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ABSTRACT 

Three iron oxides-rich microsphere types (Type I to III) were detected in an Holocene 17 m-

thick stratigraphic succession located in the Iberian Range (NE Spain). Lithofacies features 

indicate that the studied materials were generated in an alluvial-dominated setting, with a 

channeled area fringed by floodplain zones. During high water levels and high-energy floods, 

gravels and sands deposited in the active area and in lateral overbank areas. In these lateral 

areas, mud settling took place when flood decreased and then anoxic conditions could be 

reached due to microbial oxidation of organic matter and the low permeability of the marly 

sediment. X-ray diffraction (XRD) analysis of 32 samples and microtextural observation of 10 

samples by Field Emission Scanning Electron Microscopy (FESEM) revealed the occurrence of 

Fe oxi-hydroxides microspheres showing different surficial structure. These microspheres are 

pseudomorphs after pyrite framboids although the formation of some primary Fe oxy-

hydroxides aggregates cannot be rejected. Pyrite framboids genesis in sediments underlying 

oxic-dysoxic water column would have been favored by anoxic conditions reached in lateral 

overbank areas after main flooding, involving the activity of Fe reducing bacteria and sulfate-

reducing bacteria (SRB), given the high SO4
= availability provided by the highly mineralized 

groundwater from the upstream Baños de Ariño spring. Subsequent change to oxic conditions 
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during the exposition of the floodplain enhanced the transformation of pyrite into Fe oxy -

hydroxides, as well as in microenvironments around cracks and roots. Pyrite oxidation likely 

took place with the implication of neutrophilic iron oxidizing Bacteria and Archaea living in 

microaerophilic conditions, as well as cyanobacteria, given the close association of Fe oxides 

framboids with microbial features. In addition, pyrite and/or Fe oxi-hydroxides framboids from 

marl levels could have been incorporated to sand sediments during further overbank flooding 

episodes. Under these new oxic conditions pyrite oxidation would have been favored and even 

the formation of primary Fe oxy-hydroxides. 

KEY WORDS: framboids; pyrite; Holocene; alluvial deposits; bacteria 

 

1 INTRODUCTION 

Fe-oxides and oxy-hydroxides hematite, goethite, and lepidocrocite, common minerals in 

natural environments, are frequently used as palaeoenvironmental indicators.  

In this paper different types of iron oxides-rich microspheres occurring in an Holocene 

stratigraphic succession located in the Iberian Range (NE Spain) have been studied. Several 

authors have identified Fe-oxides spherical aggregates whose formation has been attributed to 

different processes, with or without bacterial involvement, in various natural environments 

(Luther III et al., 1982; Merinero et al., 2008; Sgavetti et al., 2009; Bailey et al., 2010; Cavalazzi 

et al., 2012; Fayek et al., 2012; Potter-McIntyre et al., 2014; Zhang et al., 2014); even within 

macrofossil remains (Schweitzer and Horner, 1999; Kappler and Newman, 2004; Sawlowicz and 

Kaye, 2006; Kaye et al., 2008; Blanco et al., 2013). These spherical aggregates have been often 

interpreted as oxidated pseudomorphs after pyrite framboids.  

The formation of pyrite at low ambient temperature (<100o C) is considered to be directly or 

indirectly linked to the oxidation of organic matter by dissimilatory sul fate reducing bacteria in 

anoxic conditions (Canfield, 1989; Konhauser, 2007). Pyrite framboids are very common in the 

geological record and mostly identified in ancient rocks or modern marine anoxic sediments. 
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However, their occurrence has been scarcely documented in continental deposits and, is 

restricted to anoxic deep or saline shallow lakes (e.g. Pérez et al., 2002). Conversely, reports of 

pyrite framboids formation in recent surficial and oxygenated fresh water environments, like 

the one described here, are very scarce (e.g. Luzón et al., 2011).  

The interest on the genesis of iron oxides and hydroxides spherical structures has increased 

due to recent findings of presence of iron oxides spherules in Mars and their possible relation 

with photo-oxidation processes of Fe sulfides in aqueous conditions, whose formation has 

been in some cases related to bacterial activity (Zolotov and Shock, 2005; Sgavetti et al., 2009; 

Egglestone et al., 2010; Blanco et al., 2013). 

Cyanobacterial dominated microbial mats grow frequently on the sediment surface in 

freshwater, brackish and marine environments subject to frequent oscillation in the water 

level (Garcia de Lomas et al., 2005, Stal, 2012). This microbial biofilms or mats are complex 

multispecific community harboring a considerably metabolic diversity. The oxygenic 

phototrophic community composed by cyanobacteria and other eukaryotic microalgae as well, 

in the modern microbial mats, provides O2 and organic matter, which both contribute to 

support complex heterotrophic and chemolithotrophic communities, which find their 

ecological niches at different depth within the microbial mats due to the strong gradients of 

different e- donors and acceptors (Froelich et al., 1978). In addition microorganisms within the 

mat are surrounded by an organic matrix of extracellular polymeric substance (EPS) secreted 

by the microbes themselves (Decho, 2000). The variety of microbial activities, the control of 

the cycling and exchange of nutrients and other elements at the sediment-water interface, the 

trapping of sediment particles, and the capacity to bind cations to the negatively charged EPS 

and cellular surfaces, make the sediment surface in aquatic environments “hot spots” of 

intense biogeochemical activity, creating the necessary conditions for intense bioweathering 

and biomineralization (Beveridge et al., 1997; Cuadrado et al., 2012). The role of organic 
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molecules and polymer matrix is considered essential in regulation of crystal growth, size and 

their morphology (Mann 1988; Bianconi et al. 1991, Sawlowicz 2000). 

The aim of this work is to characterize Fe oxides- and oxy-hydroxides- rich microspheres 

originated in a fluvial setting during the Holocene and find out the conditions under which they 

were formed. The present paper documents the probable formation of pyrite framboids at low 

temperature in an environment where they have been scarcely described, such as fresh water 

sediments underlying oxic-dysoxic water column. On the other hand, given the characteristics 

of the materials where the aggregates are found, the palaeoenvironmental conditions under 

which they were formed, and the different textural types of iron oxide framboids it is 

considered that the development of these aggregates occurred mainly in flood plain areas with 

alternating oxic and anoxic conditions in the sediment and through the oxidation of former 

pyrite framboids. Therefore, the work gives information on the mechanisms of pyrite 

framboids oxidation to Fe oxides, probably induced by microbial activity. Accordingly, the 

paper provides insights on the relationship between the variation of the palaeoenvironmental 

conditions and the processes and mechanisms of pyrite framboids formation and their 

transformation to Fe oxides.  

2 GEOLOGICAL CONTEXT 

The study area is located in the medium reaches of the Martín River in the Iberian Range (NE, 

Spain), downstream of Ariño village (Fig. 1). It is dominated by Mesozoic and Cenozoic rocks 

involved in E-W to NW-SE trending tectonic structures (folds and thrusts) generated during the 

alpine orogeny. Mesozoic and Cenozoic units are widely represented in the area. With the 

exception of the Keuper facies, the Mesozoic units are mainly carbonates. Nevertheless, the 

siliciclastic Escucha Fm. (Lower Cretaceous) contains thick coal beds and has been mined in the 

Escuriza River valley, a tributary of the Martín River, since the past century. Cenozoic units are 

composed of mudstones with interbedded conglomerates. Quaternary deposits, mainly 

detrital, are commonly associated to the Martín River valley that, in some zones, shows a well-
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developed floodplain (Fig. 1). Several Pleistocene and Holocene terrace and glacis levels have 

been described (Ríos et al., 1981; Lozano et al., 2004; Muñoz et al., 2016; Entrena et al., 2017). 

The studied samples were collected in “Los Estrechos” area, downstream the Baños de Ariño 

spring (Fig. 1) and come from a stratigraphic profile (Huerta Perales profile, HP from now) 

made by Muñoz et al. (2016) in the Holocene “Lower terrace” of Lozano et al. (2004), located 

15-20 m over the recent talweg. The studied succession is 17 m-thick (Fig. 2) and mainly 

horizontal in the profile site, nevertheless far to the river it slightly dips from the valley 

margins towards the talweg. These deposits represent sedimentation in an alluvial system with 

the main channel flowing towards the North, as nowadays, that received lateral supplies (Fig. 

1). The sedimentary system was fed by surficial waters and also by highly mineralized 

groundwater (calcic-magnesian sulfate-bicarbonate) from the Baños de Ariño spring, located 

3.5 km upstream the sampled profile (Fig. 1). Growth of tufas was locally important (Muñoz et 

al., 2016; Entrena et al., 2017). 

 

3 METHODS  

A detailed log of a stratigraphic profile (HP) was carried out and sedimentary facies defined by 

their lithology, bed shapes, textural features and sedimentary structures. The chronology of 

the profile was established by AMS (accelerator mass spectrometry) 14C dating on four charred 

remain samples. Selection of the samples was conditioned by the presence of organic material 

trying to avoid potential “hard water effect” problems. Necessary preparation and pre-

treatment of samples, as well as radiocarbon dating were carried out in the Centro Nacional de 

Aceleradores (Sevilla, Spain). 14C ages were calibrated using Calib 7.0 program (Reimer et al., 

2013). 

The mineralogical composition, whole rock and <2 m fraction, of 32 samples from the profile 

under study was determined by X-ray diffraction (XRD) using a Philips PW1710 diffractometer 

with CuKα radiation, automatic divergence slit and graphite monochromator, from the 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

6 
 

University of Zaragoza. The fine fraction was separated by centrifuge and analyzed on air dried 

and ethylene glycol-treated (at 60 °C for 48 h) oriented aggregates. The XRD data were stored 

as computer files with the XPowder software (Martín, 2004). To compare the study samples, 

an estimation of mineral abundance was carried out using the normalized reference intensity 

ratio method (Chung, 1974; Jenkins and Snyder, 1996) and the weighting factors of Schultz 

(1964) and Biscaye (1965). The analytical error of the semiquantitative determination is about 

5%. 

Ten selected samples were analyzed by Field Emission Scanning Electron Microscopy (FESEM) 

using secondary (SE) and backscattered electron (BSE) images and Energy-Dispersive X-ray 

(EDS) analysis. The observations were performed using a Carl Zeiss MERLIN FESEM equipped 

with an Oxford Instruments INCA 350 EDS detector. An accelerating voltage of 4 to 15 kV and a 

beam current of 1 to 2 nA with a counting time of 50 s were used for analysis. Samples were 

carbon coated. 

 

4 RESULTS 

4.1 Dating and Sedimentary lithofacies 

The dating by 14C of four samples from the HP profile (Fig. 2) in the Martín River left bank (Fig. 

1) indicated that these materials were deposited in the Holocene (Table 1). Four lithofacies can 

be recognized in this profile: gravels, sands, marls, and tufas (Table 2). Further information can 

be found elsewhere (Muñoz et al., 2016). 

Gravels (Fig. 3A) are grain-supported, with coarse sand or microconglomerate matrix and 

carbonate and siliceous rounded-subrounded pebbles and cobbles. They form decimeter-thick, 

tabular or channeled fining upward bodies with imbrication and trough cross bedding. This 

lithofacies represents high-energy tractive water flows and deposition in the active fluvial area 

either in braided channels or in fluvial bars (Hein and Walker, 1977; Miall, 1996). Paleocurrents 

evince, as nowadays, northwards-directed flows. 
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Sands are ochre or beige, fine to medium-grained, rarely coarse (Fig. 3B). They form tabular 

strata 10 to 80 cm-thick, or less frequently channels up to 1.30 m; both are fining upwards. 

Tabular strata show horizontal and convolute lamination, climbing ripples and root traces, and 

channels through cross bedding. Remains of charred material, tufa and gastropod have been 

widely recognized. This lithofacies is related to less-energetic tractive flows (Hein and Walker, 

1977; Miall, 1996). Two main sites of deposition can be interpreted: i) channels and ii) 

overbank vegetated areas reached during flooding or channel avulsion episodes. Convolute 

lamination and climbing ripples, suggest high sedimentary rates and rapid deposition (Jopling 

and Walker, 1968; Allen, 1982). 

Marls, sometimes laminated, are predominantly grey, locally brown or ochre (Fig. 3C), and 

form tabular decimeter-thick beds with up to 5 cm very disperse carbonate clasts. Levels with 

charred and tufa remains are very common, as well as root traces, which can reach several 

decimeters in length and 3 cm in diameter, and are usually covered by lenticular gypsum 

crystals (Fig. 3C). Moreover, gastropods and ostracods are present. This lithofacies evinces 

mud-settling in episodically flooded, vegetated overbank areas (Miall, 1978; 1996). The 

existence of tufa and charred remains agrees with such interpretation, being dragged till these 

areas during flooding events (Luzón et al., 2011). Differences in color indicate changes in soil 

oxidation conditions, with grey beds related with lower Eh values and ochre ones to more oxic 

conditions, during which growing of gypsum would took place. Charred remains are mainly 

related with fires probably generated during dryness episodes. 

Tufas form several decimeters-thick phytoherms (boundstone beds) of stems, reeds, and 

bryophytes (Fig. 3D). Moreover, irregular phytoclastic beds (packstone-rudstone), 10 to 60 cm 

in thickness, made of fragments up to 2-3 cm with marly matrix, can be identified. This facies 

represents carbonate precipitation and tufa genesis in overbank areas, river banks, or 

alternatively, genesis of barriers in the fluvial active zone (Pedley, 1990; Ford and Pedley, 
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1996); tufa barriers development would have conditioned flooding upstream. Phytoclastic 

beds reflect tufa erosion during high-energy floods or exposition episodes of the barriers. 

 

4.2 Mineralogical composition 

High calcite contents stand out in all the lithofacies (Table 3). Calcite is the main mineral in 

almost all the samples, except in one case, a gravel level with predominantly siliceous clasts. 

Sand samples show high quartz contents but also calcite, which,  along with their poor or 

virtually null cementation, points out a mainly detrital origin for calcite. Marl samples show the 

highest phyllosilicate contents, and tufas, as expected, the highest calcite and the lowest 

quartz+phyllosilicate contents. Dolomite, gypsum and occasionally feldspars have been 

detected as minor minerals by XRD. The <2 m fractions are composed of illite and kaolinite as 

major minerals, along with mixed-layer illite-smectite as minor phases, and evidences of 

chlorite in some samples. Illite/kaolinite ratio is close to 2 (1.7). In the <2 m fraction of five 

sand samples lepidocrocite (FeOOH) has been identified by XRD. Root traces are covered by 

lenticular gypsum crystals and filled by phyllosilicates, gypsum, and goethite (hematite is not 

ruled out although its presence cannot be confirmed). 

 

4.3 Microtextural analysis 

FESEM images show that calcite occurs as anhedral crystals of different sizes, which frequently 

show surface features probably due to dissolution processes (Fig. 4A). Irregular surfaces have 

been also observed in gypsum (Fig. 4B) and dolomite (Fig. 4C), which could be related to 

dissolution processes or, as for dolomite, to neoformation of tiny crystals on previous ones. 

Phyllosilicates occur as micron-sized anhedral particles. Sometimes they appear as larger (up 

to 40 m long) aggregates, as in the case of kaolinite (Fig. 4D), probably coming from nearby 

Cretaceous materials (Utrillas and Escucha Fms.), where kaolinite content doubles illite one 
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and it frequently occurs as aggregates similar to those described here (González-López et al., 

2005). 

As above mentioned, in the <2 m fraction of some sand samples, lepidocrocite (FeOOH) has 

been identified by XRD. The study of the samples, sands and marls,  under the FESEM has 

showed that Fe-oxides and/or oxi-hydroxides generally occur as loose irregular masses of 

discrete microcrystalline grains (Fig. 5A) with different morphological features: anhedral 

nanocrystals (<100 nm) of different sizes (Fig. 5B); skeletal octahedral crystals (≈1 µm) (Fig. 

5C); or more or less equidimensional nanocrystals (300-400 nm), some of them probably 

octahedral, in turn composed of tiny planar crystals arranged face to face (Fig. 5D). In 

agreement with XRD data, some of these crystals are probably lepidocrocite. In addition, in the 

sands and marls facies, different sized spherical aggregates of Fe-phases have been frequently 

identified (Fig. 5E). They usually appear enveloped by a cover that masks their surficial texture 

(Fig. 5F). Occasionally, microspheres composed of euhedral octahedra have also been 

observed (Fig. 5G, H) and EDS analyses reveals, in all cases, the presence of O and Fe, and the 

total lack of S, indicating that the different identified morphologies are exclusively composed 

of Fe- oxides and/or oxi-hydroxides. Unfortunately, these spherical aggregates could not be 

separated and concentrated to be analyzed by XRD and thus we are not able to confirm which 

oxides and/or hydroxides are composed of. 

The size of Fe-oxides spherical aggregates varies from 4 to 30 m, with an average value of 

12.4 m and a mode around 11-12 m. Three different types of spherical aggregates (Types I, 

II, and III) have been identified according to the surficial observable structure. 

Type I are spherical aggregates composed by equant skeletal crystals (~1 m). Among these, 

polygonal sections of polyhedral shapes resembling octahedra can be recognized (Fig. 6A, B). 

These skeletal crystals are, in turn, composed by nanometric anhedral crystallites randomly 

arranged. 
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Type II consist of spherical aggregates made up of subhedral equant crystals with 

morphologies close to polyhedra and sizes <0.5 m, composed by planar anhedral 

nanoparticles arranged face to face (Fig. 6C, D). Backscattered Electron images (BSE) evidence 

hollow octahedral morphologies (Fig. 6E). 

Type I and II aggregates can be described as microscopic spheroidal to sub-spheroidal clusters 

of equidimensional and equimorphic microcrystals, and subsequently they can be considered 

as framboids (Ohfuji and Rickard, 2005). Sulfur was not detected by EDS analyses and there is 

no pyrite evidence by XRD. Nevertheless, skeletal crystals morphologies from Type I framboids 

point out that these spherical aggregates are the result of Fe-oxides replacement after pyrite 

framboids constituted by octahedral crystals. In the case of Type II framboids, the presence of 

occasional skeletal crystals, their morphology and BSE images (Fig. 6E) permit to deduce the 

same origin proposed for Type I. Type I and II aggregates have been identified in both marls 

and sands lithofacies. 

Type III are spherical aggregates showing an internal structure composed of subspherical 

morphologies 2-2.5 m in diameter and covered by acicular or lens-shaped nanocrystals that 

in some zones appear to have radial distribution (Fig. 6F, G). This can also be observed in BSE 

images (Fig. 6H). These aggregates could be considered as poliframboids composed of   

framboids of massive iron oxi-hydroxides after pyrite transformation, developing outer rims, 

halos and prismatic overgrowth, or “sunflower framboids” (Sawlowicz, 2000; Merinero et al., 

2009; 2015) but smaller than those described by these authors. Nevertheless, BSE images 

show that sometimes the core of the subspheres composing these aggregates have 

subpolyhedral morphology (Fig. 6H), suggesting that Type III aggregates could also have been 

pyrite framboids in origin. The surficial textural features of the subspheres constituting these 

aggregates, covered by radially arranged acicular or lens-shaped nanocrystals, seem to be 

similar to Fe-oxides botryoidal infills or cements, whose origin would require previous pore 
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spaces occupied by a solution or a gel. Type III aggregates were identified in this study only in 

low to unconsolidated, highly porous, ochre or beige sands.  

On the other hand, Fe oxides filling root traces show textures similar to Type III aggregates. In 

this sense, it would appear that Fe oxides constituting Type III aggregates could be goethite, in 

agreement with XRD data of oxi-hydroxides filling root traces, although it cannot be confirmed 

with certainty, as commented before. 

Interestingly, structures resembling microbial organisms or biological tissue have been 

observed closely associated to the spherical Fe-oxides aggregates. Some of them consist of 

nanometrical subspheres arranged in chain-like structures (Fig. 7A); others appear as random 

clusters of micron-sized ring-shaped structures in close spatial relationship with the spherical 

aggregates or partially covering them (Fig. 7B). In some cases, the microspheres previously 

described are nearly covered (Fig. 7C) by a coating of small ellipsoidal capsules (<1 m), most 

of them collapsed or perforated (Fig. 7D, E). Cl and Na have been detected by EDS analyses on 

the latter structures. These elements have not been detected in any other EDS analyses on the 

samples. Furthermore, a C-rich soft pliable tissue has been observed in the samples (Fig. 7F), 

sometimes coating the Fe-rich microspheres surface and fitting the crystals (Fig. 5F). 

 

5 DISCUSSION 

Lithofacies features evince that the studied materials were generated mainly in an alluvial-

dominated setting, with a north-directed main channel area fringed by a floodplain, and lateral 

alluvial supplies arriving during high-water availability conditions (Fig. 2). Sedimentation and 

subsequent sediment changes were controlled by fluctuating environmental conditions, mainly 

by water-level changes due to the cyclical arrival of palaeofloods. The active central area, 

dominated by braided channels and bars, is represented by the coarser lithofacies (mainly 

gravels and some sands). Bar growing took place during high-energy floods and high water 

levels, when wide areas of the valley bottom could be flooded. During these episodes, rapid 
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sand deposition and dragging of different coarse detrital particles (charred fragments, tufa 

remains…) took place towards the lateral vegetated overbank areas, where mud settling would 

dominate when flood decreased and water-level dropped. Differences in color (grey-ochre) 

indicate changes in the sediment oxidation conditions, with grey and ochre beds related with 

dominant lower and higher Eh values respectively, and probably flooded vs. emerged 

floodplain sediments. Many evidences at a macroscopic scale reinforce the interpretation of 

the frequent changes of environmental conditions in the study area. Charred fragments are 

likely related with episodic fires during dryness episodes but carried to the fluvial area by 

subsequent floods. Precipitation of gypsum in relation to root traces is related to a dominated 

oxic environment. Tufa genesis reflects freshwater conditions and vegetation development 

that, at least during some stages, grew in overbank areas, channel and bar banks, or 

alternatively formed barriers in the fluvial active zone that favored flooding upstream during 

high-water level episodes. 

Mineralogical and textural features of the studied materials are, in general, characteristic of 

detrital origin. Quartz and phyllosilicates are clearly detrital and come from nearby 

outcropping rocks. Excluding tufas, calcite is mainly detrital too. However, some phases show 

evidences of authigenesis, such as some highly euhedral dolomite crystals (Fig. 4C). With 

regard to gypsum, some crystals are probably detrital and show alteration evidences (Fig. 4B) 

while others are clearly authigenic (Fig. 5E) and partially enclose spherical Fe-oxides 

aggregates (Fig. 6F). Those covering root traces are obviously authigenic too. 

 

5.1 Type I and II aggregates 

As described in the Results section, microtextural features of Type I and II aggregates point out 

that they are the results of the replacement by Fe oxides of former pyrite framboids. Zhu et al. 

(2018) have studied the dependence of pyrite oxidation on surface structure and deduced that 

{111} (octahedra) is the most sensitive facet for pyrite oxidation.  Pyrite framboids can be 
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oxidized and replaced by Fe-oxides-hydroxides over time, leading to a complete loss of sulfur 

but maintaining the original framboidal structure (Luther III et al.; 1982, Nordstrom, 1982; Suk 

et al., 1990; Sawlowicz and Kaye, 2006; Soliman and El Goresy, 2012). Fe-oxides observed as 

loose irregular masses of discrete microcrystalline grains (Fig. 5C) could have been originated 

after the replacement of euhedral pyrite single crystals as well.  

Pyrite framboids are common in the geological record. Their occurrence and genesis have been 

described in a variety of geological environments (Wilkin et al., 1996; Sawlowicz, 2000; Wilkin 

and Arthur, 2001; Corzo et al., 2005; Kremer and Kazmierczak, 2005; Merinero et al., 2008; 

Luzón et al., 2011; Schieber, 2011; Soliman and El Goresy, 2012), and its abiotic synthesis has 

been more frecuently achieved in laboratory experiments at temperature higher than 60 oC 

(Ohfuji and Richard, 2005 and references therein). However, the exact mechanism explaining 

the formation of pyrite framboids at low temperature is under debate (Konhauser, 2007). 

Pyrite forms in sedimentary environments from precipitated amorphous iron monosulfide 

phases (Canfield 1989, Wilkin and Barnes 1997) through a number of different pyritization 

mechanisms (Konhauser, 2007). Precipitation of FeS occurs in reducing, organic matter-rich 

environments found in anoxic water columns and in the anoxic layers of sediment when 

sulfate concentration is high (Wilkin and Barnes 1997, Wilkin and Arthur, 2001). These 

conditions occur in marine environments or some continental aquatic environments with high 

sulfate availability like Baños de Ariño spring in this study. In these environments, a large 

fraction of organic matter is oxidized in anoxic conditions by sulfate reduction (Jørgensen 

1982, Canfield 1993, Holmer and Storkholm 2001). Sulfate-reducing bacteria (SRB) oxidizes 

organic matter with sulfate as final e- acceptor releasing H2S to the external medium, although 

other sulfur compounds (thiosulfate, sulfite and So) with intermediate oxidation states can be 

either used as e- acceptor or produced as well (Canfield et al., 2005). These conditions favor 

the formation of pyrite framboids (Berner, 1985). Their high regular organization and the 

spherical morphology have made several researchers to point to a biogenic origin, suggesting 
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that framboids are the result of the replacement of former organisms, such as fossilized 

bacteria, discrete microorganic forms or microbial colonies (Gong et al., 2008).  In addition, 

pyrite framboids tend to form encapsulated within organic tissue and microbial biofilms which 

likely influence their final morphology (Sawlowicz, 2000). 

The number of microcrystals (NM) with an average diameter (d) in a framboid with a diameter 

(D) can be calculated from the equation NM = ϕ(D/d)3 (Wilkin et al., 1996; Wilkin and Barnes, 

1997) where ϕ is packing coefficient of microcrystals, which is approximately 0.74 (Sloane, 

1998) for cubic closed packing. Taking into account the largest and the smallest measured 

diameter in the studied case, Type I and II framboids would be constituted by approximately 

103 to 30 x 103 crystals, which is the range of NM showed by framboids in modern sediments 

(Wilkin et al., 1996). Size distribution of pyrite framboids is considered to be an indicator of the 

environmental conditions under which they were formed (Wilkin et al., 1996; Wignall and 

Newton, 1998; Wei et al., 2016). Framboids developed under euxinic conditions are generally 

small, with a narrow size range (4.3 - 6.1 µm), while diagenetic framboids developed in 

sediments underlying oxic-dysoxic water column are larger (5.7 - 11.9 µm) with a wider size 

range (Wilkin et al., 1996). Therefore, framboids in the studied sediments, with diameters 

ranging between 4 and 30 m and a mean value of 12 m, could have been formed in 

sediments underlying oxic-dysoxic water column (Wilkin et al., 1996, Wei et al., 2016). Pyrite 

framboids formation would require the presence of reactive Fe2+ and H2S, both likely provided 

by the activity of Fe reducing bacteria and SRB in anoxic conditions (Canfield 1989, Wilkin and 

Barnes, 1997), being  SO4
= availability a limiting factor in fresh water environments (Davidson 

et al., 1985; Marnette et al., 1993). The size of the nanoparticles constituting the crystals in 

Type I and Type II framboids, suggests that those particles could be crystal growth subunits or 

crystal nuclei in the growing crystal surfaces. This is likely due to a high nucleation rate/crystal 

growth rate ratio, only possible in high to very high supersaturated conditions (Butler and 

Rickard, 2000; Sawlowicz, 2000). Textural differences between Type I and Type II framboids 
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could be related to textural differences of the former pyrite framboids and/or to different 

supersaturation conditions during oxidation. 

Taking into account the ideas above, the required conditions for the formation of pyrite 

framboids were likely reached in marls, with abundant charred remains and plants, as well as 

root traces, and generated by settling after main flood episodes (Muñoz et al., 2016).   

Althoug tne Martín River could have supplied detrital pyrite framboids from coal levels from 

Escucha Fm. (Querol et al., 1989), they were probably formed in situ in the studied grey marls. 

 

5.2 Type III aggregates 

As suggested in the Results section, Type III aggregates could also have been pyrite framboids 

in origin, taking into account their textural features. 

As stated before, lepidocrocite has been detected in the <2m fraction of some sand samples 

where Type III framboids have been observed. Therefore, Type III framboids could be 

composed of lepidocrocite instead of goethite, as it has been commented before. In this sense, 

Bower et al (2015) experimentally demonstrated the formation of primary  fibrous Fe-Oxi-

hydroxides (lepidocrocite and akaganeite)  in ilmenite-bearing sands at T between 25 and 37 

⁰C in the presence of cyanobacterial biofilms. Nevertheles, the studied sands are carbonate-

rich and thus very different to the ones studied by Bower et al. (2015). Related to this, Hansel 

et al. (2005) indicate that in the presence of carbonates there is genesis of goethite rather than 

of lepidocrocite, which would point out that Type III aggregates would be composed of 

goethite, in agreement with their textural features similar to those observed in root traces. On 

the other hand, Hansel et al. (2005) also state that lepidocrocite is favored to form over 

goethite in the conversion of ferrihydrite in the presence of Cl – at circumneutral pH, wich has 

been detected by EDS analyses on several Type III aggregates. Thus, although Type III 

aggregates are very likely composed of goethite after the transformation of previous pyrite 

framboids, further investigations would be needed to clarify the occurrence of lepidocrocite in 
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carbonate-rich sands as the studied in this work, and the possibility that these microspheres 

are primary Fe oxides aggregates.  

Taking into account the ideas above, pyrite framboids from underlying marl levels could have 

been remobilized during palaeofloods and incorporated to sands, where textural features 

would permit the formation of goethite that probably constitutes Type III framboids. Despite 

the lack of conclusive data, the presence of cyanobacteria might perhaps permit in some cases 

the precipitation of lepidocrocite, since cyanobacteria are among the first photosynthetic 

prokaryotes and frequently dominate the microbial community at the sediment surface in 

wetlands subjected to intermittent changes in the water level due to their great resistance to 

desiccation (Garcia de Lomas et al., 2005, Stal, 2012).  

 

5.3 Microbial mediation 

Different microbial processes could have played an important role in the formation of the 

three types of Fe-oxides-hydroxides framboids described in this study. Microorganisms are 

well known to influence directly or indirectly the formation of both Fe- sulfides and oxi-

hydroxides in different natural environments and in laboratory experiments (Ferris et al., 1989; 

Brown et al., 1999; Kappler and Newman, 2004; Fortin and Langley, 2005; Hegler et al., 2008; 

Kaye et al., 2008, Toner et al., 2009; Bower et al., 2015). 

Type I and very probably Type II framboids were originally formed as pyrite framboids as 

suggest their textural features, and their presence in carbonaceous matter-rich samples. They 

are similar to those resulting from replacement of Fe-sulfides by oxides, observed in soft 

organic tissues within dinosaur bones (Martill and Unwin, 1997; Schweitzer and Horner, 1999; 

Sawłowicz and Kaye, 2006; Kaye et al., 2008), in different seep environments (Merinero et al., 

2008, 2009, Cavalazzi et al., 2012), in ancient organic rich sediments (Soliman and El Goresy, 

2012) and in saltmarsh sediments (Luther III et al., 1982). These studies suggested a possible 

implication of bacterial activity in the formation of the primary pyrite framboids and in its 
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oxidation and replacement by Fe-oxides. For example, Cavalazzi et al. (2012) have described 

the occurrence of C-rich filmy, amorphous structures in close relation to Fe-framboids, similar 

to those observed in the present study, as preserved remnants of bacterial biofilms, suggesting 

a direct relationship between pyrite framboids formation and microbial activity.  

Type III framboids are also probably derived from previous pyrite framboids. The size and 

shape of the small spheres and ellipsoids covering some Type III framboids (Fig. 7D) are typical 

features of bacteria and their arrangement and spatial distribution resemble modern bacterial 

colonies (Toporski et al., 2002). The influence of organic membranes in framboids spherical 

shape has been already commented (Sawlowicz, 2000). 

Moreover, the soft pliable tissues identified in the studied samples (Fig. 5F and  7F) resemble 

extracellular polymeric substances (EPS) secreted by bacteria to serve them as a protective 

coating as well as to anchor onto stable surfaces, forming biofilms and microbial mats (Kaye et 

al., 2008).   

Despite that the implication of different groups of microorganisms in the oxidation of pyrite 

framboids and their replacement by Fe-oxides has been suggested, the possible mechanisms 

and the potential interplay between biotic and abiotic processes are  unknown so far.  

Cyanobacterial dominated microbial mats grow frequently on the sediment surface in 

freshwater, brackish and marine environments subject to frequent oscillation in the water 

level (Garcia de Lomas et al., 2005, Stal, 2012). No evidences of sedimentary structures related 

to the existence of microbial mats have been observed although they are common in modern 

environments similar to the studied in this work. It is very probable that they have not been 

preserved due to the own features of a sedimentary environment as the studied in this work, 

where detrital material predominates along with recurrent periods of high water levels and 

high-energy floods.  

 Acidophilic and neutrophilic iron-oxidizing prokaryotes promotes the oxidation of Fe2+ to Fe3+ 

and the precipitation of biogenic iron oxides as extracellular precipitates close to or on the 
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bacterial cells (Fortin and Langley, 2005; Posth et al., 2014). The implication of acidophilic iron 

oxidizing bacteria and Archaea in the formation of iron oxides and oxyhidroxides framboids in 

the depositional paleo-environment of the Martín River bank is unlikely due to the very low pH 

(< 3) required by these microorganism, which are typically found in environment polluted by 

acid mine drainage (Baker and Banfield, 2003). However, the ecological niche of neutrophilic 

iron-oxidizing bacteria which oxidize ferrous iron at circumneutral pH fits better with the 

possible palaeoenvironment of the Martín River bank. These microorganisms grow in 

microaerophilic conditions at the oxic-anoxic interface within microbial biolfim or mats that 

colonize the sediment surface in fresh water, brackish and marine environments. Furthermore, 

in the anoxic layer of these biofilms, some groups of iron-oxidizing bacteria can oxidize iron 

using nitrate, perchlorate and chlorate as an e- acceptor instead of oxygen (Straub et al., 1996, 

Weber et al., 2006, Posth et al., 2014).  

Finally, phototrophic Fe2+-oxidizing bacteria, which are present in modern marine and 

freshwater environments, can oxidize Fe2+ with light as source of energy in anoxic conditions 

(Kappler and Newman, 2004; Hegler at al., 2008). These microorganisms were present already 

on early earth and their metabolic activity could contribute to the deposition of banded iron 

formations in the ancient geological record (Posth et al., 2014; Konhauser et al., 2017). 

However, the significance of phototrophic Fe2+ oxidation processes in the formation of Fe 

oxides framboids by replacement of previous pyrite framboids is unlike since they can only use 

dissolved Fe2+ but not less soluble Fe2+-minerals such as pyrite (Kappler and Newman, 2004; 

Hegler at al., 2008). However, phototrophic Fe2+-oxidizing bacteria have been showed to 

precipitate directly Fe oxides from dissolved Fe2+ in cultures (Kappler and Newman, 2004). 

Those Fe-oxides were constituted by needle- and plate-like particles similar to the observed in 

Type III framboids (Fig. 6G).  
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The filaments observed in some samples associated with Fe-oxides Type III framboids (Fig. 7A) 

are rather interesting because they might represent some type of colonial filamentous 

cyanobacteria closely attached with Fe-oxides.  

In resume, microbial activity could have played an important role in both the formation of 

precursor pyrite framboids and their transformation to Fe-oxides. The different groups of 

prokaryotes discussed before can inhabit the sediment- water interface of the sediment in the 

study palaeoenvironment, constituting microbial biofilm or well-formed thick microbial mats 

both in the inundated river banks or in lateral ponds left after flooding events. As stated before 

these microbial mats would have not been preserved as a result of the environment dynamics. 

The formation of pyrite framboids likely occurred in the deep anoxic layer of such community 

in close connection with sulfate reduction. The oxidation of pyrite, with the replacement of the 

framboid structure by iron oxides, likely occurred mainly in periods when the penetration of O2 

within the sediment increased due to a lower water level, root bioturbation, or even to partial 

erosion of the sediment surface in periods of dryness. 

 

5.4 Environmental implications 

The geological and sedimentary setting as well as the environmental conditions during the 

Holocene in the studied area (Fig. 8) would be favorable for the genesis of the described 

framboids during early diagenesis, being formed mainly after the oxidation and replacement of 

previous pyrite framboids. 

After main overbank flooding episodes (Fig. 8A), favored by high water availability and 

damming of water by tufa barriers, anoxic conditions at the sediment-water interface would 

increase in the floodplain reducing considerably the penetration of oxygen within the 

sediment. Stagnant non-renewed waters would prevail for a time in these poorly drained areas 

(Fig. 8B), where the existence of a dense vegetation cover and of cyanobacterial microbial 

mats in unvegetated areas would supplied organic matter which in turn would support an 
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intense heterotrophic bacterial activity and consequently a strong consumption of oxygen. 

These conditions would be more easily reached in non-permeable marl sediments in which 

water drainage would be impaired. The general increase and extension of the anoxic 

conditions would lead to an increase of sulfate reduction, providing that there was an available 

source of sulfate. Surficial waters flowing through the Keuper facies, widely exposed close to 

the studied profile (Fig. 1), and the spring waters from Baños de Ariño, containing >1300 mg/l 

SO4
= on average in the last 30 years (Armijo, 2008-2010), likely provided the necessary sulfate 

to support high rate of sulfate reduction and therefore of H2S production in this 

palaeoenvironment. In addition to H2S, the formation of pyrite framboids requires a source of 

dissolved Fe2+. Likely, microbial reduction under anoxic conditions of Fe oxides and hydroxides, 

which are abundant in some levels of the Utrillas Fm. that crops out close to the studied area 

(Fig. 1), likely provided the necessary soluble Fe2+ to support the formation of pyrite framboids 

(Weber et al. 2006, Kämpf et al., 2012). Taking into account the ideas above, primary pyrite 

framboids would have formed under the reducing conditions reached in the grey marl 

sediments under oxic-dysoxic water column, where sulfate reducing Bacteria would have 

played an important role (Fig. 9A). 

Subsequent local or complete exposition of the floodplain would let again to a general increase 

and extension of oxic conditions in the upper sediment layer and in microenvironments around 

cracks, roots or animal galleries (Fig. 9A). Redox transition, driven by changes in the oxygen 

availability, are known to cause wide microbial and biogeochemical effects in the cycling and 

exchange of different e- donors and acceptors at the sediment surface (Torres et al., 2014, 

Corzo et al., 2018). Particularly, the cycling of Fe, between Fe2+ and Fe3+ and between the 

aqueous and solid phases, is largely controlled in the natural surface environments by iron 

oxidizing and iron reducing microorganism, whose activity is determined by the oxygen 

availability (Weber et al., 2006, Torres et al., 2014, Corzo et al., 2018). Therefore, pyrite 

framboids could have been oxidized and replaced by iron oxides and hydroxides in marls with 
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the implication of microorganisms in microaerophilic conditions, given the close association of 

Fe oxides framboids with microbial features (Fig. 7). The ecological characteristics, likely 

present in the palaeoenvironment of Martin River bank by comparison with modern 

analogous, and the microbial features observed in the samples suggest that these 

microorganisms were likely neutrophilic iron oxidizing Bacteria and Archaea living within a 

multispecific biofilm or microbial mat (Fig. 9A).  Oxidation of pyrite would release SO4
=, 

favoring precipitation of goethite over lepidocrocite (Hansel et al., 2005), as deduced by XRD, 

and authigenesis of gypsum frequently observed covering root traces. That is to say, Type I and 

II aggregates observed in marls would have originated through the transformation of previous 

pyrite framboids under the described conditions with the probable contribution of microbial 

activity (Fig. 9A). 

The described environmental dynamics would make possible that during further overbank 

flooding episodes (Fig. 8A), pyrite and/or Fe-oxides framboids from underlying marl levels, 

were remobilized and incorporated to sand deposits (Fig. 9B). In such oxidized environment, 

pyrite would transform into Fe-oxides as well. Therefore, the environmental dynamics 

permitted the occurrence of Type I and II framboids in sands. In addition, Type III framboids, 

which have been only observed in sands and are probably the result of the transformation of 

previous pyrite framboids, could fit this context as well (Fig. 9B). Nevertheless, Type III 

aggregates could also represent primary iron oxide framboids precipitated within 

cyanobacterial dominated microbial mats, which could have been abundant in this 

palaeoenvironment in some periods of inundations and periodic oscillations in the water level 

(Fig. 9B) although this point could not be confirmed. 

 

6 CONCLUSIONS 

The studied materials were generated in an alluvial setting with a channeled area fringed by 

floodplain zones. Gravels and sands deposited during high water levels and high-energy floods 
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in the active area, as well as in lateral overbank areas during flooding. Vegetation and related 

tufas grew in overbank areas, channel and bar banks, or alternatively formed barriers in the 

fluvial active zone that favored flooding upstream during high-water level episodes. In lateral 

overbank areas, mud settling took place when flood decreased. In these areas, anoxic 

conditions could be reached due to microbial oxidation of organic matter and the low 

permeability of the marly sediment. 

Mineral phases are mainly detrital with the exception of scarce euhedral dolomite crystals  and 

some gypsum, as well as the different occurrences of Fe oxides and/or hydroxides, including 

loose irregular masses, discrete microcrystals and microspheres. Fe oxy-hydroxides 

microspheres are pseudomorphs after pyrite framboids although the formation of some 

primary Fe oxy-hydroxides aggregates is also possible. 

In a freshwater, shallow, and broadly oxygenated environment such as that of the current 

study, pyrite framboids genesis was favored by anoxic conditions reached after main overbank 

flooding episodes. The oxidation and transformation of pyrite into Fe oxy-hydroxides in marls 

took place due to a change to oxic conditions during the subsequent exposition of the 

floodplain and in microenvironments around cracks and roots.  Pyrite and/or Fe oxi-hydroxides 

framboids from marl levels could have been remobilized and incorporated to sands during 

further overbank flooding episodes. The new oxic conditions would favor former pyrite 

oxidation and also the formation of primary Fe oxy-hydroxides. 

The activity of bacteria, such as sulfate reducing Bacteria (SRB), neutrophilic iron oxidizing 

Bacteria and Archaea, and cyanobacteria could have been played an important role in the 

formation and transformation of Fe-rich microspheres. 
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TABLES AND FIGURE LEGENDS 

FIGURE 1. Geological map of the study area (modified from Rios et al., 1980) in NE Spain. A star 

indicates location of the stratigraphic profile from which the analyzed samples come from. 

FIGURE 2. Huerta Perales stratigraphic profile showing the sedimentary facies and 
14

C cal ages. 

Samples position (labelled HP-1 to HP-32), their mineralogical composition and %ill/Kln 

have also been included. Colored sample labels correspond to those observed under 

FESEM, stars indicating the presence of microspheres.  

FIGURE 3. Close view of some of the sedimentary facies recognised in HP profile . (A) Gravels 

intercalated in bioturbated marls. (B) Horizontal and cross laminated sands. (C) Marls with 

root traces covered by lenticular gypsum crystals. (D) Tufas; stem phytoherms. 

FIGURE 4. FESEM images of textural features of several minerals observed in the studied 

samples. (A) Anhedral calcite crystals of different sizes showing surface features probably 

due to dissolution processes. (B) Gypsum crystal with irregular surfaces, which could be 

related to dissolution processes. (C) Dolomite crystal with irregular surfaces. (D) Kaolinite 

aggregate up to 40 m long. Cal: calcite; Gp: gypsum; Dol: dolomite; Kln: kaolinite. 

FIGURE 5. FESEM images showing Fe-oxides and/or oxi-hydroxides with different 

morphological features. (A) Loose irregular masses of discrete microcrystalline grains 

embedded in undifferentiated phyllosilicates. (B) Anhedral nanocrystals (<100 nm) of Fe-

oxides and/or oxi-hydroxides. (C) Skeletal octahedral crystals (≈1 µm). (D) Equidimensional 

nanocrystals (300-400 nm) composed of tiny planar crystals arranged face to face. (E) 

Different sized spherical aggregates of Fe-phases identified in sands and marls. (F) Spherical 

aggregate of Fe-oxides and/or oxi-hydroxides enveloped by a cover that masks its surficial 

texture. (G) Microsphere composed of euhedral octahedra. (H) Close view of the euhedral 

octahedra showed in (G). Fe Ox: iron oxi/oxi-hydroxides; Cal: calcite; Gp: gypsum. 

FIGURE 6. FESEM images of spherical aggregates. (A) Type I spherical aggregate; a close view of 

the area within the white rectangle is showed in (B). (B) Close view of equant skeletal 
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crystals (~ 1 µm) with polygonal sections of polyhedral shapes resembling octahedra 

composed by nanometric anhedral crystallites randomly arranged. (C) Type II spherical 

aggregate; the white rectangle corresponds to (D). (D) Subhedral equant crystals with 

morphologies close to polyhedra and sizes <0.5 m, composed by planar anhedral 

nanoparticles arranged face to face. (E)  Backscattered Electron image (BSE) of Type II 

aggregate evidence hollow octahedral morphologies. (F) Type III spherical aggregate; the 

white rectangles correspond to figures 7A and B.  (G) Type III aggregate internal structures 

composed of subspherical morphologies 2-2.5 m in diameter covered by acicular or lens-

shaped nanocrystals. (H) BSE image of the internal structure of a Type III aggregate. Fe Ox: 

iron oxi/oxi-hydroxides; Gp: gypsum. 

FIGURE 7. (A) Close view of figure 6F showing nanometrical subspherical structures forming 

chains that can be observed in a Type III spherical aggregate. (B) Close view of figure 6F: 

random clusters of micron-sized ring-shaped structures in close spatial relationship with a 

Type III spherical aggregate that partially cover it. (C) Spherical aggregate covered by 

organic structures; white rectangles correspond to (D) and (E). (D) Close view of the small 

ellipsoidal capsules (<1 m) covering a Type III spherical aggregate. (E) Organic structures 

collapsed or perforated and EDS analysis showing Cl and Na contents; arrow points to the 

precise spot for EDS analysis. (F) C-rich soft pliable tissue sometimes coating the Fe-rich 

microspheres surface and fitting the crystals. Fe Ox: iron oxi/oxi-hydroxides; Qtz: quartz; 

Phy: phyllosilicates.  

FIGURE 8. Sedimentological models showing the two opposite palaeoenvironmental situations, 

and related sedimentation features, inferred for the Martín River valley during the 

Holocene. (A) During high water level stages high energy floods reworked sediments 

previously deposited in channels and floodplains. Lenticular levels evince channel 

sedimentation whereas lateral tabular, fine sand-mud levels represent overbank deposits. 

Fining-upwards cycles are related to decreasing water energy conditions after flooding. (B) 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

36 
 

After main flooding episodes water level dropped, floodplains remained exposed and 

vegetation growing was favored. During these stages, fresh water ponds could have been 

developed in poorly drained areas, whereas gypsum crystals represent high concentrated 

waters probably in relation with dry environmental conditions. 

FIGURE 9. Sedimentary environment and environmental conditions that would be favorable 

for framboids formation and oxidation during sedimentation and early diagenesis. (A) After 

overbank flooding episodes, primary pyrite framboids would have formed in the grey marl 

sediments under oxic-dysoxic water column, where anoxic conditions were reached; sulfate 

reducing Bacteria would have played an important role in the formation of primary pyrite 

framboids. Subsequent local or complete exposition of the floodplain would let to a general 

increase and extension of oxic conditions in the upper sediment layer and in 

microenvironments around cracks, roots or animal galleries, favoring the transformation of 

previous pyrite framboids into Types I and II aggregates, with the probable contribution of 

iron oxidizing Bacteria and Archaea activity. (B) Further overbank flooding episodes would 

make possible that pyrite and/or Fe-oxides framboids from underlying marl levels, were 

remobilized and incorporated to sand deposits, where pyrite would transform into Fe-

oxides (Types I, II and III framboids) given such an oxidized environment along with the 

probable involvement of organisms activity, such as iron oxidizing Bacteria and Archaea. 

The possibility of primary iron oxide framboids formation (Type III aggregates) within 

cyanobacterial dominated microbial mats in the sands cannot be discarded and remains 

uncertain. 
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TABLE 1. AMS radiocarbon dates on organic matter. AMS 
14

C measurements were calibrated 

using Calib 7.0. 

Sample 14
C cal age (yr BP) Calibrated age 2  (95%) Cal. BP 

HP-11 8728 ± 38 9722 ± 166 
HP-17 9508 ± 41 10842 ± 234 
HP-26 6363 ± 35 7300 ± 118 
HP-28 7576 ± 37 8384 ± 44 
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TABLE 2. Main features and interpretation of the sedimentary facies identified in Huerta 

Perales stratigraphic profile as well as in other nearby sections.  

Facies Sedimentological features Interpretation 

Gravels 
Grain-supported gravels with sand matrix. Rounded-subrounded 

clasts, 5 to 15 cm in diameter.  Finning upwards tabular or 

channelled bodies up to 2 m in thickness with imbrication and cross 

bedding. 

Braided channels and longitudinal 

bars 
High-energy tractive water flows 

Axial Fluvial System 

Sands 

Fine to medium-size sands in tabular, sometimes channelled, strata 

(10 to 130 cm-thick). Tabular strata can include parallel and cross 

lamination as well as ripples and root traces. Channels are finning-

upwards and show cross bedding. Coal and tufa debris are common.  

Overbank or channel deposits 
Low-energy water flows mainly 

related to the Axial Fluvial 

System 

Marls 
Brown or grey, sometimes laminated, carbonate mud in tabular, 10 

to 1,4 cm-thick, strata. Common coal debris and root traces. Brown 

levels include limestone clasts and grey ones tufa debris and rare 

gastropod and ostracods remains. 

Mud settling in vegetated 

floodplains with coarse supplies 

during high-energy flooding. 
Axial Fluvial System and Lateral 

Alluvial Fans 

Tufas 

Phytoherms  Carbonate-encrusted stems, reeds and bryophytes. 
Carbonate precipitation and tufa 

genesis  
Marginal River Areas or Barriers  

Rudstones Irregular beds, 10 to 60 cm in thickness, made on tufa phytoclasts 

with marl matrix. 

Tufa erosion due to high-energy 

floods or exposition 
 Axial Fluvial System 
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TABLE 3. Mean mineralogical composition and ranges (XRD) of the four lithofacies recognized 

in HP profile. Calcite, Cal; quartz, Qtz; feldspards, Fsp; phyllosilicates, Phy; dolomite, Dol; 

and gypsum, Gp. 

  Cal 

(%) 
Qtz 

(%) 
Fsp 

(%) 
Phy 

(%) 
Dol 

(%) 
Gp 

(%) 
GRAVELS mean 23 65 0 10 <5 0 

SANDS mean 44 32 <5 17 <5 <5 
range 30-64 9-44 0-<5 9-26 <5-7 0-5 

MARLS  mean 45 22 <5 28 <5 <5 
range 26-76 6-40 0-<5 17-44 0-6 0-<5 

TUFAS  mean 64 11 0 24 <5 <5 
range 47-82 <5-22 0-0 16-33 0-5 0-<5 
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