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The What 

Planar-stratified sediment is arguably the most common physical sedimentary structure in the 
combined modern and ancient sedimentary records. Planar-stratification indicates that bed-load 
sediment transport is more or less spatially uniform and irrespective of flow type (unidirectional, 
oscillatory, combined) a planar bed surface is the stable bed state, which commonly, and most 
intuitively, coincides with high-energy transport conditions. Under low energy conditions, on the 
other hand, and beginning at threshold transport, bed surface sediment transport typically 
becomes spatially non-uniform and the bed surface ornamented by an array of bed forms that 
build above and below the general bed level. Accordingly, the commonality of planar-
stratification, especially in shallow- and deep- marine settings, would suggest that a significant 
part of the sedimentary record was deposited under high-energy transport conditions. Puzzling 
then, is the equally, if not more common occurrence of planar-stratified strata that grade 
continuously upward to mud(stone) with no intervening unit suggestive of low-energy bed-load 
transport (Arnott 2012).  

Based on experiments using sediment-propelled density currents passing through a medical-
quality CT scanner, it is argued that the absence of these low-energy structures is not related to 
incompatible flow speed, transport bypass or erosion, but instead to near-bed sediment 
concentration conditions that discourage spatially non-uniform sediment transport and the 
consequent initiation and amplification of bed- surface defects that otherwise would evolve into 
distinctively internally cross-stratified bed forms (Tilston et al. 2015) (Fig. 1). As expected these 
conditions are common in both coarse- and fine-grained, high-energy density currents. Of 
particular note, then, is that these conditions also form in low (depth averaged) sediment 
concentration fine-grained flows, which because of low sediment concentration also have low 
flow speed. It is these latter currents that are being increasingly recognized as the principal 
physical mechanism responsible for mobilizing and depositing much of the sediment in distal 
shallow-marine, deep-marine and even some glacial environments. It is in these settings where 
spatially uniform bed-surface transport should dominate, and accordingly, planar-stratified strata 
should, and does, dominate the sedimentary record. Of note also is that these planar-stratified 
strata exhibit a distinctive rhythmic alternation of centimetre- to sub-millimetre-thick, well-sorted, 
clay-poor and poorly sorted, clay-rich layers (Fig. 2, 3). The question, therefore, is the physical 
basis for this rhythmic alteration and its obvious relationship with the maintenance of a planar 
depositional surface (i.e. suppression of angular bed forms). 
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Fig. 1. Two hydraulically similar flows (i.e. similar Reynolds number, densiometric Froude 
number, flow speed, depth-average density, etc.) and their corresponding density profiles (dark 
brown (high density) to yellow (low density)) and representative bed-surface morphology. Note 
that in part A, density is concentrated in the lower part of the flow and ripples form, whereas in 
part B, the high-density part of the suspension forms a thick basal plug overlain sharply by a 
low-density layer, and notably ripples are absent. 
 

 
Fig. 2. Representative photographs and photomicrographs of planar-laminated strata. Photos in 
A and C are standard thin sections. A – shallow marine Puskwaskau Frm (Cretaceous); B – 
deep-marine Windermere Supergroup (Precambrian); C – glaciomarine Leda clay (Holocene).  
 

 
Fig. 3. SEM micrographs of alternating well-sorted silt-rich and more poorly sorted clay-rich 
bands in glaciomarine Leda clay. 
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The Possible How 

Non-Newtonian mixed sand/silt/clay open-channel flows in which elevated clay content 
increases viscosity and yield strength, and in turn modifies flow structure, have been termed 
“transitional flows” (Wang and Plate, 1997). More specifically, transitional flows have low to 
moderate Reynolds numbers and simultaneously exhibit both laminar and turbulent flow 
conditions, but in different parts of the flow – namely, laminar conditions immediately above the 
bed overlain by a turbulent region and capped by a ~ non-shearing rigid plug (Fig. 4). Compared 
to turbulent flow where the non-dimensional thickness of the viscous sublayer (y+) is ~ 5 – 10, 
the effect of increased viscosity (and yield strength) (tyield) results in a thicken and fully laminar 
sublayer (y+ ~ 1).    

                                 
where he is the effective viscosity; h the rigidity coefficient; tyield the yield strength 
 

Notably, the laminar sublayer is overlain by a zone of turbulence generation and 
characteristically high turbulence intensity (U’) (Fig. 4A), which with increasing Reynolds 
number, results in reduced viscosity and yield strength and the more conventional monotonic 
increase in U’ toward the bed (Fig. 4B). 

 
Fig. 4. (A) Normalized velocity (yellow) and turbulence intensity (green) profiles. Blue rectangle 
marks the zone of turbulence generation and maximum turbulence intensity. Intermittency factor 
in black. (B) Showing progressive loss of the effect of viscosity and yield strength with 
increasing Reynolds number and closer approximation of the typical turbulent flow profile (from 
Wang and Plate, 1996). Interestingly, in the intervening region between the lower laminar and 
upper turbulent layers Wang and Plate note the irregular alternation of laminar and turbulent 
flow conditions (Fig. 5) – a phenomenon they describe by their “intermittency factor” (black line 
in Fig 4A).  
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Fig. 5. Normalized turbulence intensity in (A) fully turbulent flow and (B) transition flow. Note the 
equally intense but lower frequency fluctuations in the transitional flow, but more importantly, the 
irregular alteration of laminar and turbulent flow conditions in the very near-bed region (y+ < ~ 5) 
(highlighted by blue rectangle) (from Wang and Plate, 1996).   

The rhythmic alternation of near-bed turbulent and laminar conditions is interpreted to result in 
the distinctive alternation of well-sorted silt- and poorly sorted mud-rich interlayers. Episodes of 
elevated turbulence intensity when turbulent conditions extended into very near-bed region are 
marked by active bed-load transport, bed-surface winnowing, sediment size sorting, and mud 
floccule disaggregation. A layer of well-sorted silt grains accumulated as these dense but 
smaller grains fell between the larger, less (bulk) dense mud floccules and easily suspended 
clay particles. Coincident with depleting silt content is a proportionate increase in clay content 
and therefore viscosity and yield strength in the very near-bed region. This causes the slowing 
and eventual cessation of residual silt grains from settling, but the acceleration of clay particle 
flocculation. Increased viscosity also thickens the laminar sublayer and raises the turbulent 
generation zone further from the bed. Eventually yield strength in the very near-bed layer 
exceeds shear stress and the layer freezes, or “gells”, and deposits en masse a poorly sorted 
silty mud layer. This reduces the near-bed viscosity, and accordingly, the thickness of the 
laminar sublayer, which then allows turbulent conditions to penetrate closer to the bed and 
begins deposition of the next (well sorted) silt-rich followed by clay-rich layer. This rhythmic 
process then repeats multiple times to the termination of sediment transport.           

Conclusions 

The commonality of planar stratification and its characteristic internal textural characteristics in 
the modern and ancient sedimentary records of fine-grained depositional systems appears to be 
independent of depositional environment, but instead is linked by similarity in depositional 



 

 

GeoConvention 2022 5 

conditions inherent to fine-grained sediment suspensions. Central to this is the chemical and 
physical characteristics of fine-grained sediment, and in particular clay-size clay minerals (in 
addition to organic material), which after exceeding a minimum threshold concentration can 
change the hydraulic regime, and in turn, sediment transport and depositional patterns in the 
sedimentologically important near-bed region of non-Newtonian fine-grained suspensions. 
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