al., 2013) and it is interesting to see that abiotic

growth can assimilate their complex morphologies in the lab. Recognition of the mineral phases and

overall  valence of  precipitates  also becomes of  interest  as  natural  biominerals  can potentially  be

distinguished from abiotic ones on this basis. 
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Figure 1.1. Diagram depicting chemical garden growth. A seed metal salt begins to dissolve and a gelatinous 
siliceous membrane forms around it. Osmotic processes between interior and exterior creates an internal pressure 
and elicits a jet of fluid to shoot out which is also coated in a membrane. Hydroxyl ions may flow into the structure 
and react with the metal ions, precipitating metal oxides on the inside layer of the membrane. Diagram courtesy of 
Sean McMahon, University of Edinburgh. 



2. Materials and Methods

2.1 Synthetic manganese oxide precipitation

Experiments focused on the precipitation of manganese oxides followed the protocol found in Freitas

et  al.  (2013).  Manganese  sulfate  solutions  were  prepared  with  deionized  water  and  0.31gl -1  of

manganese (II)  sulfate monohydrate (99% MnSO4.H2O; Acros Organics,  Geel,  Belgium).  Beakers

were  filled  with  100ml  or  200ml  of  solution  and  sodium hydroxide  or  hydrochloric  acid  added

dropwise to obtain initial solutions of pH 3.5, 5 and 7. Beakers were placed on a Bibby Stuart hotplate

stirrer and 1.54mg KMnO4/mg M  was added to the pH 5 and 7 solutions and 1.63mg KMnO4/mg Mn

to the pH 3 solution, following the protocol set in Freitas et al. (2013). Three beakers had additional

NaOH added to reach pH 8 in one and pH 11 in two. Only in one solution of pH 11 was 1.54mg

KMnO4 /mg Mn added subsequently. Experiments were left overnight for the reaction to complete.

The following day the grains were filtered onto paper filters, rinsed with deionized water 4 times and

left to dry overnight.

2.2 Chemical garden experiments

These experiments were based on previous ones carried out by McMahon (2019) where iron oxide

filaments were produced from iron (II) sulfate in alkaline solutions. 

Alkaline carbonate and silicate solutions were prepared with a concentration of 100gl -1  of sodium

carbonate monohydrate powder (124 gmol-1 Na2CO3.H2O; Emprove Essential, Merck) and concentrate

sodium trisilicate monohydrate solution (1.39g/mL Na2SiO2.H2O; Sigma-Aldrich). The pH of each

solution was recorded at 11.6. NaOH or HCl were added dropwise to individual experiments to adjust

the pH. Beakers were prepared with 15mL each of either solution or a mix thereof. Manganese sulfate

monohydrate powder was ground in an agate mortar to reduce and homogenize size. The resulting

product was sieved to <63µm, <125µm and <250µm samples for three experiments. Approximately

0.05-0.15g of the grains were manually dispersed into the beakers and covered with Bemis laboratory

parafilm “M”. Experiments were left overnight and rinsed carefully 4 times with deionized water the

following day to avoid breaking any filaments formed before allowing to dry at room temperature.

The following compounds were also ground together individually with manganese sulfate powder and

added to various experiments: chromium (III) oxide (99% Cr2O3; Sigma-Aldrich), titanium (IV) oxide

(99% TiO2; Aldrich chemistry), iron (II) oxide (99% FeO; Aldrich chemistry), nickel (II) hydroxide

(92.72 gmol-1 Ni(OH)2; Sigma-Aldrich), iron (II) sulfate heptahydrate (>99% FeSO4.7H2O; Sigma-

Aldrich) and chromium (III) nitrate nonahydrate (99% Cr(NO3)3.9H2O; Aldrich).  
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All experiments, both for manganese oxide precipitation and chemical gardening, were carried out

at room temperature. The pH meter used was a VWR pHenomenal 1100L kept in a 3molL-1 KCL

Metrohm Ion analysis  electrolyte solution and calibrated with standard pH 4,  7  and 10 solutions

(VWR). 

2.3 Raman spectroscopy

Raman  spectroscopy  analysis  was  carried  out  with  a  Renishaw inVia  Raman  microscope  at  the

Ångström laboratory, university of Uppsala with a green light Ar laser (λ = 532nm) and the Renishaw

Wire  3.4  software  was  used  to  process  data.  Samples  were  observed  with  either  a  20x  or  50x

magnification according to their size, as many filament and grains are large and not flat. A laser power

of 5% of the total 100mW  was used to avoid degradation of the samples as manganese oxides are

sensitive to overheating.  The accumulation time was between 50s and 200s accordingly with one

accumulation  per  second.  The  accuracy  and wavenumber  stability  were  calibrated  with  a  silicon

standard sample at 519.82nm. The program CrystalSleuth was used to identify the minerals which is

connected to the RRUFF project database with the relative reference spectra. 

2.4 Electron paramagnetic resonance

Samples used for EPR were reduced, where necessary, to a size adequate for filling a small amount

into a capillary tube (d. 1.35mm). The examined samples were weighed after measurements on an

analytic balance so as to normalize the signal/mg. 

EPR measurements  were carried out  on  a  Bruker  EMX-micro spectrometer  equipped with  an

EMX-Primium bridge and an ER4119HS resonator. The same recording parameter set was applied to

all spectra reported here: microwave frequency 9.877 GHz, microwave power 0.2 mW; modulation

frequency  100  kHz,  modulation  amplitude  10  G;  detector  receiving  gain  58  dB,  time  constant

10.24ms and conversion time 40.96ms with spectral resolution of 1024 data points, otherwise under

ambient condition. 

2.5  Scanning  electron  and  optical  microscopy  and  energy  dispersive

analysis of X-rays

Small fragments of each sample were mounted on aluminium stubs and placed in a high-vacuum

Zeiss Supra 35VP scanning electron microscope. An EDAX Ametek Apollo X fitted to the SEM was

used to analyze elemental composition of the samples with beam set to 20kV and aperture 60.0µm at

an optimal working distance of 8.5mm. Samples were subsequently coated in a gold palladium alloy

to reduce the charging effect and imaged with a beam setting of 4kv and an aperture of 30.0 µm. The
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microphotographs were taken using a Leica MZ75 optical light microscope mounted with a Nikon

digital sight DS U1 and NIS-Elements F2.20 software. 

3. Results
The following data can be found in Table 1 with appropriate label (MS1, K1, K2, CG1 etc.) and all

minerals referred to are listed in Table 2 below.

3.1 Manganese oxide precipitation

Following the procedure used by Freitas et al. (2013) to remove excess manganese from acid mine

drainage using potassium permanganate, brown precipitates of manganese oxides were obtained in

suspension at pH 3, 5 and 7 (K1, K2 and K3) in concordance with their results. More peculiar was

that with the addition of NaOH (pH 13) drop by drop to reach pH levels above 8 in the monohydrate

manganese  sulfate  solution,  manganese  oxides  were  rapidly  produced  without  the  addition  of

potassium permanganate (MS1). This is shown by EDAX analysis, Raman spectroscopy and EPR

analysis. Furthermore, the reaction taking place produced H2S, significantly lowering the pH once

more.  Only when pH levels above 9 were reached with the continued addition of NaOH did the

reaction stabilize and no more acid was produced to counteract the NaOH. In one experiment (K4)

where the pH was raised first to 11 and only secondarily was permanganate added, the solution turned

purple. This shows the dissolution of the potassium permanganate in the solution but absence of a

reaction between the two to form manganese oxides as these had already all precipitated. 

3.2 Chemical gardens

The chemical garden experiments produced filaments only in the silica solutions. Larger filaments

that are visible with the naked eye, more than 20µm in diameter and several hundreds long, occur

clearly in several experiments: using only silicate solution (CG2); a silicate solution with added nickel

oxide (CG3); and a silicate solution with added iron sulfate heptahydrate (CG9). They are all hollow

but  rarely  consistent  in  diameter,  growing  from  a  plate-like  base  and  tapering  out  at  the  other

extremity (Fig. 3.2.1). Another experiment with similar results (large filaments, 100µm in diameter,

inconsistent diameter, hollow) was a solution containing both silicate and carbonate in equal parts

(CG6). This experiment was thoroughly mixed by hand before the manganese sulfate grains were left

to settle and the resulting structures are somewhat different: the filaments grew upwards as normal

and then abruptly made hairpin turns and continued straight back down where they taper out towards

the bottom of the beaker (Fig. 3.2.1B). 

6



In  several  experiments,  jumbles  of  small  filaments  were  produced  that  are  less  than  1µm in

diameter and only tens of microns long (Fig. 3.2.2A-C; 2.2.3B). In each case they are hollow, with

curved and straight trajectories, have circular cross-sections and an often constant diameter. Generally

it seems the smaller they are the more consistent in diameter (Fig. 3.2.2B, C). In particular, these

entanglements of small filaments grew in a beaker with both carbonate and silicate solution (CG1), in

a  purely  silicate  solution  that  was  thoroughly  mixed  to  try  and  reiterate  the  previous  mixed

experiment with hairpin filaments (CG7), and, finally, one experiment with silicate solution and added

chromium  (III)  oxide  (CG4).  This  last  one  is  particularly  interesting  as  the  filaments  have

accumulated around small round grains. EDAX analysis showed the filaments to be made of MnO x

with no chromium whereas the latter was present in abundance in the central ball structure, around

which the filaments grew. Raman analysis supports this too. The two, filaments and ball, do not seem

to connect but are clearly always associated (Fig. 3.2.3A, B). Other amorphous grains in the sample

are made of manganese oxides without chromium. Furthermore, the filaments often grow from small

bulbous structures that are clearly continuous with the filament (arrow in Fig. 3.2.3B). 

7
Figure 3.2.1. SEM images of A) CG3; B) CG6; C) CG2 and D) microphotograph of CG9. Scale in µm
A-C) 200; D) 500. 



Table 1. Description of experiments

Experiment 
name

MnSO4 Silicate 
solution

Carbonate 
solution

NaOH      HCl Additional pH EPR
ΔH(G)   

Colour Comments

MS1 Solution 60g/l     x 4.8 →
12.9

263 Dark brown/black Precipitate appears suspended in solution 
when pH reaches 8

K1 Solution 0.31g/l                     x KMnO4 3.5 Dark brown/black

K2 Solution 0.31g/l                     x KMnO4 5 Dark brown/black

K3 Solution 0.31g/l                     x KMnO4 7 Dark brown/black

K4 Solution 0.31g/l     x KMnO4 11 Black/purple Potassium permanganate added after the 
rise in pH resulting in a purple solution; it 
dissolves but does not react

CG1 Grain x 11.6 Mixture of 
light/golden brown, 
black and white

Larger filaments, about 3µm thick and 
90µm long, a tangle of smaller filaments 
less than 1µm thick, hollow

CG2 Grain x 11.6 275        Light/golden brown Large filaments visible to the naked eye, 
not uniform in diameter which are 
generally larger than 20µm, hollow

CG3 Grain x NiO 11.6 Light brown and 
black

Large filaments not uniform in diameter, 
over 50µm in diameter, hollow

CG4 Grain x Cr2O3 11.6 388 Green grains 
(chromium) and light
brown filaments

Chromium found in ball structures around 
which large amounts of very small 
filaments (<1µm thick, 10s µm long) grow 
in twisted, straight and curved 
morphologies. Hollow, constant diameter 
and small bulbous structures found at the 
bottom and along the filaments

CG5 Grain x Ti2O 11.6 Light brown Filaments more isolate, 100µm thick or 
more, very twisted, hollow, 100s µm long

CG6 Grain x x 11.6 388 Mixture of black, 
dark and light brown

Filaments visible with the naked eye, made
hairpin turns. This experiment was 
thoroughly mixed
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Table 1. (cont.) Description of experiments

CG7 Grain x 11.6 Brown and white Filaments of all sizes, diameter 1-10µm, 
length up to 100µm. 

CG8 Grain x NiOH 11.6 Dark (filaments) and
light (grains) brown

Filaments that are twisted, curved, hollow 
and constant in diameter

CG9 Grain x FeSO4.7H2O 11.6 681 Black, grey, brown 
and white

Very large filaments visible with the naked 
eye. Twisted, curved and straight forms, 
some hollow. 

CG10 Grain < 63µm x 11.6 282 Light brown Grains clumped together to form platforms 
from which filaments grew twisting and 
anastomosing together forming a central 
stalk.

CG11 Grain <125µm x 11.6 Light brown Similar to 32 but larger
CG12 Grain <250µm x 11.6 Grains mostly formed rounded structures 

from which small isolated filaments grew. 
CG13 Grain x x 11.6 Pale to light brown Relatively large but more fragile filaments 

grew mostly along the bottom of the petri 
dish. 

CG14 Grain x FeO 11.6 527 Very dark green/grey Botryoidal structure of grains, no 
filaments.

Key:

MS = Manganese sulfate solution experiment

K = Potassium permanganate experiments

CG = Chemical garden experiments
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Two experiments,  one with  added titanium dioxide  (CG5) and one  with  added NiOH  (CG8),

provided slightly larger and isolated filaments with a diameter around 50-100µm, that are, compared

to the first experiments presented here, more consistent in diameter. The morphology of these are also

very curved, with filaments twisting around each other in all directions (Fig. 3.2.4B, D, E).

The manganese grains were also sieved to sizes < 64µm, < 125µm and < 250µm (CG10, CG11,

CG12) and placed in different petri dishes each with silicate solution to observe whether there was

any variation in the formation of filaments. The smallest grains (< 64µm) tended to clump together in

the solution and formed platforms from which the filaments  grew.  The diameter  is  more or  less

constant even at the base of the filaments where some anastomose (Fig. 3.5C, E, F). The medium-

sized grains (< 125µm) acted much in the same way albeit with fewer but larger filaments (Fig. 8.1C

supplementary material). Along the bottom of the beaker, filaments grew in both cases and, when  the

filaments reached the water surface they flared out and became darker. The largest grains (< 250µm)

on the other hand, mostly formed small rounded structures scattered on the bottom of the petri dish.

Some of these have a single filament growing out of it (Fig. 8.1A, B supplementary material).
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Figure 3.2.2. Jumbles of filaments seen in microphotograph of A) CG7 and SEM images of B) CG7 
and C) CG1. Note the combined presence of both small and large tapering filaments. Scale in µm A) 
250; B) 2 C) 3.



Smaller filaments run along the bottom of most beakers and petri dishes, often spreading spider-

like out from central grains and even connecting to other adjacent grains (Fig 2.2.3A; 2.2.4A). 

In all experiments, MnSO4 was added as the main salt and the filaments analyzed with EDAX spot

analysis. Results showed them to be primarily composed of MnOx with more or less silica present. In

one  case  the  spot  analysis  was  performed so  as  to  see  the  difference  between the  inside  of  the

filament,  where  MnOx  predominates  and  the  outside,  which  is  more  rich  in  silica  (Fig.  8.4

supplementary material). Experiments with various additions rarely show the supplementary elements
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Figure 3.2.3. CG4. A) Microphotograph showing filaments growing along the bottom of the beaker with 
branching; B) SEM image of chromium central ball with mass of filaments around, arrow indicates small 
growth at the bottom of one filament; C) Close up of B) showing hollow interior of filaments. Scale in µm A) 
500 B) 2 C) 1.



to be part of the filaments but rather  are found on other grains in the samples that are generally more

amorphous. Whether they were actually incorporated into the adjacent MnO x grains or whether they

are just present as coatings is unclear. 

Carbonate  solutions  mostly  produced  grains  with  no  particular  structure,  although  botryoidal

morphologies can be observed in some (Fig. 8.1E supplementary material). The few filaments to be

seen are not made of just Mn and O but also C and are most likely paper contamination from the

filters used. 
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Figure 3.2.4. A) Microphotograph of CG5 showing filament growth along the bottom of the beaker; B) SEM 
image of CG5 with curving filament; C) Close up of filament in CG5 showing hollowness; D) microphotograph 
of CG8; E) SEM image of CG8. Scale in µm A, D) 500; B) 300; C) 50; D) 200.



The pH of the solutions recorded was always approximately 11.6. Changes in pH offered little to

comment on and are not presented here. The pH of the silicate solution could not be lowered below 11
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Figure 3.2.5. Samples showing morphologies often related to biogenicity. A) Branching structure in CG6; B) 
Twisted almost helical morphology in CG9; C) Filaments growing together from clumps of grains in CG10; D) 
Small bulb along a filament in CG6; E-F) Anastomosis in CG10. Scale in µm A, B) 500; C-F) 250.



as the silica polymerizes too quickly (McMahon, 2019). This high value is not ideally applicable in

natural environments, pH 8 being a more normal and natural alkalinity to be found in, for example,

subsurface rocks undergoing the process of serpentinization. However, life has been found at pH

 values up to 13, several kilometers under the surface of the Earth (Magnabosco et al., 2018). 

The results of this study cover a series of morphological characteristics that have previously been

associated solely with biological criteria such as long filaments (10s to 100s of µm long) both curved

and straight that extend from basal bulbous structures (Fig. 3.2.2C; 3.2.3B) with hollow centers (Fig.

3.2.3C; 3.2.4C) and constant diameters (from <1µm to 100µm or more; Fig. 3.2.2B; 3.2.3B,C; 3.2.4B-

E). It is interesting to note that often the ends of the filaments taper out as their growth comes to an

end (Fig. 3.2.1A-C; 3.2.3A), a characteristic particularly seen in larger filaments and also noted in

other  studies  (Little  et  al.,  2004;  McMahon,  2019).  Branching  can be seen  less  in  the  filaments

growing upwards, although it does happen (Fig. 3.2.5A) and more when the filaments grow across the

bottom of the vessel (Fig. 3.2.3A; 3.2.4A) Anastomosis is more rare but occurred in the filaments

growing from “platforms” of grains as in CG10 where the grains were sieved to < 64µm (Fig. 3.2.5E,

F).

3.3 Raman spectroscopy

Recognizing Raman spectroscopes for manganese oxides is notoriously difficult since the reference

spectra present in the literature are not always the same and there is widespread disagreement as to the

allocation of various minerals to the correct spectrum (Bernardini et al., 2019). The signals provided

by Raman spectroscopy for manganese oxides are weak and this is partly due to their capacity to

absorb various cations, particularly between layers in phyllomanganates. Hence, the environment of

formation and composition of the host rock are important factors in determining the crystallinity of

natural manganese oxides (Bernardini et al., 2019). When few external cations are present, as is the

case in many of these experiments, the resulting oxide minerals are still cryptocrystalline and harbour

a veritable cocktail of manganese oxidation states captured in various phases, along with possible

silicates, sulfates and iron oxides.

Only  the  precipitate  obtained  from  the  manganese  sulfate  solutions  without  the  addition  of

potassium permanganate and raised to a pH > 8 was analyzed with Raman. The resulting spectrum

shows a clear peak at around 645cm-1. In this case todorokite has the closest reference peak at 635cm -1

(Fig 3.3.1A). These results are different from similar experiments by Hem & Lind (1983) in which the

manganese oxides obtained at pH > 8.5 and at room temperature are identified as hausmannite. In all

fairness, the spectrum here could also be interpreted as a hausmannite peak (662cm -1). As discussed

by some (Revathi & Rajendra Kumar, 2017; Bernardini et al., 2019), hausmannite may be a product

of overheating and the signal can be a result of the use of a laser power that is too high which thus
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burns and contaminates the sample. The analysis on this sample used only 5% laser power and 50

accumulations so it is unlikely that the sample was overheated and that a secondary mineral was

formed. A similar peak is found in the spectrum of one filament from CG10 (Fig 3.3.1B, C) of the 

chemical garden experiments. The raman spectra obtained come from select samples that yielded best

results  in  the  chemical  gardening  experiments,  so  are  almost  exclusively  from  silicate  solution
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Figure 3.3.1. Raman spectra of A) MS1 with peak 645cm-1 and B, C) a filament from CG10 with 

peak 642cm-1 and in blue the relevant reference spectra from RRUFF of todorokite (635cm-1) 

and hausmannite (662cm-1).



samples. They are somewhat difficult to decipher and to find a standard to compare them to. However,

some conclusions can be made. In general it seems there is a main peak between 540cm -1 and 640cm-1

which is consistent with the range for MnOx (Bernardini et al., 2019) and some samples have a second

peak between 935cm-1 and 1050cm-1. The latter are most prominent in the experiment with added iron

sulfate (CG9; Fig. 3.3.2C). The most common fit to the spectra is the mineral buserite which is a

highly hydrated form of birnessite with chemical formula  Na4Mn14O27.21H2O and a main peak at

658cm-1 with minor peaks at 1009cm-1 and 894cm-1. However, this is a mineral that has to stay in

water as exposure to air sees it rapidly transforming into birnessite. Therefore it may be possible that

the spectra show a layered birnessite type structure. Other spectra are also compatible however, like

for example manganosite, a Mn(II) oxide that has one main peak at 661cm -1 according to data in the

RRUFF project (Fig. 3.3.2A, B). Manganosite, as with hausmannite mentioned above, easily oxidizes

due to overheating, something that can occur when the laser power is too high. In fact many samples

in which a laser power of 50% was initially applied produced spectra that were most compatible with

manganosite. Furthermore, a recent study suggests  that the peak at 661cm -1 often seen in manganosite

samples is actually due to the formation of hausmannite which begins at a laser power as low as

0.2mW (Bernardini et al, 2019). Considering the possible alteration of the mineral, this data was not

used in this work and analysis continued only with 5% laser power and an increased accumulation

time up to 200s. The same study mentions a possible degradation of the sample if accumulation time

surpasses 300s.

Some samples had only one clear peak at around 552cm -1 (Fig. 3.3.3A), closest to the reference

spectrum manganite (γ-MnOOH) with a main peak at 556cm-1 (Revathi & Rajendra Kumar, 2017)

which is almost identical to the spectrum of groutite (α-MnOOH) (Bernard et al., 1993). Both are

relatively stable and a previous study found mixtures of these precipitated from MnSO4 solutions only

when the temperature was 0°C (Hem & Lind, 1983). 

Another common spectrum that tends to fit the data is that of aurorite, a mixed valence manganese

oxide,  Mn2+Mn4+
3O7˙3H2O. Not  only does  the  main peak 579cm-1 often coincide with that  of  the

sample but it is also the only reference spectrum to have a slightly more significant peak at 186cm -1.

This could be due to an α-MnO2  like structure (Revathi & Rajendra Kumar, 2017) which has a very

open “channel” or “tunnel” structure that can easily accommodate metal cations. The most common

mineral of this type is called hollandite which often incorporates Ba2+ but also K+ or Na+ into its

structure (Gao et al., 2009; Fig. 3.2.1). Obviously there is no barium present in these samples but CG9

in which these low peaks appear does have added iron sulfate heptahydrate (Fig 2.3.3B). Incorporated

Fe could be what contributes to this α-MnO2-like structure. Furthermore, some samples could also

reflect vernadite or birnessite and in one case, a bright white spot in a grain was clearly braunite, a Mn

silicate (Fig. 8.2B supplementary material).
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All in all, it is necessary to be cautious when coming to a concrete conclusion as to the identity of

the minerals in the samples. It seems that there may well be a mix of phases and oxidation states in the

various samples which reflects the dynamic nature of manganese oxides and oxyhydroxides. Simply

the inter-layer cation composition in phyllomanganates can cause shifts in the spectra (Kim et al,
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Figure 3.3.2 Raman spectra of A) CG9 with a major peak at 995cm-1 and a minor peak at 
638cm-1 and B, C) CG5 with two major peaks at 608cm-1 and 438cm-1. In blue the relevant 
reference spectra from RRUFF of buserite and manganosite.



2011). In addition, the temperature will  alter the product as a result  of the laser power of Raman

spectroscopy. 

Table 3.3.1. Potential manganese oxides detected in this project

Oxidation state Natural minerals Chemical formula Structure

Mn(II) Manganosite Mn2+O Cubic

Mn(III) Manganite

Groutite

γ-Mn3+OOH

α-Mn3+OOH

Octahedral chain

Octahedral chain

Mn(II,III) Hausmannite Mn2+Mn3+
3O4 Octahedral/Tetragonal

Mn(IV) Pyrolusite β-Mn4+O2 Octahedral tunnel

Mn(III,IV) Birnessite

Buserite

Todorokite

(Na,Ca)(Mn4+,Mn3+)2O4 ·1.5H2O

Na4Mn14O27 · 21H2O

(Ca,Na,K)(Mn4+,Mn3+)6O12 ·nH2O

Octahedral layered
(Phyllomanganate)
Octahedral layered

Octahedral 
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Figure 3.3.3. Raman spectra of A) CG4 showing a peak at 552cm-1 compatible with the reference spectrum 
in blue of manganite with a main peak at 558cm-1 and B) CG9 with peak at 578cm-1 most similar to aurorite.



3.4 EPR Signals

EPR analysis was taken of the following samples: MS1, CG2, CG4, CG6, CG9, CG10, CG14, a

natural  sample  provided  by  Richard  Gyllencreutz,  Stockholm university  collected  in  the  Swerus

Expedition  and  a  standard  hausmannite  sample  provided  by  Erik  Jonsson,  SGU,  Uppsala. It  is

important to note that Mn(III) is not detected by EPR spectroscopy and only the Mn(II) and Mn(IV)

species give a signal. 

The majority of samples had a linewidth (ΔH) below 560G. This includes MS1, CG2, CG4, CG6,

CG10 and CG14 with the lowest value reaching 263G in MS1. In fact the only chemical garden

experiment with a higher signal is CG9 which also contains iron sulfate heptahydrate. The natural

sample  consists  of  small  millimetre-long  black  rods  that  are  hollow  and  branching  (Fig.  8.3D

supplementary material). They come from a marine locality in the ocean north of Siberia  where many

thousands have accumulated to create a metre-thick bed of these manganese oxide rods. The EPR

analysis of these produces a very broad linewidth > 2000G. The largest linewidth is found in the

synthetic pure hausmannite sample reaching > 4000G (Fig. 3.4).

The g-values are also noteworthy. In all but one sample the g-value is just above 2. Only CG14 has

a g-value that is below, at 1.99. This is also the sample that has no filaments since it was carried out in

purely carbonate solution. EPR signals were very difficult to obtain for this sample, which is due to

the presence of water most likely in the form of OH— ions in the crystall lattice. As a result, the actual

linewidths are not to be taken into account as tuning the EPR spectroscope in the presence of water is

difficult and thus unlikely to produce a good spectrum. However, it does tell us that the Mn present is

most  likely in an oxyhydroxide mineral  state,  leading to the conclusion that  the  mineral  itself  is

manganite. The green colour of the sample further supports the presence of Mn(III) (Ping Huang,

personal communication) but the presence of a peak certainly implies that some amount of Mn(II) or

Mn(IV) is also present even if it is not so reliable.

3.5 Energy dispersive analysis of X-rays

Filaments and grains were analyzed to gain some idea of the mineral composition and the distribution

of the various elements in the samples. Most samples contained large amounts of silica and smaller

amounts of manganese when analysis was done over larger areas (Fig. 8.5 supplementary material).

Spot analysis and mapping offered more information as to the composition of different areas. For

example, spot analysis was carried out several times on the inside of a filament as opposed to the

outside of a filament. The composition was almost always more silica rich on the outside and more

manganese on the inside. Similar compositions could be seen in the different textural areas of the

same layered grains with the smooth side being made of silica and the grainy side of manganese (Fig.
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8.4 supplementary material). Maps were made to show the distribution of the manganese and silica

and also to see the relative density of the two.
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Figure 3.4.1. EPR spectra of samples A) CG10; B) Hausmannite; C) MS1; D) Rods; E) CG2 and F) CG14. The 
spetra represent the first derivative of the peaks detected by EPR. The linewidth indicates the range of the 
magnetic field, measured in Gauss, where the paramagnetic signal of the sample is perceived. 



4. Discussion

4.1 Abiotic manganese oxide precipitation

Previous literature states that the precipitation of manganese oxides without the help of microbial

enzymes is a very slow process unless the pH is raised to above 8.5 or the temperature above boiling

point, neither of which are very common conditions in nature (Ehrlich, 1978; Hem & Lind, 1983;

Morgan, 2005; Luther, 2010; Tebo et al., 2004, 2005; Saratovsky et al., 2006; Sjöberg 2019). In an

experiment by Diem and Stumm (1984) in which they assimilate soluble manganese levels in water,

they state that Mn2+ was not oxidized in the presence of oxygen for up to 7 years. Furthermore, the

manganese oxides initially produced are often hausmannite or manganite, both with a predominant

valence between +2 and +3 so not in keeping with the birnessites often found in nature. Exposure to

air can lead to the  increased oxidation state of these minerals but only after 3 months or more (Hem

& Lind, 1983).

According to the thermodynamic calculations of Luther (2010), the first step of MnO 2 formation

(Mn(II) → Mn(III); Fig. 4.1.1) is the rate limiting one as the difference in Gibbs free energy (ΔG 0) is

large in the presence of atmospheric oxygen (Fig. 3 in Luther, 2010). The conversion of O2 to water is

a reaction that needs a total transfer of four electrons. In the first step, O 2 accepts an electron to form

the superoxide ion O2
—. This is very reactive and can quickly oxidize Mn2+ or Mn3+ thus accepting

another electron to form hydrogen peroxide, H2O2, which, in turn, is not as reactive and can only

successfully  oxidize  Mn2+  above pH 5.  The last  step of  the  reaction,  which produces  a  hydroxyl

radical, OH˙, is once more very reactive and can oxidize Mn2+ over the whole pH range. In any case,

above pH 5 the formation of Mn3O4  (hausmannite) and MnOOH (manganite) is favoured over the

formation of MnO2  (Hem & Lind, 1983). Once Mn3+  is bound in a crystalline structure, it becomes

notably more stable and disproportionates much more slowly (Fig. 4.1.1) meaning that the second step

becomes the rate-limiting one (Hem & Lind, 1983; Tebo et al., 2004). Oxidation by microorganisms is

also thought to be a two step process since one of the enzymes involved, multicopper oxidase, is only

known to  partake  in  single  electron  transfer  reactions.  In  Tebo  et  al.  (2004)  they  proposed  two

mechanisms for this to happen; 1) a Mn(III)-containing mineral like hausmannite or manganite is

formed which then slowly (and abiotically!) disproportionates into MnO2  or 2) the intermediate is a

Mn3+ ion which, being very unstable, disproportionates very quickly and/or can be further oxidized or

reduced by the organism itself (Tab. 3.3.1). Reference is made to experiments carried out by Bargar et

al.  (2000) on the marine bacterium  Bacillus  sp.  strain SG-1 spores  on which they applied X-ray

adsorption near  edge structure (XANES) analysis.  They conclude,  that  since no Mn(III)  phase is

detected  but  only  Mn(IV)  and  Mn(II)  compatible  with  δ-MnO2  (vernadite),  then  there  is  no

21



intermediate solid formed but rather the Mn3+  ions produced are bound onto the organism somehow

before the final biological oxidation step to MnO2- This process occurs in only 14 minutes.

This study shows that synthetic abiotic manganese oxidation may not actually be quite as difficult

as  previously  supposed.  Following the  same procedure  used  by  Freitas  et  al.  (2013),  the  use  of

potassium  permanganate  in  a  monohydrate  manganese  sulfate  solution  rapidly  produced  small

particles of manganese oxides suspended in solution at pH 3, 5 and 7. In attempting to raise the pH of

the  initial  solution  to  above  8,  brown precipitates  began  to  appear  within  seconds  suspended  in

solution even before the addition of potassium permanganate which are confirmed as MnOx in EDAX

analysis. This does not mean that an oxidation of Mn2+  → Mn4+  occurred just as quickly but simply

that  manganese  oxides  were  indeed  formed  almost  simultaneously  with  the  addition  of  NaOH.

Raman analysis suggests the most likely composition of these precipitates as todorokite (Fig. 3.3.1A).

Thus it  seems that  precipitation of  manganese  oxides  can  occur  in  room-temperature  manganese

sulfate solutions at a pH above 8 and that this reaction occurs very rapidly. It is necessary to mention

that the samples remained in solution at room temperature without being disturbed for up to two

weeks before the Raman analysis was made. This could mean that the initial precipitates formed may

not have been todorokite but rather a Mn(III) oxide intermediate. Still, an oxidation rate of only two

weeks compared to the minimum of 3 months stated in other studies (e.g. Hem & Lind, 1983; Tebo et

al., 2004; Morgan, 2005; Luther, 2010) is significant. What’s more, the precipitation of MnO x from a

MnSO4 solution produces H2S as a byproduct which in turn decreases the pH and is known to reduce

manganese oxides back into their Mn(II) soluble forms (Nealson, 2006). Continuously adding NaOH

to increase the pH is counteracted by the acid produced during the reaction and only when the pH

begins to rise above 9, does the reaction seem complete.
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Figure 4.1.1. Diagram depicting the reactions that occur between the various oxidation states of manganese. 
(Ehrlich, 1978; Nealson, 2006; Luther, 2010)



4.2 Abiotic and microbial mineral precipitation: microstructure

According to the desctiption by Bazylinski (2001), biominerals are produced in two principal ways.

The first is biologically induced mineralization (BIM), in which metabolic products either alter the

surface chemistry of the bacterium or changes the parameters of the surrounding environment (e.g. pH

or O2 concentration) which in turn alters the redox conditions and may cause minerals to form and

precipitate. The second type of biominerals are produced by biologically controlled mineralization

(BCM) meaning that the organism actively induces the precipitation of certain minerals in a specific

location on or within the cell,  often in accordance with a ready made organic scaffolding.  These

minerals are usually characterized by a specific and unique morphology,  orientation and size that

make  up  beneficial  structures  in  the  organism.  Examples  include  the  formation  of  shells  or

exoskeletons  like  the  calcareous  tests  of  foraminifera  or  the  siliceous  shells  of  diatoms,  or

magnetotactic bacteria that precipitate magnetic iron crystals in their cytoplasm. In a paper by Perry et

al. (2007), a new term for biologically induced mineralizations was put forth, in an attempt to fine-

tune future research carried out on the subject. This term is ‘organomineral’ and it is suggested by the

authors that it be used to describe all minerals that have formed by interaction with organopolymers

and organic compounds both biological in origin and not. Additionally, a beneficial impact on the

organism of these organominerals is not necessary. 

The exact reason as to why bacteria use manganese is unclear as there seems to be no direct benefit

to the organism (Tebo et  al.,  2004),  though some attempts at  explaining it  have been made.  The

precipitation of manganese oxides seems to be almost exclusively extracellular (De Vrind et al., 2003;

Nealson, 2006), a process likely to occur with enzymes located in the outer membrane or sheath of the

organism (De Vrind et al., 2003; Sjöberg, 2019). An indirectly induced precipitation mechanism of

manganese oxides that may be beneficial to the organism is its role as an antioxidant (Tebo et al.,

2005;  Barnese  et  al.,  2008).  Mn(II)  will  remove  any  excess  of  reactive  oxygen  species  (ROS)

produced  by  the  organism  itself  that  could  otherwise  prove  to  be  a  dangerous  oxidative  stress

(Learman et al., 2011; Andeer et al., 2015). It has also been suggested that the presence of manganese

oxide  encrustations  can  be  of  protection  against  the  toxicity  of  high  concentrations  of  metals,

including  Mn(II)  itself,  which  would  consequently  adsorb  onto  the  metal  oxides  covering  the

organism and so, in turn, oxidize. Biofilms can also act as nucleation sites following the adsorption of

Mn(II)  onto  the  mucilaginous  extracellular  polymeric  substances  (EPS)  secreted  by  the  bacterial

colony (Konhauser et al., 1994). The cations are attracted to the negative organic matrix of the EPS

and it is this initial layer that forms the substrate for continued precipitation. 

Since they are extracellular and their precipitation is induced by the charge on the cell wall or

biofilm or by a change in local redox conditions, manganese oxides, according to the above definition

would be classified as organominerals. However, if any of the benefits reaped by the bacteria are due
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to direct and controlled precipitation then the resulting minerals would be defined as biominerals. An

example  of  this  are  bacteria  from  hot  springs  at  high  altitudes  that  directly  control  their  own

encrustation in silica so as to protect them from UV radiation (Perry et al., 2007). 

As mentioned above another distinction between biologically controlled and induced minerals is

that the former usually appear in well organized and specifically located crystals that are unique to

each  phylogeny  that  practices  that  type  of  mineralization.  Saratovsky  et  al.,  (2006)  studied  the

manganese oxides produced by a strain of Leptothrix discophora and compared them to two previous

studies, one on Bacillus sp. (Bargar et al. 2005) and one on Pseudomonas putidas (Villalobos et al.,

2003).  All  three  phylogenetically  distinct  strains  of  bacteria  produced  similarly  laminated  mixed

valence  poorly  crystalline  manganese  oxides.  This  means  it  is  most  likely  a  byproduct  of  their

metabolism rather than a direct incorporation into the cells for some specific function. The manganese

oxides produced by Lepotothrix discophora in this study are composed of edge-sharing octahedra (as

opposed to  corner-sharing  or  vertex-sharing)  ordered  into  mixed valence  (prevalent  Mn 4+)  layers

consistent  with  a  birnessite  type  structure.  To  counteract  the  negative  repulsion  between  layers,

birnessites often have water molecules or cations taking up slots above and below the vacant sites to

form variations  of  these  minerals  like,  for  example,  Ca2Mn3O8 or  Zn-chalcophanite.  This  poorly

crystalline layered phyllomanganate is also seen in studies by Tebo et al. (2004) in which they claim

that natural manganese oxides are often similar to those produced in laboratory cultures like δ-MnO 2

(vernadite in nature) or acid-birnessite (high Mn4+ ratio). Similar layered structures are obtained in a

study by Zhu et al. (2012) in which they use pair distribution function analysis as opposed to the more

commonly applied XRD analysis to compare poorly crystalline/nanocrystalline natural  manganese

oxides to their abiotic and biotic synthetic counterparts. All samples obtained have a layered structure.

Other studies, however, suggest that the most commonly found manganese oxides in nature that are

associated with microorganisms are not only birnessite but also buserite and todorokite,. The latter are

thought to be the diagenetic product of birnessite and other phyllomanganates (Tebo et al., 2005; Kim

et al., 2011) all of which are commonly found in ferromanganese nodules (Burns et al., 1979). 

The samples  presented here  have been analyzed using Raman spectroscopy,  a  method that  is

currently being  developed in  relation  to  manganese  oxides.  The  results  are  varied,  with relevant

reference spectra being, for example, manganite, aurorite or buserite. This includes manganese oxides

of all oxidation states although overall the primary valence seems to be above 3 since EPR analysis

shows a signal that could be interpreted either as Mn(II) or Mn(IV) so either of these is definitely

present.  Considering the brown/black oxidized colour of the samples it is more likely to be Mn(IV).

This suggests that the reaction occurring within the beakers, both in filaments and isolated grains is

that of the oxidation of Mn2+  ions from solution to a mixture of Mn3+  and Mn4+  minerals. This is in

contrast to many studies that have suggested a more likely initial formation of hausmannite or other
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possible Mn(III) oxides (Hem & Lind, 1983; Tebo et al., 2004; Morgan, 2005; Luther, 2010). Tebo et

al. (2004) argue that since there are no Mn(III)-containing oxides in their biological samples it  is

likely that the organisms hold onto Mn3+ ions which are then oxidized into Mn(IV) oxides rather than

forming Mn(III) stable crystlline intermediates. It stands to reason then, that since there are no definite

Mn(III)-containg oxide minerals present in the samples presented here (except in sample CG4; Fig.

3.3.3A) a similar process may be underway. Potentially the formation of these Mn3+ ions is driven by

an  adsorption  effect  of  the  manganese  oxide  surfaces  which  hold  the  ions  as  such  rather  than

permitting the formation Mn(III) oxides. This is therefore an alternative and abiotic mechanism for

overcoming the formation of stable mineral intermediates than the one proposed by Tebo et al. (2004).

However, this is all very much speculative as it is overall unclear exactly what minerals are present in

the samples and with what oxidation state. 

4.3 Comparing biomorphs to the fossil record: morphology

In  a  study  by  García-Ruiz  et  al.  (2003),  a  range  of  filamentous  carbonate  and  silica-carbonate

biomorphs were produced experimentally that show many complex morphological features as well as

providing an adequate substrate for the deposition of organic carbon. Thus, pseudofossils that are

comparable to the controversial structures found in Archaean cherts and both ancient and modern

basalts can be produced in the lab. However, many researchers contest these results. They argue that

the filaments are not typically long and untwisted hollow tubes with circular cross-sections that are

consistent in diameter or have a lifelike bifurcation. Furthermore, silica- carbonates are not metal

oxides as are commonly found in the fossil specimen (Hofmann & Farmer, 2000; Dodd et al., 2017).

Many experiments with chemical gardening have not  produced satisfactory biomorphs. A very

recent study, carried out by Sean McMahon (2019), provides new insights on the formation of iron

(oxyhydr)oxide filaments that display many of the complex features commonly associated with biotic

life forms. The experiments consist of placing ferrous sulfate grains in sodium carbonate and sodium

silicate solutions in shallow vessels to limit vertical growth. The resulting iron oxide filaments retain

many morphological features characteristic of  their fossil  counterparts  like circular  cross-sections,

non-crystallographic bifurcation during growth, anastomosis and nestedness.  Additionally,  the iron

oxide minerals readily form hematite during diagenesis, the same which surrounds the prospective

microbial fossils. 

This study carried out experiments of the same nature to McMahon and produced similar results,

albeit with some key differences. The filaments are long, curved or straight, have a circular cross-

section,  are  hollow and often have a  consistent  diameter.  They also  mostly  radiate  from a basal

bulbous structure comparable to the knobs seen in purported fossil bacteria (e.g. Perry et al. 2007;
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Dodd et al. 2017). The diameters  of the filaments range from less than 1µm to more than 100µm

whereas the length is anywhere between 10 to several 100s of micron. Similarly to the results in

McMahon’s study the filaments grown in a silica solution have a relatively smooth exterior made of

silica and a rougher interior made of metal oxides (in this case manganese). These are all structures

that coincide with what have been considered to be undeniable features of biogenicity (e.g. Dodd et

al., 2017). On the other hand, filaments tend to taper out at the end, something that is less commonly

observed  in  the  speculated  fossil  record  although  not  absent  from  it  either  (Maki  et  al.,  1987;

Campbell,  1988; Little et al., 2004). Branching is also relatively common in the samples whereas

anastomosis can be seen only in the experiment where manganese sulfate grains were sieved to a

diameter less than 64µm. The production of these structures has also been successfully achieved in

other chemical gardens (see McMahon, 2019).

There are many examples of filaments found in the geological record, most of which are iron

oxides  but  a  few are  more  rich  in  manganese.  An example  is  the  rhodochrosite  (MnCO3) filled

phenocrysts  from  the  Emperor  Seamount  chain,  the  ancient  extension  of  the  Hawaiian  Islands

(Ivarsson et al., 2011). Many filamentous structures can be seen within the rhodochrosite. These are

1µm  in  length  and  20-100µm  in  length,  with  branching  structures,  helical  and  curvi-linear

morphologies. The filaments occur in thick intertwined assemblages and seem to be attached to the

wall of the matrix and extend inwards. All these features can be confidently reproduced in chemical

gardens. The helical structures, for example, are shown here (Fig. 3.2.1D) and the closely associated

intertwined and abundant appearance of the filaments is also not unique to microbial mats but can be

produced  in  the  lab  (Fig.  3.2.2).  The  argument  that  microbes  have  been  found  to  live  in  the

subseafloor and in basalts in other locations becomes obsolete if the same evidence of biomarkers like

organic  carbon,  phosphates,  lipids  and DNA is  not  present.  However,  the  fact  that  the  filaments

themselves do not seem to be made of rhodochrosite but rather that this was precipitated at a later

stage as hydrothermal interstitial fluids filled the cracks argues in their favour, as does the presence of

other similar  microfossils  from the same drill  core where the discovery of biomarkers like DNA

strongly implies the presence of bacteria (Ivarsson et al. 2008).

A more tangible fossil assemblage has been found within the dendritic and laminated layers of

~1M year-old cave stromatolites in El Soplao, Spain (Lozano & Rossi, 2012). A high variety of well-

preserved bacterial morphologies can be observed, incorporated in the manganese oxide matrix and

lining the insides of  pores.  These filaments  come in many different  forms:  filamentous,  coccoid,

ovoid,  helicoidal,  rods  and  filaments.  They  also  present  many  interesting  characteristics  like

branching, polar appendages, hollowness and a complex but organized surface ornamentation that can

be  reticulate  or  porous  as  well  as  internal  compartmentalization.  Furthermore,  they  are  densely

distributed almost exclusively in the manganese rich layers as opposed to the siliciclastic layers or
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inter-dendtritic spaces arranged in a typical stromatolitic dome-like appearance. All of these factors

point to a very likely biological origin of these structures and the authors argue that the exceptional

preservation of the microbes is due to this: the manganese oxides were precipitated while the bacteria

were living. Additionally, the formation of cave stromatolites by precipitation of minerals rather than

sediment capture is somewhat faster than the formation of layered manganese crusts or rock varnishes

and thus entombs the microbes, preserving their finer characteristics. The authors also discuss the

effects of diagenesis on the preservation of the assemblages. In this case,  the alteration has been

minimal, partly due to the isolation of the stromatolites from the elements and a relatively low and

constant temperature for the last million years. However, where the microbes have been blurred or

even almost erased, they put it down to the high reactivity of manganese oxides, in particular biogenic

ones, that are easily replaced by calcite, aragonite or Fe oxides and soluble at pHs below 7 (Tebo et

al., 2004). They therefore conclude that the relatively badly preserved filaments that are often found in

ferromanganese crusts, nodules or rock varnishes (Lozano & Rossi, 2012 and references therein) are

still potentially biogenic but have been highly altered by a much less stable environment. 

4.3.1 Metallogenium

An enigmatic fossil,  known as  Eoastrion  (Barghoorn and Tyler,  1965) or its  modern counterpart,

Metallogenium,  is  a  potential  radiating  bacterium encrusted  in  manganese  oxides  with  a  notable

“spider-like” morphology: several filaments, some tapering, that radiate from a central area. Zavarzin

(1981)  describes  it  as  having  an  average  cocci  diameter  of  0.3-0.5µm  with  filaments  having  a

maximum diameter  of  0.25µm and  1-10µm in  length.  Analogous  structures  have  been  found  in

hydrothermal plume particles (Campbell et al. 1988), in desert varnish (Dorn & Oberlander, 1981) and

in  the  turbid  layers  at  the  sediment-water  interface  in  lakes  where  the  oxic/anoxic  boundary  is

(Klaveness, 1977; Crerar et al., 1980; Jaquet et al., 1982; Maki et al., 1987; De Vitre & Davison,

1993). Seasonality also influences the fluctuations in concentrations of these particles in lakes (Maki

et  al.,  1987).  When  first  discovered,  it  was  assumed  that  these  stellate  manganese  oxides  were

bacterial  in  origin  and  directly  reflected  the  morphology  of  a  radiate  bacterium,  named

Metallogenium, that  induced  the  precipitation  of  manganese  oxides  onto  it’s  outer  sheath,  thus

preserving it’s outline (Zavarzin, 1981). Fossil versions of these, Eoastrion, were also found in  cherts

of  the  Gunflint  formation,  Canada  and  the  Duck  Creek  dolomites,  northwestern  Australia,  thus

evidencing their presence 2Ga years ago (Barghoorn 1977; Knoll & Barghoorn 1976). 

Many authors have since doubted the authenticity of the Metallogenium as a manganese-oxidizing

microbe as similar stellate morphotypes have been found, for example, in Lake Washington (Maki et

al.,  1987) where these forms were not associated with the biological precipitations in the lake. In

addition  to  this,  other  than  their  10-20µm size,  there  were  no  other  notable  bacterial  structures.
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However, its role as a secondary precipitate formed by a microorganism that is no longer associated

with it, cannot be ruled out. Emerson et al. (1989) proposed that the  Metallogenium-like structures

were,  in  fact,  the  products  of  a  basidiomycetous  fungus  capable  of  oxidizing  Mn2+.  Though  the

manganese  oxides  were  closely  associated  to  the  hyphae,  they  retained  no  trace  of  any  cellular

structures  during  any part  of  their  development.  They therefore  concluded that  no  bacteria  were

responsible for their formation but rather that the manganese oxides had precipitated onto polymer

matrices secreted by the fungus. They suggest similar secretions by microbes can result in the same

Metallogenium-like precipitates. 

 Many of the manganese oxides obtained here have a similar morphology to the “spider-like”

Metallogenium with filaments that  all radiate out from a central knob. The size varies, with some

reaching a central size of more than 50µm and filament length of several hundreds. Filaments seen

under SEM are more in keeping with the size for Metallogenium: less than one micron wide and some
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Figure 4.3.1. Microphotographs of Metallogenium-like morphologies A) CG10; B) Sample 14 and C) 
Biological Cladosporium sp. sample courtesy of Susanne Sjöberg, Stockholm University. D) Microphotograph 
of purported Metallogenium (Perry et al., 2007). Scale in µm A) 500; B) 250; C) 250.



tens of microns long (Fig. 3.2.3). Many of them tend to taper out at the end and are branching (Fig.

4.3.1A). The morphology of these lab precipitates are strikingly similar to the ones found in nature

and the ones produced by Cladosporium sp., a fungus capable of oxidizing manganese with a similar

size (Fig. 4.3.1C). They can be found both in dense groups and as separate yet larger entities (Fig.

4.3.1A, B). This leads me to conclude that such structures can form in nature without the influence of

organisms of  any kind and cannot therefore  possibly be the only category used to  determine the

biogenic origin of similar morphologies in the rock record.

4.4 EPR signals

EPR spectroscopy foresees the paramagnetic species being placed in a magnetic field. This induces

the spin of the unpaired electron(s) to orient itself either parallel or antiparallel to the field. The energy

of each spin position, up or down, was previously equal, but under the forces of a magnetic field this

changes and the energy splits (Zeeman interaction). The electron now needs to either absorb or emit a

photon of energy to reverse its spin which is done by bombarding it with microwaves. When the

microwave frequency quantum (hν) and the difference in energy between the two spins coincide (ΔE),) and the difference in energy between the two spins coincide (ΔE),

resonance occurs and the species in question absorbs the microwaves to reverse the spin, a signal

which can be measured and is unique to all atoms and ions with one or more unpaired electrons. This

can be summed up as ΔE = hv = gµBB0 where h is Planck’s constant and µB the Bohr magneton. The g

factor, also know as the energy from the Zeeman interaction (splitting of energy levels), for a free

electron in a vacuum is a constant (2.0023…) and it is the deviation from this constant that defines the

redox state of the transition ion under various spin-orbit influences. 

The use of EPR has been proposed as a useful asset in identifying biologically produced minerals

from abiotic ones. In particular Kim et al. (2011) conducted a series of experiments on synthetic and

microbial  manganese oxides  produced in  the  lab  and natural  manganese oxides  both abiotic  and

biotic. They found that the different samples provided a different signal and that the biological ones

were distinguishable from the abiotic ones both natural and synthetic.  This becomes a potentially

powerful tool in identifying the presence of bacteria, or indeed other manganese oxidizers like fungi,

in environments that are otherwise difficult to sample. Furthermore, it would provide insights into the

mechanisms of geobiological cycles involving the role of metal cations like Mn. Other authors that

have picked up on this (Ivarsson et al., 2015) have furthered the research and carried out EPR analysis

on samples from subseafloor basalts where it is thought that fungi and bacteria together influence the

cycling of manganese. The proposed linewidths for abiotic manganese oxides are  ΔH > 1200G; for

biological signals  ΔH < 560G; and an intermediate 600G <  ΔH < 1200G for more uncertain but

supposedly biogenic minerals like desert varnish or manganese nodules (Kim et al., 2011). The  g-
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values are also possible indicators of biogenicity where the values for biological Mn oxides cluster

around 2 whereas the abiotic signal is more erratic (Ivarsson et al.,  2015). The differences in the

broadness of peaks in the EPR signal alludes to the varying cation vacancies present in the oxides and

an increased density of manganese ions in the matrix leads to broader peaks. Paramagnetic species act

as magnetic dipoles so the more of them there are together the more it will broaden the magnetic

dipolar spectrum (Kijlstra et al., 1997). Conversely, biogenic manganese oxides are thought to have

more cation vacancies due to their narrower peaks in EPR signals. The intermediate peaks found in

many natural samples like nodules or rock varnish are possibly due to the fact that many layered

manganese oxides that may have initially been biogenic in origin will since have turned into tunnel-

like  structures,  thus  masking  the  original  biosignature.  However,  the  fact  that  they  are  still

significantly lower than their synthetic counterparts suggests that they are indeed biogenic (Kim et al.,

2011). 

The proposed biotic and abiotic signals were not detected in these experiments. In fact, most of the

samples had linewidths well below 560G. The only two samples with a signal in the abiotic range

were the natural sample and the synthetic pure hausmannite which is in concordance with previous

results (Kim et al., 2011). The linewidth, as mentioned above, is dependant on the concentration of

manganese ions  within  the  crystal  lattice.  This  is  different  from the  overall  concentration of  the

sample. To be precise, the EPR signal intensity is dependant on the amount of Mn present in the

sample  and  so,  if  more  sample  is  added,  the  EPR signal  will  be  stronger  (peaks  will  be  more

accentuated).  On the other hand,  the linewidth is  dependant  on the density of the Mn within the

sample. This means that if a sample is dilute, in the sense that the Mn ions in the lattice are separated

by many other ions (cations like Ca2+,  Na+,  Li+ etc. or water molecules) then the magnetic dipole

created by each paramagnetic species present in the sample, in this case Mn, will produce a narrower

peak. The opposite is also true: if the Mn ions are found clustered very closely together then their

combined magnetic dipole effects will act to broaden the peak (Kim et al., 2011). This clearly occurs

in the natural sample (> 2000G) and even more so in the hausmannite sample ( > 4000G) indicating

clearly that the Mn in these samples is very concentrated a.k.a. clustered together. This dipole effect,

according to Kim et al. (2011) is however not the case between layers in layered birnessites where the

distance between Mn in different layers is too high to allow for a dipole effect on the outcome of the

EPR signal. 

On the contrary, the manganese oxide samples from the chemical garden experiments are all very

dilute  with signals < 560G. This is  the signal  that  other authors  have proposed to  be biological,

arguing  that  the  presence  of  microorganisms  that  oxidize  Mn(II)  will  allow  more  cations  to  be

captured in the crystal lattice (Kim et al., 2011; Ivarsson et al., 2015) However, the samples grown

and precipitated in silicate solutions show something similar. Clearly, the silica is found interspersed
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with the Mn in the precipitates and the resulting EPR spectra show the dilution of the manganese

within the grains and filaments. This is further supported by the elemental distribution maps done with

EDAX  (Fig.  8.5  Supplemetary  material)  in  which  it  is  possible  to  see  the  smaller  amount  of

manganese compared to the silica. 

Furthermore, the natural samples, found as black rods, show an “abiotic signal” with ΔH > 2000G.

This would mean that they are not biological which would contradict the ideas of many authors that

most  natural  manganese oxides are biological  in origin given the faster  rate of oxidation when a

microbe is present (e.g. Tebo et al., 2004, 2005). However, given the discussion presented here it is

unlikely that EPR sprectroscopy can actually be used as an indicator of biogenicity but rather of local

dilution of concentration in the samples. In these experiments it becomes clear that with the presence

of other ions in solution, the local dilution becomes greater and the resulting EPR signal will give a

narrower peak. 

As for the g-values it can only be concluded that the present samples also cluster around 2, much

like the purported biological values in Kim et al. (2011). 

4.5 Occurrence in nature

Bacteria are capable of catalyzing manganese oxidation wherever manganese is produced and the

redox conditions are right. Evidence of their presence has been found in the subseafloor and surface

near hydrothermal vents (Edwards, Bach & McCollom, 2005), oxic/anoxic interfaces in fjords and in

lake sediments (Crerar et al., 1980) as well as ferromanganese crusts (Northup et al., 2003; Spilde et

al., 2005; Templeton et al., 2005) and stromatolites (Lozano & Rossi, 2012), desert varnishes (Perry et

al. 2007), deep-sea manganese nodules where they can act as a “bio-seed” for the precipitation of

manganese oxides (Wang et al., 2009, 2012; Nayak et al., 2013) and in glassy basaltic pillow lavas at

the rock-water  interface (Templeton 2005). The enrichments of waters in Mn(II) stems from two

primary processes. The reduction of Mn(III,IV) oxides in anaerobic sediments to Mn(II) causes a

diffusion of the latter into the oxic zone. This occurs particularly in lakes where the aeration of the

bottom waters vary seasonally and can reach a concentration of 15mgl -1 (Jaquet et al., 1982; Wehrli,

Friedl & Manceau, 1995). Another mechanism is a direct one, whereby Mn(II) is pumped into the

environment by deep-sea hydrothermal plumes (Campbell et al., 1988, Ehrlich and Newman, 2009) or

chemically  reduced  groundwaters  and  hot-springs  (Nealson,  2006).  Hydrothermal  sources  can

increase the amount of Mn(II) suspended over vents in mid-ocean ridges by a million times more than

the concentration in natural seawaters (Dick et al.,  2009) and can lead to the formation of turbid

clouds  of  Mn-rich  particulates  extending  hundreds  of  meters  above  the  vents  and  thousands  of

kilometers distant (Campbell et al., 1988). Weathering of mafic or carbonate rocks containing Mn(II)
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can also add to the input of aqueous Mn(II) in the environment, although in less impressive displays

(Tebo et al., 2005). It seems that in marine, lacustrine and estuarine sediment and soil habitats where

manganese oxides are rapidly reduced, bacteria play a key role in the precipitation and in the cycling

of manganese. There is evidence for microbial communities associated with basalt including bacteria

that  are  encrusted  in  manganese  that  belong  to  various  species  of  the  Alphaproteobacteria  class

(Thorseth et al., 2001, 2003; Templeton et al., 2005). Their involvement in directly mobilizing Mn(II)

from the manganese oxides has also been suggested (Sujith et al.,  2014).  It has furthermore been

implied,  considering  the  longer  half-life  of  Mn(II)  in  solution  for  abiotic  precipitation  than  by

microbially induced precipitation (only 10h as opposed to 300 or more days), that most manganese

oxides are actually biologically produced (Morgan, 2005).

It  is  important  to  always  keep  in  mind,  however,  that  the  presence  of  potential  manganese

oxidizers does not imply that they necessarily partake in the precipitation of manganese oxides. These

can also be abiotically produced in the presence of O2. As has been mentioned previously, manganese

oxides themselves are very strong oxidizers and can easily catalyze the reactions of, for example,  iron

or chromium oxidation (Post, 1999; Ivarsson et al., 2011), thus potentially producing ROS that in turn

catalyze the oxidation of the reduced Mn(II) back into oxides. Autocatalysis is also an efficient form

of manganese oxidation since the adsorption of Mn(II) onto mineral surfaces like, for example MnO x

itself, facilitates its oxidation by O2. Bearing in mind this autocatalytic potential, the greatly increased

surface  area  of particulate  manganese  oxides  as  opposed to  manganese  nodules  or  crusts  on the

seafloor could play a role in the oxidation of manganese in solution. Vernadite present in two English

lakes  (Tipping  et  al.,  1983)  was  found  to  be  primarily  oxidized  by  the  catalytic  nature  of  the

particulate Mn found in the natural lake water samples. The rates of oxidation measured were rapid

(1-5 days) which is what lead the authors to come to the conclusion that a catalyst must be involved.

Potentially  the  catalyst  could  be  abiotic,  like  an  iron  oxide  present  in  the  particulate  (Sung and

Morgan, 1981) which would successively pave the way for autocatalysis (Morgan, 1967; Hem, 1981).

Otherwise it could be microbially mediated and the authors argue that the latter is more likely since a

high N-C content of the particulate evidences the presence of living organisms and that the manganese

oxide precipitates obtained often look like  Metallogenium. Another study in which  Metallogenium-

like structures are found associated with suspended particulate matter is one related to the Guaymas

Basin, in the Gulf of California (Campbell, 1988). Due to the hydrothermal activity in this basin, the

particulate manganese in the water column is four times that of adjacent basins of the Californian

Gulf. Not only, the silica concentration is also abnormally high (Campbell and Gieskes, 1984) relative

to the other basins. The dissolved manganese in the hydrothermal fluids is estimated at 130-240uM/kg

(Von Damm et al., 1985) and a maximum residence time of 1-2 weeks so a catalytic process is also

assumed to facilitate oxidation in this scenario. Here, the particulate matter contains a separate phase
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of manganese that takes on a radiating shape which is ubiquitously distributed that, due to the high

flux of dissolved manganese, takes on a lumpy aspect. In the nearby inactive Farallon Basin, these

asteriform morphologies differ slightly, with more slender filaments radiating from the central area

since the only manganese source is sediment diagenesis. The relatively short residence time, coupled

with the presence of Metallogenium-like particulate steers the authors towards a similar conclusion to

the results in the studies in the English lakes: that the oxidation of the dissolved manganese was

catalyzed by microorganisms. However, as mentioned earlier, autocatalysis needs only a small initial

grain of particulate manganese to proceed and with the high surface area of suspended particulate

extending for kilometers, the reaction may be significantly faster. Furthermore, the conclusions drawn

from these two studies are largely based on the morphology, a characteristic that has been produced in

the laboratory experiments presented here. Campbell et al. (1988) also consider their results based on

the presence of manganese oxidizers elsewhere in other similar environments although this is hardly a

satisfyingly concrete deduction to make as the mere presence in one environment does not imply the

same in another, no matter how similar. However, both groups of researchers leave their results open

to  contemplation  and discuss  the  need  to  further  look  into  the  mechanisms of  formation  of  the

manganese particulate matter.

The preset alkaline conditions in these experiments that favour the formation of chemical gardens

with the influx of Mn(II) are not inexistent in nature. In fact, alkaline solutions enriched in carbonates

and  silicates  can  be  found  in  deep  groundwaters,  near  hydrothermal  vents  and  associated  with

processes like serpentinization in the subsurface (Barge et al., 2015; McMahon, 2019). Lakes can also

have  a  hydrothermal  alkaline and silica-rich source  (e.g.  García-Ruiz  et  al.,  2017)  where Mn(II)

production may also be abundant  both from the vents themselves and from potential  oxic/anoxic

interfaces (Nealson et al., 2006 and references therein). Nayak et al. (2013) in their paper about the

discovery of microfossils in ferromanganese nodules from the Indian Ocean discuss the possibility

that the surfaces of the fossils, which can be carbonate/silicate in nature, provide the ideal substrate

for the precipitation of Mn-silicate polymers or Mn carbonates. The results of this study, carried out in

carbonate and silicate solutions,  show the formation of very microbial-like filaments which could

therefore potentially have formed on the Mn oxide surfaces and in the pores of the Mn-rich layers of

ferromanganese nodules. 

Manganese oxides are also present on Mars (Arvidson et al., 2016). The general consensus is that

Earth’s  subsurface  biosphere  is  the  most  likely  analogue  to  habitable  environments  on  Mars,

considering  that  the  chemolithoautotrophs  that  inhabit  the  Earth’s  deep  crust  are  thought  to  be

independent of the organic carbon remains that filter down from the photosynthetic biosphere above

and instead rely on abiotic production of carbon and physicochemical reactions occurring within the

host rock (Onstott et al., 2019). The surface of Mars with its freezing temperatures, extreme aridity
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and constant  change in  climate  is  very inhospitable compare to  its  subsurface.  When it  was still

relatively young (~1.5Ga)  it  is  believed that  water could be found even on the surface of  Mars,

whereas now it pervades the veins and fractures found in the subsurface. It is in these interfaces, when

aqueous solutions from deep within may be exposed to surface oxidants, like for example in the case

of a meteorite impact crater, that precipitation of various metal oxides may occur, among them MnO x

(Arvidson et al., 2016). 

5. Conclusion

It has proven very difficult to find any traces of life as old as 3.5 billion years (Ga) or more since even

the rocks of this age are few and far between due to the tectonic recycling of Earth’s plates, something

that Mars’ crust is not affected by. What has resisted until now is highly metamorphosed, leaving few

biosignatures for us to decipher (Bernard & Papineau, 2014). Nonetheless, researchers strive to find

the earliest traces of life and many bacteria-like structures have been found in the ancient Archaean

formations giving rise to discussions as to when life started and how it did so (Mojzsis et al. 1996;

Dodd et  al.  2017).  The  question  remains  whether  or  not  one  can  decisively  conclude  that  these

‘biomorphs’ really are the fossilized remains of microorganisms or whether it is not more likely that

abiotic  processes  could  have produced analogous  marks  in  the  rock.  In  particular  structures  like

Eoastrion  or  Metallogenium  that  concern  manganese  oxides  are  cast  into  doubt  in  this  research

(Barghoorn, 1977; Zavarzin, 1981). 

Indeed, the probem of bio- and organominerals applies even when looking at much younger or

contemporaneous  samples  of  life  in  deep  sea  ferromanganese  crusts  or  nodules,  subsurface  rock

habitats or desert varnishes to name just a few. Here I show that with a relatively facile experimental

procedure it is possible to reiterate many of the complex morphological characteristics seen in fossil

bacteria (Little et al., 2004; Nayak et al., 2013; Dodd et al., 2017). These include curved and straight

trajectorires, circular cross-sections, branching,  anastomosis,  constant  diameters and a size of less

than 1µm in diameter. Morphology is certainly still a complementary tool for the identification of

fossil life but it should remain as such: complementary. Additional and empirical proof is needed like

the presence of indisputable biomarkers, organic carbon, phosphates, amino or even nucleic acids

provided sampling and diagenesis allows. This remains the problem with applying morphology to

older  samples  since  biomarkers  like  these  are  unlikely  to  remain  in  a  pristine  state  throughout

millions, let alone billions, of years. A more statistical morphometric approach may well increase the

importance of morphological criteria (Rouillard et al., 2018; Johanessen et al., 2019).

Additional techniques like raman spectroscopy and EPR are valuable in this type of research. In

the case of raman spectroscopy it is necessary to further the research on pure samples of manganese
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oxides so as to have clear and concise reference spectra, something which is indeed happening (Gao et

al., 2019; Revathi & Rajendra Kumar, 2017; Bernardini et al., 2019). Of course this also implies an

increased  understanding  of  their  mineral  structures  and  chemical  properties,  not  an  easy  feat,

particularly when applied to a natural setting where conditions and chemical composition can vary

locally and regionally.  Considering the results  presented here,  EPR spectroscopy is  not  a reliable

method to use in the search for biological signals as the dilution of Mn ions within minerals, both

within the octahedra and between layers, can occur without the presence of microorganisms. 

Overall,  it  is  a  difficult  and  lengthy procedure  to  conclude that  a  potential  bacterial  fossil  or

biomineral really is that and it is necessary to combine many different techniques, some which may

need fine-tuning, to be able to state anything with certainty. Furthermore, manganese may very well

not be a good proxy for the search for life due to the difficulty of determining its mineral structure in

natural samples, the lack of isotopic variation and the unknown use of it in biology.
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Figure 8.1. Microphotographs of A, B) CG12; C) CG11; D) CG13; E)CG14. Scale µm: A) 4000;
B, C, D) 500; E) 3. 
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Figure. 8.2. Raman spectra of A) CG6 B) CG2 C) CG7 and the relevant reference spectra in blue.
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Figure 8.3. SEM images of A) Layered grain in sample CG1, arrows indicate a smooth silica rich side and a 
grainy manganese rich side (see figure 8.4); B) close-up of A; C) CG11, cross indicates where spot anlysis was 
done and microphotograph of  D) Arctic rods.  Scale A) 10µm; B) 1µm; C) 100µm; D) 1mm.

Figure 8.4. EDAX spot analysis of the outside of a filament (left) and the inside of a filament (right) of 
sample CG13. 
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Figure 8.5. EDAX mapping analysis of three samples: A) SEM image; B) Mn distribution; C) Si distribution. 
Notice the higher density of Si in CG2, grown in silicate solution, compared to the higher density of Mn in 
sample CG14 which is the experiment with only carbonate solution. Sample CG9 shows a slightly higher 
density of Mn where the silica is missing which corresponds to the inside of the filament seen in image A.
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