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2 

ABSTRACT 17 

Sedimentary processes in a microbial flat, developed in a progradational environment and 18 

trampled by vertebrates, were monitored under varying energetic conditions. A vertebrate 19 

footprint made on the sedimentary surface was selected and was kept under observation 20 

along two years visited on nine field trips. Thus, this contribution provides a detailed analysis 21 

of the evolution of a microbial tidal flat with high sediment flux events contributing to the 22 

better understanding of the sedimentary processes involved in the preservation of a true 23 

track. The study demonstrates that the formation of biolaminites (sequence of microbial mats 24 

interbedded with sand layers) in the coastal environment is caused by episodic pulses in the 25 

hydrodynamic regime of the area. By means of a detailed inspection of a cross-section of a 26 

sedimentary block containing the vertebrate footprint, the sedimentation history since the 27 

footprint creation is unravelled in relation to the hydrodynamic records. The water energy was 28 

inferred using the measurements of a water-level sensor located on the tidal flat recording 29 

continuously every 10 minutes. The results indicate that the seawater enters into the zone by 30 

floods that occur during storm surges, reaching up to 70 cm height in column water, and 31 

transporting abundant sediment, which produce the deposition of flat sand layers or sand 32 

ripples on the microbial mats. A sedimentation rate of 0.32 to 0.41 cm per year was calculated 33 

along the two-years monitoring. The study recognizes the plastic behaviour of the microbial 34 

mat, one of their most important rheological properties, as a response to the registration of a 35 

vertebrate footprint. Petrographic analysis of microbial mat layers reveals the precipitation of 36 

thin carbonate laminae during periods of seawater evaporation, which may enhance the 37 

preservation of the sediments. The episodic sediment transport, in addition to the microbial 38 

mat presence, creates the perfect conditions for registration, early burial and preservation of 39 

the footprint in siliciclastic sediments. 40 

41 
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 44 

INTRODUCTION 45 

The study of trackways in sedimentary rocks contributes not only to taphonomic 46 

interpretation, but also to palaeoenvironmental studies. As demonstrated by Genise et al. 47 

(2009), the type, formation, and preservation of fossil footprints is significantly influenced by 48 

the environment and sediment features. Consequently, vertebrate tracks may be useful to 49 

infer the palaeoenvironment as they provide clues to interpret the substrate conditions at the 50 

time of registration (Currie et al. 1991; Marty et al. 2009) and also the post-registration 51 

processes defined by Marchetti et al. (2019) as track biostratinomy. 52 

One of the environmental factors that contribute to the good preservation of footprints is 53 

flooding, which provides wet fine-grained sediment for epichnal impression, followed by 54 

periodic high sedimentation rates, which insure a quick burial of tracks (Scrivner and Bottjer 55 

1986). Lockley and Conrad (1989) stated that footprint preservation is possible due to the 56 

presence of a clay drape and a difference between the substrate and the infilling sediment. 57 

Seilacher (2008) provided a similar interpretation for the preservation of arthropod trackways, 58 

stating that the presence of a clay drape or a film separating the substrate and the casting 59 

material is necessary to preserve the track because it prevents amalgamation of both layers. 60 

There is also a great agreement on the fact that fine-grained sediments favour a good 61 

preservation. Tucker and Burchette (1977) established that the presence of mud (≈ 20%) make 62 

the sediment much more cohesive to mould, and Scrivner and Bottjer (1986) agreed on a 63 

direct relation between the increase in mud content and the preservation potential of tracks. 64 

In this sense, many fossil tracks are found in fine sandstone interlaminated with siltstone-65 

mudstone sediment deposited in sedimentary environments at or near the paleo-watertable 66 
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all over the world: in mudflat and shallow lacustrine deposits (Upper Cretaceous Jindong 67 

Formation, Korea, Paik et al. 2001), in tidal flat and channel to swamp deposits (Lower 68 

Cretaceous Dakota Formation, USA, Phillips et al. 2007; Noffke et al. 2019), in tidal flat deposits 69 

(Lower Cretaceous Agrio Formation, Argentina, Fernández and Pazos 2013; Lower Cretaceous 70 

Oncala Group, Spain, Quijada et al. 2016; Upper Jurassic Villar del Arzobispo Formation, Spain; 71 

Campos-Soto et al. 2017), or in floodplain deposits (middle Permian Abrahamskraal Formation, 72 

South Africa, Cisneros et al. 2020). 73 

 The content of water in sediments is crucial in track penetration depth (Currie et al. 1991). 74 

In addition, the rheological properties are also important, such as the plastic behaviour that 75 

cohesive sediments have, being essential to produce footprint deformation (Currie et al. 1991; 76 

Paik et al. 2001; Phillips et al. 2007). In that sense, microbial mats colonizing the sediment 77 

contribute to create the adequate rheological behaviour for deformation of the sediment 78 

laminae, besides their great role in preservation (Conti et al. 2005; Marty et al. 2009). 79 

Microbial mats elucidate also why undertracks are formed in laminated sediments, composed 80 

of alternating sandstone and siltstone-mudstone (Paik et al. 2001; Aramayo et al. 2015; Mujal 81 

and Schoch 2020). In this regard, the role of microbial mats in the registration and 82 

preservation of vertebrate traces and tracks is recognized as a main factor (Dai et al. 2015).  83 

This study was carried out in a progradational coastal environment that experiences several 84 

pulses of seawater inundations and consequent sediment transport. By means of the 85 

monitoring of a footprint along two years under different hydrodynamic conditions, the 86 

objective of this contribution is twofold. The first objective is to provide a detailed analysis of 87 

the evolution of a tidal flat, colonized by microbial mats. The long-term monitoring allowed us 88 

to analyse the characteristics of the sedimentary processes that took place after the creation 89 

of the footprint, involving the complete burial of a track and a sand ripple formation at the top 90 

of the sedimentary surface. The second objective is to contribute to the better knowledge of 91 
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sedimentary processes involving the preservation of a true track. Otherwise, the results of this 92 

study provide insights into coastal processes in a progradational environment and contribute 93 

to understand and recognize the role of microorganisms forming microbial mats in a 94 

sedimentary sequence.  95 

 96 

Study area 97 

The study was carried out in Paso Seco, in northern Patagonia (40° 38.11´S; 62°12.5´W; Fig. 98 

1A), which is a narrow coastal flat formed as the result of the creation of a littoral sand spit 1.6 99 

km wide in its mouth (Cuadrado et al. 2015). The studied coastal flat has been exposed for 100 100 

years ago (Espinosa and Isla 2011), and at the present time, is frequently inundated, especially 101 

in winter, when the local sea level rises above the sand spit during storm surges, caused by a 102 

low-pressure centre in the Atlantic Ocean moving in a SW to NE direction (Stempels Bautista 103 

2019) (Fig. 1B). The storm surge causes the seawater to breach the sand spit and produces a 104 

longitudinal flood current over Paso Seco flat, which may be fast enough to tear the microbial 105 

mats present in the flat and produce erosional pockets, mat folds and mat roll-ups (Maisano et 106 

al. 2019). A direct relationship between the energy of the current and the height of the water 107 

column above the flat has been observed during the sudden flooding produced by storms 108 

(Maisano et al. 2019). As a result, depending on the energy of the storm, the zone is flooded 109 

between 10 and 70 cm of water column. Subsequently, ebb currents flow slowly and seawater 110 

is retained due to a topographic gradient dipping gently landwards, which produces a semi-111 

closed basin colonized by an impermeable microbial mat (Perillo et al. 2019). When seawater 112 

is retained in the flat, it progressively evaporates and salinity increases, triggering the 113 

precipitation of well-defined and laterally-continuous carbonate laminae (Maisano et al. 2020). 114 

There are no fluvial inputs as no rivers are present in the area. Furthermore, animals can travel 115 
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through the flat, when the flat is subaerially exposed or when it is covered by cm-deep 116 

seawater (Fig. 1C, D). 117 

The alternation between quiescence and flooding events provides optimal conditions to 118 

form epibenthic microbial mats, covering an area of ca 1.8 km2 in size. The thick microbial mats 119 

(≈ 1 cm) form a coherent carpet-like network of mucilagenous filaments mainly of 120 

cyanobacteria, fixed by high amount of EPS (extracellular polymeric substances) (Cuadrado and 121 

Pan 2018). The epibenthic microbial mat is present in a supratidal zone that is exposed during 122 

several days to weeks between inundations. Epibenthic mats are resistant organic layers on 123 

top of the sediment that stabilize the substrate by a magnitude of up to 12 relative to 124 

uncolonized sediments (Noffke 2010). In contrast, endobenthic microbial mats typically 125 

formed in the intertidal zone (flooded once or twice a day) stabilize the sediments by a 126 

magnitude of 3 to 5. 127 

Several vertebrates as Rhea pennata and wild pigs, among others, are common habitants in 128 

the area of study.  Several trackways are found crossing the microbial mats. The abundance of 129 

trackways suggest that the vertebrates use the zone as a path when seeking food and water in 130 

the surroundings (Fig. 1C, D), and thus, show that these continental vertebrates can visit 131 

coastal environments characterized by marine processes. 132 

 133 

METHODOLOGY 134 

This study analyses the modifications produced by footprints of Rhea pennata in the 135 

sediment of Paso Seco and their sediment infill. For this purpose, the sediment compression of 136 

two different footprints was compared. On one hand, the first footprint was analysed 137 

immediately after it was registered by cutting a cross section through it, which allowed the 138 
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observation of the mechanical modification produced by the vertebrae in the subjacent 139 

sedimentary horizons. 140 

On the other hand, the second footprint was subject to a two year-long monitoring before 141 

its removal and cross cutting. In November 2016, a vertebrate footprint left by Rhea pennata 142 

was selected on the flat to study its evolution through time. The location of the footprint was 143 

marked with a coloured steel frame (10 × 10 cm) that included the whole sole. The surface 144 

expression of the footprint was monitored by visiting the site in nine occasions during the 145 

following two years to observe and photograph the modifications through time. A sedimentary 146 

block containing the footprint was recovered in December 2018. The sedimentary block 147 

containing the footprint was taken to the laboratory to cut it in cross section to observe the 148 

sediment fill. In order to analyse the sediments deformed by the footprint and the infilling in 149 

detail, two thin sections were prepared for petrographic analysis from samples taken from the 150 

sedimentary block containing the footprint. Thin sections were petrographically analysed in a 151 

Nikon Eclipse POL 50i transmitted-light microscope, coupled with a camera.  152 

The inundations of the flat were recorded by a water level logger (HOBO by Onset-model 153 

U20; 2.5 cm diameter and 15 cm length; Onset Computer Corporation, Bourne, MA, USA) 154 

continuously along two entire years from 2016 to the end of 2018, with an only interruption 155 

during Austral summer from November 2017 to February 2018. The sensor was deployed in a 156 

vertically buried, perforated PVC pipe, 40 cm in length. The water- and air-pressure, and water 157 

temperature parameters were measured every 10 minutes, and the data were corrected by 158 

another sensor data located in a higher level, which measured only atmospheric pressure. The 159 

water level is referred to the tidal flat. 160 

 161 

RESULTS 162 

Development of biolaminites 163 
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The flat in Paso Seco is composed of biolaminites (vertical sequences of mat laminae and 164 

sandy layers; Fig. 2A). The microbial mats are organic layers constructed by the activity of 165 

microbial communities (largely filamentous cyanobacteria), and are characterized by a 166 

conspicuous thin lamination, which can be recognized macroscopically (Fig. 2B). 167 

In November 2016, when the monitoring of the footprint was initiated, the flat was covered 168 

by a ≈ 1 mm-thick diatom-rich biofilm like a paper, made up of pennate diatoms, which 169 

protected the greenish filamentous cyanobacteria layer underneath (Fig. 2B). Beneath the 170 

surficial centimetres (more than 4 cm deep), there were condensed layers of buried mats 171 

interbedded with up to 1 cm-thick sand layers (Fig. 2C), which are indicative of episodic strong 172 

energy events that occur during storm surges (see Study area section). The buried interbedded 173 

mats and sand layers show occasionally an undulating shape, instead of a parallel-laminated 174 

appearance, which is probably related with microbial deformation structures produced during 175 

high energy events (see Maisano et al. 2019).  176 

 177 

Monitoring of the depositional surface through time 178 

The surface of the flat in November 2016 was covered by a dried-biofilm, an organic coat 179 

like a paper that showed some collapsed bubbles (Fig. 3A; black arrows in Fig. 3B) and small 180 

broken bubbles in the surface of the sole (white arrows in Fig. 3C). Interestingly, the dried 181 

biofilm derived from a highly hydrated biofilm that was observed four months before (in July 182 

2016, austral winter), when the flat was entirely covered by seawater (Fig. 3D, E). This thick 183 

biofilm was highly impermeable as shown by the fact that air bubbles (produced by 184 

photosynthetic activity of surficial microorganisms) were retained inside it (Fig. 3D), and also in 185 

a thinner biofilm documented over the sediment (Fig. 3E).  Both the surface microbial mat 186 

trampled by the vertebrate and the underlying sediment were compressed by the footprint 187 

(Fig. 3A, B). The small broken bubbles present in the surface of the tracked sediment (white 188 
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arrows in Fig. 3C) were produced by photosynthetic activity on the surficial microbial mat after 189 

the formation of the track. 190 

Four months later, in March 2017, the flat was inundated by a sheet of seawater moved by 191 

the wind, which made the observation of the footprint difficult (Fig. 3F). In May, a thin sheet of 192 

calm seawater covered the flat, which allowed the research team to see bubbles produced by 193 

photosynthetic activity in the water-sediment interface, and patches of a yellowish-beige 194 

diatom-rich biofilm with a circular shape at the sedimentary surface (Fig. 3G-H). Comparison of 195 

the initial footprint with the state at that time was possible by using the frame as a reference 196 

(shown in Fig. 3A) for overlapping with the photograph taken in May (yellow dashed-lines in 197 

Fig. 3G). This enabled observing two digit impressions completely refilled by a biofilm, but their 198 

borders were still preserved (Fig. 3G). Four and five months later, in September and October, 199 

the footprint was almost completely refilled and the tenuous border of the digits could be 200 

identified (Fig. 3I-J).   201 

After the austral summer, in March 2018, the footprint was completely refilled and only a 202 

vestige of the deeper incisive front part of the claw mark was observed (Fig. 4A). At that time, 203 

the epibenthic microbial mat showed a flat surface, which was abruptly modified ten months 204 

later (in December), when the flat was covered by undulated bedforms made during severe 205 

storms in the previous austral winter (Fig. 4B; see further explanation in Section 4.5). The flat 206 

was widely covered by 2D and some 3D asymmetrical ripples with heights < 1 cm and 207 

wavelengths between 8 and 10 cm (Fig. 4C-D). Only the top layer (< 1 cm) formed by sand 208 

ripples resting on the epibenthic mat was oxic. Below this layer the sediments were anoxic and 209 

displayed planar bedding (Fig. 4E).    210 

 211 

Vertical variation of the bedding of the host sediment and sediment infill of the footprint 212 
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The mechanical modification produced by the vertebrate is revealed in a vertical section 213 

cutting several subjacent sedimentary horizons (Fig. 5). The sediment compression of two 214 

different footprints was compared. The first one was analysed immediately after it was made 215 

(Fig. 5A). The other one was removed from the area two years later (Fig. 5B). Both tracks 216 

presented similar deformation immediately below the track in a vertical profile (Fig. 5C, D). 217 

The plastic deformation transferred downward into the underneath layers depended on the 218 

force applied by different digits (Fig. 5C), being less pronounced in depth. Consequently, the 219 

sand layers interbedded with the microbial mats in depth were also compressed (Fig. 5C). At 220 

the edge of the sole, the layered sediments are fissured and a sharp track wall is observed 221 

(arrow in Fig. 5D).     222 

The whole vertical section of the footprint extracted two years after its registration is 223 

comprised of the following layers, from the bottom to the surface (Fig. 5E): i) a 11 mm-thick 224 

microbial mat layer that includes several mat sublayers (microbial colonization) separated by 225 

very thin sand sheets,  which was severely compressed up to 6 mm under the sole (dashed red 226 

lines in Fig. 5E);  ii) a 4 mm-thick sand layer that overlies the basal microbial mat (S1 in Fig. 5E); 227 

and iii) a 2-4 mm-thick microbial mat, which corresponds to the tracking surface (white 228 

dashed-lines in Fig. 5E). There are two fissures at both sides of the sole (probably amplified by 229 

the recovery work). Once the footprint was formed, a thin microbial mat covered the true 230 

track (yellow line in Fig. 5E), and was subsequently covered by two sand layers, the first one 231 

only refilled the footprint depression and the last one was deposited over the whole sediment 232 

flat. On top of the continuous sand layer a microbial mat colonized the sedimentary surface. 233 

Lastly, a sand ripple was formed over the microbial mat with a height of 0.5 cm and a 234 

wavelength of 8.5 mm. A thin biofilm capped the crest of the asymmetrical ripple (orange 235 

dashed-line in top of Fig. 5E), before a subsequent sand deposition was documented. 236 

 237 
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Petrographic analysis 238 

Petrographic analysis shows in detail the deformed sediment layers below the tracked 239 

surface (Fig. 6). The trampled surface displays an uneven concave shape, and small broken 240 

pieces of microbial mat produced by the mechanical pressure of the vertebrate (discontinuous 241 

upper red dashed-line in Fig. 6B, C). The sole was filled during a storm by fine sand, composed 242 

mainly of quartz, feldspar, amphibole, pyroxene, volcanic rock fragments, and opaque grains 243 

(yellow arrow in Fig. 6B-C). At the left side of the thin section, the deformation produced in the 244 

sediments by the stepping of the vertebrate is clearly seen, and affects several 0.5-1 mm-thick 245 

microbial mats (mm1, mm2 and mm3 in Fig. 6D, E) separated by fine sand laminae (~2 mm 246 

thick), which form the typical lamination. 247 

The detailed inspection of the 2.5 mm-thick microbial mat where the vertebrate stepped 248 

(area between red dash lines in Fig. 6B-C) shows different appearance from top to base. At the 249 

top, cloudy dark brownish organic matter occurs (om in Fig. 6B, C) and, beneath it, a brownish 250 

continuous layer around 1.5 mm in thickness and composed of several laminae is present 251 

(mm1 in Fig. 6B, C). A separation between om and mm1 is observed currently, which was 252 

probably produced during thin section preparation. The brownish layer of the microbial mat is 253 

formed by several organic sheets (up to ~60 m thick) separating thin layers of fine sediment 254 

and organic matter, and contains also dispersed sand grains (Fig. 6F, G). Some of the layers of 255 

the microbial mat contain lenses of micritic calcite that may coalesce into up to 100 µm-thick 256 

discontinuous laminae, which are clearly identified by the comparison under plane- and cross-257 

polarised light (Fig. 6H, I). This carbonate is surrounded by brownish organic matter sheets (red 258 

arrows in Fig. 6H, I). 259 

The last layer of sediment to fill the footprint exhibits a ripple bedform at the surface (see 260 

Fig. 6A; red arrow in Fig. 7A) resting on a 1 mm-thick microbial mat (yellow bracket in Fig. 7A). 261 

A close-up of this microbial mat reveals that it is composed of brownish organic matter sheets 262 
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(~20 m thick) separating sand layers, fine sediment layers and micritic layers (orange, red and 263 

yellow arrows, respectively, in Fig. 7B, C), all of them containing dispersed brownish cloudy 264 

organic matter.  265 

A detailed analysis of the uppermost surface reveals that the sand ripple (5.5 mm height) 266 

was deposited on top of a sharp planar surface over the microbial mat (Fig. 7A). An organic 267 

layer (biofilm) of varying thickness was developed over the ripple. The biofilm is less than 100 268 

m on the crest of the ripple and ~1 mm thick in the trough. Another sand ripple (1 mm ripple 269 

height) was deposited over this biofilm (Fig. 7A, D, E), which is overlain by a ~500 µm-thick 270 

continuous carbonate layer, lastly covered by an organic matter lamina (Fig. 7F, G). 271 

 272 

Hydrodynamic pattern 273 

The analysis of the seawater level over the microbial flat over two years (Fig. 8) makes 274 

possible to infer the energy of the inundations into the area, taking into account that previous 275 

studies have demonstrated a direct relationship between water height above the flat during 276 

sudden floodings and the velocity of the flood current (Maisano et al. 2019).  Water 277 

temperature, in contrast, is in close relation with seasonal variations (Fig. 8).  278 

The footprint was created prior to November 2016 (pink arrow in Fig. 8A). Afterwards, in 279 

December 2016, there were moderate inundations (> 30 cm over the plain) followed by a 280 

subaerial exposure that lasted for more than a month coinciding with high radiation in austral 281 

summer (January 2017), when the water temperature reached 29 °C and the water table 282 

descended to the minimum level below the flat (> 40 cm deep). From February to May 2017 283 

there were recurrent low inundations (< 30 cm). From May and during the austral winter, a 284 

relatively constant water lamina was present over the microbial flat (water temperature about 285 

10 °C). Immediately after the field trip in May 2017, three events of moderate inundation (> 30 286 
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cm) occurred. One of them raised the water column up to 50 cm in height (Fig. 8A). During 287 

2018, a severe storm that occurred in June provoked a 70 cm-deep inundation, followed by 288 

another moderate inundation (> 30 cm) in July (Fig. 8B). After the flooding in July the water 289 

level remained at the sediment surface for almost a month, and subsequently descended, 290 

causing subaerial exposure of the flat. 291 

 292 

DISCUSSION 293 

Significance of the microbial activity for footprint generation and preservation 294 

 The optimum preservation potential of vertebrate impressions occurs in fine-grained 295 

laminated sediments, either siliciclastic (Thulborn and Wade 1989; Currie et al. 1991; Scarboro 296 

and Tucker 1995; Tucker and Burchette 1977; Paik et al. 2001; Benton et al. 2012; Lockley and 297 

Xing 2015) or carbonatic (Avanzini et al. 1997). The characteristic lamination of abundant 298 

strata containing vertebrate tracks and the presence of mud drapes in them are typical 299 

characteristics of microbial mats growing in tidal flats (Cuadrado 2020), which might suggest 300 

that microbial mats were developed in the fossil successions.  Actually, abundant publications 301 

have established a linkage between the formation and preservation potential of vertebrate 302 

impressions and microbial mat presence (e.g. Avanzini 1998; Kvale et al. 2001; Conti et al. 303 

2005; Marty 2005; Noffke et al., 2019). Therefore, the knowledge of the life strategies of 304 

microbes in sediments assists in the paleohydraulic and paleoenvironmental interpretation. 305 

The characteristic planar lamination in epibenthic microbial mats derives from the horizontal 306 

arrangement of cyanobacteria filaments on top of the sedimentary surface, attributed to 307 

different growth periods caused after seasonal or episodic events (storms). Older mats are 308 

successively overgrown by younger mats due to the migration of the organisms in order to find 309 

the most favourable conditions (Stal 2012). The organic arrangement produces a continuous 310 

flat lamination. Also, laminated levelling (Noffke et al. 2001) overgrows the trough of ripples, 311 
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and has been identified in ancient successions in which ripple bedforms and microbial mats 312 

occur interbedded (Stimson et al. 2018). 313 

The development of mats is basically controlled by moisture and, therefore, binding and 314 

growth of epibenthic microbial mats occur under lasting latencies of more than few weeks 315 

(Noffke 2010; Cuadrado 2020). During latency, cyanobacteria can exude large amounts of EPS 316 

to resist long periods of drought and large fluctuations of salinity and temperature (Stal 2012). 317 

Cuadrado and Pan (2018) reveals that Paso Seco is characterized by the presence of 318 

cyanobacteria Coleofasciculus (formerly Microcoleus according to the revision of Siegesmund 319 

et al. 2008), a cosmopolitan species with typical multiple ensheathed filament bundles that 320 

create a smooth and uniformly flat topography (Gerdes and Krumbein 1987). The latency in 321 

winter provides the microbial mat the necessary conditions to better preserve the morphology 322 

of the footprint because wet conditions maintained for long times allow the formation of a 323 

surficial biofilm that stabilize the footprint. Afterwards, the sand sediment that buries the 324 

footprint is deposited as a consequence of sediment transport during storm events, forming 325 

the characteristic biolaminites in the area (microbial mats interbedded with sand sheets; Fig. 326 

2A).  327 

Another important biotic factor to take into consideration as an effect of the microbial mat 328 

is the oxic-anoxic geochemical variations in the underlying layers, evidenced by steep 329 

microgradients (particularly of oxygen and sulphide; van Gemerden 1993) that cause anoxic 330 

black sediments below the surface (≈ 2 mm; Fig. 4E). This underneath layer is colonized by 331 

chemoorganotrophic bacteria that decompose the deceased cyanobacteria and EPS, with the 332 

help of sulphate as an electron donor (Noffke 2010). Below this layer another 333 

chemolithotrophic group is established, decomposing the simple chemical compounds 334 

discarded by the chemoorganotrophic bacteria above. This consortium of microbes functions 335 

as a cooperative that acts as a complex society (Noffke et al. 2013). The initial energy is 336 



15 
 

provided by sunlight, which is used by the photic surficial layer inhabited by cyanobacteria and 337 

pennate diatoms. The photosynthetic activity is revealed by small bubbles in the biofilm or 338 

over the sedimentary surface (white arrows in Fig. 3C). The consequence of the geochemical 339 

activity by microbial mats in the first mm of the surface is the generation of some authigenic 340 

minerals as carbonates, pyrite, or even zeolites if the sediment includes volcanic grains as 341 

occurs in Paso Seco, among others that are found in the sedimentary record (Cuadrado et al. 342 

2012), which may enhance the footprint preservation (Scott et al. 2008, 2010; Marty et al. 343 

2009). 344 

 345 

Mechanical deformation of microbial mat layers 346 

Many studies document the plastic behaviour of the sediments in which the footprints are 347 

preserved, not only in the surficial layer, but also in the underlying horizons (Scrivner and 348 

Botjer 1986; Phillips et al. 2007; Marsicano et al. 2010; Lockley and Xing 2015; Heredia et al. 349 

2020). This plastic behaviour may be easily explained in the presence of microbial mats, whose 350 

high content in organic matter, especially exopolysaccharides secreted by cyanobacteria (Pan 351 

et al. 2019), confer plasticity to the sediment subject to mechanical stress. The rheological 352 

properties of microbial mats were measured in a study focused on the response of the mats in 353 

Paso Seco to physical disruption by incision and compression pressures (Pan et al. 2019), 354 

similar to those that vertebrates might produce on a microbial flat with the claw or the sole of 355 

the foot, respectively. That experimental study quantified that the microbial mats were able to 356 

withstand a compression of 1.56 to 1.9 kg cm-2, and an incising pressure of 10.5 to 14.5 kg cm-357 

2. In general, a greater force is needed in desiccated mats than in wet mats to deform. This is 358 

the reason why footprints are produced more easily under wet conditions, as observed by 359 

Marty et al. (2009) in present-day tidal flats. This behaviour could cause that footprints in the 360 

microbial mats of Paso Seco are more commonly formed in winter, when the flat is humid or 361 
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inundated, than in summer, when the flat is dried and footprints would not even be registered. 362 

Moreover, in agreement with the experiment results, the mechanical deformation affects 363 

differentially the uppermost surface (≈ 5 mm) where the density of living cyanobacteria 364 

filaments is highest and capable of withstanding plastic deformation, up to a threshold limit 365 

above which the mat fractures (see Fig. 5C, D). This threshold limit was achieved at lower force 366 

when the microbial mat was subject to incision pressure, comparable to that exerted by claws, 367 

than to compression pressure, comparable to that of the sole of the foot.   368 

The experimental results of Pan et al. (2019) are useful to understand the deformation of 369 

the microbial mats and interlayered sands observed in the studied sedimentary blocks. The 370 

compressed sediments show a plastic deformation, which affects every layer and occurs at 371 

every depth, and locally a mechanical disruption, which breaks the areas subject to higher 372 

pressures, such as the footprint edges, and closer to the surface (Fig. 5C-E). Therefore, the 373 

pressure applied by the vertebrate produced a general plastic deformation in the compressed 374 

sediments and, in the areas that exceeded the plastic threshold limit, the microbial mats and 375 

interbedded sand layers were broken. Furthermore, brittle deformation was achieved more 376 

easily under the claws than under the sole of the foot, where ductile deformation 377 

predominated (Fig. 5A, C), which is consistent with the experimental results that showed that 378 

the plastic threshold limit was reached at lower force under incision pressure than under 379 

compression pressure (Pan et al. 2019). 380 

 381 

Sedimentary evolution of the sequence containing the footprint 382 

In spite that the sea is nearly 4 km far away from the study area, coastal marine processes 383 

(i.e. current sediment transport, sand ripple formation) are very relevant in sedimentation in 384 

Paso Seco. The analysis of the data obtained by monitoring of the depositional surface and 385 

hydrodynamic changes through time, combined with the observations of the host sediment 386 
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bedding and of the infill of the footprint in cross-section and under petrographic microscope, 387 

allows us to reconstruct in detail and to date the sedimentary processes involved in the 388 

generation and preservation of the footprint. 389 

The sedimentary evolution of the flat prior to the generation of the footprint (selected on 390 

November 2016) is recorded in the deformed sediment underneath the track. The sedimentary 391 

surface where the vertebrate walked was formed by biolaminites and was covered by a dried 392 

biofilm. This biofilm was made previously, during austral winter season (Fig. 3D, E), when the 393 

seawater was retained over the surface nearly for two months (Fig. 9A3). Under petrographic 394 

analysis, very small pieces of detached microbial mat are seen on the irregular surface of the 395 

stepped mat, which were caused by the mechanical disruption of the mat produced by the 396 

stepping (Fig. 6B, C). The tracked microbial mat includes carbonate laminae less than 100 m 397 

thickness, (Fig. 6F-I) probably precipitated during the exposure of the flat in the previous warm 398 

months (August - November 2016; Fig. 8A, 9A3). 399 

Footprints in coastal areas are generally filled with sediments transported during storms 400 

(Carmona et al. 2011). The footprint here monitored was refilled by sand sediment (0.4 cm 401 

thickness) probably by two storms events that occurred after its creation (water column 402 

between 30 and 46 cm depth; Fig. 9B3). Successive storm events that occurred in 2017 buried 403 

the flat and the footprint with sediment (column water between 35 and 47 cm depth; Fig. 404 

9C3). Subsequently, the footprint and the flat were covered by a thick (0.4 cm) planar 405 

microbial mat at the beginning of 2018 (Fig. 9D2). In addition to sand, fine-grained sediment 406 

and organic matter layers, the microbial mat contains micritic calcite precipitates (Fig. 7B, C).  407 

An asymmetrical sand ripple of 0.3 cm in height was deposited over the sequence as a 408 

consequence of the severe storm that occurred in June 2018 (Fig. 9E2, E3). In that occasion the 409 

column water reached 70 cm during two days due to a storm surge, creating several large 410 

microbial structures, such as roll-ups, fold structures and flipped-over edges (see details in 411 
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Maisano et al. 2019). The ripple was exposed only some days before another storm event in 412 

July (Fig. 9E3). This period of latency between storms was enough for the microbial filaments 413 

to form a new biofilm (see yellow dashed line in Fig. 7A), creating a sinoidal structure (Noffke 414 

2010; Cuadrado, 2020). The thickness of this biofilm depends not only on the period of 415 

subaerial exposure (Noffke, 2010), but on the location relative to the ripple, showing a greater 416 

thickness on the trough (yellow dashed line in Fig. 7D, E). Probably, this is due to greater 417 

moisture for a longer time on the trough than on the crest ripple during periods of non-418 

deposition (Gerdes and Krumbein 1987). A subsequent storm (July 2018, Fig. 9E2, E3) created 419 

another ripple (1 mm width) lying over the previous one (orange arrow Fig. 7A). The 420 

subsequent latency period, which lasted several months under temperate weather (Fig. 9E), 421 

allowed the formation of a new thick biofilm (~500 µm thickness), composed of a continuous 422 

carbonate layer under an organic sheet (Fig. 7D-G). Carbonate precipitation in the biofilm was 423 

probably related with seawater evaporation that eventually led to subaerial exposure of the 424 

flat on windy conditions (Maisano et al. 2020). 425 

All these considerations help to understand how the sedimentary processes that take place 426 

in a present-day supratidal flat colonized by microbial mats are recorded in sediments, which 427 

may be applicable to interpret fossil successions. The burial of the monitored footprint was 428 

caused by energetic floodings during storm surges, followed by periods of latency. In the 429 

present study, three strong flooding events were recorded as sand layers and relatively long 430 

(several weeks) latencies were recorded as biofilms or microbial mats (Fig. 10). 431 

 432 

Early lithification and sedimentation rate as factors contributing to footprint preservation  433 

The calcium carbonate precipitates observed in the biofilms and microbial mats of Paso 434 

Seco enhance the preservation potential of the footprints because they cause early lithification 435 

of sediments. Early lithification of microbial mats induced by bacterially-induced carbonate 436 
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precipitation has been described in abundant examples in the literature (e.g. Krumbein and 437 

Cohen 1977; Chafetz and Buczynski 1992). In the case of Paso Seco, the interaction between 438 

biotic and abiotic factors is crucial to create the conditions for carbonate precipitation 439 

(Maisano et al. 2020). The semi-closed saline basin, warm temperatures and strong winds 440 

contribute to periodic seawater evaporation in the coastal flat, in which the microbial mat acts 441 

as an impermeable layer and contribute to retain a shallow water column covering the flat. 442 

The periodic seawater evaporation leads to calcium carbonate supersaturation. Thus, laterally-443 

continuous carbonate laminae are commonly formed in the microbial mats or in the biofilms 444 

covering the sand ripples. As a consequence, on one hand, carbonate laminae present in the 445 

host sediment, which are subject to plastic deformation during footprint formation as the rest 446 

of the mat layers (Fig. 6), may help to identify this type of structures in the sedimentary record. 447 

On the other hand, the formation of carbonate laminae in the sediment infill of the footprint 448 

contributes to the burial and lithification of the footprint.  449 

Another factor that needs to be taken into consideration when evaluating the preservation 450 

potential of the footprint is the sedimentation rate. Measurements of the thicknesses of 451 

sediment layers on the analysed sediment block allow calculation of sedimentation rate on the 452 

flat. These measurements were performed in the areas outside the depression produced by 453 

the footprint and did not include the uppermost ripples, in order to avoid local variabilities and 454 

to provide general values valid for the whole flat. Thus, the block reveals sediment thickness 455 

accumulation of 0.7 to 0.9 cm between November 2016 and December 2018, giving a rate of 456 

sedimentation of 0.32 to 0.41 cm per year (Fig. 5D, E). However, sedimentation rate was not 457 

linear through time, but important differences existed depending on the type of sediment 458 

accumulating in the flat in each period. While the microbial mat took five months (October 459 

2017 to March 2018) to reach 0.4 cm in width, a similar thickness of sand can be reached 460 

during a storm that takes only one or two days. The two-year monitoring of the track shows 461 

that neither erosive processes, nor bioturbation disrupted the footprint, but sediment input 462 
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gradually buried the track. The relatively high sedimentation rates recorded in the flat, 463 

characterized by small pulses of sediment input and periods of latency, created the perfect 464 

conditions for footprint preservation. These observations in Paso Seco suggest that ancient 465 

sedimentary successions bearing abundant well-preserved vertebrate tracks could have been 466 

formed in palaeoenvironments subject to similar sedimentary conditions:  pulses of high 467 

sedimentation input, plus absence of erosive processes and bioturbation. 468 

 469 

CONCLUSIONS 470 

The study presents a real-world research case to better understand the registration process 471 

and preservation potential of vertebrate trace fossils, and the role that microbial mats play in 472 

the early stabilization of sediments that contain surface ichnofossils. The climate and 473 

environmental conditions under which a footprint was registered and preserved were 474 

recorded, and the sedimentary processes that affect the preservation of the footprint were 475 

analysed by a two year-monitoring of a microbial-mat colonized tidal flat. The study 476 

demonstrates that the presence of a microbial mat is the key for the registration of footprints 477 

because the microbial activity confers plastic behaviour properties to the sediments that allow 478 

deformation of the substrate necessary for the formation of these sedimentary structures. 479 

After registration of the footprints, the post-sedimentary processes that take place in the 480 

sedimentary environment are crucial for their preservation. Episodic flooding filled the 481 

footprint and also created sand ripples. After each flooding event a biofilm or a new microbial 482 

mat was formed by binding and growing during latencies, which helped to preserve trace 483 

morphology. As a result, a sedimentation rate of 0.3-0.4 cm per year was measured, produced 484 

by the inputs of intermittent storm surges forming sand layers of different width, and the 485 

following recolonization of the depositional surface. The stabilization is improved by early 486 

lithification of the mat due to carbonate precipitation caused by the combination of biotic and 487 
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abiotic processes. Moreover, the lack of erosive processes, due to the rise of the erosional 488 

threshold caused by the microbial mat, and the lack of bioturbation are decisive also for 489 

footprint preservation. Therefore, the observations in Paso Seco suggest that ancient 490 

successions bearing abundant well-preserved vertebrate tracks could have been formed in 491 

coastal palaeoenvironments characterized by similar hydrodynamic characteristics –pulses of 492 

high sedimentation input followed by periods of latency– and by the development of microbial 493 

mats, which create the perfect conditions for registration, early burial and preservation of the 494 

footprint. 495 
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Figure captions 664 

Fig. 1. A) Location of the coastal flat of Paso Seco in South America (Argentina in blue). The 665 

study area, marked by an orange dashed-line, is limited by the cul-de-sac of a tidal channel 666 

and a sand spit. The yellow arrow indicates the view of (B). B) Oblique view of the study 667 

area showing the width of the microbial mat area and the sand spit. C) Schematic diagram 668 

of (B) showing the relative height of the relief above sea level. D) Vertebrate tracks 669 

observed on the tidal flat when it is subaerially exposed. 670 

Fig. 2. Characteristic sedimentary core of Paso Seco composed of biolaminite. A) Dark laminae 671 

are sand sediment layers and light laminae are organic and fine sediment layers. The top 672 

mat is covered by a diatom-rich biofilm. cy: cyanobacteria layer formed by bundled sheaths 673 

of Coleofasciculus. B) A close-up view of (A) showing a ≈ 1 mm-thick biofilm like a paper, 674 

made up of pennate diatoms, which protect the greenish filamentous cyanobacteria layer 675 

underneath. C) Buried laminated mats interbedded with sand layers. 676 

Fig. 3. Appearance of the footprint surface between November 2016 and October 2017. A) Flat 677 

surface in November 2016 showing the monitored vertebrate footprint. B) A close-up of 678 

(A). Collapsed and deformed bubbles are pointed by black arrows. C) A close-up of (B) 679 

showing small broken bubbles (white arrows) on the sole. D) Thick biofilm formed in July 680 

2016 (austral winter). E) Thin biofilm (bubbles were retained inside) covering the flat in July 681 

2016. F) Footprint inundated by seawater in March 2017. G) Flat surface covered with a 682 

thin sheet of seawater in May 2017. The two digits are delineated by a yellow dash-line. 683 

Bubbles produced by photosynthetic activity were developed in the water-sediment 684 

interface and circular patches of a yellowish-beige biofilm at the sedimentary surface.  H) 685 

Close-up view of (G). I) Flat appearance in September 2017. J) Flat surface in October 2017. 686 

The footprint is almost levelled. 687 
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Fig. 4. Flat surface appearance between March and December 2018. A) The surface in March 688 

2018. Yellow dashed-lines indicate the footprint location. B) Flat surface appearance in 689 

December 2018. The flat is covered by asymmetrical current ripples. The direction of flood 690 

is pointed by an arrow. C) 2D and 3D asymmetrical ripples exhibited over the footprint in 691 

December 2018. D) A close-up of (C) showing an asymmetrical rippled area. E) Vertical 692 

section of asymmetrical sand ripples (oxic layer) overlying the epibenthic mat (anoxic layer) 693 

that displays planar bedding (yellow dashed lines). 694 

 Fig. 5. Plan views and cross sections of the Rhea pennata footprints. A) Appearance of the 695 

footprint that was extracted immediately after its registration. The transect shows the 696 

location where the cut AB was performed. B) Close-view of the monitored footprint on the 697 

tidal flat showing the transect where the cut CD was performed after two years. C) Vertical 698 

section of (A). MM: microbial mat, S: sand layer. D) Vertical section of (B). The arrow 699 

indicates the fissure in the track wall. E) Line drawing of (D) indicating the sediments 700 

underneath and over the footprint. The layers underneath the footprint are composed, 701 

from the bottom to the surface, of: microbial mat layers separated by thin sand sheets (red 702 

dashed lines), sand layer S1, sand sheets between microbial mats (white dashed-lines), and 703 

the tracking surface (yellow line). The layers overlying the footprint are composed of: a 704 

sand layer and a thin microbial mat levelling the footprint (orange dashed-line), a 705 

continuous sand layer covered by a thick microbial mat (limited by white lines), and an 706 

asymmetrical ripple with a biofilm at the top (orange dashed-line) capping the sedimentary 707 

succession. Two fissures at both sides of the finger compression (white lines) can be 708 

observed. 709 

Fig. 6. Petrographic photomicrographs. A) Vertical sedimentary profile of the block containing 710 

the monitored footprint showing the location of the thin sections analysed. B) Thin section 711 

plane-polarised light photomicrograph showing the sediment deformation after the 712 
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vertebrate footprint. The microbial mat where the vertebrate stepped is marked by red 713 

dashed lines. Red arrows indicate small broken pieces of the stepped microbial mat. Yellow 714 

arrow indicates fine sand. om: organic matter; mm1: microbial mat layer. C) Cross-polarised 715 

light photomicrograph of (B). D) Close-up of the microbial mat deformation (yellow square 716 

in B) under plane-polarised light. Red dashed-line shows the base of the microbial mat 717 

where the vertebrate stepped on (mm1). Yellow dashed-lines delimit microbial mats (mm2 718 

and mm3) separated by fine sand laminae (orange lines). E) Cross-polarised light 719 

photomicrograph of (D). F) Close-up of the microbial mat where the vertebrate stepped on 720 

(yellow square in B) under plane-polarised light. Micritic carbonate laminae are shown, see 721 

location on (G). Red dashed line indicates the base of the microbial mat. G) Schematic 722 

diagram of (F). H) Close-up of the laminae in the microbial mat (red square in F) under 723 

plane-polarised light. Red arrows show brownish organic sheets and yellow arrows show 724 

lenses of micritic calcite. I) Cross-polarised light photomicrograph of (H). 725 

Fig. 7. Petrographic photomicrographs of the surficial part of the sedimentary sequence. A) 726 

Thin section cross-polarised light photomicrograph of the sediment overlying the footprint. 727 

The yellow bracket indicates a microbial mat; the red arrow indicates a sand ripple; the 728 

yellow dashed lines indicate an organic layer (biofilm) of varying thickness; the orange 729 

arrow indicates a subsequent sand ripple. B) Plane-polarised light photomicrograph of a 730 

close-up of a 1 mm-thick microbial mat (yellow square in A). C) Cross-polarised light 731 

photomicrograph of (B). The microbial mat is composed of brownish organic matter sheets 732 

(yellow dashed lines), sand layers (orange arrows), micritic layers (yellow arrows), and fine 733 

sediment layers (red arrow). D) Close-up of the sand ripples under plane-polarised light (red 734 

square in A). Red dashed line indicates the top of the microbial mat over which the ripple 735 

lies. Yellow dashed-line indicates the organic layer (biofilm) of varying thickness that covers 736 

the ripple. Orange arrow indicates another sand ripple over the biofilm. Green arrow 737 

indicates a carbonate lamina covered by an organic matter lamina. E) Close-up of the 738 
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trough of the sand ripple under plane-polarised light (red square in A). The yellow dashed 739 

line indicates a 1 mm-thick biofilm over the trough. Orange arrow indicates another sand 740 

ripple over the biofilm and the green arrow, a carbonate lamina covered by an organic 741 

matter lamina. F) Close-up of the biofilm covering the sand ripple under plane-polarised 742 

light (yellow square in D). The red arrow shows a carbonate lamina, and the green arrow, 743 

an organic matter lamina. G) Cross-polarised light photomicrograph of (F). 744 

Fig. 8. Hydrodynamic regime over the tidal flat. A) Water level and water temperature record 745 

from June 2016 to October 2017. Pink arrow shows the beginning of the footprint 746 

monitoring. B) Water level and water temperature record from March to December 2018. 747 

Pink dashed-lines indicate when the footprint was photographed. 748 

Fig. 9. Evolution of the sedimentary infilling of the footprint along two years. The arrow in A1 749 

indicates the cross section showed in A2. Each step links the surface appearance of the flat 750 

with the water level records of the period analysed. A) November 2016. B) May 2017. C) 751 

October 2017. D) March 2018.  E) December 2018. n/d: no data. 752 

Fig. 10. Relation between cross section of the monitored footprint and hydrodynamic events. 753 

A) Footprint cross-section in which the location of the close-up view shown in (B) is 754 

indicated. Colour lines are the same as in Fig. 5. B) Close-up view of the sediment cross 755 

section with the hydrodynamic log from November 2016 to December 2018. The height of 756 

the column water over the tidal flat is a proxy for the hydraulic energy on the flat. 757 
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