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Abstract: Miocene tuffs preserved in argillaceous sediment interbedded with lacustrine successions
are commonly encountered throughout the Dinarides Lake System (DLS) in south-eastern Europe.
In this contribution the volcanic glass degradation and co-genetic Mn-Fe precipitation were studied
in a 14.68 Ma felsic tuff from DLS Livno-Tomislavgrad Basin. Microbial activity has been involved
in both reactions thus adding the interest of revealing effects of biotic and abiotic processes taking
place during tuff eogenesis. X-ray diffraction and electron microbeam analysis with energydispersive X-ray spectroscopy revealed the pitting or granular structures developed at glass rims
along with smectite flakes protruding from a degrading glass. Mn-Fe mineralization emerges in the
form of Mn-Fe coatings, an initial step to micronodule formation, where traces of biogenetic
influence included a high content of phases rich in structural Mn (IV) (i.e., ranciéite and jacobsite)
and presence of microbial microfossils. Co-genetic ties between glass degradation and Mn-Fe
precipitation were established through the report of dioctahedral smectite formed out of altered
glass; which then served as nuclei of the ongoing biotic and abiotic Mn-Fe mineralization. These
processes manifest on a continuous involvement of microbial life in the course of eogenesis of
pyroclastic material in lacustrine environments.
Keywords: felsic glass alteration; smectitization; Mn-Fe micronodules; biomineralization

1. Introduction
In marine and lacustrine environments pyroclastic deposits may be preserved across wide
lateral extents (Figure 1) [1,2]. Composed of amorphous vitric particles these deposits undergo
diagenetic alterations on a much shorter timescale than more crystalline rocks [3–5]. Numerous
research reported on glass high reactivity in geological record which eventually led to the formation
of the clay minerals and zeolites [3,6–8]. Contrary to the wealth of knowledge on the subject of abiotic
conditions involved in volcanic glass diagenesis [9–11] in recent decades a growing body of evidence
has started to emphasize an increasingly important role of microbial activity in the process of volcanic
glass degradation and diagenesis [12–14]. Such inferences were largely based on conspicuous glass
morphologies like pitting and tubular structures or bacterial biofilms present at the surface of
volcanic material recovered from the deep sea and freshwater settings [15–18]. It is believed that
various organisms exploit the inherent instability of volcanic glass in aqueous setting by
manipulating the local redox conditions in order to extract available bio-essential nutrients, thus,
corroding the surface of the affected material [19–21]. Adding to the distinguishing weathering
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features the impacts of microbial metabolism and biological excretions may also result in the
formation of clay minerals of low-crystallinity [3,12,22,23]. The metabolically mediated processes of
glass alteration may take place at exceedingly high rates despite the biological activity that operates
at reduced timescale compared to abiotic mechanisms [13]. This explains the fact that 70% to 80% of
volcanic glass present at the uppermost oceanic crust is altered due to microbial activity [14].

Figure 1. The map of the Dinarides Lake System probable extent with the location and analyzed
stratigraphic column from the Livno-Tomislavgrad basin, lake Mandek locality (modified after De
Leeuw et al. (2011) and Mandic et al. (2019) [24,25].

The study of microbial-mineral interaction has also been proven to be vital in our understanding
of the precipitation of various ferromanganese minerals typically found in the soil, deep-sea and
lacustrine Mn-Fe nodules [26–30]. The oxidation of Fe and Mn at surface conditions is normally held
responsible for inorganic precipitation of their oxy-hydroxides [30,31]. On the other hand, an
increasingly accepted pathway of concentration of Mn phases in the marine and lacustrine sediments
assumes the Mn(II) oxidation and Mn(III/IV) reduction by diverse bacteria and fungi, and to a lesser
extent by the phototrophic green algae, diatoms, and cyanobacteria [26,27,30,32–35]. Presence of the
organisms directly involved in the Mn-Fe mineral formation is attested through the identification of
(a) the potential biominerals such as δMnO2, todorokite, birnessite, jacobsite and ranciéite [26] or (b)
the characteristic bacterial microfossils featured by Mn encrustations [26–28].
This study has a focus on Miocene tuff from the Dinarides Lake System (Livno-Tomislavgrad
Paleolake, Figure 1) where penecontemporaneous processes of glass degradation and Mn-Fe
precipitation have been reported. The aim of this investigation was to find morphological,
geochemical, and mineralogical clues as to how bacterial activity facilitated the alteration of felsic
glass having led to smectite neoformation and subsequent Mn-Fe precipitation, which is yet another
process driven by microorganisms. To address these goals, we formulated the following research
questions. Do the altered volcanic glass and alteration-prone minerals show evidences of microbial
activity? Is it possible to claim the same for Mn-Fe mineralization? Assuming both processes to be
bacterially facilitated is it possible to establish a causative and genetic link between the two?
2. Geological Setting
The Dinarides, as a constituent of the Alpine-Himalayan orogeny, experienced their major
orogenic stage from the middle Eocene to early Oligocene [36,37]. During their late Oligocene postorogenic stage, the Dinaric mountains were affected by onset of extension and/or extensional
tectonics, which resulted in development of a vast number of intramountain basins [37–43].
Following the commencement of favorable climatic conditions during the Miocene Climatic
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Optimum [44,45], these intramountain depression started to host a vast network of alpine lakes,
known as the Dinarides Lake System [the DLS; 43]. Spanning across vast areas of modern Croatia,
Bosnia and Herzegovina, and Montenegro, the area of the DLS comprised an area larger than 50000
km2, with more than 150 freshwater lakes [40,46,47].
The largest and probably the longest lasting member of the DLS was the Livno-Tomislavgrad
Paleolake. Existing from 17 to ~5 Ma, this paleolake accumulated more than 2.6 km of lacustrine
deposits in two distinct phases of lake formation, chiefly defined by limestone and clay, occasional
coal beds and numerous intervals of tuffs [24]. In its earliest stage the lake was defined by swampy
conditions, eventually superseded by progressive flooding and deepening of the basin. The sampled
tuff layer was recovered at the lake Mandek locality, showing a thickness of 6 m (Figure 1). Its
stratigraphic position corresponds to the late phase of the first depositional cycle in the basin [48].
40Ar/39Ar dating of the Mandek ash provided an age of 14.68 ± 0.16 Ma corresponding to the early
middle Miocene [48]. The volcanic ash was found to be weakly lithified and of white color. Covered
by dense vegetation, the lithology at its base remains somewhat unknown; with a broad breccia
horizon found 14 m below the ash horizon, while at its upper boundary it is overlain by shallow
water carbonates.
3. Materials and Methods
A single tuff sample was obtained from the lake Mandek locality near the city of Livno in
southern Bosnia and Herzegovina (E 17.02255, N 43.73045; Figure 1). Laboratory work was carried
out at Texas Tech University's Department of Geosciences and the Microscopy Center of the College
of Arts and Sciences. Petrographic analyses were completed using a Leica dm750p polarizing
microscope in order to determine morphological and textural changes of the tuff, with a focus on the
assessment of glass alteration and extent of Mn-Fe mineralization. A glass lab spatula was utilized to
hand-pick the areas of representative tuff affected by visible Mn-Fe mineralization (Figure 2a). The
separate was thereupon analyzed X-ray diffraction (XRD) and scanning electron microscopy (SEM)
measurements. The powder separate was first X-rayed using a Bruker D8-Advanced diffractometer.
The size of the divergent slit was 0.2 mm whilst the receiving slit was 1 mm wide. Measurement
parameters comprised a step scan in the Bragg–Brentano geometry using CuKα radiation (40 kV and
40 mA) with a counting time of 5 s per 0.02° from 3 to 60 °2θ. Diffractograms were analyzed in the
Bruker EVA diffraction suite supported by PDF4 crystallographic database. SEM analyses were
carried out by means of a Zeiss Crossbeam 540 apparatus equipped with the energy-dispersive
spectrometer (EDS) (Table 1). Carbon-coated thin sections and powder separates were used for this
investigation. The measurements were performed at high vacuum, 15 kV and ~1 nA, with two silicon
drift energy dispersive X-ray detectors from Oxford instruments. High-resolution back-scatter
electron images have been acquired using a 4-quadrant-backscatter detector. EDS analyses were
performed on spots with a diameter of at least 100 nm, with acquisition live time of 20 s. The Zeiss
AZtec software (Oxford Instruments, Oxford, UK) was used for EDS spectra quantification in a
standardless mode. Chemical data were used as oxide percentages and were normalized to 100%.
The NIST DTSA-II software package (NIST, Gaithersburg, MD, USA) [49] was used to quantify EDS
spectra from literature when no chemical data was provided [50,51].
4. Results
4.1. Description and Eogenetic Evolution of Volcanic Tuff
The analyzed tuff largely consists of fresh pumice and shards (Figure 2a–f), while mineral
phases, such as plagioclase, quartz and biotite account for ~1 to 2 vol.% each (Figure 2g). Brownish,
and occasionally opaque, aggregates emerge upon closer inspection as coatings of glass and mineral
particles (Figure 2a,b). XRD mineralogy of hand-picked glass coatings consists of amorphous matter
(bulging from ~15 to 35 °2Θ), quartz, trydimite, cristobalite, plagioclase (labradorite), and K-feldspar
(sanidine) (Figure 3, Table 2). Smectite from dioctahedral beidellite-montmorillonite series and
possibly Mn oxide (i.e., jacobsite and ranciéite) were also detected.
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Figure 2. Optical (a,b) and BSE images (c–h) of the analyzed sample: (a) Mn-Fe mineralization at the
surface of the sample, (b) fresh volcanic glass coated with brown Mn-Fe coatings, (c) glass shards and
pumice grains in the loose material powdered sample, (d) BSE image of an area depicted in (a), (e)
BSE image of shards coated by todorokite-like mineralization. Spectra acquisition points are marked
and correspond to Table 1. Dendritic todorokite is shown in the inset (analysis 81), (f) Glass shards
featuring pitting textures surrounded by Mn-Fe mineralization. Red and black circles correspond to
pitting texture and neoformed smectite, respectively, are shown in inset. Blue line corresponds to EDS
compositional profile provided in Figure 5a where the dot represents the onset of measurement, (g)
altered biotite grain featuring pitting texture (red circle) and surrounded by Mn-Fe mineralization
and bacteria microfossils (yellow circle), (h) Mn-Fe mineralization and bacterial microfossils in the
proximity of altered biotite (yellow circle).
Table 1. Representative EDS analyses of fresh and altered volcanic glass, biotite, Mn-Fe micronodules,
smectite and microbial microfossils. Analysis numbers correspond to acquisition spots depicted in
Figures 2 and 4
An.
92
93
94
96
97
98
99
100
101
102
75
76
77
78
79
80
81
83
86
59
60
56
70
72
33p
34p
38p
40p
44p
50p
51p
52p

Type
B-l
B-l
B-l
Bact.
Bact.
Band
Band
B-li
B-li
Bact.
Altg
Altg
Altg
Fgl
Fgl
Tod
Tod
Fgl
Tod
Fgl
Fgl
Sme
Band
Band
Fgl
Sme
MnC
Sme
Sme
MnC
MnC
MnC

SiO2
41.1
37.9
37.6
47.1
42.9
30.5
29.5
32.7
29.4
31.9
58.1
58.9
56.3
76.3
72.7
19.6
18.6
77.2
25.4
71
67.3
31.4
36.3
36.2
79.7
74.2
54.9
71.1
73.7
58.1
40.7
50

Al2O3
11.6
12.4
12.6
9.7
9.4
8.8
7.9
10.9
10
9.3
11.9
11.8
11.1
12.5
12.7
10.3
12
12.3
8.6
12.4
13.3
8.4
8.4
9
13.4
17.6
10.6
18.5
17.6
12.2
10.1
10.4

FeO
14.6
20.2
20.1
5.2
5.3
15.5
13.9
17.9
16.3
11.5
4.8
4.5
4.6
1.8
2.3
2.2
3.6
1.3
3
2.5
2.9
8.5
8.9
8.1
1.6
2
6.9
1.7
2
5.6
3.8
5.6

MgO
5.7
6.9
7.2
0.7
0.8
1.8
0.8
5.3
5.3
0.7
0.7
0.8
0.3
2.6
1.4
1.3

0.6

1.5
1.8
1.7
0.4
0.8
0.4

K2 O
5.1
6.3
5.8
1.7
1.6
3.3
2.5
4.9
4.4
0.6
2.3
1.9
2
3.5
3.1
0.7
0.5
3.6
0.9
2.9
2.6
0.5
1
0.7
4.1
3.1
3.1
2.3
2.6
2.3
1.5
2.4

NaO

0.7
0.6

0.7
0.8
0.6
1.2
1.2
0.6
0.6
1.1
0.6
1
0.6
0.3

MnO
16.1
10.2
10.8
25.7
29.5
27.4
30.6
19.8
25.7
33
15.1
15.3
17.9
3.4
5.2
51.3
50.6
3.1
47.8
6.4
8.3
19.6
28.6
27.6

0.2

0.7
0.4
0.3
0.3
0.2

17
0.3
0.5
15.1
33.8
23.2

CaO
3.1
2.2
2.5
5.7
6.2
6.7
6.7
4.3
4.4
7.6
3.4
3.2
3.3
1.3
1.9
6.3
6.5
1.4
6.6
2.8
3.1
9.8
8.9
9
0.9
1.3
4.4
1.4
1.3
3.9
5.2
4.4

TiO2
2.5
3.2
3.4
1.7
1.7
5
5
3
2.6
5.1
0.9
0.7
0.6

NiO

CeO2

BaO

0.9
0.8
3.3
3.1
0.6

1.1
1.1

0.3

0.5

1.5

0.6

0.8
0.8
0.9

0.4
0.9
0.4
0.9
1.1
3.8
4.7
5.2
0.3
2.2
0.3
0.3
1.9
1.8
2

5.5
5

1

4.5

0.9

3
3.1
3.9

0.7

1.2
1.3

Sum
99.8
99.6
100
100.2
99.9
102.3
100
99.4
100.1
99
99.7
99.4
99.8
100
99.8
100.1
99.7
100
100
99.9
99.2
100.1
99.9
99.7
99.9
100
99.1
100.1
100.1
99.8
99.9
99.9

M/F
1.10
0.50
0.54
4.94
5.57
1.77
2.20
1.11
1.58
2.87
3.15
3.40
3.89
1.89
2.26
23.32
14.06
2.38
15.93
2.56
2.86
2.31
3.21
3.41
0
0
2.46
0.18
0.25
2.70
8.89
4.14

Abbreviations: B-l – biotite basal sheet, Bact. – bacterial microfossils, B-li – biotite: space between layers;
Altg – altered volcanic glass; Fgl – fresh volcanic glass; Tod – aggregates of todorokite composition;
Band – Mn-Fe bands; MnC – Mn-Fe coatings analyzed in loose powder sample; M/F – MnO/FeO.

Presence of the former is suggested by a poorly-defined 001 diffraction peak at d = 14.65 Å and
relatively strong peak centered at d = 4.48 Å (Table 2), which likely corresponds to the asymmetric
02l (020) peak system [52]. The peaks at d = 3.74 Å and d = 2.49 Å as well as d = 2.58 Å and 3.02 Å
conform to ranciéite and jacobsite diffraction data, respectively (Figure 3) [53,54]. Various minor and
diffuse X-ray reflections likely belong to the other low-crystallinity Mn oxides and hydroxides such
as todorokite which is commonly associated to ranciéite [53]. The SEM-EDS analyses revealed glass
shards to be highly vesicular exhibiting the cuspate-wall shapes, sensu Fisher and Schminke (1984)
[7] (Figure 2c,d). Such morphological characteristics conform well with the high SiO2 (~75–80 wt.%)
and low MgO/FeO (~0.04–0.13) geochemistry of tuffs (Table 1, analyses 78, 79, 83), which is consistent
with the tuff origin from very viscous felsic magmas that normally accompany highly explosive
Plinian eruptions [7,55,56]. Glass shards appear rather fresh (Figure 2a–c) but early stages of
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alteration were nevertheless observed in the form of sub-micron smectite-like laths protruding from
the surface of individual shards (Figures 2f and 4a–c) [57]. Characteristic honeycomb morphology of
smectite (Figure 4b,c) as well as the clear increase in the concentrations of Al2O3 and MgO (from ~13
to 18 wt.% and ~0.1 to 3 wt.%, respectively; Table 1, analyses 40, 44, 78, 79, 33p) relative to the glassy
substrate are both in favor of beidellite to montmorillonite composition [58]. Both Al2O3 and MgO
were likely concentrated from the dissolved glass. An additional line of evidence indicating the
mobilization and depletion in SiO2 (17%), Al2O3 (2%) and alkalis (30–50%) toward glass rims may be
inferred from the shards’ compositional line profile (Figures 2f and 5a), which suggests the
incorporation of those elements in neoformed smectite. Compositional profiles made through the
glass separate concur with the established pattern clearly showing the spikes of Al as a result of its
concentration in the Al-rich dioctahedral smectite (Figures 4a,c, and 5b,c). Finally, a typical microbial
etching developed in the form of pitting textures was commonly found along the rims of altered
shards (Figure 2f,g) [15,17,59].

Figure 3. XRD pattern of hand-picked separate of representative tuff affected by visible Mn-Fe
mineralization as shown in Figure 2a. For mineral abbreviations see Table 2.

When present, smectite flakes are found in a direct contact or proximity to Mn-Fe mineralization
(Figures 2f and 4a–c). In thin sections, the Mn-Fe mineralization emerges in band-like forms
encircling glass shards (Figure 2d–f). On the other hand, in powder samples it is manifested in the
form of distinctly granular Mn-Fe coatings, henceforth referred to as micronodules (Figure 4a–d).
Altered biotite is typically found in a close spatial relationship with the optically inactive Mn-Fe
mineralizations (Figure 2g,h). Biotite phenocrysts underwent an extensive exfoliation and distortion
(Figure 2g) with a substantial loss of K2O, FeO, MgO and TiO2 towards mineral rims (Table 1, analyses
92, 93, 94). Conversely, the concentrations of MnO show an inverse relationship with respect to the
trend outlined by other major oxides with values abruptly increasing from 10 to 16 wt.% towards
grain edges (Table 1). Similarly, to altered shards, biotite also retains morphological clues indicative
of microbial activity. This is primarily demonstrated by pitting textures present at the outer edges of
exfoliated layers, and also by numerous MnO and CeO2 rich oval morphologies which are alike to
the spherical shapes suggested as one of the typical Mn-rich alteration textures indicative of microbial
alteration in deep-sea basalts (Figure 2g,h) [50,60].
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Table 2. Values for d-spacing (d/Å) and diffraction angles (°2θ) of the highest intensity reflections for
identified phases present in the analyzed separate.
Interpreted Phase
smectite (Sm)

°2θ
6.02
19.79

d [Å]
14.65
4.48

sanidine (Sa)

13.65
23.78
27.46
27.76
41.68
13.79

6.48
3.73
3.24
3.21
2.16
6.41

15.71
22.00
23.74
24.3
27.77
28.05
30.65
31.49
51.06

5.63
4.03
3.74
3.65
3.2
3.17
2.91
2.83
1.76

labradorite (Lab)

Interpreted Phase
quartz (Qtz)

°2θ
20.87
26.65
40.24
42.46
50.15

d [Å]
4.25
3.34
2.23
2.12
1.81

tridymite (Trd)

20.60
35.85

4.30
2.50

cristobalite (Crs)

21.99
31.51
48.65

4.03
2.83
1.87

jacobsite (Jac)

29.54
34.77
42.42
23.74
35.89

3.02
2.58
2.09
3.74
2.49

ranciéite (Ran)

4.2. SEM-EDS Mineralogy and Morphology of Mn-Fe Micronodules
The investigated Mn-Fe mineralization developed in the form of nodular coatings (i.e.,
micronodules) which may attain up to ~2 μm in thickness (Figures 2d–h and 4a–d) and are found
surrounding individual shards and/or biotite. The chemistry of micronodules is provided in Table 1,
while representative EDS spectra are given in Figure 4. The Mn-Fe micronodules show a wide range
of SiO2 and FeO concentrations (19 to 50. wt.% and 2 to 16 wt.%, respectively), and virtually a bimodal
distribution of MnO (30 or ~50 wt.%). The contents of Al2O3 and CeO2 are rather uniform of ~9 and 3
wt. %, respectively (Table 1, analyses 70, 72, 80, 81, 86, 38p, 50p, 51p, 52p). Taking into account the
size of Mn-Fe micronodules (~2 μm), which is equivalent to the size of interaction volume at given
acceleration voltage of 20 kV [61] the analyses of Mn-Fe mineralization were likely impacted by the
Si-rich substrate (i.e., glass or smectite; Figures 2e–g, 4a–c and 5a–c). Detailed SEM investigation also
showed that Mn-Fe micronodules grew over smectite displaying the characteristic honeycomb
texture [62] (Figures 2f, and 4b,c). Although the morphology of the Mn micronodules is similar, there
are significant compositional differences between Mn-Fe micronodules formed around biotite and
those around shards (Table 1, analyses 70, 72, 98 and 99, Figure 2f,h). The former exhibit higher silica
content while the latter contain comparatively lower concentrations of FeO, MgO and K2O.
Conversely, MnO abundances within individual micronodules observed as Mn-Fe bands in thin
sections are consistent at ~30 wt.% (Table 1).
Albeit smaller in size the morphology and chemistry of analyzed Mn-Fe mineralization shows a
correlation with the Mn nodules described in literature [63–67]. Based on granular morphology,
minuscule size, and layered chemistry of studied coatings these may be described as juvenile Mnmicronodules [68–70], which are characterized by variable chemistry [69,71] and XRD mineralogy
that regularly demonstrates presence of Mn-oxides (i.e., burserite, todorokite, δMnO2, jacobsite, and
ranciéite), Fe-oxyhydroxides and detrital aluminosilicates [72–74]. Knowing that Mn-Fe
mineralization generally occurs in the form of poorly crystalline nano to microscale aggregates of
variable water content the SEM-EDS identification of individual Mn phases may be somewhat
challenging [60–62]. However, the chemistry of analyzed micronodules (Table. 1, analyses 70, 72, 98,
99, 38p, 50p, 51p,52p) and their band-like morphology in thin-section fit well to the compositional
characteristics of various Mn-Fe concretions [75,76]. This is primarily inferred through the
comparison of MnO/FeO values which are virtually unaffected by mixed analyses with the Si-rich
host material on top of which Mn-Fe mineralization developed. The MnO/FeO in the studied
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micronodules is on average 4 ± 2 (Table 1) which fits the range shown by Mn-nodules (MnO/FeO =
~3–6, Table 1, analyses 70, 72, 96, 97, 50p, 51p, 52p) recovered from the ocean floor [77]. Moreover,
the exceedingly high MnO/FeO reported in the dendritic outgrowths (Figure 2e), spanning from ~14
to 23 (Table 1, analyses 80,81,86), is comparable with the nodules of analogue morphology
documented offshore Peru (MnO/FeO ~15.6 to 21) [75,76].
The composition of low-MnO and high-SiO2 portions of micronodules corresponds well to the
mixture of smectite/glass substrate, Mn-oxides and Fe-oxyhydroxides, while the high-MnO areas as
well as elevated Ba and Ca are consistent with todorokite, which is a typical product of biologically
oxidized Mn (Table 1, analyses 80, 86) [72,74,78]. The rare-earth elements content of the bands also
supports their make-up of various Mn-oxides and Fe oxy-hydroxides as both Ce and Eu due to their
variable oxidation states show preferential fractionation towards these compounds [79,80].
Accordingly, the measured concentrations of Ce were remarkably high in the studied Mn-Fe
mineralization (Figures 2f,g, 4b,d, and 5a,b; Table 1. analyses 70, 72, 98, 99, 51p, 52p) which favors an
oxidizing environment conducive to both the oxidation of Ce3+ and Fe oxy-hydroxide precipitation
[79–81]. Indeed, the stratigraphic position of the analyzed tuff interlayered by shallow water
carbonates and breccias, is in favor of an open type alpine lake with oxic conditions [24].
5. Discussion
5.1. Microbially Mediated Glass Transformations
Felsic tuffs are known to be more refractory to alteration when compared to mafic ones which
typically undergo a relatively quick degradation in the marine or freshwater depositional
environments [7,82,83]. The difference between the two stems from a lower extent of SiO2
polymerization, and a higher abundance of highly soluble cations (i.e., Ca2+ and Mg2+) as in mafic
glass [5,7,83]. Recent textural and mineralogical studies on glass alterations suggest that microbial
activity may weather a layer of up to 1 μm per annum [13,14,20,84,85]. Similarly, to glass shards from
deep-ocean sediments, volcanic material recovered from Pleistocene and Holocene terrestrial
deposits commonly exhibits numerous alteration features attributed to microbial corrosion [16,17].
With some caution, the presence of irregular pitting, granular or tubular structures at the surface of
volcanic glass may serve as evidence of microbial etching [15,86]. Taking into account that many
chemical or biological indicators such as presence of C or live microbes remain vulnerable to
obliteration or profound alteration by abiotic diagenetic changes [16,87], it follows that the most
immediate evidences of bacterial activity in ancient tuffs is the pitting or tubular morphologies
developed along the rims of receptive phases. In the studied tuff such morphological features were
found along shard and biotite edges (Figure 2f,g), which are both diagenetically unstable solids [5].
The abundance of easily oxidized cations released through glass degradation, such as Mg and Fe,
likely provided a favorable substrate for microbial etching [17,28].
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Figure 4. BSE images of loose powder rich in Mn-Fe mineralization. (a) Extensively smectitized
pumice affected by Mn-Fe coating. Blue marks the EDS compositional profile shown in Figure 5b. (b)
Ferromanganese coating in close relationship with smectitized shard. (c) Shard showing a gradual
transition from smectitized surface towards Mn-Fe coatings (i.e., micronodule). Blue line marks the
EDS compositional profile shown in Figure 5c. Inset shows the fragment of fresh glass. (d) Shard and
pumice aggregates featured by Mn-Fe coatings which exhibit cocci-like morphologies (yellow circle
left) and Streptococcus genus bead-like cell division pattern (yellow circle right). Spectra acquisition
points are marked and correspond to Table 1. Representative EDS spectra correspond to smectite
(spectrum 34p) and Mn-Fe coatings (spectra 51p and 52p).

Although the high susceptibility of volcanic glass to bacterial corrosion is well documented
[13,15,20,84], recent work also demonstrates that various clay minerals can both enhance, or be
generated through, microbial interaction with volcanic material [12,13,23]. Experiments undertaken
by Cuadros et al. (2013) [12] show microorganisms rapidly coating fragments of rhyolitic glass in
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waters of diverse salinity, producing dioctahedral and trioctahedral smectite. Similar results were
observed from recently deposited volcanic ash (<2 ka) where various bacterial species were found
coated by fibers and/or flakes of smectite [88]. Moreover, the high surface area and the abundance of
bio-essential nutrients (i.e., Ca2+, Mg2+ and K+) adsorbed or interlayered in smectite may foster an
overall biological activity in such microenvironments thus promoting bacterial surface adhesion and
biofilm generation [89–91]. One may therefore infer that the origin of smectite-like laths proximal to
the glass pitting structures (Figure 2f) may be genetically related to the processes involving glass
corrosion, biofilm formation, and/or bacterial adhesion to the surface of the glass [89,90].
5.2. Bacterial Textures in Mn-Fe Miconodules
The role of microbes in the formation of Mn-Fe micro(nodules) has long been suggested [92,93].
Recent work, based on bacterial culturing experiments, as well as DNA extraction, identified a
multitude of metal-oxidizing microbes in Mn-Fe nodules [29,30]. Although the relationship between
the oxidation of Mn(II) and cellular function in microorganisms is still not fully understood [26–28]
laboratory experiments have demonstrated that bacteria commonly found in freshwater
environments, such as Bacillus sp. and Pseudomonas putida, regularly produce bio-oxides with a high
proportion of structural Mn(IV), high specific surface areas and low crystallinity, typically akin to
highly disordered birnessite i.e., δMnO2 [26].

Figure 5. EDS line profiles of element concentration in the lines as indicated in Figures 2a and 4a,c.
White areas are glass surfaces, while pink ones mark the transition towards and into zones of Mn-Fe
mineralization.

Biogenically generated δMnO2 likely undergoes an abiotic transformation towards more
crystalline oxides of Mn (i.e., todorokite, birnessite, bursierite and jacobsite) which are typically
reported in Mn-Fe encrustations [26,28,94]. Precipitation of these Mn compounds may fully adhere
to the processes of abiotic crystallization especially in the environments rich in dissolved Mn(II) (i.e.,
hydrothermal vents and acid mine drainages) [95]. It is however believed that the formation of the
mentioned Mn phases proceeds from biogenic δMnO2 in those settings deprived in Mn(II), such as
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the oxic water columns of open lakes [95]. Thus, the occurrence of microbial microfossils [26–28,71,96]
encrusted by minerals containing high proportion of structural Mn(IV) relative to Mn(II) (i.e., δMnO2,
todorokite, birnessite, jacobsite, ranciéite) may be utilized in identification of biogenic influences
involved in the genesis of the studied Mn-Fe micronodules.
The BSE images of the thin section in the areas next to altered biotite (Figure 2g,h, Table 1,
analyses 96, 97, 102) show evidences of numerous ~1 to 1.8 μm long Mn-rich oval forms (MnO = 25.7
– 33 wt.%, Table 1, analyses 96,97,102) found in a direct contact with Mn-Fe coatings. The high content
of SiO2 and reported elliptical shapes are characteristic for various types of Si-secreting species (i.e.,
pennate diatoms); however, the size of the forms reported herein did not exceed 2 μm which makes
the attribution of these forms to lacustrine microfossils highly unlikely [97]. Moreover, the siliceous
microfossil assemblages described from contemporaneous basins of the DLS bioprovince are
significantly coarser and of contrasting morphologies [98]. Conversely, described forms are strikingly
similar to the cross-sections of hollow encrustations described as fossilized bacterial cells, which are
normally referred to as cocci stemming as precipitates of distinct Mn-rich alteration products at the
surface of freshly dredged deep sea basaltic glass [50]. The inference on their biogenetic signatures
can be drawn from an elevated content of C suggesting an ongoing microbial activity at the time of
sample retrieval which gave rise to the substantial Mn enrichment (MnO = ~20 wt.%) relative to the
Mn-lacking glassy substrate [50]. While about 15 Ma of deposition of analyzed tuff and thin-section
carbon coating must have compromised the original content of C the rest of measured elements are
all in favor of biogenically generated Mn-oxides; namely the high abundances of MnO, BaO (~ 1.1
wt.%), CeO (~ 0.8 wt.%), and CaO (6.6 wt.%) (Table 1, analyses 96, 97, 98, 102) are consistent with the
composition of biogenically-formed δMnO2 and more crystalline Mn-oxides identified by X-ray
diffraction (i.e., jacobsite and ranicéite; Figure 3) [54]. Another set of evidences of microbially
generated Mn-Fe mineralization is their MnO/FeO ratio (Table 1). Wang et al. (2012) [51] have shown
that the portion of Mn-Fe micronodules consistent with bacterial morphologies (i.e., fossilized cocci)
is marked by a strong increase in MnO/FeO relative to the rest of micronodules devoid of typical
bacterial forms (i.e., banding). Furthermore, the microbial encrustations described here display a 3fold decrease in FeO relative to the banding (~ 15 to 5 wt.%, Table 1.) and an abrupt increase in
MnO/FeO, rising from ~2.1 to 5.2 (Figure 2g,h; Table 1, analyses 98,99,102). Lastly, the biogenicity of
observed encrustations is also supported by the fact that almost identical morphologies are described
in laboratory experiments where the microbial spores of Bacillus sp. were found to become rapidly
coated with poorly crystalline δMnO2 in Mn2+ enriched solutions [27,99–101].
A different set of clues pointing to microbial origin of Mn-Fe nodules was identified through
SEM-EDS investigation of tuff powder separates rich in the visible Mn-Fe mineralization (Figure 2a).
Numerous Mn-rich spherical forms (MnO = 15.1–33.8 wt. %, MnO/FeO = 2.7–8.9, Table 1, analyses
50p, 51p, 52p) are documented ranging in size from ~1.1 to 2.5 μm. They developed on top of
agglomerated laths of smectite grown at the surface of glass shards (Figure 4a–d, Table 1).
Morphologically, and to a limited extent compositionally (MnO = ~15 wt%, MnO/FeO = 1.38), the
comparable assemblages of Mn-rich spheres (1–2 μm) emerging from the clayey substrate have been
reported in the close association with aforementioned hollow cocci-like morphologies found at the
surface of altered basaltic glass in the deep sea setting [50]. Considering the comparable shapes and
sizes, as well as the proximity to the hollow cocci spheres, Thorseth et al. (2003) [50] hypothesized
that the observed spheres originated from fossilized cocci whose subsequent burial and infilling by
inorganic precipitation obliterated their original organic content. The aggregations of 1 to 3 μm sized
cocci spheres have become increasingly important in the identification of Mn-Fe mineralization
present across the vastly different depositional environments, such as Mn nodules from the ClarionClipperton Fracture Zone (CCFZ) of the Eastern Pacific, as well as desert varnishes from the
Gangdese region in Tibet, PRC [51,68,102]. In the former, the micronodules are characterized by the
surfaces accommodating numerous cocci whose relatively high C content is taken as a proof of their
biogenicity. The contents of the rest of diagnostic elements (SiO2 = ~49 wt.%., MnO = ~30 wt.%,
MnO/FeO = ~4) of cocci-like micronodule surfaces from the CCFZ are in agreement with the values
obtained from Mn-Fe mineralization reported here (Table 1, analyses 70, 72, 96, 97). Finally, a
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thorough SEM study of the CCFZ micronodule cocci aggregations revealed the conspicuous beadlike chain arrangements analogue to the ones observed in Figure 4d. This is interpreted as a typical
cell division pattern of the Streptococcus genus [68,103].
The presence of numerous cell encrustations rich in insoluble Mn(IV), marked by the high
specific surface area, likely supplied an energetically favorable substrate which served as a nucleus
in the ensuing precipitation of inorganic Mn-Fe mineralization [51,68]. This may explain the relatively
uniform Mn-Fe coatings with the peculiar intermittent spherical outgrowths (Figure 4a,b). While
these spherical outgrowths represent fossilized cocci the ensuing Mn-Fe mineralization is linked to
the widespread inorganic coating. This is further substantiated by the consistent overall chemistry
and significantly higher MnO/FeO of individual cocci and spherical outgrowths compared to the
surrounding Mn-Fe coatings (Figures 4b,c and 5b,c; Table 1, analyses 98, 98, 102, 38p, 50p, 51p, 52p).
5.3. Glass Smectitization as a Trigger of Mn-Fe Precipitation
The close spatial relationship of Mn-Fe micronodules and altered shards/biotite (Figure 2e–g,
4a–c) indicates co-genetic ties between the onset of Mn-Fe mineralization and eogenesis of volcanic
glass. In BSE images is this relationship aptly demonstrated through a gradual outgrowth of Mn-Fe
micronodules on aggregates of smectite flakes developed at shard surfaces (Figure 4a–c). The role of
smectite facilitating the Mn-Fe mineralization is ascertained by (a) the lack of Mn-Fe compounds at
those shards devoid of smectite flakes (Figure 4a–c) and (b) the chemistry of micronodules whose
EDS chemistry, as a result of a ~2 μm-interaction-volume at given acceleration voltage [61], unveil
the smectite substrate (Figure 4b; Al2O3/SiO2 = 0.25, K2O = 1.5, CaO = 5.2, Table 1, analyses 56, 40p,
44p) at which micronodules grew (Figure 4b).
The genesis of studied micronodules thus likely commenced by crystallization of beidellitemontmorillonite at shard surfaces through the interaction with water and where the microbial
corrosion has operated the most efficiently (Figure 2f and 6a) [13,15,87,88]. Smectite eventually
developed its characteristic honey-comb or aggregated textures (Figure 2f, 4a–c) with high specific
surface areas and availability of bio-essential cations from its interlayer space and/or charged surfaces
(i.e., Ca, K, Mg) [104] thus facilitating the adhesion and flourishing of Fe and Mn metabolizing
organisms. The numerous Mn-rich cocci and spheroid morphologies developed at the studied shards
(Figure 2g,h and 4d) are evidence of the dwelling presence of such organisms [51,68], whose
encrustations then served as nucleating seeds, sensu Wang et al., 2009 [68] (Figure 4a–d and 6b), for
further micronodule formation. This final step operated through the accretion of abiotic and/or biotic
Mn-phases such as todorokite, ranciéite and jacobsite over smectite flakes and individual cocci
leading to the appearance of globular micron-sized micronodules (Figure 3, 4b–d and 6c, Table 2).
Deeper investigation on the role of smectite in Mn-Fe precipitation may enhance our understanding
on why Mn-Fe nodules readily form on a pyroclastic substrate [105]. Finally, taking into account that
the processes of glass degradation and Mn-Fe precipitation are both marked by textural and/or
mineralogical markers of biogenic activity one can assume that the (co)evolution of glass alteration
followed by smectite crystallization and Mn-Fe precipitation testify to a continuous involvement of
microbial life in the course of diagenesis of the felsic tuff investigated here.
6. Conclusions
(1) Felsic tuff from Miocene strata of the Livno-Tomislavgrad paleolake situated at the south of
the Dinarides Lake System shows incipient glass eogenesis which gave birth to the peculiar Mn-Fe
coatings of glass shards.
(2) Smectite of beidellite-montmorillonite composition was found as a main product of glass
eogenesis regularly emerging in a close spatial relationship with Mn-Fe mineralization. From their
textural context it follows that crystallization of smectite preceded the formation of Mn-Fe
mineralization. Mn precipitates have the characteristic globular forms (i.e., Mn-Fe micronodules).
(3) Various bacterial textures present at glass surfaces and within Mn-Fe micronodules are
related to the presence of smectite who is known to promote microorganism activity.
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Figure 6. Proposed three-step model of glass degradation and Mn-Fe micronodule generation. (a)
shard smectitization, microbial corrosion and pitting texture formation, biofilm generation and
extraction of bio-essential nutrients from glass (Fe2+, K, Na, Ca) and smectite flakes (Fe3+, Mg); (b)
nucleation of Mn-oxide encrusted cocci on smectite substrate; (c) accretion of individual mineralized
cocci and ensuing abiotic precipitation of various Mn-Fe oxy-hydroxides marking an early stage of
micronodule formation.

(4) High morphological and compositional resemblance of analyzed and deep-ocean Mn-Fe
micronodules is in favor of shard degradation and Mn-Fe micronodule formation which take place
irrespectively of the type of depositional environment (terrestrial, lacustrine, deep sea).
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