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Abstract

:

Clay authigenesis associated with the activity of microorganisms is an important process for biofilm preservation and may provide clues to the formation of biominerals on the ancient Earth. Fossilization of fungal biofilms attached to vesicles or cracks in igneous rock, is characterized by fungal-induced clay mineralization and can be tracked in deep rock and deep time, from late Paleoproterozoic (2.4 Ga), to the present. Here we briefly review the current data on clay mineralization by fossil fungal biofilms from oceanic and continental subsurface igneous rock. The aim of this study was to compare the nature of subsurface fungal clays from different igneous settings to evaluate the importance of host rock and ambient redox conditions for clay speciation related to fossil microorganisms. Our study suggests that the most common type of authigenic clay associated with pristine fossil fungal biofilms in both oxic (basaltic) and anoxic (granitic) settings are montmorillonite-like smectites and confirms a significant role of fungal biofilms in the cycling of elements between host rock, ocean and secondary precipitates. The presence of life in the deep subsurface may thus prove more significant than host rock geochemistry in directing the precipitation of authigenic clays in the igneous crust, the extent of which remains to be fully understood.
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1. Introduction


The formation of authigenic minerals is a fundamental aspect of the interaction between microbial life and the ambient environment [1,2,3,4,5,6,7,8,9,10]. Throughout major parts of Earth history, clay minerals and low-crystalline amorphous aluminosilicate-phases dominated by a Fe-Al-Si composition, have been associated with biology, often in the form of clay mineralized prokaryotic [4,5,7,11,12] or eukaryotic cells and biofilms [13,14,15,16,17,18,19]. The close association and interconnection between microbes and authigenic clays have been demonstrated in vitro from laboratory culture experiments [20,21], but also from natural sedimentary environments, lacustrine sediments [2,4,5,22], hydrothermal areas [23], terrestrial rock habitats [24] and within the subsurface igneous biosphere of both continents and oceans [15,16,17,18,25]. Over the past decade, several studies have emphasized the importance of a subsurface crustal biota and its prominent role in element cycling, rock weathering and precipitation of secondary minerals [15,16,17,18,19,25,26,27,28]. Because of the vastness and relative inaccessibility of the deep biosphere in the oceanic and continental crust, however, more work is needed in order to fully comprehend and characterize the specific nature of life and trophic systems in the subsurface crust.



The current knowledge of deep biosphere-ecology is primarily based on traces of presumed microbial activity within the glassy rim of basaltic rocks [29,30,31], as well as body fossils within subseafloor igneous settings [13,14,15,16,17,18,19,25,32,33,34,35,36,37,38,39]. In particular, fungal filaments and biofilms preserved by authigenic clays seems to represent a large fraction of the deep biosphere fossil biotas [16,17,18,19,33,34,35,36,38]. While the presence of fossil fungi from the oceanic crust have been well established during the last decade, new research confirms a significant fungal presence also within the anoxic continental crust [25,39,40]. In drill cores from the Laxemar site, near Äspö hard rock laboratory in Sweden, partly carbonaceous and clay mineralized fungi have been identified within a granite hosted vein-system, associated with reducing minerals such as pyrite, which indicates that the granite-dwelling fungal communities had a largely anaerobic lifestyle [25].



The mode of clay encrustation within microorganisms in deep subsurface habitats resembles that identified within bacteria and prokaryotic biofilms in lake sediments, previously described by Ferris et al. [1,3], Konhauser and Urrutia [7] and Konhauser et al. [12], among others. This similarity not only suggests a common genesis, but, more importantly, highlights the affinity of microbial cells and their extracellular polymeric substances (EPS) to attract clay-forming elements leading to the formation of authigenic minerals. An important characteristic, therefore, of all cellular surfaces and their EPS, is the high reactivity and potential to adsorb, retain and exchange chemical species, including elements essential for microbial metabolism [41,42]. These characteristics can lower activation-energy and thus invoke nucleation of secondary minerals in association with microbial walls or sheaths [8,43,44,45,46,47]. This is also true of phyllosilicate minerals per se, and both clays and the reactive cell or biofilm surfaces, can therefore be considered important targets for understanding biogeochemical element cycling and the transfer of elements between rock, hydrosphere and the biota [48].



Most previous studies concerning microbial clay mineralization have focused on the role of prokaryotic microorganisms in shallow settings, such as soils, riverine, ocean and geothermal-sediments, as well as terrestrial flood basalts [1,2,4,5,11,23]. However, the increased understanding and characterization of extreme oligotrophic habitats in igneous rock calls for a closer examination of clay authigenesis within the subsurface crust. Understanding fossilization processes and the timing and mode of microbial preservation, can give important clues to the nature of life and its interaction with the environment. Therefore, the overall aim of this study is to add insight into the unexplored subject of fungal clay fossilization, by comparing the geochemistry of fungal clay precipitates from various igneous subsurface localities. New X-ray powder diffraction (XRD) and Mössbauer Spectroscopy data from Pacific Ocean pillow basalt and two anoxic fractured granite cores from Laxemar, Sweden, was added in order to determine and compare clay chemistry and Fe oxidation states between anoxic and oxic settings.



Our review suggests that intrinsic factors such as the structure of fungal biofilms may have a larger effect on the mineralogy of fungal clays compared to abiotically precipitated clays forming solely in equilibrium with surrounding source rock and fluids.




2. Methods


2.1. X-Ray Powder Diffraction


We used X-ray powder diffraction in order to analyse the mineralogical composition of authigenic clays from subsurface anoxic granite rocks and oxygenated basaltic seafloor rocks. The samples were removed from different depths and carefully extracted from split drill-cores using sterile forceps. The first sample consisted entirely of fungal filaments from a well-preserved biofilm (granite sample XLX09). A second, darker, clay phase represented a less well-preserved biofilm matrix (granite sample XCX04). A third clay sample (basalt sample 1205A-024R) associated with fungal filaments was scraped from a split drill core originating from the Pacific Ocean Nintoku seamount. The XRD patterns were collected using a Panalytical X’pert powder diffractometer (PANalytical B.V., Almelo, The Netherlands) equipped with an X’celerator silicon-strip detector. The range 5–80° (2θ) was scanned with a step-size of 0.017° using a sample spinner with finely ground sample material mounted on a background-free silicon holder. All samples were mixed with dH2O and run a second time, to evaluate the potential effect of clay swelling on the XRD spectra.




2.2. Mössbauer Spectroscopy


To characterize the redox state of Fe within the three clay samples investigated with XRD described above, Mössbauer spectra were measured on samples XLX09 (anoxic granite), XCX04 (anoxic granite) and 1205A-024R (oxic Pacific Ocean basalt) using a conventional spectrometer system operated in constant-acceleration mode. Due to limited amounts of sample material, a 57Co rhodium matrix point-source with a nominal activity of 10 mCi was used. The absorbers were prepared by a mixture of sample material (<1 mg) and thermoplastic resin, which was shaped to ca. 1-mm sized cylinders under mild heating (<100 °C), placed on strip tape and positioned close to the source. The spectra were collected at room-temperature over the velocity range −4.2 to +4.2 mm−1 distributed over 1024 channels and were calibrated against an a-Fe foil before folding and spectral fitting using the software MossA [49].





3. Microbial Clay Mineralization


Several studies emphasize the importance of microbial cells in the precipitation of iron rich minerals, in particular authigenic clays [1,2,3,4,5,7,22,50,51]. Studies focused on prokaryotic mineralization show that biogenic clay authigenesis occurs through a two-step process, where the initial encrustation of iron surrounding cells or filaments is followed by a secondary step of Al-Si complexion [7]. This process can result in the formation of amorphous aluminosilicate phases surrounding the microbial cell wall or EPS. Microorganisms can thus become completely or partly mineralized, with the newly formed clay grains tangentially attached to the cell wall [7]. An early cellularly bound iron-phase seems to act as a ligand that initiates subsequent precipitation of poorly crystallized aluminosilicates, potentially in the form of a precursor gel, which eventually mature into more crystalline clay phases, with the potential for fossil record preservation [13,14,15,16,17,18,19,25,32,52,53].



While clay formation may occur as a result of abiotic processes, for example chemical weathering resulting from interaction between oxygenated seawater and reducing basaltic rock, or hydrothermal water circulation [54], the presence of microbial cells and the biofilm EPS, appear to play a significant role in clay authigenesis [1,2,3,7,51,52,53]. One way to differentiate between biotically precipitated clay phases and those formed by abiotic processes, is to compare the degree of heterogeneity and crystallinity within the clay phases [7]. For example, Si has been proposed to play a larger role in the structure of abiotic clays, compared to biogenic bacterial precipitates, which are characterized by a lower Si concentration, smaller grain size, and frequently a more amorphous structure [7]. Further, the ratio of various elements within the clays has a large impact on the physical stability and geochemical characteristics of the mineral [55]. In smectites, for example, the amount of structural Fe affects the swelling ability of the clay phase; and Fe-rich smectites have a reduced expansion ability compared with lower Fe smectites [56]. The association and interaction between microbes and clay-forming elements described above appears to occur in many types of environments. For example, Sanchez-Navaz et al. [52] described the mineralization of iron-rich, poorly ordered and amorphous smectites in association with apatite grains within phosphatic stromatolites from the Upper Jurassic. They suggest that the presence of authigenic smectites in microbially produced stromatolite lamina are the result of a biogenically produced precursor-phase rich in Fe-Si-Al, which matures into a smectite phase during early diagenesis [52]. Here, the presence of the microbial biofilm EPS presumably acts as a catalyst for the attraction of cations and other chemical species forming the precursor gel-like phase, which subsequently develops into a clay like aluminosilicates [52]. Further, in oligotrophic granite at the Äspö hard rock laboratory near Oskarshamn in Sweden, experiments were initiated where microorganisms from Äspö were isolated and cultured within water from the area [57]. The results showed significant precipitation of minute-sized clay particles within the presence of microbial communities, and in contrast, controlled experiments without microorganisms showed no precipitation of aluminosilicate phases [57]. Results from this experiment, therefore, suggested that either the metabolic activity, or the active surface of biological cells and matrices, were important components for the precipitation of authigenic clay phases.



Wierzchos et al. [24] similarly reported bacterial sheaths and potential fungal hyphae surrounded by Fe-rich aluminosilicate phases, in cracks or fissures within Antarctic rocks. They suggested that the combination of filaments covered in an Fe-oxyhydroxide layer and associated lamina of clay-like material, could be used as a biosignature in other similar type of settings [24]. According to the authors, it was also possible to distinguish between clays associated with well-preserved filamentous microfossils, and those of more taphonomically altered specimens; the clays surrounding dead and lysed cells tended to have a larger Fe-concentration, and in turn less Si and Al present within the clay matrix. The opposite relationship could be established among exceptionally preserved specimens [24].



Further, Fe-rich minerals close in composition to Nontronite, the Fe3+-rich endmember of the smectite group, formed around microbial cells and their EPS within pillow lavas from the North East Pacific Ocean [50]. The smectite-covered communities were found in the vicinity of hydrothermal vents, which could have provided a source for Fe and Mn, which were observed in the form of oxides in association to biogenic clays. It could be established by Transmission Electron Microscopy (TEM) that the smectite phases were clearly growing from the cell walls of bacteria [50], again confirming the importance of the reactive cell surface to the nucleation and subsequent precipitation of clay-like minerals.



Similarly, within submerged laboratory cultures, Fomina and Gadd [20] examined the effect of clay on the formation of fungal pellets. Their results showed a significant thickening and lengthening of the fungal hyphae as a result of micro-sized clay particles that attached to the filaments from their suspension in the surrounding water. The absorption of clay particles onto hyphae affected the geochemical properties and permeability of the fungal pellets as well as added physical stability and strength [20].



As mentioned in the above section, the presence of an active cell surface or organic matrix like EPS, seem to play a ubiquitous part in the initial nucleation and precipitation of amorphous clay phases: The intimate relationship between microbial EPS and authigenic clays among both prokaryotes and eukaryotes is presumably due to the natural effect of microbial biofilms to attract and bind cations from the ambient fluids onto negatively charged functional groups [46,47,58,59,60]. Microbial EPS have often been highlighted as important agents in mineral precipitation. This has been especially noted in relation to the precipitation of calcite [44,45,47,59,61], which can precipitate within the EPS either as a result of the metabolic activity of cells, or simply by acting as a cation-trap and nucleation spot associated with acidic functional groups [45]. Important to note, however, is the dual role of EPS in mineral precipitation; because of the adsorptive properties of the organic substances, an initial inhibition of nucleation is to be expected, which is only surpassed once the cation binding-capacity of the biofilm EPS has been reached [45,46,47]. It is, therefore, easy to imagine a similar scenario with respect to for example Fe (e.g., [1,2,3,7]), in settings less supersaturated with calcite, that might instead lead to the formation of an amorphous clay-like phase in association with the EPS, depending on the ambient source of metals. Hence, extrinsic factors, such as element-availability, alkalinity, pH and saturation state of ambient fluids are all parameters that may have an effect on the type of mineralization that occurs [47].



Although a majority of studies have focused on the mineral promoting effect of prokaryotic biofilms [1,2,3,4,7], many fungal communities likewise produce large amounts of EPS, with similar cation-attracting characteristics [62,63,64,65]. Most fungi that produce EPS are aerobic, or possibly facultative anaerobs [62], and fungal production of EPS can be stimulated by increased pO2 [65]. Ueshima and Tazaki [63], for example, showed a connection between fungal EPS and the formation of Fe-rich clay phases in the form of nontronite, which formed within the EPS, again highlighting the connection between microbes and EPS, but this time among heterotrophic eukaryotes.



One of the most important extrinsic factors that may have an effect on the production of fungal biofilm EPS, and thus in turn for clay precipitation, is the ambient pH of the host solution and growth medium [64,66]. For example, variations in pH can influence the molecular weight, as well as yield, of fungal EPS [66]. It appears as though an acidic pH generally promotes EPS production among fungi [66], and, in turn, gives a lower EPS yield, but with a higher molecular weight, compared to high pH settings that promote a low molecular weight but high EPS yield [66]. This means that the ambient environment is expected to have a large influence on fungal EPS production in general, but also on the type of mineralization that will occur. Thus, for fungal clay authigenesis, pH and EPS yield may be locally important and variable factors.



3.1. Benefits of Clay Authigenesis for Microbial Communities


Although a close spatial relationship between microbial cells, filaments and more or less well-crystallized clay phases, has been established repeatedly and from a variety of settings, the exact reason for, or nature of, the relationship between microbes and clay is still not entirely clear. While it may simply be the result of geochemical processes associated with the specific structure of active microbial surfaces, several studies suggest it may in fact be beneficial for microbial communities to surround the cells and EPS with clay phases as a way to modify the ambient surroundings favorably [67]. Because clays, like microbial expolymers, are characterized by the capacity to attract and exchange a multitude of nutrients and chemical species, this may indicate that the clay phases serve as a proximal nutrient-source for the communities [7]. This may be particularly important in extreme settings such as the highly oligotrophic igneous crust. Swelling smectite minerals such as montmorillonite, could help to stabilize the microenvironment with respect to pH, which may act beneficial on parameters such as microbial growth and respiration [7,68]. The clay can also form a protective matrix to guard viable cells against harmful effects of the surroundings, such as toxic species or damaging UV radiation [7,11,69,70,71,72,73]. Even many metals such as Na, K, Cu, Zn, Co, Ca, Mg, Mn, Fe, which can be considered bio-essential for fungal growth in lower concentrations, may become inhibiting in larger concentrations and can be bioremediated by means of fungal activity [20,21,69,70,74]. Within the laboratory environment, it has also been noted that clay mineralization induced by fungal pellets in suspension, may have diffusive effects on oxygen and nutrient uptake-exchange within the pellets, and that the clay particles can act as a barrier to remove toxic compounds [20].




3.2. Clays as Biosignatures


Iron is an omnipresent component of many, if not most, clays [75]. This is presumably a result of its great abundance in Earths’ crust [75]. The valency and internal ratio of Fe2+ to Fe3+ within clay structures have a significant effect on the physiochemical properties of clays, such as their ability to expand, cation-exchange capacity (CEC) and surface area (e.g., [56,76]), meaning that variations in clay mineralogy may be linked to the redox capacity of the precipitating fluids. Because of the element-complexing properties found within the clay structure, clay minerals are known to form complexes with many different chemical species, including organic molecules [77,78,79]. This may be partly attributed to the interconnection between clays and iron, including Fe oxides, which has a special affinity to complex organic molecules that prevent the prevalent oxidation of organics [80,81]. Therefore, the suggested stepwise accretion of Fe onto microbial cells followed by subsequent attraction and complexation of Al and Si [7] may be responsible for the high organic content of clays. Since clays thus can act as a protective barrier of organics, this may be a relevant reason to focus on iron rich clays or reactive Fe-species when it comes to the search for biomarkers in sedimentary deposits on Earth or possibly on Mars [81,82].



A majority of studies concerning microbial clay authigenesis have focused on prokaryote communities in more or less shallow sedimentary environments. There is, however, a glaring gap in the knowledge of microbial clay authigenesis within the igneous crust of continents and ocean, which together represents some of the world’s largest microbial habitats [83]. The oceanic crust can also provide an analogous setting for a potential subsurface-biosphere on Mars and understanding microbial preservation in cryptic subseafloor habitats on Earth may thus help us to better recognize similar processes on other planets. Therefore, the following sections will more specifically focus on mineralization of clays within the subsurface igneous crust, primarily but not exclusively, among fossil fungi. We will try to summarize the type of clay minerals that are primarily associated with biofilms in these types of extreme settings.





4. Microbial Clay Mineralization in the Igneous Crust: 2.4 Ga–48 Ma


4.1. Clay Fossilized Filaments from the Ongeluk Formation, South Africa


Ophiolitic pillow basalts from the Paleoproterozoic (2.4. Ga) Ongeluk formation, Griquatown West Basin, South Africa, was investigated by Bengtson et al. [19], who described filamentous fossils from secondary infilled amygdales in the basalt (Figure 1A–D). The Ongeluk basalt is estimated to have undergone low grade-type metamorphism, and the chlorite-mineralized filaments show metamorphic temperatures of 179–260 °C [19]. Individual filaments vary in size between 2–12 μm, but each filament has a consistent width throughout the length (Figure 1D). The filaments form intricate mycelium-like networks with morphological characteristics that suggest a fungal-like affinity (Figure 1D), which makes the Ongeluk fossils the currently oldest known fungus-like organisms in the fossil record, with large implications for the divergence of early opisthokonts [19].



SEM-EDS analysis from the study showed that the chloritized filaments have elemental compositions corresponding to the basal fossil biofilms, from which they extend [19], suggesting a similar biological origin of both filaments and biofilm. All examined samples have matrices composed of chlorite, quartz, feldspar and calcite, with apatite and Fe-Ti oxides as main accessory minerals [19].



The metamorphic nature of the chloritized filaments made it difficult to identify the composition of the original clay phases of the Ongeluk filaments; a potential precursor mineral might have been a smectite such as saponite, or berthierine from the chlorine-group [84]. A secondary chlorite phase in the Ongeluk samples is associated with chalcopyrite and were thus presumably affected by a higher-degree metamorphism with subsequent circulation of hydrothermal fluids (i.e., [19]). Due to the endolithic characteristics of the fossils, the microorganisms must have entered the basalt during the time-window where the cooling cracks and vug-system of the basalt was still open to sea-water circulation [19], but prior to the closure of the system by secondary mineralizations. A conservative age estimate of the filaments was therefore 2.06 Ga; after the termination of fluid circulation within the rocks and closing of the amygdales [19]. By 2.06 Ga, the deep oceans were presumably largely anoxic [85], which would imply that the Ongeluk biota had a largely anaerobic lifestyle.




4.2. Fungal Fossils from Fractured Granitic Rock


Drake et al. [25] described the first known occurrence of presumed anaerobic fossil fungi from a cored borehole within fractured granitic rock from the Laxemar-site, near the Äspö research laboratory, in Sweden. The samples described in the study are from a sectioned core taken at 740 m depth, where fossil filamentous microbes show distinctive mycelia-like characteristics (Figure 2A–F). Due to difficulties of constraining the timing of colonization, as well as the age of secondary mineralizations, the exact age of the filaments remains unknown. They are however presumably of Phanerozoic age, resting in 1.8 Ga granite host rock. The filaments are preserved as partly kerogenous, and partly clay mineralized fossils (e.g., Figure 2C) and occur in open fractures that run through a quartz-vein [25]. Stable carbon isotope SIMS microanalyses showed that the calcite precipitated along the edges of the fossil-bearing crack have substantially negative isotope values, down to δ13C-43‰V-PDB, indicative of anaerobic methane oxidizing metabolisms, in association to the fungal communities [25]. The fungi have diameters ranging from 2–20 μm, and both EDS and Raman spectroscopic analysis reveal that the filaments consist of clay-like Fe-Mg-Ca- phases, as well as some minor Fe oxides [25].



For this study, we looked closer at two cores from the Laxemar area: XLX09 taken at 740 m depth and XCX04 taken at 678 m depth, to identify clay mineralogy and to characterize the redox state of iron by investigating the ratio of structural Fe2+/Fetot within the clays (Figure 2D,E,G). The clay phase in the XLX09 core is a light beige-white substance, constricted to filamentous fungal hyphae (Figure 2D,E). The second core, XCX04, contains a more mature biofilm with less well-preserved hyphae and a darker, brown, clay phase (Figure 2G). Subsequent XRD analysis show that the main clay phase associated with the fungi from core XLX09, is a swelling smectite of dioctahedral montmorillonite-type (with some peaks also matching that of the trioctahedral smectite saponite), with a Fe2+/Fetot ratio of 33.9 % (Figure 3A,B). The second core (XCX04), with a darker clay phase, showed no significant swelling during a second XRD run with prepared wet-samples, however the analysed peaks were closest matched by montmorillonite, again with some peak overlap of saponite. Fe2+/Fetot was 30.6 %, i.e., it showed a small but significantly lower proportion of Fe2+ within the mineral structure compared to the white fungal clay phase in XLX09 (Figure 3A,C).




4.3. Fungal Biofilms within The Emperor Seamounts


Together with Hawaii, the Emperor seamounts, a submarine volcanic chain named in large after famous Japanese Emperors, extends over 5000 km in the Pacific Ocean and contains a sequence of volcanic islands and seamounts, presumably resulting from hotspot volcanism [25]. The chain has a north-south trend after which it bends to the south east- the oldest part, approximately 81 Ma, lies in the North East and the chain becomes successively younger until, by about 43 Ma, it bends towards the younger Hawaii islands.



Detroit seamount is situated in the northernmost, and oldest, part of the Emperor chain, and was drilled at several locations in 2001 (ODP leg197, cores 1203, 1204A and 1204B) [86]. The seamount holds pillow basalts with an age of approximately 81 Ma [35], dating back to the Cretaceous period. Within these cores, Ivarsson et al. [15,16], reported the presence of clay-fossilized fungi from a depth of 936.65 mbsf within the seamount (Figure 4A–D). The fossil fungal filaments and sporophore-like structures (e.g., Figure 4D) were closely associated with the presence of botryoidal Mn-oxides (Figure 4A–C), suggested to have a biological and possibly fungal, origin [16]. The fossil biofilms, green in stereo microscopic-reflected light, were identified in open vesicles (Figure 4A,C) and the filaments are attached to a basal biofilm, from which they protruded into the open space of the vug [16].



The basal biofilm as well as the filaments have similar compositions and consist of Fe-rich smectites [16]. The smectite phases were analysed using Raman spectroscopy, and showed distinct peaks most closely corresponding to Nontronite, the Fe3+-rich smectite endmember. A few spectral variations however suggested the possibility of a mixed signal for the clay phases, possibly corresponding to a Ca-poor montmorillonite (e.g., see [16]).



Ivarsson et al. [17], also investigated basaltic drill core samples from the Nintoku seamount, situated centrally within the Emperor submarine chain of Paleocene/Eocene age, dated to approximately 56 Ma. The authors examined a cored section from IODP sample site 197-1206-34R, and therein described an extensive fracture system, split open to expose fossil biofilms and associated microbial structures which had formed along the fracture-walls (Figure 5A–F). The exposed biofilm was 20–100 μm thick and contained cell-like structures comparable to yeast growth-phases (Figure 5E,F). Filamentous fungi, 15–25 μm in diameter, extended from the basal film in a complex mycelia-like fashion, comparable to that of other samples from the Emperor chain (e.g., Ivarsson et al. [15,16]. XRD and Raman spectroscopy analysis showed that both biofilm and filaments consisted of a swelling smectite-layer, most closely related to montmorillonite. In association to the hypha, cauliflower-like hematite bodies similar to microstromatolites were found, consisting of banded hematite [17].



Another IODP sample (197-1205A-024R) from Nintoku seamount was analysed using XRD and Mössbauer spectroscopy for this review in order to ascertain the clay composition and iron redox state at a different location within the seamount. The sample contained a green clay phase with a basal biofilm and filaments corresponding in morphology to fungal hyphae similar to those described by Ivarsson et al. above (Figure 5G). The hyphae consisted of a swelling smectite phase closely corresponding to XRD spectra from montmorillonite (with some peaks also matching that of saponite), with Fe2+/Fe tot ratio of 33.5 % (Figure 3A,D). These results correspond well to the XRD results obtained by Ivarsson et al. [17] from other depths at site 1205A and suggests a consistency with respect to the main clay phases present at different locations and depths within the Nintoku seamount, but also between different seamounts within the Emperor chain as well.



One of the youngest seamounts in the Emperor chain is Koko seamount, an underwater volcano dated to the Eocene epoch at 48 Ma [35]. Koko seamount rises approximately 5000 m from the abyssal plain, and Bengtson et al. [18] described from IODP sample 197-1206A-4R filamentous mycelia-like networks consisting of hematite tubules surrounded by a montmorillonite-like clay layer that extended from partly open vugs and vesicles in the basalt (Figure 6A–D). The fossil filaments were attached to a basal biofilm, with an outer crust consisting of a montmorillonite-phase similar to those surrounding the filaments. The base of the biofilm, however, was found to consist of hematite with carbon, and an upper hematite layer and montmorillonite type clay on top [18]. The hyphae extending from the basal film were often associated with cauliflower-like iron rich microstromatolites (Figure 6D), similar to the fungal systems present in Nintoku seamount (e.g., [17]).




4.4. Authigenic Clays within Late Devonian Pillow Basalts


Eickmann et al. [14] described the presence of fossilized cryptoendolithic filaments, of uncertain biological affinity, found in calcite-filled vesicles from ophiolitic Late Devonian pillow basalts in Germany. The filaments were preserved by clay mineralization, with an endmember composition similar to berthierine (with 36% of Fe as Fe2+)-chamosite/illite for the central strand, and illite-glauconite precipitated like a halo around the central strand. The precipitation of clay as described by Eickmann et al. [14] presumably proceeded as a passive mineralization of active functional groups on filament surfaces, similar to the process described by [7]. The most pristine filaments in the study contained Chamosite, the Fe2+ endmember of the chlorite group, indicating that encrustation of microbial cells proceeded from a poorly ordered Fe, Al silicate phase to a more crystalline chamosite (e.g., [2,13]). Similarly, Peckmann et al. [13] described microbial clay encrustation analogous to the Fe-Si encrustation explained from many other studies of mainly prokaryote biofilms (e.g., [1,2,3,4,5,7] and references therein), related to cryptoendolithic filamentous microorganisms from another German ophiolitic pillow basalt. Two kind of filaments were identified in the study; the first with an illite center consisting of a thin outer chamosite rim, and the other with a central TiO2 strand surrounded by illite with an outer rim of chamosite.





5. Redox Variability in Crustal Biosphere Habitats


Studies of microbial clay authigenesis in the igneous crust have so far only scratched the surface. However, the antiquity of for example the fungus-like Ongeluk fossils (Figure 1) described by Bengtson et al. [17], testifies to the fundamental nature of microbial clay mineralization in the deep subseafloor crust, extending as far back as the Paleoproterozoic. It is apparent from many studies i.e., [1,2,3,4,5,7,8,9,10,13,14,15,16,17,18,19,25,33,34,35,36,37,38,39] that authigenic mineral precipitation, in particular clay authigenesis, related to microbial communities and their EPS seems to follow a similar pattern (see e.g., [7]) among prokaryotes as well as within most fungal biofilms. This suggests an analogous mode of formation, albeit with some variations, particularly in the style and degree of microbial preservation within the igneous crust. Variations in the orogenic history of the source rock, may be one reason for these differences. How variations in oxygen levels and thus the redox state of a system affects fungal clay authigenesis, including the type of clay that forms, is however more uncertain: Seamounts and oceanic spreading centers are commonly uncovered by sediments, and can work as oxygen pumps of sorts, circulating oxygenated seawater through the porous upper oceanic crust, i.e., [87]. Generally, within the deep ocean sediments, oxygen is rapidly used up through reactions with organic material in the shallow upper layers, which leave significant parts of deep-sea sediments essentially anoxic [87]. At the sediment-basalt interface, however, increased oxygen concentrations are to be expected due to the input of oxygen-rich oceanic water circulating within the crust and diffusing upwards, into the sediments [87]. The description of especially Fe and Mn oxides in amygdales and cracks within oceanic basalts (e.g., [16,35]) are good indications of at least partly oxygenated conditions within the oceanic crust, permitting the transportation of otherwise insoluble Fe and Mn species. However, the oceanic crust is heterogenous, and even if the oceanic crust in general is believed to be more or less oxygenated [88], locally reducing conditions may prevail in places where anoxic or sub-oxic fluids from hydrothermal sources reach the crust [87] or in areas extending away from mid-ocean ridges and hotspots.



Oxygenation within a sealed space may also be subject to variations on the temporal scale during which colonization of the basalt takes place affecting the subsequent precipitation of secondary minerals: For example, McKinley et al. [11], describe clay authigenesis in Miocene flood basalts, where fractures containing clay-fossilized filaments of presumed prokaryotic nature also contain a range of secondary minerals such as oxic ferrihydrite, trioctahedral Fe2+-rich smectites, pyrite and quartz, together suggesting that local conditions were initially oxic, but turned progressively anoxic [11], emphasizing the variable nature of the basaltic crust.



Our review of authigenic clay precipitation within fungal communities suggest that the impact of oxygen on the precipitating clay phase may in fact be rather negligible, at least within the deep crust, seeing as the preferred mineralogy associated with fossil fungi from both anoxic deep granite rocks as well as oxygenic seamount basalts, are similar types of swelling montmorillonites (see Table 1 for comparison of clay mineralization among various herein discussed localities). Similarities in our XRD spectra with that of the trioctahedral smectite saponite is also worth to mention, seeing as saponite clay have been attributed to the activity of microbial communities in hydrothermal settings from Iceland, recently described by Geptner et al. [53]. Various members of the chlorite group have been more sporadically described associated with deep biosphere microbial fossils, i.e., [13,14,19], all with ages ranging from Devonian or older. Also, the degree of structural Fe2+ is roughly equal between these settings, with a small but significant difference of about 2.9% more Fe2+ within montmorillonites/smectites precipitated under anoxic conditions.



Noteworthy is that the preservation of filamentous fungi from the Pacific Ocean Emperor seamounts appears to have occurred in vivo, or possibly very early post mortem, considering the pristine nature of the clay-encrusted filaments (i.e., Figure 4, Figure 5 and Figure 6). The mycelia are evenly encrusted and structurally intact, forming complex 3D networks (i.e., Figure 6). They do not appear collapsed, and filaments can rather often be seen protruding in or out of associated secondary minerals such as zeolites (Figure 5A–D). All filaments described by Ivarsson et al. and Bengtson et al. from the Emperor seamounts [15,16,17,18,19,33,34,35,36,37,38], are thus encrusted by mainly smectites in the form of montmorillonite-type clays. Swelling smectites such as montmorillonite in particular, are particularly sensitive to alteration processes that can affect the structure and mineralogy of the clay, i.e., [89]. Smectites are also among the most prone to destabilization due to for example microbial iron reduction [90], which make smectites including montmorillonite-type clays good indicators of fairly juvenile, or unaltered, conditions within sealed vesicles or cracks. These characteristics of smectites corresponds well to the structural fidelity of the montmorillonite-encrusted fungi from especially the Emperor seamounts. Intriguingly, the fungi preserved by clay mineralization in the anoxic deep crust, exemplified here by the Laxemar fungal fossils (Figure 2), appear less well-preserved, compared with the pristine fossils of basaltic seamounts (i.e., compare Figure 2C,F to Figure 5 and Figure 6). In a few cases, it is possible to observe that the Laxemar filaments are only partly encrusted with montmorillonite clays and the remainder of the filament is instead preserved as kerogenous fossils (Figure 2C). In all, mineralization in these settings appear to have been less continuous, and this together with the irregularity of preserved specimens, might suggest that mineralization did not occur while the organisms were alive, but rather as a post mortem process on top of carbonaceous filaments. Thus, the presence of oxygen in the ambient environment appears to have a small effect on the type of clay mineral that forms. However, the effect of oxygen may be larger when it comes to the timing and mode of fossil preservation, especially related to the preservation of kerogenous filaments, which may be more pronounced in low oxygen settings.



One potential driving mechanism behind the structural differences exhibited by montmorillonite-covered fungi in anoxic granitic versus oxic basaltic settings, may be related to the production and structure of fungal EPS, which can differ greatly between oxygen-variable settings; In general, fungal EPS production is stimulated by the presence of oxygen and can be lower or absent among anaerobic fungi [62]. Fungal EPS, like microbial EPS in general, is expected to play a significant part in the mineralization process, acting as a cation-trap and potential mineral nucleation-source, eventually promoting further mineral precipitation [45]. Therefore, the amount as well as the structure of the fungal EPS may well affect the degree and style of mineralization within fungal communities as well.



Looking closer at some of the ophiolitic settings described by Bengtson et al. [19], Peckmann et al. [13] and Eickmann et al. [14], the taphonomy of microbial preservation here seems rather similar; with filaments preserved as a central strand surrounded first by a halo and then by an outer rim, with different mineral compositions. This may suggest that various physical and diagenetic processes related to the uplift of oceanic crust onto continents have affected both the mineralogy and taphonomy of the cryptoendolithic microbes. The abundance of chlorite mineral members from all of these locations support such a theory, seeing as chlorite derived from various precursor clay minerals are common processes during low temperature (<200 °C) alterations (e.g., [84]). The complex nature of preservation, with several different mineral phases or “zones”, may thus be the result of a complex diagenetic and orogenic history, compared to microbial fossils containing only one juvenile clay phase, such as smectites of montmorillonite-type (see e.g., [89]).



Further supporting a more complex mode of microfossil-preservation in relation to low temperature alterations, are microfossil-finds by Sakakibara et al. [91] within pre-Jurassic age metabasaltic rocks from central Shikoku, Japan. This study described the presence of branching filamentous microbes within previously water-filled vesicles within the basalt, which allowed the formation of microbial clay within the open space, thus preserving the putative microorganisms. In the case of the Sakakibara [91] fossils, these are preserved as central filamentous strands composed of Fe oxides and surrounded by a halo of phengite with a rim of pumpellyite—all of which could have formed from microbial clay precursors such as illite-glauconite (for phengite) and illite-chamosite (for pumpellyite) during light metamorphism [91].




6. Summary


Preservation of cryptoendolithic microbial communities, especially fungi, within Earths igneous crust is intimately linked to the precipitation of authigenic clays. In particular swelling smectite minerals such as montmorillonite, have been described from various deep subsurface localities. Our study suggests a larger input from biology on the formation of clays in the subsurface igneous crust of both land and oceans, than what has hitherto been recognized. While traditionally, the external environment has been suggested to control the mineralogy of precipitating clays to a large extent, our results suggest that similar type of swelling smectites form associated with fungal filaments and biofilms in subsurface crustal settings highly variable with respect to both source rock (felsic granite versus basic basalt) and ambient pO2. The effect of oxygen on fungal clay precipitation, however, is likely complex, and may affect the timing as well as the taphonomy of the mineralized microbe. Overall, we suggest that intrinsic factors, such as the extracellular organic matrix, have a large impact on the type of clay that precipitates around microbial cells and EPS. This, in turn, suggests that the presence of life in the deep oligotrophic crust probably have a far greater effect on the cycling of chemical species, such as Fe, Al and Si than what has been previously established and may in fact be responsible for a great fraction of secondary clay minerals in the deep subsurface biosphere.
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Figure 1. Optical micrographs of basalt from the Ongeluk formation, South Africa, showing a vesicle with extensive fungal-like mycelia consisting of chlorite. (A) Vesicle in basalt matrix with fungal chloritized hyphae surrounded by secondary infilled calcite. Boxed area is enlarged in (B). Scale bar equals 200 μm (B) Enlarged area from (A) showing dense fungal-like mycelia protruding from the walls into a vesicle. Filaments consist of chlorite and are enclosed in calcite. Scale bar is 100 μm. (C) Detail of chloritic fungal hyphae surrounded by calcite. Chlorite is yellow, calcite white. Scale bar equals 50 μm. (D) Chlorite filaments with even diameters show fungal like characteristics such as potential anastomosis (arrow). Scale bar equals 10 μm. 
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Figure 2. Scanning electron (A–C,F,G) and stereo (D,E) micrographs of fungal fossils from fractured granitic rock, Laxemar drill-cores, Sweden. The fossils are preserved mainly by clay mineralization but also as carbonaceous filaments. (A) Clay mineralized hyphae with a central strand. Scale bar equals 25 μm. (B) Close-up of clay mineralized hyphae with a central strand (arrow). Scale bar equals 25 μm. (C) Part clay-part carbonaceous fungal hyphae preserved within a hollow fracture. Scale bar equals 20 μm. (D) Sample of flight fungal biofilm from Laxemar run by XRD and Mössbauer spectroscopy for this review. Calcite surround the biofilm. Scale bar equals 300 μm. (E) Close-up of light fungal clay mineralized hyphae run by XRD and Mössbauer spectroscopy for this review. Scale bar equals 100 μm. (F) Poorly preserved fungal hyphae with uneven clay encrustation. Scale bar equals 300 μm. (G) XRD and Mössbauer spectroscopy sample showing a dark clay phase assumed to represent altered fungal biofilm from Laxemar. Scale bar equals 200 μm. 
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Figure 3. XRD (A) and Mössbauer spectra (B–D) of sample 1205A-024R (Nintoku seamount, clay mineralized hyphae) and two fungal biofilm samples (light and dark) from Laxemar, Sweden. (A) Summary of all XRD spectra encoded by color showing XRD peaks most closely related to smectites, in particular montmorillonite (there are also some peak matches with the smectite-group mineral saponite). (B) Mössbauer spectrum of light-colored clay mineralized fungal filaments from Laxemar. Diamonds represent the measured spectrum; the thick solid line represents the sum of the two fitted doublets (thin lines) assigned to Fe3+ and Fe2+ (Fe2+/Fetot: 33.9%). (C) Mössbauer spectrum of slightly altered dark-colored clay mineralized biofilm from Laxemar. Diamonds represent the measured spectrum; the thick solid line represents the sum of the two fitted doublets (thin lines) assigned to Fe3+ and Fe2+ (Fe2+/Fetot: 30.6%). (D) Mössbauer spectrum of green-colored clay mineralized fungal filaments from sample 1205A-024R, Nontoku seamount. Diamonds represent the measured spectrum; the thick solid line represents the sum of the two fitted doublets (thin lines) assigned to Fe3+ and Fe2+ (Fe2+/Fetot: 33.5%). 
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Figure 4. Stereo (A–C) and Scanning Electron micrographs of fungal biofilms protruding from the walls into empty or partly filled vescicles within basalt from Detroit seamount, samples 1204B-16R-01 and 1203A-57R3. (A) vesicle filled with authigenic clay (yellow-cream) and Mn-oxides (black). Fungal hyphae are preserved in clay within the vesicle. Scale bar equals 500 μm. (B) Close-up of hyphae and basal biofilm preserved as clay with a basalt matrix. Scale bar equals 200 μm. (C) Vesicle with green-colored clay mineralized filaments and biofilm protruding into an empty void surrounded by basalt matrix. Scale bar equals 200 μm. (D) Fungal mycelia with potential sporophore structures (arrows). Scale bar equals 50 μm. 
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Figure 5. Stereo (A–D,G) and Scanning Electron micrographs showing fungal biofilm with yeast- like structures preserved in green clay from samples 1205-34R-5 (A–F) and 1206A-024R (G), Nintoku seamount. (A) Open fracture exposing filamentous fungal biofilms preserved in clay, partly intergrown and overgrown by zeolites (translucent minerals) with dark Mn-oxides present. Boxed area is magnified in (B). Scale bar is 1 mm. (B) Close-up of boxed area from (A) showing clay mineralixed hyphae intergrown with zeolite crystal. Boxed area is magnified in (C). Scale bar is 200 μm. (C) Close-up of boxed area from (B). Evenly preserved clay mineralized fungal hyphae with spore-like structures attached. Scale bar is 50 μm. (D) Fungal mycelium intergrown with zeolites. Scale bar is 100 μm. (E) Fungal biofilm with yeast-like cells attached to the surface. Scale bar is 250 μm. (F) Close-up of yeast-like cells from fungal biofilm. All cells and hyphae are preserved as authigenic clays. Scale bar is 50 μm. (G) XRD and Mössbauer-run sample 1206A-024R, showing green clay mineralized fungal filaments. Scale bar is 100 μm. 
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Figure 6. Stereo (A–B) and Scanning Electron micrographs (C–D) of clay mineralized fungal biofilms from Koko seamount, sample 1206-4R-2. (A) Vesicle containing clay encrusted mycelia that branch and diverge. Scale bar is 400 μm. (B) Close-up of pristine mycelia network preserved in a rust-colored clay. Scale bar is 200 μm. (C) Close-up of evenly clay encrusted fungal hyphae. Scale bar is 24 μm. (D) Fungal mycelia with embedded cauliflower-like microstromatolites of Frutexites-type (arrow). 
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Table 1. Summary of studies focusing on subsurface clay authigenesis associated with (mainly) fungal biofilms. Publications are arranged according to age from the top-down.
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	Reference
	Age
	Setting
	Preservation
	Clay Phase
	Color of Clay
	Assumed Source Fluid (This Review)





	[19]
	Bedrock 2.4 Ga

(filament ages ~2.06 Ga)
	Ongeluk ophiolite, South Africa
	Clay mineralization,

slightly metamorphic and chloritized
	Chlorite (transformed from precursor clay)
	Pale yellow-brown
	Anoxic



	[25]
	Bedrock 1.8 Ga

(filament ages not constrained, Phanerozoic)
	Continental fractured granite Laxemar, Sweden (drill cores)
	Clay mineralization/carbonaceous filaments
	Fe/Mg/Ca-rich clay, minor Fe-oxides
	Cream white (sample XLX09)
	Anoxic



	[13]
	Presumed Devonian
	Arnstein ophiolite, Germany (pillow basalt)
	Clay mineralization
	TiO2 filament-strands surrounded by illite and chamosite
	Pale yellow-brown
	Presumed oxic-sub oxic



	[14]
	Presumed Devonian
	Frankenwald and Thüringer Wald, Germany (pillow basalt)
	Clay mineralization
	Illite center/chamosite rim or TiO2 filament-strands surrounded by illite and chamosite
	Green
	Presumed oxic-sub oxic



	[16]
	Cretaceous, 81 Ma
	Oceanic crust, Detroit seamount (basalt drill cores)
	Clay mineralization
	Smectite (montmorillonite)
	Cream yellow (sample 197-1204B-16R-01)
	Oxic -slightly sub oxic



	[17]
	Paleocene-Eocene boundary, 56 Ma
	Oceanic crust, Nintoku seamount (basalt drill cores)
	Clay mineralization
	Smectite (montmorillonite)
	Green (sample 197-1205-34R-5)
	Oxic -slightly sub oxic



	[15]
	Paleocene-Eocene boundary, 56 Ma (Nintoku seamount)/ Eocene, 48 Ma (Koko seamount)
	Oceanic crust, Nintoku and Koko seamounts (basalt drill cores)
	Clay mineralization
	Smectite (montmorillonite)
	Green (sample 197-1205-34R-5), Yellow-cream/red (sample 197-1206-4R-2)
	Oxic -slightly sub oxic



	[18]
	Eocene, 48 Ma
	Oceanic crust, Koko seamount (basalt drill cores)
	Clay mineralization
	Smectite (montmorillonite)
	Yellow-cream/red (sample 197-1206-4R-2)
	Oxic -slightly sub oxic
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