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Kinneyia is the commonly used term to describe a class of trace fossil that is strongly associated with microbial mats. The appearance of Kinneyia (or wrinkle structures) in the fossil record has recently led to a number of possible mechanisms being proposed to explain its formation. Here, we outline, and critically compare, three of these models, involving formation of the characteristic ripple structures (i) in mats over liquefied sediment, (ii) by oscillatory flow of microbial aggregates, and (iii) by a Kelvin–Helmholtz instability of the mat surface. Of these models, our study shows that the hydrodynamic instability compares most favorably with the corresponding structures in the fossil record. Implications for the conditions under which the fossils formed are then further discussed.
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1. INTRODUCTION

1.1. Biofilms and Microbial Mats

Biofilms are dense microbial colonies covering solid surfaces. They are found in vastly variable environments, ranging from deep sea hydrothermal vents (Wolff, 1977) to the Antarctic (Friedmann and Weed, 1987; Hawes et al., 2013), sewage pipes, and even the human body (Hall-Stoodley and Stoodley, 2009). They represent, however, not only one of the most ubiquitous life forms on Earth but also one of the earliest. Recent discoveries provide evidence that fossils of microbial origin date back at least 3.45 billion years (Allwood et al., 2006), suggesting that biofilms have been present throughout the majority of Earth’s history.

Microbial mats (MM) may be viewed as thick biofilms. Their thickness ranges from a few millimeters to about a centimeter, depending on habitat, growth conditions, and on the microbial species they consist of (Neu and Lawrence, 1997; Gerdes et al., 2000). These may include bacteria, archaea (Zolghadr et al., 2010), protozoans, algae (de Brouwer et al., 2005), and fungi (Verstrepen and Klis, 2006). Due to the lack of large-scale internal organization, the material MM consist of appears rather homogeneous. While the distribution of microbial species exhibits a pronounced vertical stratification (with phototrophic species prevailing in the top region and sulfur breathing species in the anoxic deeper layers), they are generally rather featureless and isotropic with respect to the plane of the substrate they grow on.

As a consequence, the primary evidence of ancient MM is not a topographic feature, as in many other fossils, but the mineral content of the adjacent sedimentary layers, and peculiarities in the sedimentary grain size distribution. In ancient siliciclastic biolaminates, former microbial mats are indicated by black carbonaceous materials (Noffke et al., 2002; Bouougri and Porada, 2007; Noffke, 2010), pyrite (Pfluger and Gresse, 1996), and darker layers rich in iron-oxides. In modern MM, these compounds are produced by the metabolic activity of microorganisms living in and below the mat (Dupraz et al., 2004; Schieber and Glamoclija, 2007; Sarkar et al., 2008). There are, however, a class of microbially induced sedimentary structures (MISS) that show up as topographic features on the bedding planes, which formerly carried the MM (Schieber, 2007; Schieber et al., 2007). In these cases, the inherent isotropic symmetry of the MM has been broken, and in some cases the underlying mechanisms are still elusive. The present paper addresses some physical aspects of MISS exhibiting a pronounced anisotropy (called Kinneyia, see below) the formation of which has been unclear to date.

1.2. Physical Properties of Microbial Mats

MM are held together by extracellular polymeric substances (EPS) (Wingender et al., 1999), which are produced by microbes. These substances bestow mechanical stability to the colony and make up 50–90% of the total organic material in the film (Flemming and Wingender, 2010). They are responsible for adhesion of the mat to surfaces (Donlan, 2002; Flemming and Wingender, 2010) and provide a mechanically stable scaffold for the microbial colony (Mayer et al., 1999). One may, therefore, anticipate that EPS largely determine the physical properties of MM.

In fact, modern biofilms and microbial mats are found to behave like viscoelastic films (Shaw et al., 2004; Vinogradov et al., 2004; Rupp et al., 2005; Lieleg et al., 2011). Lieleg et al. (2011) have shown that biofilms display elastic-like responses for high frequency stimuli, and viscous-fluid responses when low frequency mechanical stimuli are applied. In the context of MM, this means that for short-term exposure to shear stress the mat responds elastically. For sustained exposure to shear stress, on the other hand, internal physical stresses are dissipated through viscous flow. Although the composition of EPS may vary widely, recent investigations of modern microbial mats have revealed a number of well-conserved features. While the viscosity η, and shear modulus G, of biofilms are seen to vary by over seven orders of magnitude (Shaw et al., 2004), the stress relaxation time, τ = η/G, is strikingly well conserved, being generally found to be between about 10 and 30 min. This relaxation time is thought to be the typical lifetime of the temporary crosslinks in the EPS. Comparative studies of modern and ancient microbial structures suggest that ancient microorganisms existed with the same diversity as today (Noffke, 2010). It is, therefore, not unreasonable to assume far reaching similarities in the general material characteristics of ancient and modern microbial mats. This shall serve as a working hypothesis throughout the present paper.

2. KINNEYIA

Given the lateral homogeneity of MM, it is surprising that some fossil MISS connected to MM exhibit a very pronounced spatial pattern. The focus of the present paper is a particularly prominent representative called Kinneyia (Porada and Bouougri, 2007; Porada et al., 2008). It is found predominantly on the upper bedding planes of sandstone or siltstone layers, which can be identified as storm wave deposits in formerly littoral areas. It is characterized by an undulating ripple-like structure (Figure 1) with a wavelength typically between 2 and 20 mm. The ripple shape tends to deviate slightly from a sinusoidal wave, commonly with flattened crests and rounded troughs, but sometimes also with rounded and even sawtooth-shaped crests (Porada et al., 2008). The relative widths of the troughs and the ridges vary widely from sample to sample (Pfluger, 1999). The ripple pattern is generally well ordered, with the crests orientated parallel to one another. Honeycomb-like patterns with round or elongated pits are also seen (Figure 1C). Both morphologies often coexist on different areas of the same outcrop (Hagadorn and Bottjer, 1999; Porada and Bouougri, 2007). We note that there is a variety of similar structures the biological origin of which is at least controversial (Davies et al., 2016). In the present paper, we focus on those fossil structures that can be clearly identified as MISS.
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FIGURE 1 | Proterozoic Kinneyia structures from Neuras and Haruchas farms, Namibia. While the Neuras facies (A,B) displays large (>1 m2) areas covered with clearly oriented ripples, the Haruchas facies (C) is rather characterized by small (≈10 cm across) patches of honeycomb-like structures.



The examples shown in Figure 1 are from two outcrops in Namibia. They date to the terminal Proterozoic Vingerbreek Member, Schwarzrand Subgroup, Nama Group. The first site was located at Neuras farm [24° 24′ 11.3″ S; 16° 15′ 8.7″ E]. The Kinneyia here are found on two isolated outcrops located on a cliff overlooking a river bed. The second fossil site was located at Haruchas farm [24° 21′ 46.3″ S; 16° 24′ 21.6″ E] (Noffke et al., 2002; Bouougri and Porada, 2007). The outcrop is ~3 × 6 m in area and is covered with small Kinneyia patches (e.g., Figure 1C).

In order to gain detailed data on the topography of the fossils, mold casts have been prepared in the field and analyzed by standard profilometry in the laboratory (Thomas et al., 2013). Figure 2 shows results for the crest-to-valley amplitude as a function of the ripple wavelength for a number of samples from both Neuras and Haruchas (open circles). The symbol size roughly corresponds to the experimental error. It is interesting to note that there is a roughly linear relation between the wavelength of the ripple and its crest-to-valley amplitude. The inset shows a few sample traces, demonstrating the flattened crests and troughs frequently found in Kinneyia fossils.
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FIGURE 2 | Topographic characteristics of Kinneyia fossils and their models generated in the laboratory. Circles: crest-to-valley amplitude of Kinneyia ripples as a function of their wavelength for fossils from Namibia (Neuras (gray) and Haruchas (white) outcrop). The symbol size roughly corresponds to the observational error. Squares: saturation amplitudes of artificial Kinneyia structures generated in the laboratory. Inset: sample profiles as taken from a fossil mold cast [adapted with modifications from Thomas et al. (2013)].



Kinneyia outcrops have been dated from as early as 2.9 Ga ago (Noffke et al., 2003a), and occur at virtually all times well into the Mesozoic. In the course of the Mesozoic, they gradually become more scarce in the fossil record, with the latest representatives being reported from the Jurassic. Because of the frequent occurrence of Kinneyia in fossils from over three billion years, as well as because of their gradual disappearance during the Mesozoic, Kinneyia could be very informative for paleontologic studies. Consequently, it is extremely desirable to understand how Kinneyia structures are created from MM.

3. SUGGESTED MECHANISMS FOR KINNEYIA FORMATION

After early attempts to interpret Kinneyia by abiotic mechanisms (Shrock, 1948; Allen, 1966; Singh and Wunderlich, 1978) had been shown to be inconclusive, Hagadorn and Bottjer (1997, 1999) were the first to suggest that the formation of Kinneyia may involve microbial mats. Note that the ripples of Kinneyia are often seen to have very steep slopes, such as seen in the inset of Figure 2, which would be unstable without some “glue,” such as EPS, to bind the grains together.

Pflüger later proposed a microbially mediated gas bubble model for Kinneyia formation (Pfluger, 1999). He suggested that gas rising up from a sedimentary substrate can be trapped by a MM, and collect to form bubbles below the MM. Using a mixture of water-saturated sand and sodium bicarbonate, Pflüger indeed observed that bubbles (of CO2) destabilized the sediment and thereby left trace patterns.

Indications of bubbles rising below MM are indeed known. Gas domes, polydisperse round shapes up to tens of centimeters in diameter, are observed in modern and ancient microbial mats (Gerdes, 2007). However, as their patterns do not correspond well with the well-defined elongated ridge and trough structures of Kinneyia, gas domes are no longer thought to be responsible for Kinneyia formation. Although Pflüger did not refer explicitly to gas domes mediating the destabilization of the MM, an alternative model of how gas bubbles below the mat would lead to a ripple-like destabilization was not provided. Furthermore, it is hard to conceive of a structure as regular as those shown in Figures 1A,B as being formed by gas bubbles.

3.1. The Liquefied Sediment (LS) Model

A different model for the development of Kinneyia has been put forward by Porada et al. (2008), who proposed that the pattern forms in liquefied sediment (LS) confined beneath microbial mats. Similar to Pflüger (Pfluger, 1999), Porada et al. assumed the microbial mat to act as a barrier to gas and groundwater trapped in the underlying sediment. In this model, however, the bacteria are assumed to form dispersed colonies in the sediments, in regions where the mats have adhered to the substrate and grown downwards. The gas then accumulates between the colonies within the pore space, leading to local anisotropies on the microscale in the elsewhere water-saturated sediment. Oscillating water flow from tidal currents may give rise to cyclic stressing, causing the underlying sediments to liquefy due to the oscillating pore pressure. The liquefied sand layer is assumed to be several centimeters thick with the overlying mat being up to 3-cm thick. The oscillatory pressure changes induce ripple structures in both the liquefied sand and microbial mat. The wavelength of the ripples is on the order of 1 m for the sand and a few centimeters for the mat. The ripple pattern in the mat induces further local variations in the pore pressure causing seepage and grain lifting. If the LS layer becomes very thin, then replication of the overlying small wavelength microbial ripples can occur in this underlying liquefied layer. This condition is satisfied periodically at the seaward boundary of the mat during each tidal cycle.

In the model of Porada et al. (2008), the small-scale ripple patterns are induced at the boundary between the overlying mat and the underlying sediment. Observation of modern microbial mats, however, suggests that it is not always possible to make a clear distinction between these two layers. Mats are often seen to develop from biofilms that initially form around individual sediment grains and subsequently grow together into a thick layer. Hence, the sediments are an integral part of the microbial mat. This is the case in particular for mats growing after storm floods, because then microbes and mineral particles are simultaneously deposited by sedimentation. It should be noted that such events are thought to be favorable for the scenario envisaged by Porada et al. (2008), as they provide the increased water head that is necessary to create aqueous flow below the MM, which may lead to fluidisation of the sediment.

3.2. The Oscillatory Flow (OF) Model

In a recent publication (Mariotti et al., 2014), Mariotti and coworkers proposed a new model that considers the effect of the oscillating flow (OF) at the bottom of a water body due to occasionally excited surface waves. They argued that in the presence of lumps of microbial aggregates, which frequently reside close to the sea floor due to their being slightly heavier than the surrounding water, light motion of the water may lead to ripple patterns in the sand at the bottom, very reminiscent of what we find as Kinneyia in the fossil record.

3.2.1. The Mechanism

The mechanism works as follows. Microbial material settling to the sea floor will predominantly accumulate in the troughs of the sediment bedding. Any Fourier component in the topography of the sea floor thus leads, through the effect of gravity, to a corresponding modulation of the density of the microbial aggregates. When the latter are moved back and forth in an oscillatory manner with an amplitude a, only Fourier components belonging to a wavelength λ = 2a (or multiples thereof) will lead to an average density variation under this motion. As a consequence, the slight buoyancy difference between the water and the microbial aggregates will, over time, lead to an enhancement of periodic depressions that have the corresponding spacing. Hence, any initial variation in the seafloor topography, with a wavelength near 2a, has a propensity to be amplified. Its amplitude will thus grow with time, and a well-defined ripple with a wavelength of λ ≈ 2a is expected to emerge.

This is observed in their experiments. To model a shallow tidal pool, lagoon, or lake, the authors used a ≈ 75-cm-long water tank. The conditions of water flow at the bottom were adjusted by varying the amplitude of a sloshing motion induced externally on the water in the tank. They let aggregates of microbial matter sink to the bottom of the container. After 24 h of sloshing with a constant amplitude, ripples reminiscent of Kinneyia indeed formed (cf. inset of Figure 3).
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FIGURE 3 | (A) Sketch of lumps of microbial material at the sea floor, agitated in an oscillatory manner with a peak-to-peak amplitude indicated by the double arrow. Gravity accumulates microbial material in the troughs of the sea floor profile, and the lumps thus forming deepen in turn the sea floor troughs. (B) The orbital velocity spectrum (solid curve) and its limit due to wave breaking (dashed curve). The inset shows a top view of a ripple obtained in the corresponding experiments [adapted with modification from ref. Mariotti et al. (2014)].



3.2.2. Predictions of the Model

In order to assess the predictive power of this model, we have to take a closer look at the experimental conditions under which it has been tested. The geometry of the container determined the frequency of sloshing, and hence of the liquid motion the microbial aggregates experienced at the bottom of the container. In a field situation, however, there is no such geometric limitation, and the liquid motion, excited by wind and tidal currents, will extend over a spectrum of frequencies. It is well established that waves on deep water can be represented by the so-called Pierson–Moskowitz spectrum (Liu, 1985; Bergdahl, 2009),

[image: image1]

where S is the spectral density of the mean square amplitude, ω is the (angular) frequency of the waves, and β is a fitting parameter. For shallow water, it has been shown that this spectrum has to be multiplied by a function ϕ(ω/ω0), where [image: image1] (g is the acceleration due to gravity, d is the depth of the water) (Bergdahl, 2009). At low frequencies, [image: image1], while for ω [image: image1] ω0 it approaches unity. Here, we use [image: image1]. The result is the so-called TMA spectrum for finite depth water (Bergdahl, 2009),
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This can be related to the wave number, Q = 2π/λ, through the dispersion relation of shallow water waves (Landau and Lifshitz, 1959),

[image: image1]

Since we are interested in the fluid motion at the bottom of the lagoon or lake, we still have to multiply by e−Qd, which accounts for the decay of the fluid motion with depth. The result in terms of the orbital velocity, uorb, is shown as the solid curve in Figure 3 with reference to [image: image1], which provides a natural velocity scale of the system. The spectrum is characterized by a quite narrow peak around Qd ≈ 1. Spectral functions representing experimental data more closely than Pierson–Moskowitz or TMA are known to be even more strongly peaked (Liu, 1985; Bergdahl, 2009). As a result, we see that the spectrum of waves is strongly dominated by waves with

[image: image1]

Next we consider the absolute values of the amplitudes we expect. An upper limit is provided by wave breaking, which is known (Miche, 1951; Mariotti et al., 2014) to happen at

[image: image1]

The corresponding orbital velocity at the bottom is

[image: image1]

This is plotted as the dashed curve in Figure 3. The amplitude of the spectrum (solid curve) has been adjusted such that its dominant modes have just reached the wave breaking limit. Since the right wing of the spectrum almost coincides with the dashed curve, we see that wave breaking will not noticeably change the overall spectrum, nor the wave number of its dominant modes around Qd ≈ 1. The velocity amplitude, i.e., the orbital velocity, of the latter is limited to about u ≤ 0.1 u0.

Numerical values of u0 are plotted in the inset in Figure 4 as a function of depth (solid line). These are to be compared with the orbital velocities that are relevant to the formation of ripples in the framework of the OF model (Mariotti et al., 2014). Experimentally, it was found that below orbital velocities of about 2 cm/s, no ripples formed; while at orbital velocities above 8 cm/s, abiotic structures emerged, rendering the microbial matter irrelevant. This range is indicated by the gray bar. The dotted line at 0.1 u0 represents the wave breaking limit. The velocities relevant to the model are in general much smaller than those prevailing close to the wave breaking limit anywhere in the important range of water depth. For ripple formation according to the OF model, we thus have to envisage rather soft agitation of the water, well below the wave breaking limit. This limit can be safely disregarded for the present system.


[image: image1]

FIGURE 4 | The prediction of the oscillating flow model for the wavelength of the Kinneyia pattern. The hatched region indicates the observed wavelengths, while the cross-hatched region indicates the region of water depth for which the predictions of the OF model agree with the observations from the fossil record. The inset shows the orbital velocity at the bottom, uorb, as a function of water depth, d. According to Figure 3, the dashed line representing uorb = 0.1 u0 is relevant. The gray shaded area represents orbital velocities relevant to the OF model. For any depth of the water body larger than about 8 cm, wave breaking is clearly irrelevant to the OF mechanism.



Now, we turn to the wavelength of the emerging ripple pattern, λ. According to the model, it is directly related to the amplitude at the bottom, such that we can write the orbital velocity as

[image: image1]

From the discussion above (cf. Figure 3), we know that the motion at the bottom is dominated by modes with Qd ≈ 1. This allows to calculate the dominant sloshing frequency, and hence λ, once u is given. The result is

[image: image1]

If we do this for both the minimum orbital velocity, umin = 2 cm/s, below which no ripples form, and for the maximum orbital velocity, umax = 8 cm/s, above which abiotic processes dominate, we arrive at a prediction for the range of λ for the OF model. Figure 4 shows the lower (solid curve) and upper (dashed curve) boundaries for λ as a function of the water depth. Clearly, the wavelengths observed in Kinneyia fossils, which are indicated by the hatched region, are correctly predicted only for water depths around 10 cm (cross-hatched). At depths above about 40 cm, the predicted range overlaps only by 50% with the observation, similarly for depths below about 2 cm. When the water body is deeper than about 2 m, there is no accordance of the prediction of the OF model with field evidence.

3.3. The Hydrodynamic Instability (HI) Model

We have recently proposed a particularly simple model for the formation of Kinneyia ripple patterns, which is based on a flow-induced hydrodynamic instability (HI) (Thomas et al., 2013). The HI naturally gives rise to an undulating structure on the length scales typical of Kinneyia. Evidence from analog experiments has been presented and compared with detailed measurements of fossilized Kinneyia, and shall be briefly reviewed here.

Kinneyia are generally found on upper bedding planes in littoral environments. For the purposes of the HI model, we shall, therefore, consider a planar microbial mat on a solid substrate subject to some flow in the overlying fluid (Figure 5A). The microbial mat is considered to behave as a viscoelastic fluid (Shaw et al., 2004).
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FIGURE 5 | (A–C) Schematic representation of the generation of Kinneyia-type ripples from a hydrodynamic instability (HI). The microbial mat grows in a quiescent environment and is then subject to significant flow in the overlying water (A). This results in a HI, which gives rise to a ripple pattern at the surface of the mat (B). Once the amplitude of the ripple reaches a certain threshold, eddies will form in the valleys giving rise to stagnation points and enhanced sedimentation (C). Rupture of the film can occur when the amplitude of the troughs becomes comparable to the film thickness. (D) The predicted relative growth rate of the ripple pattern is sharply peaked around a dominant wavelength of 3.2 to 4.3 times the film thickness h0 [adapted from Thomas et al. (2013) with modifications].



It is well known that spontaneous destabilization of a fluid–fluid interface may occur in a two-fluid system if the layers respond differently to shear (Landau and Lifshitz, 1959). A well-defined instability occurs, giving rise to a harmonic interfacial corrugation (Figure 5B). This HI occurs ubiquitously in nature (Hasegawa et al., 2004; Casanova et al., 2011; Smyth and Moum, 2012), for example, in cloud layers (Dalin et al., 2010), in which case it is referred to as the Kelvin–Helmholtz instability (Landau and Lifshitz, 1959).

3.3.1. The Mechanism

The system being studied is sketched in Figure 5. Water flows with far-field velocity V in the x-direction over a viscoelastic film of thickness h0. Consider a small periodic perturbation at the interface, h(x) = h0 + [image: image1](x) with [image: image1] [image: image1] h0. Qualitatively, the stream lines are compressed at the peaks and expanded at the valleys of the perturbation (Figure 5B). Due to mass conservation, this requires an increased flow velocity at the peaks, and a decreased velocity at the valleys. According to Bernoulli’s law, this gives rise to a decrease in pressure at the crests and an increase in pressure in the valleys. The pressure differences drive flow in the film from troughs to peaks. Hence, small thickness variations in the microbial mat can be amplified over time. For a harmonic displacement, [image: image1](x, t) = [image: image1]0(t) cos qx where q is the wave number of the perturbation, one finds that [image: image1]0 grows according to

[image: image1]

which yields exponential growth with a growth rate (Thomas et al., 2013)

[image: image1]

The most rapidly growing mode is given by the maximum of α(q). Since the expression in brackets is sharply peaked around qh ≈ 2, the maximum will not be strongly dependent on the exact form of P(q).

3.3.2. Predictions of the Model

To be more specific, however, an estimate for P(q) needs to be found. Calculating the pressure distribution above the perturbation exactly requires the full boundary layer theory to be considered. A treatment of this problem was carried out by Bordner (1978). He found that the pressure scales as [image: image1]/δ, where δ is the thickness of the disturbance sublayer in the fluid flowing above the mat, which itself scales as δ ∝q2/3. Then P(q) scales as (qh)−2/3, such that the maximum of α is at qh ≈ 1.4, or λ ≈ 4.3h0 (dashed curve in Figure 5D).

If sediment is deposited from the flowing water, it will accumulate preferentially in the troughs of the corrugation. The weight of the sediment accumulated in a trough is proportional to the width of the trough and, hence, to the wavelength of the instability. The pressure exerted on the viscoelastic film is obtained by dividing that again by the size of the trough, such hat the wavelength cancels out in the driving pressure term, which is then independent of q, P(q) = const.1 The corresponding maximally unstable wavelength is given by the maximum of the solid curve in Figure 5D, corresponding to λ ≈ 3.2h0. The expected value of λ should lie between these values, depending on the relative strength of the contributions.

Note that the inherent hydrodynamic instability of the MM robustly leads to the formation of a ripple instability under any superficial flow. Owing to the exponential growth of the amplitude, only the most unstable mode will eventually show up in the evolving pattern. The most unstable wavelength of the instability is predicted to be about three times the film thickness, irrespective of the physical properties of the mat material, such as its viscosity, or the streaming velocity V.

3.3.3. Experimental Verification

While the above derivation of the instability predicts features that are in accordance with the observations in the fossil record, we should keep in mind that we only provided a linear stability analysis so far. It is well known that the flow field changes qualitatively when the amplitude of the ripple becomes of order one-tenth of its wavelength, or about one-third of the mat thickness (Scholle et al., 2008). Stagnation points will then emerge within the troughs of the surface profile, which affect both the spatial pressure variation and the distribution of additional sediment deposited out of the flowing water (cf. Figure 5C). This will distribute anharmonically and, thus, may lead to strong distortions of the profile as the amplitude becomes of order of the film thickness. Since an exact and sufficiently general treatment of these effects is out of reach, experiments have been performed in which the microbial mat was represented by a polymeric viscoelastic film subject to flowing water.

Films of variable thickness were prepared out of aqueous solutions of poly-vinyl alcohol (PVA), which were transformed into a viscoelastic material through addition of sodium borate (Thomas et al., 2013). Films with thicknesses of a few millimeters were placed onto a porous substrate for good mechanical contact, and left for 1 h to relax. They were then immersed in water, and flow speeds ranging from 0.024 to 0.24 m/s were applied. A camera mounted above the sample was used to monitor the development of the instabilities. In order to observe the qualitative effect of sediments in the flowing water, glass beads with a diameter of about 100 μm were deposited uniformly over the PVA surface after the water flow had started. Ripple patterns were observed to form at the film/water interface in flat PVA films subjected to water flow conditions (Figure 6). These instabilities were visible within tens of seconds after the flow was started. The growth rate of the instabilities was found to depend on the viscosity of the film.
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FIGURE 6 | Examples of Kinneyia-like structures generated in the laboratory from viscoelastic films of PVA. The white arrow indicates the direction of flow for both images. Scale bars are 10 mm. Left: without any sediment added (The gauze, which was used as a substrate to graft the PVA layer, is visible through the clear film). The rippled surface is revealed by the bright reflections from the light source. Right: with a powder consisting of small (≈ 100 μm diameter) glass spheres added to mimic sedimental freight of the water flow. The inset shows some part of the sample from the outer regions of the sample where the PVA layer was thinner.



Figure 6 shows the ripples that formed in PVA films without (a) and with (b) sediment added. Increasing the flow speed appears to result in an increase in the order of the pattern, with a transition from honeycomb-like patterns to parallel ridges perpendicular to the flow direction.

The patterns generated in the “lab-Kinneyia” shown in Figure 6 qualitatively resemble the Kinneyia found in Namibia (Figure 1). Kinneyia patterns are often found to exhibit a preferred crest orientation. In Kinneyia from Öland, this orientation could be shown to run perpendicular to the paleocurrents from which the event layers were deposited (Martinsson, 1965). The results suggest that the different patterns may arise from variations in the flow conditions under which the microbial mat or film is deformed and depend upon the amount of sediment suspended in the flowing water.

Figure 7 shows the wavelength of the instability that forms as a function of the film thickness h0. The line in Figure 7 shows a linear least-squares fit to the data with λ = 3.3h0. This is in line with the above prediction that λ/h0 should be between 3.2 and 4.3 (cf. Figure 5). No dependency of the wavelength on either the viscosity of the film or the flow rate was observed. This is again in agreement with the HI theory sketched above, which predicts that the wavelength only depends upon the thickness of the film. This demonstrates that the linear stability analysis yields reasonable results also for the non-linear case, i.e., when the ripple amplitude cannot be considered small as compared to the wavelength. As Figure 5D shows, the most unstable wavelength should not be strongly affected by the presence of the extra driving term from the sediment. In fact, differences in λ obtained with and without glass beads added to the flow were within experimental scattering.
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FIGURE 7 | Wavelength of the ripple created through the hydrodynamic instability in PVA films subject to flow. The wavelength does not vary with either the flow speed or the film viscosity. The line shows a fit to the data for λ = 3.3 ± 0.3 h0, where h0 is the thickness of the initial PVA film [adapted with modifications from Thomas et al. (2013)].



4. CONSEQUENCES AND TAPHONOMIC SUGGESTIONS

4.1. Comparison of the Models

Let us now turn to a comparative assessment of the models outlined above, as to their predictive power and consistency with findings in the fossil record. To this end, we first summarize the common features found in Kinneyia outcrops. Kinneyia ripples are found in silt layers on bedding planes in former littoral areas, with wavelengths roughly between 2 and 20 mm. The ripple profiles usually have steeper slopes than harmonic functions of the same wavelength (cf. inset of Figure 2), and their crest-to-valley height is roughly proportional to their wavelength. They can cover large areas of several square meters, or come in small patches (cf. Figure 1). They are usually found on storm wave deposits, i.e., on sedimental layers of particularly large thickness that can be attributed to storm floods.

The hydrodynamic instability (HI) model makes clear predictions about the range of wavelengths to be expected. The thickness of a MM is limited by the transport of nutrients between the different strata of the MM, i.e., from the phototrophic zone to the heterotrophic and anoxic deeper layers. Hence, it is hardly conceivable that MM ever grew substantially thicker than commonly observed in recent MM. It is, therefore, not unreasonable to assume that MM were limited to a thickness of less than a centimeter all through Earth’s history. On the other hand, a MM needs a thickness of more than the grain size of the underlying base sediment in order to form a homogeneous film. Sediments in the intertidal zones are usually sandy, i.e., with grain sizes not smaller than about 60 microns (if the standard definition of sand is applied). For a biofilm to make a continuous MM on this substrate, it needs a thickness of about a millimeter or more. If we then conclude that the thickness of a MM which will undergo the HI under flow is between 1 and 10 mm, the HI model predicts (cf. Figure 7) that the wavelength of the fossil should be at least about 3 mm, but smaller than about 30 mm. Given the crudeness of the estimate, this is remarkably close to field evidence.

Further support is gained from observations at small Kinneyia patches, such as displayed in Figure 1C. At the edges of the patch, the wavelength clearly decreases; while at the same time, the thickness of the MM must have decreased here. This is in line with the idea that the wavelength should be proportional to the MM thickness, as predicted by the HI model.

Under the assumption that the flow carried some sediment, we can also make predictions about the depth of the ripple, based on the experiments (Thomas et al., 2013). In Figure 2, the crest-to-valley amplitude of the sediment ripple generated in the experiment is plotted as the filled squares. Clearly, the depth is very well comparable to the depth of the Kinneyia ripples found in the outcropping fossils, not only in its roughly linear variation with the wavelength but also in its absolute value. Hence, we find that all of the obvious features of Kinneyia are in agreement with the HI model.

As far as the oscillating flow (OF) model is concerned, we first note that the patterns obtained in the experimental setting (cf. inset in Figure 3B) are of striking similarity with the Kinneyia fossil, just as those found for the HI experiments. Furthermore, the wavelength is of the right order of magnitude. However, we have already seen that the range of wavelengths is only correctly predicted if the depth of the water is between 9 and 15 cm (cross-hatched region in Figure 4). Moreover, in order to fulfill the experimental conditions under which the ripples formed, the amplitude of the sloshing flow is required to be constant for as long as 24 h. While such conditions may occasionally occur, they can certainly not be considered generic. Finally, we note that a local variation of the wavelength as strong as seen in Figure 1C is not readily explained by this model.

This may be better accounted for by the liquefied sediment (LS) model, where a patchy appearance as shown in Figure 1C is readily explained by local variations of microbial density (and hence metabolic activity) in the underlying sediment. We should note, however, that the LS model requires a number of very specific criteria to be met, and makes no clear prediction concerning the wavelength and topography of the ripple. Hence, it can as yet not be quantitatively compared with the other models concerning its agreement (or disagreement) with observations.

We, thus, find that the HI model accounts very well, in all of its predictions, for the characteristics found in Kinneyia fossils. Agreement with the predictions of the OF model may occur, but is linked to some rather special conditions. The LF sediment model does not make predictions quantitative enough to decide on its relevance in the formation of Kinneyia. As a result, we conclude that the mechanism of the HI is very probably of greatest relevance in the formation of Kinneyia. The other two mechanisms cannot be ruled out to play a role occasionally, but this needs extra information in order to be clearly decided.

4.2. Taphonomic Consequences

Having thus arrived at a certain preference of the HI model, we should compare its predictions in some more detail with the fossil record. The upper layer of the storm wave deposits, where Kinneyia is found is frequently observed to be covered with a thin topset veneer thought to have sedimented after the event deposit at shallow water depths. Thin sections made from Kinneyia from Öland, Sweden (Porada et al., 2008) show that the depth of the veneer is proportional to the amplitude of the ripple structure, with the bottom of the veneer layer sometimes coinciding with the troughs of the Kinneyia.

It is easy to see that this structure is readily formed in a process dominated by the HI mechanism. When the amplitude of the ripple reaches a certain threshold, eddies will form in the valleys of the undulation (Figure 5C). Some of the clastic sediments carried by the overlying fluid as it flows will settle in the troughs due to the back flow and stagnation points arising from the eddies. The growth of the ripple pattern is thereby accelerated and steep slopes develop between the troughs and the crests. As the microbial mat dies, remains of the EPS glue the sediments together, preserving the Kinneyia structures that are found in the geologic record.

Figure 8 shows two sequences of formation of sedimentary ripples from the HI, for small amounts of sediment Figures 8A–C and for large amounts of sediment Figures 8D–F. The sedimentary pattern which will finally form the fossil structure is shown in Figures 8C,F, respectively. For the step from Figures 8E,F, note that the microbial material is expected to dry away and decay, such that the top layer of sediment will sink to the bedding plane by gravity, while more or less conserving its local thickness. It may do so already before, after the flow has stopped, through the large specific weight of the sediment and the ductile consistency of the MM. Obviously, it is easily conceivable to have structures with both exposed bedding plane (Figure 8C) and with a thin veneer layer still present above the bedding plane (Figure 8F). In any case, the bottom of the ripple will be close to the bedding plane, similar to what is observed in Kinneyia fossils (Porada et al., 2008).


[image: image1]

FIGURE 8 | Possible taphonomic sequences leading to Kinneyia fossils. (A–C) Sediment accumulates in the troughs of the ripple forming in the MM, and subsequently sinks down to the bedding plane due to gravity (B). When the mat disintegrates, crests of sediment are left, which can fossilize subsequently. (D–F) Same mechanism as before, but with more sediment being deposited. As a consequence, there may finally (F) be connected crests, and various shapes of the slopes are conceivable.



5. THE DECREASING OCCURRENCE OF KINNEYIA AFTER THE PALEOZOIC

The robustness of the HI mechanism suggests that Kinneyia-type structures should be found not only in the fossil record but also abundantly in modern biomats. However, wrinkle patterns are only very occasionally observed in modern biomats and generally have morphologies that differ from Kinneyia patterns. Furthermore, it has been repeatedly noted that Kinneyia gradually vanishes from the fossil record during the Mesozoic. Some are found up to the Jurassic, such as the one found very recently in Sweden near Helsingborg (Peterffy et al., 2016), but newer instances are extremely rare. Although some authors claim that this may be due to a bias in observation (Davies et al., 2016), the scarcity of reports of Kinneyia after the Jurassic is striking. Hence, the universal applicability of the HI mechanism to MM may in fact constitute a problem, as this calls for an explanation of the absence of Kinneyia-type ripples in both modern MM and post-Mesozoic sediments from former littoral areas.

One possible reason for the gradual decrease of Kinneyia in the fossil record, since the Cambrian, is that MM have become less ubiquitous, due to grazing and bioturbation (Hagadorn and Bottjer, 1997; Schieber, 2007; Peterffy et al., 2016). However, this does not fully explain, especially in light of the universal character of the HI mechanism, the scarcity of Kinneyia-type ripples, even in modern mats. One might, of course, argue that modern MM usually occur in protected, sheltered, and frequently hypersaline areas with low hydrodynamic activity, where storms are not likely to occur. But then one would need to maintain that this must have been the case all throughout the Phanerozoic, while Kinneyia gradually disappeared. Clearly, this is not very satisfactory.

5.1. Possible Memory Effects in Viscoelastic Films

A speculative, but very interesting, line of thought concerns the rheological properties of biomats. Although modern biofilms may appear to be viscoelastic media to a rheometer, we know that active mechano-response is well conserved at least in modern eucaryotes. Strictly speaking, biomats should, therefore, be viewed as active matter, such that their response to a superficial flow may be more complex than that of a passive viscoelastic material. As we do not know the history of mechano-response evolution, the mechanical properties of biomats may have been, subtly but distinctly, different when Kinneyia fossils formed.

The breakup of a MM as depicted in Figure 8 is expected to kill the MM since it destroys its stratigraphic organization. It is, therefore, interesting to investigate whether MM might have developed strategies to sidestep the HI mechanism altogether. One possibility to achieve this could be to develop an active mechanical response that changes the dynamics of the MM interface under flow, such as to remove the HI. This leads to the interesting question of whether the evolution of mechano-response of cells might have in part been due to the evolutionary pressure on MM to evade the HI in flowing water environments. Let us, thus, discuss possible consequences of an active response, in particular of the kind observed in cells living today.

The HI of a microbial mat boils down to a simple first-order differential equation in the time domain [cf. equation (9)]:

[image: image1]

where [image: image1]0(t) is the amplitude of a sinusoidal small perturbation with wave number q. α is a growth constant which is positive for unstable modes. Equation (11) is derived for a purely passive viscous or viscoelastic film. The question we want to discuss here is whether any kind of “active” response of the film material to the applied stress can stall the instability even for positive α.

If cells, such as those of which the biomat is composed, respond antagonistically to an applied stress, with a certain delay corresponding to the rearrangement of cytoskeletal matter, we expect an additional term of the form

[image: image1]

to appear in equation (11), where R(τ) is the stress response after delay τ. The time derivative [image: image1] enters because the cells are stressed only while the mat is being deformed, and according to the rate at which this happens. Inserting equation (12) in equation (11) yields then

[image: image1]

where [image: image1] determines the strength of the active response. This equation is of a similar form as the equation of motion of correlations in ideal glass forming models, called mode-coupling equation. It is known that the occurrence of a memory term, such as the integral expression in equation (13), may indeed stall the dynamics of its solutions ([image: image1], in our case), for a wide range of memory kernels, R(τ) (Götze and Voigtmann, 2000).

R(τ) should qualitatively look as sketched in the inset in Figure 9. Its support is limited to the positive τ axis because of causality. The area under the curve shall be normalized to unity. Since the reaction is assumed to be antagonistic, in accordance with common observations of cell mechanics, we assume [image: image1] < 0.
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FIGURE 9 | Plot of L(s), showing that the latter always intersects the function [image: image1] in the domain of positive s if α is positive.



Now let us apply the Laplace transform to equation (13). We obtain

[image: image1]

where

[image: image1]

and [image: image1] are the Laplace transforms of [image: image1]0 and the response function, respectively. Rearranging equation (14) and setting [image: image1], we obtain

[image: image1]

which has a pole at some sp, with sp(1 − L(sp)) = α, or

[image: image1]

which is sketched as the dotted curve in Figure 9.

Let us now discuss any general R(τ) that looks qualitatively as sketched in the inset of Figure 9. It is obvious that [image: image1] will always be monotonic and decay to zero as s becomes larger than 1/τ0, but approaches unity for small s. For positive or negative [image: image1], this leads to the solid or dashed curve, respectively, representing the graph of L(s) in Figure 9.

The growth rate of the displacement of the MM interface, which corresponds to the pole of [image: image1], is determined by seeking the intersection the graph of L(s) with the graph of [image: image1]. As demonstrated in Figure 9, these intersections always lie in the domain of positive s if α is positive, no matter if [image: image1] < 0 or [image: image1] > 0.

Hence, we conclude that any active response entering the equation of motion like equation (13), with R(τ) positive, normalized and real, will change the rate of growth of the ripple amplitude, but never stall the instability. Note that this discussion considers active bulk response only. Active surface motility in response to flow [rheotaxis (Dalous et al., 2008; Lima et al., 2014)] may behave differently, but needs to be further investigated. With this caveat in mind, we may so far conclude that active mechanic response, as observed widely in living cells today, has very probably not evolved in ancient MM in an effort to evade the HI instability leading to Kinneyia ripples.

5.2. Lessons from Storm Wave Deposits

An aspect we have not addressed so far is that Kinneyia is most frequently found on particularly thick layers of sediment, deposited in large-scale storm flood events. The Haruchas outcrop (Figure 1C), for instance, sits in a modern dry river bed, with Kinneyia on top of a siltstone layer as thick as about 20 cm, which is much thicker than the adjacent strata as far as they are visible in the outcrop. In case of the Neuras outcrop (Figures 1A,B), the event deposit on which the Kinneyia were observed was ~35-cm thick. The correlation with storm wave deposits calls for explanation, and may result in more valuable hints as to its mechanism of generation.

Recall that during the times of formation of the Kinneyia fossils from Figure 1, which lies in the Precambrian, there were neither plants on the land masses nor burrowing animals that could have caused bioturbation of any kind to the predominantly flat sedimental deposits in most littoral areas (Figure 10A). Hence, the topographic conditions for Kinneyia formation were favorable, but we need to understand what conditions may have led to the growth of MM and to the formations of ripples in them. We will see that storm flood events provide a quite natural basis for this both to happen.


[image: image1]

FIGURE 10 | Possible scenario for flooding of a littoral area during a storm event. (A) Before the event. (B) During the storm, wide areas are flooded with water carrying large amounts of sediment and microbes (dark gray) from the sea floor areas. A shallow barrier of accumulated sediment emerges. (C) After the event, the flooded areas remain covered with extended lagoons, due to sediment barriers close to the shore. Microbes have time to settle down and form thick films on the bedding plane. (D) As the flood drains through gaps in the sedimental barrier, the water moves with an increasing flow velocity. As this reaches appreciable values, the hydrodynamic instability sets in, forming Kinneyia ripples.



Let us imagine a few common features of storm flood events. First of all, the water level rises by up to several meters, and the land close to the shore is being flooded by waters carrying a large amount of sediment, which is stirred up from the littoral range of the sea floor (Figure 10B). As a consequence, large amounts of the heavier fractions of the sediment (sand and gravel) are deposited close to the shore line. These deposits form barriers that prevent parts of the water flooding the land from flowing back into the sea after the storm (Figure 10C). As a consequence, the land close to the seashore, up to many kilometers inland, may remain flooded for weeks after the storm has ceased. During that time, the lighter sedimental fractions will settle out of the seawater onto the flat land bedding. Among these lighter fractions, there are in particular the microbes that had populated the littoral sea floor areas, and which had been stirred up along with the mineral sediment. If there is enough biological material, biofilms will be necessarily created on the flooded land just by sedimentation. If these find sufficiently favorable conditions (such as enough light penetrating through the water layer), MM mats are easily formed. They may cover enormous areas within the flooded zone.

Now we consider how the water drains back into the sea (Figure 10D). This will happen through crevasses in the barrier deposits. The volumetric flow rate through these crevasses is limited (and, therefore, largely determined) by their size. If then the height of the flood is H, the flow velocity V at which the flood recedes back into the sea scales as V ∝ 1/H, with the flow rate through the crevasses determining the prefactor. Hence, there will be almost no perceivable flow velocity for an extended period of time after the flood, but it will build up to considerable velocities (up to typical tidal current flow of order meters per second) as the flood comes close to its end (H → 0).

As a consequence, a storm flood provides a perfect scenario for Kinneyia ripples to form through the HI model. First, there is an extended time during which microbes settle on the ground in large amounts, possibly forming cohesive MM if the layer is not too thick (for enabling nutrient transport, etc.). Then, but only after some delay, there will be a flow velocity building up which (as we have seen from the reported experiments) leads almost inevitably to a HI forming Kinneyia-like ripples.

This scenario provides an additional possible explanation why Kinneyia seems to vanish gradually from the fossil record after the Cambrian radiation. Not only grazing animals were impeding its generation, but also plants, roots, burrowing, and other aspects of bioturbation destroyed the flat plains on which Kinneyia would have formerly formed quite naturally after a storm. Hence, the scenario put forward above would underscore the common idea that the increasing presence of higher life forms have impeded the formation of Kinneyia through MM (Peterffy et al., 2016). Here, we just add bioturbation and plant cover as an alternative (or additional pathway) to grazing.

6. CONCLUSION

In conclusion, we reviewed several possible mechanisms that might lead to ripple structures in sedimental layers, showing up in the fossil record as the so-called Kinneyia. We have identified a hydrodynamic instability due to water flowing over a microbial mat as a particularly probable mechanism at the basis of Kinneyia formation. Although a role for the other mechanisms considered cannot be completely ruled out, they are lacking either quantitative predictions (as the liquefied sediment model, which would need further elaboration) or agreement of the predicted wavelengths with field evidence (as for the oscillating flow model) to thoroughly judge their relevance. The hydrodynamic instability model, by contrast, does not only correctly predict the observed range of wavelengths but it also agrees with Kinneyia fossils in terms of the scaling of the ripple depth with the wavelength, as well as with the overall appearance. Furthermore, we have seen that if the HI is indeed the dominant mechanism, storm events are expected to be particularly well suited to produce Kinneyia ripples. This is well in line with the noticeable correlation of Kinneyia outcrops with storm wave deposits. It furthermore provides a natural explanation of the gradual disappearance of Kinneyia from the fossil record during the Mesozoic. The increasing abundance of animals and plants did not only lead to decimation of MM by grazing but also to bioturbation of the formerly flat areas where Kinneyia would form naturally after a storm event. On a substrate that is strongly disturbed by roots and burrowing animals, this is not readily possible.
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1In Thomas et al. (2013), it has been assumed that this process leads to P(q) ∝ 1∕q, which appears less well justified.
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