PAGE  
1

Supplementary Data 1.—MODELING HYDRAULIC CONDITIONS IN A SEDIMENT LAYER CONFINED BENEATH A MICROBIAL MAT
The purpose of the modeling is a simulation of the hydraulic conditions that may have prevailed in an event deposit covered by cohesive, quasi-impermeable microbial mats in the subtidal to supratidal zones, and in which Kinneyia structures could have formed. Based on suggested paleoenvironments for the formation of Kinneyia structures, modeling has been carried out for a low-gradient tidal flat (geodetic slope: 1/650; section length: 845 m). Inclusion of a subtidal zone (water depth: 20 cm at low tide) with well-developed cohesive mats behind a sheltering sand bar, extends the section to a total length of 975 m. It has been assumed that the sediment confined beneath the mat is water saturated and that there is a supply of water from a supratidal pond (case A) until it dries out (case B). Sediment grain size is in the range of fine-grained sand. Within a microtidal range of 80 cm, tidal waters encroach upon the intertidal zone at high tides, up to a distance of about 490 m from shore. Reducing tidal range, geodetic slope, and section length within certain limits basically would not change the results, but of course would lead to different values. In the following, it will be shown how tide-modulated seepage pressure distribution is computed for a gently sloping aquifer in a peritidal setting, and how conditions for liquefaction of the unconsolidated sand layer at aquifer top can be derived. 
For a loosely granular aquifer layer, a criterion for liquefaction onset can be formulated in terms of the weight of an individual grain to be displaced locally by virtue of seepage pressure. A condition for liquefaction across a finite layer thickness can be formulated in terms of the weight of the corresponding grain-filled column to be displaced by the action of seepage pressure over a finite height. Denoting by h = h(x, z) the hydraulic head driving water flow (v = K((h) in the aquifer (treated as two-dimensional, with geodetic height, z and longitudinal coordinate, x), the seepage pressure at point (x, z) is P(x, z) = (wg(h(x, z) – z) and it will exceed the weight pressure of a single grain if h(x, z) – z >  (gdg / (n0(w) , in which n0 denotes the undisturbed (initial) porosity, dg a characteristic grain size, (g the bulk grain density, and (w water density. By this criterion, very little seepage pressure (just a few mm) would be required to lift a single grain against its own gravity, were there no further cohesion or confining (downward) forces, including the weight of the material column on top of the grain.

For seepage pressure to displace a whole grain-filled column of undisturbed porosity n0 and thickness (liq against gravity, the seepage pressure head h(x, z) – z must exceed (neglecting any cementation, cohesion and contact forces) (liq (g / (w , the result being in the range of 3​–4X (liq. For example, to achieve liquefaction across the top first cm of unconsolidated granular aquifer material, the seepage pressure head at aquifer top must exceed 3–4 cm. This criterion relies on the idealized representation that there are no further confining (downward) forces acting on the grain layer at the top of the aquifer. In reality, the aquifer will either be confined (which means additional downward forces acting on the material at the aquifer top), or it will have a phreatic surface at which h(x, z) – z ( 0. So the liquefaction criterion formulated in terms of material column weight will only find its application in certain exceptional situations in which, for instance, the aquifer may be treated as confined with regard to the hydraulic flow field, but the confining force on the aquifer top may be considered negligible with regard to force balances. One such exceptional situation is that of a shallow aquifer under direct tidal influence and confined by a thin microbial mat (as described in the paper).

The time-periodical distribution of seepage pressure head p(x, z, t) ( p(x, t) at the aquifer top is computed for peritidal conditions in the sandy aquifer under the following simplifying assumptions (see Fig. 5G):

(1) The aquifer bottom is horizontal (z = 0) and the aquifer top z(x) = B + (x is gently sloping with constant geodetic slope (<<1, thus the aquifer extends from x = 0 to x = L with approximately constant thickness (B) and transmissivity (kfB). At x = 0 the aquifer is in direct contact with the seawater surface; at x = L there is a supratidal pond, in which the water level may vary between 0 and Hmax, but may be treated as approximately constant over a short succession of tidal events.

(2) The Dupuits’ assumption applies: (zh << (xh. The head distribution can be approximated as 1D: h(x, z, t) ( h(x, t).

(3) Apart from liquefaction within a very thin layer at the aquifer top, material aquifer properties do not vary in space and time; hydraulic diffusivity (transmissivity/storativity), kfB / S, maintains the same value throughout.

(4) The sandy material under the mat is fully water saturated at all times, and mat elasticity (deformation) has negligible impact upon storage in the aquifer, thus the aquifer may be treated as fully confined.

(5) Direct recharge/infiltration through the microbial mat is negligible. Driving forces for flow in the aquifer (which may change direction) are provided by tidal height as well as by the water level in the supratidal pond at the other end, and of course gravity itself throughout the aquifer. Consistent with the Dupuits assumption, the aquifer boundaries at x = 0 and x = L have full hydraulic contact over the whole aquifer depth.

At the aquifer top, the excess pressure p*(x, t) (i.e., the part of seepage pressure actually available for liquefaction), is what remains from seepage pressure p(x, t) after subtracting the confining (downward) force acting on the grains at the aquifer top, assumed to consist only of the weight of the water column above the mat (mat thickness being negligible and mat substance not being essentially heavier than water). The height of the latter varies in time, but is assumed to be determined only by the advancing or regressing tidal water front. Solving the boundary-value problem for p(x, t), with a time-periodic boundary condition at x = 0 as explained, finally yields the following closed form for p*(x, t):
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with U(y) = y when y > 0, and zero otherwise, and incorporating the effect of all parameters listed in Table A1. 

RESULTS AND COMMENTS

Depending upon the aquifer parameters, and the relative tide plus subtidal vs. pond heights, there will exist an inland region between x = 0 and x = L in which sand liquefaction underneath the mat appears possible (p*(x, t) > 0) at all times (marked ‘all times’ on sinistral plots in Fig. A1), and a complementary, low intertidal to shallow subtidal region in which sand liquefaction underneath the mat appears possible only for a certain number of hours every day, during which p*(x, t) > 0. 

Close to the seaward aquifer boundary, the direction of groundwater flow within the sand layer will periodically revert from prevailing downslope (marked ‘all times’ on dextral plots of Fig. A1) to upslope, and for about six hours every tide period (( 3 hrs from high tide), several local, minor groundwater divides will develop within about 30 m from the seaward aquifer boundary. The distinction between the inland region with permanent, and the nearshore region with intermittent liquefaction potential, and the emergence of flow direction reversals are illustrated in Figure A1 for a system whose physical parameters are indicated in Table A1.

The liquefaction potential is enhanced by the subtidal extension (at least as long as the uniform-slope assumption remains acceptable) and also by the water level in the supratidal pond. Its oscillatory pattern in space, which is only incipient in the situation shown in Figure A1, is better understood by imagining the situation of a very large subtidal extension (Fig. A2), in which case a pronounced oscillation develops in space.

Independent from how the distance which the aquifer and overlying mat extend subtidally, ~65% (case A) or ~57% (case B) of total aquifer cover (comprising the subtidal part) will be able to experience liquefaction at all times (i.e., no freezing). The maximum values of the negative excess pressures, which can be interpreted as a confining pressure, are independent of the subtidal extension; they only depend upon the tidal phase (time elapsed from high tide), and are highest during high tide.

The thickness of the (potentially) liquefied layer, (liq, assumed to be approximately proportional to the excess pressure p*(x, t), will also vary with the distance between the inland pond and the seaward aquifer boundary, and it will vary in time; variations will remain strictly periodic as long as no macroscopic change in the system or material hysterese effects become noticeable. Within about 500–600 m from the seaward aquifer boundary, the thickness of the liquefied layer oscillates in all cases shown in Figure A1 (i.e., with or without water in the supratidal pond, or with or without subtidal extension), experiencing periodic freezing. Beyond 600 m upslope, the liquefied thickness no longer varies with time (tide influence ceased) but gradually decreases upslope.
Tidal Signal

The tidal wavelength, i.e., the wavelength associated with the propagation of tidal water in a material layer, is given by:

( = (4 x ( x hydraulic diffusivity)1/2
with the hydraulic diffusivity of any material layer defined in the same way as parameter a in Table A1. A tidal wavelength of 52 m results for an undisturbed aquifer of several meters thickness. For a material layer of 3 cm thickness (representative of a mat or a thin layer of liquefied sand, disregarding its variation in space and time), the tidal wavelength is shown in Figure A3 as a function of the hydraulic properties, storativity, and conductivity of the material layer. The values in the range of a few millimeters, which result from a high-storage, poorly conductive mat or thin liquefied layer, are comparable to the wavelengths of Kinneyia structures.

Figure captions for Supplementary Data 2–4

Supplementary Data 2—Longitudinal profiles of hydraulic head (right side) and excess pressure head (left side) for two cases (A, B), each case without and with subtidal extension. Case A: water depth in supratidal pond is 20 cm. Case B: supratidal pond has run dry, but traces of water are still present. ‘Without subtidal extension’ indicates x = 0 at subtidal/intertidal boundary (length of profile: 845 m); ‘with subtidal extension’ indicates x = 0 at landward base of the sand bar (length of profile: 975 m). ‘All times’ in excess pressure head profiles indicates part of section in which liquefaction is possible at all times, without tidal influence. ‘All times’ in hydraulic head profiles indicates part of section with downslope regional groundwater flow at all times, in contrast to the lowest part, up to about x = 30, where upslope tidal groundwater flow temporarily occurs. Labels “0”, “2”, … “10” on the curves indicate the number of hours elapsed since high tide. The head profiles, shown only for the first 150 m from the seaward aquifer boundary, look rather similar for all cases, but the hydraulic head value attained at the supratidal pond is higher in case A than in case B, and the head value attained at the seaward boundary increases with the amount of subtidal extension. The liquefaction potential in case B is lower and vanishes in the vicinity of the pond. 

Supplementary Data 3—Theoretical behavior of the liquefaction potential (excess pressure head) in the imaginary situation of a very large subtidal extension, down to a depth of 10 m below sea level; labels to the curves indicate number of hours elapsed since high tide, as in Figure A1.

Supplementary Data 4—Theoretical dependence of tidal wavelength in a material layer on the hydraulic properties, storativity, and conductivity of the material layer. In this plot, the storativity is treated as a variable (abscissa) and the conductivity as a parameter, each curve corresponding to a fixed conductivity whose value is indicated on the right. A material layer of 3 cm thickness was assumed for illustration; it may represent a mat for which the thick line indicates the most probable range of hydraulic parameter values (conductivity rather low, storativity rather high), or a liquefied sand layer at the top of the aquifer for which a conductivity in the range of 10–5m/s can be assumed. Note, this is only a simplified representation, since thickness and hydraulic properties, especially storativity, of the mat and liquefied sand layer may strongly vary in space and time. 

