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Abstract 9 

This article presents complex paleo-pedoturbation features, preserved in a massive mudstone 10 

stratum belonging to a siliciclastic sequence in the upper Eocene. The outcrop of these turbations 11 

presents an intricate network of iron oxide in semi tubular forms. The mudstone to which these 12 

structures are restricted is lithologically similar to other mudstone beds, below and above it in the 13 

sequence. In contrast, it presents more paleo-pedogenic features. 14 

Attributing these tubular structures to a specific burrow is difficult for two reasons: the 15 

apparent similarities in morphology to numerous trace fossils coupled with the absence of diagnostic 16 

excavation-locomotion proxies, as well as the lack of any faunal or floral body fossils in the parent 17 

mudstone. Moreover, these structures do not convincingly conform to the simplified image 18 

documented in numerous publications for fossil roots.  19 

Taking into account the exclusive, physicochemical properties of the clay rich rocks (shrink-20 

swell behaviour, erratic permeability and cation-exchange capacity), this article provides potential 21 

evidence that such trace fossil-like features could, alternatively, be produced by abiotic redox 22 

processes without pre-existing faunal or floral predecessors. Regardless of the extent to which the 23 

provided justifications are acceptable, they might increase awareness as to just how treacherous trace 24 

fossil identification can be. The studied case draws attention to the fact that, in mudstones, the 25 

dividing line between valid and spurious trace fossils can be very subtle. It also assists in better 26 

recognition of paleosol features in mudstones.  27 

 28 
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 30 

1. Introduction 31 

The morphological pattern of redoximorphic features in paleosols, and sedimentary rocks in 32 

general, are controlled by the pre-existence of either physical fabric or biogenic fabric.  Such abiotic or 33 

biotic templates are overprinted by the accumulation of iron or other oxides to preserve the pre-34 

existing morphology. The attribution of the redoximorphic accumulation of tubular (or similar) 35 

structures to pre-existing roots or burrows became almost spontaneous because of its ubiquity. In fact, 36 

ascribing any almost-tubular morphologic features to presumed, formerly existing roots or burrows is 37 

not always correct and, thus, might cause false geological interpretations. In clay dominated strata, 38 

with their particular textural and geochemical properties, morphogenic features attributed to pre-39 
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existing physical textures and fabrics have received little attention and appear to have been under-40 

estimated.  41 

The Late Eocene outcrop in the Sirt Basin (Fig. 1a) presents a case study where structures that 42 

were previously interpreted as trace fossils (Wight, 1980; Abouessa et al., 2012) might also be 43 

ascribed to physical rather than biogenic ancestors. In soils and sediments, complex Fe-oxide 44 

precipitation patterns produced by porewater/rock interactions result in morphological features that 45 

reflect the internal structures of the host rocks (Muller and Bocquier, 1986; Goldenfeld et al., 2006; 46 

Chan et al., 2007; Barge et al., 2011). The drainage capacity (permeability) of sediments is an essential 47 

controlling factor in the distribution of oxide accumulation (Gasparatos et al., 2002; Kraus and 48 

Hasiotis, 2006; Brierley et al., 2011). Accordingly, the pattern of solute circulation and deposition 49 

would strongly differ from muddy to sandy sediments, based on their drainage capacity. 50 

In sandstones with isotropic hydraulic conductivity, redox features are initiated as simple 51 

structureless nodules that then become concretions with uniform, concentric structures (Brewer, 1964; 52 

Veneman et al., 1975; Gasparatos, 2012). Their shape is controlled by the texture of the sediments. 53 

Their precipitation is initiated around physical or biological nuclei (Allison, 1988; Allison and Duck, 54 

1990; Trewin, 1992; Martinez, 1996; Richter et al., 2007). If physicochemical conditions allow for 55 

continuous precipitation, concretions evolve into distinctly shaped, variant and uniform, self-56 

organising Liesegang patterns (Kessler and Werner, 2003; Wang et al., 2015). Thus, physicochemical 57 

precipitation could accumulate ‘unexpectedly’ variable features by overprinting the pre-existing 58 

physical fabric of the sediments. For instance, sand pipes (Thompson and Stokes, 1970) result from 59 

iron minerals precipitating out of ground water as it moves through the rock. Tubular structures of iron 60 

oxide at Rio Tinto (Barge et al., 2016) form through self-assembly via an abiotic mechanism involving 61 

templated precipitation around a fluid jet. In fact, the extent that physicochemical morphological 62 

features can reach is best given by cave deposits (speleothems and helictites) (Hinman, 1988; Aharon 63 

et al., 2006). These are precipitated on the cave walls during the seepage of water from rock into the 64 

air. Therefore, considering the highly variable temporal and spatial interactions between all textural 65 

and environmental factors, the precipitation pattern would be unexpectedly delicate.  66 

Given that the permeability of sediments is a major factor in the passage of cation-carrying 67 

solutions, the accumulation trends will vary unevenly, even in the same sediments. In contrast to the 68 

well-organised redox features given by sandstones, mudstones would host features that reflect their 69 

particularities due to their different physicochemical properties. These properties include shrink-swell 70 

behaviour, the cation-exchange capacity (Muller and Bocquier, 1986; Smith et al., 2008; Kvoda et al., 71 

2016), and the anisotropic “non-Darcian” permeability (Mitchell et al., 2005; Wang et al., 2018). 72 

Permeability in mudstones is very low and heterogeneous compared to that of sand and siltstones. 73 

Solute transport and precipitation in mud is more influenced by secondary permeability, such as that 74 

produced by dehydration cracks and micrograin rearrangement during the formation and alteration of 75 
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soil peds (through pelitoclastesis) (Bouma et al., 1977; Zhang and Karathanasis, 1997; Wetzel and 76 

Einsele, 1991; Canton et al., 2001; Mondol et al., 2008; Moussavi-Harami et al., 2009).  77 

In this succession (Fig. 1b), among many lithologically-similar mudstone strata, the studied 78 

stratum (1−2 m in thicknss; Fig. 1c) preserves exclusive paleo-pedogenic features. In addition to the 79 

initial redoximorphic mottling and localised Fe-oxide accumulations, pedoturbation structural forms 80 

that largely resemble the trace fossil Thalassinoides. These structures are generally presented as 81 

crowded tubular and semi-cylindrical accumulations of iron oxides. Their morphology makes it hard 82 

to exclude biogenic templates. Their architecture is, therefore, either unusually well-organised or very 83 

poorly shaped, to be ascribed to floral or faunal predecessors. In fact, there are always delicate 84 

elements that do not concord with a presumed biogenic ancestry, and other elements that support 85 

physical templates. An argument will be presented by this article. The aim is not to completely deny 86 

the trace fossil origin but to highlight an alternative interpretation that might be realistic in the case of 87 

clay-rich sediments. 88 

 89 

2. The geological context 90 

Among several massive and differently-fractured mudstone strata, the studied paleo-91 

pedoturbations are restricted to, and are characteristic of, one stratum. This stratum is embedded in the 92 

upper, fluvially-dominated, part of an 80 m succession of thinly stratified siliciclastic rocks called the 93 

New Idam Unit (Abouessa et al., 2012). Each of the mudstone beds in this unit is ~1−2 m thick, 94 

bearing, in most cases, erosive upper and gradational lower contacts with the sandstones. The entire 95 

unit was deposited in a regressive estuary. Marine indicators dominate the lower part of the sequence, 96 

while terrestrial indicators dominate the upper part (Wight, 1980; Abouessa et al., 2012, 2015). This 97 

fact is given by the prevalence of diagnostic biogenic indications (traces, fauna, flora) with which the 98 

New Idam Unit is exceptionally crowded (Savage, 1970; Wight, 1980; Rasmussen et al., 2008: 99 

Abouessa et al., 2012, 2015). Assemblages of sedimentary and biogenic structures, as well as fossil 100 

fauna and flora, indicate that a tropical-subtropical climate was prevailing at the time of deposition in 101 

the Late Eocene (38−39 Ma) (Jaeger et al., 2010a, b). In the sandstone strata, fossil root traces are 102 

evident and terrestrial bioturbation structures are ubiquitous. Contrastingly, in the mudstone beds, the 103 

paleo-pedogenesis is less developed, being restricted to discolouration, slickensides, shrink-swell 104 

cracks, pelitoclastesis and, possibly, roots. 105 

The geological context indicates that the sand-siltstone beds are channel and inter-channel flat 106 

deposits. The mudstones are interpreted in the lower part of the New Idam Unit as being intertidal 107 

lagoons. This is evidenced by the embedded shallow marine molluscs and the diagnostic sedimentary 108 

tidal structures (Abouessa et al., 2012, 2015). In the upper part, where the host mudstone stratum is 109 

located (Fig. 1b, c), mudstone beds are largely attributed to shallow, fresh water lakes. This is proven, 110 
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not only by the domination of successive pedogenically-altered layers (with terrestrial fossils and trace 111 

fossils) but, also, by the complete disappearance of marine fossils.  112 

In a broader sense, the colour of the mudstone beds in the terrestrial part lies in the spectrum 113 

of light green to light greenish-grey. The latter is the colour of the dominating matrix of the host mud, 114 

thus attesting to poor drainage conditions (e.g. Kraus, 1998). In comparison, a light bluish-green 115 

colour prevails in the lower, marine-dominated mudstones. The clay minerals forming the mudstones 116 

are predominantly kaolinite, chlorite and montmorillonite (Wight, 1980; Vasic and Sherif, 2007). 117 

  118 

3. Description of the host mudstone 119 

All of the mudstone beds, including the one hosting the studied pedoturbation, are water-lain 120 

suspension deposits (originally water-saturated). No synsedimentary structures are observed, nor are 121 

there any indications of compaction or dissolution. From one mudstone bed to another, characteristic 122 

dehydration (shrink-swell) cracks/fractures show the character of the clay-rich vertisols (e.g. 123 

Duchaufour, 1982; Kraus and Aslan, 1993; Soil Survey Staff, 1998) (Fig. 2a−h). These are of a 124 

remarkably variable intensity, dimension and orientation pattern. Mottling predominantly re-occurs as 125 

whitish, light-grey spots and patches as well as pale yellow to light brown pigmentation along joints 126 

and slickenside faces (Fig. 2d). Locally, these can also be purple and, more rarely, red. The fractures 127 

can appear to be regular and irregular, open and closed. They are millimetres to centimetres apart and 128 

up to several centimetres long. The more striking fracture orientations are vertical to subhorizontal, 129 

straight and irregular. Subordinate finer cracks, in-between the main fractures, create patterns that are 130 

variable from one site to another.  131 

The fractures are particularly more intense in the host mudstone and are more variably 132 

oriented. Diagonal (Figs. 2h, 3a, b) and circular fractures are obvious here, compared to other 133 

mudstone beds. Interlocking cracks are common, with variable dimensions, simple and composite 134 

structures, subcircular and circular in shape. These are organised in a similar manner (Fig. 3c−e) and 135 

are better developed with increasing depth. Similar concentric cracks in mud are described in Ollier 136 

(1971) and Lakshmikantha (2009). Together with the other paleo-pedogenic processes, the influence 137 

of fracturing in the fabric of this mudstone seems overriding. Vermicular structures (Retallak, 1983) 138 

are also present (Fig. 3f). 139 

Like the shrink-swell fractures, mottling and Fe-coatings are also more common in the host 140 

mudstone. These occur as subcircular spots and discolouration patches, ubiquitously scattered in the 141 

matrix. Among others, common lath-shaped forms are found, either in isolation or in continuity with 142 

the brown Fe-oxide cumulate (e.g., Fig. 3a, b). All of these aspects are also acknowledged as common 143 

criteria in vertisols (e.g. Driese and Foreman, 1992; Mack et al., 1993; Driese et al., 2000; Miller et al., 144 

2010; Kovda et al., 2016).  145 
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 146 

4. Description of the hosted structures 147 

In a broad sense, the studied iron oxide turbations are exhibited as a network of reticulated and 148 

solitary, delicately and poorly shaped semi-tubular structures. Overall, they resemble the trace fossil 149 

Thalassinoides and fossil roots, to a lesser extent. They constitute finger-sized, 1−2 cm tubules and 150 

larger semi-cylindrical regular and irregular shafts, 5−15 cm in diameter (Fig. 4a, b). Small tubules are 151 

commonly a few cm long and are angularly attached together. They appear to be longer when 152 

longitudinally joined; very narrow separation cracks can occasionally be discerned. The large tubules 153 

(shafts) are up to 35 cm long. In an intermediate horizon, many of them are strictly parallel (Fig. 4c−f). 154 

The small tubules densely dominate, but are not restricted to, the top 30−40 cm horizon. The shafts are 155 

less dense in the lower part of host bed but neither penetrate the subjacent sandstone nor reach the top 156 

of the host. The two forms (tubules and shafts) interlock together (Fig. 4b, d) in the intermediate zone, 157 

30 to 70 m below the top of the host bed. In addition to the (considerably defined) tubular forms, 158 

morphologically different Fe-oxide structures with angular edges and straight outlines (Fig. 5a−c), are 159 

adjacently associated. 160 

The interior (filling) of all these structures is composed of massive muddy materials, 161 

dominated by iron oxides. The prevailing colour is brown-yellow which is indicative of goethite 162 

(Duchaufour, 1982; Schwertmann and Taylor, 1989; PiPujol and Buurman, 1994; Gasparatos et al., 163 

2004). The overall texture is similar to the ambient sediments. The outer surfaces are smooth, knobby, 164 

and scaly, with no special textural ornamentations. There are locations in the parent mudstone where 165 

the adjacent mud fabric exhibits a fracturing pattern with identical textural and orientation aspects to 166 

that of the hosted structures (Fig. 5a−d).  167 

The colours preserved by all the morphoforms are not restricted to brown-yellow. Pale yellow, 168 

light to dark brown and whitish grey are also incorporated. Forms preserving a patchwork of these 169 

colours are not exceptional (Figs. 4c−f; 5b, d). Structures where the colour gradually changes from 170 

whitish grey to brown or yellow are common. Abrupt colour contact with the greenish matrix seems to 171 

prevail (Fig. 5a, b). Halos of lighter colour shades surrounding larger structures are not uncommon. 172 

Notably, in many cases these halos resemble the shape and the dimensions of the adjacent tubules 173 

(Fig. 5c, d). 174 

The cross-sectional area of the small tubules is commonly semi-circular and flattened, with 175 

their two dimensions being occasionally changeable along their long axis. Despite the organisational 176 

pattern of the network, cross-cutting between individuals is not evident, although they give the 177 

appearance of having intersected. Meeting points are dominantly angular rather than curved (Fig. 5d, 178 

e). Remarkably distinctive cross-hatched patterns (Fig. 5e) are re-occurring.  179 

Closer to the base of the host bed, the shafts contrastingly prevail over the small tubules, 180 

which became scarce and solitary. Compared to those slightly above, the shafts here are evidently 181 
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circular, with their outer surface (crust) having become very unevenly agglomerated and/or coarsely 182 

botryoidal (Fig. 6a, b). The interior consists of muddy materials of a greenish brown colour, grading 183 

out to dark brown at the resistant crust. Besides this, the outcrop at this location presents a common 184 

case where the interior of the shafts is composed of several smaller tubules with a circular cross-185 

sectional area, made distinctive by their internal, concentric bands (Fig. 6b, c). Smaller tubules also 186 

grow adjacently, attached (Fig. 6a, b) or detached (Fig. 6b, c) from the shafts. They may extend for a 187 

few tens of centimetres (Fig. 6d) with no change in their diameter. 188 

 189 

5. Discussion  190 

The principle aim of this chapter is to test the possibility of the pre-existence of physical, 191 

rather than biological, templates for the described redoximorphic features. With respect to the 192 

morphology alone, the hypothesis of a physical signature would seem unlikely. This is because 193 

geologists used to spontaneously attribute such a network of tubular forms to biological origins, and 194 

this was usually true. This discussion attempts to orient attention towards the influence of the physical 195 

fabric and emphasizes the role of physicochemical (abiotic) processes on the production of such trace 196 

fossil-like structures. Two lines of justification are worth examining: (i) the contradictions presented 197 

by these structures if they are of biotic origin; (ii) the extent to which abiotic physical processes can 198 

produce such figures on their own. 199 

Firstly: considering morphology, it is almost impossible to provide solid evidence that 200 

completely refutes the former existence of burrows created by crustaceans and annelids, or roots. All 201 

of those can leave behind a similar network (e.g. Bromley and Frey, 1974; Howard and Frey, 1984; 202 

Seilacher, 2007; Hasiotis and Mitchell, 1993; Monaco, 2000; Hasiotis and Bourke, 2006; Moh et al., 203 

2015). Apart from the morphology, these Fe-oxide structures are barren of any strict evidence of a 204 

biogenic origin. The known traits concerning the mode of preservation of roots (Klappa, 1980; Jaillard 205 

et al., 1991; Hasiotis, 2002; Kraus and Hasiotis, 2006; Genise et al., 2004; Gregory et al., 2004; 206 

Nascimento et al., 2019) is not fulfilled by those structures. Despite the good preservation of such soft 207 

sediments (Buatois and Mángano, 2004), no evident roots, moulds or casts are preserved, although 208 

they are evident in other strata, above and below. Carbonised remains of roots and central root canals 209 

are absent and secondary roots (branching/ root hairs) are not detected either. The characteristic 210 

tapering downward of root morphology cannot be considered to be evident here. Moreover, the length 211 

of the individual tubules is a few centimetres and so the length to width ratio is too large to be 212 

confidently attributed to the known burrow-making organisms, neither match with those of roots. The 213 

sharp angle of tubule attachment enhances this aspect. It seems to be too angular to be ascribed to the 214 

burrowers producing similar tubular morphology. Known evidence for burrowing organisms’ 215 

locomotion, such as scratch marks and wall linings, are totally absent. 216 
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In fact, the halos (such as the ones in Figure (5d)) that resemble the Fe-oxide tubules, could be 217 

considered as the initial step of producing these tubules away from any biological guidance. Here, the 218 

stains affect the intact, non-turbated, matrix. Such localised iron oxide precipitation in mudstones is 219 

thought to be initiated along microscopic fractures and/or in localised sites of increased permeability 220 

(Vepraskas, 1994; Driese et al., 1995; Hildenbranda and Uraib, 2003; Gasparatos et al., 2004). 221 

Refutation of faunal/floral activities preceding the iron oxide accumulation is, thus, suggested by the 222 

lack of any marks or indications of excavation and root penetration. Concerning the semi-cylindrical 223 

bodies, the angle of inclination, together with the parallelism, does not fit with that of biogenic 224 

activities. Furthermore, the texture and the internal structure of the tubules are identical to that of the 225 

ambient mudstone (Fig. 5a−d). There is no external material introduced from the superjacent 226 

sandstone. 227 

Secondly: to what extent could abiotic physical predecessors provide the template for such Fe-228 

oxide figures on their own? The essential elements in this regard are suggested by the exclusively 229 

abiotic (physical as well as chemical) paleo-pedogenic processes that eventually acted on the various 230 

mudstone beds in the succession. The network of dehydration cracks reflects the response to physical 231 

processes (Einsele, 1983; Bland and Rolls, 1998; Mondol et al., 2008). The iron oxide’s pigmentation 232 

and thicker accumulations along and around the physical surfaces (e.g. Fig. 2d) are related to the 233 

chemical processes. In paleosols with similar vertic properties, these processes are related to the 234 

repeatability of wetting/drying climatic cycles (Sridharan and Allam, 1982; Canton et al., 2001; 235 

Kishné et al., 2009; Tang et al., 2011; Kovda et al., 2016) which is able to significantly alter the 236 

original fabric. Climatic conditions, in combination with the prevailing geochemical factors, are 237 

responsible for producing different soil morphologies (Brewer, 1976; Martinez, 1996; Wright, 1995; 238 

Breemen and Buurman, 2002). Accordingly, the host mudstone, compared to the other mudstone beds 239 

in the sequence, must have been subjected to relatively prolonged periods of pedogenesis that resulted 240 

in morphoforms similar to trace fossils. Rectangular rhombic, vermicular and concentric fabrics (Fig. 241 

3) are among those physical forms that are particularly exhibited by the mudstone. The overprinting of 242 

these fabric forms is analogous to the overprinting of biogenic (faunal or floral) fabrics (Veneman et 243 

al., 1975; Vepraskas, 1994). 244 

Based on the preserved mudstone fabric, the quadrant geometrical forms, with their sharp 245 

rectangular edges (Fig. 5a, for instance), undoubtedly attest to the physical soil fabric being 246 

overprinted. These are simply slickensided masses of mudstone, coated by goethite, concentrated 247 

along the boundaries. Similarly, the parallel (semi-cylindrical) forms are due to goethite accumulation 248 

around differently fabricated mud masses. Besides their perfect parallelism, in-depth examination 249 

reveals that most cylinders are incompletely circular. There is always one side that is straight enough 250 

to be attributed to a burrow rather than to a fracture wall, and the facing side is usually a parallel 251 

fracture that, illusively, appear as part of the cylinder (Fig. 4e). The unexcavated interior which is 252 

texturally identical to the ambient mud, supports this view. It is worth comparing the ‘certain’ 253 
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cylindrical shape of the decapod trace fossil (Abouessa et al., 2015) found in the sandstone beds, both 254 

sub and superjacent to the host mudstone.  255 

Since there is no clear Fe-source above and below the hosting bed, the iron must have been 256 

provided by the clay minerals comprising the mudstone, which are characterised by their iron content 257 

and their high cation-exchange capacity (Dasog et al., 1988; Soil Survey Staff, 1998; Manceau et al., 258 

2000; Brierley et al., 2011; Kvoda et al., 2016). Iron removed from clay via reduction processes leaves 259 

behind whitish grey patches (Fig. 3a, b), displaced through cracks, and re-deposited at first contact 260 

with oxygenated sites (Schwertmann and Taylor, 1989; Schwertmann, 1993; Vepraskas, 1994; 261 

Beverly et al., 2018). Further growth and shaping of the iron precipitate are then controlled by the 262 

local fabric, the local permeability, and the availability of the Fe-charged solutes. Comparable cases 263 

and details about the mechanism are best illustrated in Buurman (1975), Retallack (1983), PiPujol and 264 

Buurman (1994), Dr1es et al. (1995), and Beverly et al. (2018).  265 

The composite shafts, with their concentric tubules, are then explained by the concentric 266 

cracks presented by the ambient mudstone (Fig. 3c−e), which provide solute conduits as well as 267 

accumulation sites. Here, the shafts essentially overprinted the crack rings presented by the mud. 268 

Practical proof is given by the half circular accumulations, such as those shown in Figure (7a, b) 269 

where the iron oxide precipitate has efficiently overprinted the circular cracks. The circular forms here 270 

are not complete because precipitation has stopped, either due to insufficient solution or because the 271 

precipitation had been deviated vertically in response to the imperfect drainage. Precipitation would 272 

continue preferentially vertically, along a given fracture, when impeded from lateral growth (Yuen et 273 

al., 1998; Rayhani et al., 2008; Li et al., 2009). The internal tubules, with their concentric bands, 274 

simulate the smaller circular rings. Some of them grow independently while others grow attached to 275 

the large shafts. The tendency of iron oxides precipitate to form tubular bodies (Ambrosi and Nahon, 276 

1986; Muller and Bocquier, 1986; Gaiffe and Kubler, 1992; Sadek and Sultan, 2011; Berge et al., 277 

2016) can be recalled for this location. This can be further ‘guesstimated’ by Figure (7c), where the 278 

reduction and oxidation have occurred adjacently on the fractured mudstone masses, of which the 279 

matrix is non-bioturbated. Further explanations and comparable cases are given by Brewer (1976), 280 

Arshad and Arnaud (1980), Pipujol and Buurman (1994), Vepraskas (1994) and Kessler and Werner 281 

(2003). 282 

Concerning the networks of finger-sized tubules, they might be hardly attributable to the 283 

relatively more intense fracture networks. Nevertheless, this hypothesis might be considered 284 

acceptable, if one takes into account the fact that, at a certain stage of pedogenesis, a vermicular 285 

structure (Figs. 2g, 3f), similar to these tubes, had been fabricated by the combination of the fractures 286 

and the mud aggregation. Thus, dehydration cracks, in combination with pelitoclastesis (Wetzel and 287 

Einsele, 1991; Canton et al., 2001), are probably able to produce such tubular fabrics that are later 288 

impregnated by Fe-oxides. Actually, the cross hatched pattern in Figure (5e) might be comparable to 289 

the rhombic organisation in Figure (2h). This speculation would be considerably more reliable if one 290 
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considers that such fractures were initiated as microfractures (Cescas et al., 1970; Kranz, 1983; Kishné 291 

et al., 2009) and expanded along with the repeated wetting/drying seasons and the concomitant Fe-292 

oxide growth, to result in the present image. 293 

 294 

6. Conclusion 295 

This article emphasises the similarity of the redoximorphic features created by inorganic 296 

processes to those created as bioturbations in mudstones. It is evident that the variations in 297 

paleoclimatic conditions have led to striking differences in the physical fabric of the clay-rich 298 

sediments. The tubular forms of iron oxides are exceptionally manifest in the mudstone, which 299 

obviously preserves greater degrees of redox mottling and intensity of the dehydration fractures. The 300 

proliferation of these abiotic pedogenic features, compared to those of other mudstones, reflects and 301 

records the influence of relatively more repetitive ‘wetting/drying’ seasons. Therefore, this suggests 302 

that subtropical paleoclimatic depositional conditions prevailed in the area during the Late Eocene. 303 

Emphasis on the recognition of the physical fabric of mudstones will not only help in 304 

predicting paleoclimate but also in reducing the risk of geological misinterpretation. Since the physical 305 

fabric could lead to the production of redox patterns resembling those of the biogenic fabric, the 306 

spontaneous interpretation of tubular redoximorphic features in mudstones as trace fossils is not 307 

necessarily correct. Being aware of the ubiquity and patterning of the physical paleo-pedogenic 308 

features will certainly help in avoiding erroneous interpretations. Additionally, by attributing the 309 

occurrence of these features to the influence of climatic conditions, physical redoximorphic features 310 

become a very useful tool for recognising emersion surface sequence boundaries.  311 
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 485 

Figure captions 486 

 487 

Fig. 1: Location and geological section; a) map of Libya shows the location of the area of study (the 488 

rectangle); b) the representative section of New Idam Unit, shows the position of the mudstone hosting 489 

the redoximorphic pedo-turbations; c) outcrop view of the studied mudstone. 490 

Fig. 2: The variations of the mudstone’s fractural fabric; a) initial open fractures separating vertical 491 

mud blocks; b) disintegration of vertical mud blocks into smaller peds. Circular and semi-cylindrical 492 

mud masses was formed (dashed green and orange lines); c) base of large mudstone block shows 493 

different generation of cracks; d) initial phases of staining of the mud blocks, Fe-oxide concentrates 494 

adjacent to the crack walls (e.g., arrows); e) semi-cylindrical mud mass shows subordinate phase of 495 

(horizontal) fracturing; f) aggregated sub- (vertical) fracture with branchings, morphologically 496 

comparable to root tracks; g) aggregated (vermicular) network of fractures, imitating bioturbations; h) 497 

diagonally intersected short-spaced fractures seen only in the host mud. 498 

Fig. 3: Possibilities of the patterns of the fractures as exhibited by the host mudstone; a) longitudinal, 499 

straight and irregular fractures. Control of fractures on redox forms is remarkable in a, b; b) similar 500 

representation of the redox feature in a different manner; c, d) image and drawing illustrate the circular 501 

cracks dominated the lower reaches of the bed; e) composite straight and circular fractures 502 

producing/separating subcircular masses of variable sizes, internal concentric rings; f) vermicular 503 

fabric, caused by the combination of fractures and mud aggregation. Scale bar: a, b 5 cm; c, d and e 2 504 

cm; f 1.5 cm. 505 
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Fig. 4: The appearance of the studied structures in the outcrop; a, b) general views shows the change 506 

from crowded network of small tubules to larger shafts below (inconsistent with roots); c−f) shafts 507 

from different locations but of the same horizontal level, unambiguously oriented parallel. 508 

Excavation/penetration cannot not be proven in these forms. The brown Fe-oxides engulf physically 509 

intact mudstone masses. Lines highlight parallelism. In the images (c) and (e) the scale is the finger 510 

and the hand respectively. 511 

Fig. 5: The occurrence pattern and morphology of the hosted structures; a) wedge shaped rectangular 512 

mud block stained/coated by Fe-oxide. Red arrows for slickenside faces, blue arrows point to the 513 

initial oxidation spots along fractures; b, c) differentially pigmented mud blocks, notice the privileged 514 

(fracture-controlled) diversion angle (dashed lines). The interior preserves the same fractures as that of 515 

the ambient mud; d) semi-tubules within a fractured block, oxidized ones are similar to that which are 516 

partially oxidized. The halos in the vicinity, have nearly the same shape, size and more or less 517 

orientations, arrow heads point to microfractures that might be in relation. The blue arrows point to the 518 

likely descending Fe-oxides growth; e) close-up view of the rectangle in Figure (4b). It shows shortly 519 

spaced diagonally attached straight segments (individual tubules), of which the intensity and 520 

orientations are comparable to that of the associated cracks (comparable also to the fracture’s pattern 521 

in Figure (2h). Hammer handle for scale in (b) and (d). 522 

Fig. 6: The irregularly cylindrical-shaped simple and composite vertical forms; a) appearance in the 523 

outcrop; b) large tube composed of smaller tubules (comparable to the circular fractures in Fig. 3c-e), 524 

another example of such composite shafts is presented by the image (c); d) subvertical cylindrical 525 

body with descendant tubular/tabular appendages attached to it, this is shown also in a, b (the arrows). 526 

Some are not attached (dashed circles in b, c). The red arrow head points to a tabular, aggregated 527 

fracture zone. It is morphologically comparable to the adjacent, long oxidized appendages. 528 

Fig. 7: Practical proof of the physical template-based Fe-oxides morphologies; a, b) image and 529 

illustrative sketch suggesting that the precipitation is guided by the concentric cracks (compare Fig. 530 

3c-d). The arrows point to the incomplete cylindrical growth as guided by the circular fracture. Such 531 

arc (arrows) would continue to form (a perfect) vertical tubular body, if the reaction had not been 532 

stopped. The same way, regardless of diameter, the completed rings (solid lines) had been originated 533 

by overprinting the dashed ones; c) this image proposes an example of the fabrication of tubular forms 534 

based on a pre-exist physical (fabric) template. Oxidation (brown) and reduction (gray) occurred 535 

adjacently, the fractures are the visible control for the redistribution of the iron oxides. The red dashed 536 

lines are for the roughly shaped unoxidized tubes, the solid red lines are for the reshaping by the Fe-537 

oxides growth, black lines point to the fine internal (subordinate) cracks. The general view of the 538 

image (c) is the square in Figure (3b); d) subvertical shaft body shows that the Fe-oxide accumulation 539 

is supervised by the pre-existed fractures (straight green lines). Further Fe-oxide accumulation would 540 

mask these details and would result in a complete cylindrical shape. 541 

 542 
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Highlights  

• Mudstone’s physical fabric creates trace fossil-like features 

• The recognition criteria of paleosols are useful as indicators of paleoclimate 

• Redox processes in paleosols may cause misleading geological interpretation 

• Subaerial exposure in the Eocene of Sirt basin indicated by pedogenic structures 

 




