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STRATIFICATION AND CROSS STRATIFICATION 
1  I will probably be insulting your intelligence by pointing out that the term 

texture is commonly used in geology to apply to features of a sediment or a rock 
on the scale of individual particles, whereas the term structure is used for 
geometrical features on a scale much larger than particles.  Stratification is one 
kind of sedimentary structure.  A succinct way of defining stratification is 
layering by sediment deposition.   

2  The nature and features of stratification in sedimentary rocks vary 
widely.  This course focuses on aspects and features of stratification that are 
produced by physical processes.  Chemical and biological processes are important 
for stratification as well, but they are outside the scope of this course. 

3  You probably also know well that any individual layer in a sediment or a 
sedimentary rock that is produced by deposition is called a stratum (plural:  
strata).  In terms of official terminology, a stratum that is less than one centimeter 
thick is called a lamina (plural:  laminae), and a stratum that is greater than one 
centimeter thick is called a bed (plural:  beds).  Correspondingly, stratification is 
termed either lamination or bedding. 

4  Stratification is manifested as differences in the nature of the deposit 
from stratum to stratum, in texture, and/or in composition, and/or even in 
sedimentary structures.  Some features of stratification are immediately 
obvious—stratification is one of the most visible and striking features of 
sedimentary rocks—but some stratification is subtle, and requires care in 
observation.  Lamination, in particular, is often subtle and delicate.  Commonly, 
lamination is virtually invisible on fresh surfaces of sedimentary rocks but 
become apparent upon slight to moderate weathering of the surface.  Likewise, 
lamination in well-sorted non-consolidated sands does not show up well on a cut 
and trimmed surface through the deposit until drying by the wind has etched some 
laminae more than others. 

5  The focus of this part of the course is on physical stratification in the 
interior of strata.  Transitions between successive strata in a succession of strata, 
when they are sharp, are usually caused by erosion, or at least nondeposition, 
before deposition of the overlying stratum.  Such bounding surfaces have great 
significance in interpreting depositional conditions, but they are not considered in 
a systematic way in these course notes. 

6  It is natural to think in terms of two kinds of physical stratification 
features within strata:  planar stratification and cross stratification.  Both are 
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common features of sediments and sedimentary rocks.  the present chapter deals 
with cross stratification; planar stratification is the topic of the following chapter. 

7  The term cross stratification (often written with a hyphen:  cross-
stratification) is applied to any arrangement of strata that are locally inclined at 
some angle to the overall planar orientation of the stratification.  That definition 
leaves some uncertainty about what is meant by the scales of “local” and 
“overall”, but that is usually not a problem in most instances of cross 
stratification.  Cross stratification is commonly manifested as lamination, within a 
much thicker stratum, that is at least in some places at an angle to the bounding 
surface of the given thicker stratum.  Corresponding to the official division of 
strata into beds and laminae, cross stratification can be classified as either cross 
bedding or cross lamination. 

  
THE NATURE OF CROSS STRATIFICATION  

8  Cross stratification varies enormously in geometry.  This is presumably a 
reflection of the great diversity of bed configurations produced by fluid flows 
over loose beds of sediment.   

9  More commonly than not, cross-stratified deposits are arranged as 
packets or sets of conformable laminae, planar or curving, that are separated from 
adjacent sets by erosional set boundaries or truncation surfaces.  The laminae 
within the sets may be planar or curving.  Concave-up laminae are more common 
than convex-up laminae.  (You will see why in the course of this chapter.)  The 
orientations of the truncation surfaces are usually different from the orientations 
of the laminae within the sets.  Commonly the lateral scale of the sets may be not 
much greater than the vertical scale, or it may be much greater.  Figure 16-1 
shows two common varieties of cross stratification as seen in sections normal to 
the overall plane of stratification.  In some cases, there are no truncation surfaces 
within the cross-stratified deposit; Figure 16-2 shows a common example. 

10  In a given local volume of cross-stratified deposit, the geometry of cross 
stratification commonly looks different in differently oriented sections normal to 
the overall plane of stratification.  I will use the unofficial term anisotropic for 
such cross stratification.  Figure 16-3 is a common example.  Usually in such 
cases the cross laminae have a preferred direction of dip.  (Note that the cross 
stratification on the two faces of the block shown in Figure 16-3 are the same as 
those used in Figure 16-1, which you might have thought were entirely unrelated.)  
If the geometry of cross stratification looks about the same in differently oriented 
sections, I will use the unofficial term isotropic.  

11  Often a given cross-stratified bed may represent not just one 
depositional event but two or more separate depositional events, each one 
superimposed on the previous one.  Such beds are said to be amalgamated.  
Sometimes it is easy to recognize the individual depositional events within the 
amalgamated bed; the stratification within each part of the bed can then be 
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studied separately.  But sometimes it is difficult to determine whether or not the 
bed is amalgamated.  

 

 
 

Figure 16-1.  Two common varieties of cross stratification as seen in sections 
normal to the overall plane of stratification. 

 

 

    
 

Figure 16-2.  A common example of a cross-stratified deposit with no truncation 
surfaces. 

 
 

 
 

SOME GENERAL POINTS ABOUT INTERPRETATION   
12  In analogy with problems in geophysics, you might think in terms of the 

forward problem and the inverse problem.  The forward problem in interpreting 
cross stratification that is generated by the movement of bed forms (arguably the 
most common kind) is that the flow generates moving bed forms, and the 
movement of the bed forms, together with a zero or nonzero rate of overall net 
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aggradation of the bed, generates the stratification geometry (Figure 16-4A).  The 
inverse problem is more difficult (Figure 16-4B):  you start with the observed 
geometry of stratification and attempts to reconstruct the time history of bed 
geometry that generated that stratification.  Then you attempt to reconstruct the 
flow conditions which were responsible for that time history of bed geometry.   

 

 
Figure by MIT OpenCourseWare.

 
Figure 16-3.  A common example of anisotropic cross-stratification. 
 
 

 
 
Figure 16-4.  The forward problem and the inverse problem in interpreting cross 
stratification. 
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13  The difficulties in the inverse problem are that  (1) nature does not give 
us time markers in the deposit, so information on time is lost in the generation of 
cross stratification, and (2) in most cases some of the earlier-deposited sediment 
is eroded later as the cross stratification develops, so information on bed geometry 
is lost.  

 

 
 

Figure 16-5.  Catalog of stratification geometries that are developed as a function 
of flow conditions and net aggradation rate. 

 

 
14  One way of circumventing the need to solve the difficult first step in the 

inverse problem (reconstructing the bed geometry from the stratification 
geometry) would be to have a complete catalog of the stratification geometries 
that are developed as a function of flow conditions and net aggradation rate 
(Figure 16-5).  One could then mindlessly compare the observed example of cross 
stratification with the patterns in the catalog to find the set of conditions that must 
have produced the observed example.  There are two serious problems with this 
approach, though:  (1)  we could never catalog all of the possible combinations of 
flow and aggradation rate; and (2) two or more rather different sets of conditions 
of flow and aggradation rate might produce very similar geometries of cross 
stratification.  

15  When you are on the outcrop it is valuable to try to develop an idea of 
the bed configuration that was responsible for an observed cross-stratification 
geometry.  That would be an incomplete task, however, even if you were able to 
carve the outcrop into thin slices to obtain a complete three-dimensional picture 
of the geometry.  (Only in certain semi-lithified deposits can that actually be done 
without a lot of difficulty.)  The best you can do is to obtain some partial ideas by 
examining the available faces of the outcrop.  Those ideas are certain to be useful 
in developing an interpretation, but they are unlikely to give you anything near a 
complete picture of the cross-stratification geometry. 
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16  In actual practice, the sedimentologist on the outcrop relies upon certain 
widely accepted models for the development of cross stratification.  (But keep in 
mind that not all cross stratification fits naturally into the available models.)  
Recall from the section on bed configurations that there are a small number of 
important bed phases (distinctive kinds of bed configuration), like unidirectional-
flow ripples or dunes, or small two-dimensional oscillation ripples, or large three-
dimensional oscillation ripples.  Each of these bed phases is associated with some 
distinctive range of conditions of flow and particle size.  Such a range of 
conditions is expressed graphically as the stability region a given bed phase 
occupies in some appropriate bed-phase graph.   

17  The models are based on what is known empirically, by observations in 
flumes or natural flows, about the relationship between the bed phase and the 
cross stratification.  The hope for the future is that, as our base of such 
observations increases, we can make more and more specific interpretations, but 
the fact remains that at the present time the interpretations can seldom be very 
specific.  The need for careful laboratory and field studies of the stratification 
produced by definite combinations of flow conditions and net aggradation rate is 
still great. 

 

 
 

Figure 16-6.  The fundamental idea about cross stratification. 
 

18  The next section is a fairly detailed analysis of what is probably the 
most common and important kind of cross stratification:  that produced by the 
movement of bed forms while the bed as a whole is undergoing net aggradation, 
slow or fast.  Cross stratification of that kind is common in unidirectional flows of 
both water and air, and also in combined flows of water, and even in purely 
oscillatory flows of water, because, even in purely oscillatory flows, even slight 
asymmetry of the oscillation causes the bed forms to shift laterally at non-
negligible rates.  I will unofficially term cross stratification of this kind climbing-
bed-forms cross stratification.  Bed forms are said to climb when there is overall 
aggradation of the sediment bed while the bed forms are moving; see a later 
section for details.) 
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THE BASIC IDEA BEHIND CLIMBING-BED-FORM CROSS 

STRATIFICATION  
19  In general terms, the fundamental idea about cross stratification is easy 

to state (Figure 16-6):  as bed forms of one kind or other pass a given point on the 
bed, both the bed elevation and the local bed slope change with time.  Consider a 
short time interval during the history of decrease and increase in bed elevation.  
After a temporary minimum in bed elevation is reached, deposition of new 
laminae takes place for a period of time, until a temporary maximum in bed 
elevation is reached.  Then, as the bed elevation decreases again, there is 
complete or partial erosion of the newly deposited laminae and formation of a 
new truncation surface.  After the next minimum in bed elevation, another set of 
laminae is deposited. 

20  The preceding paragraph is still too general to give you a concrete idea 
about how moving bed forms generate cross stratification.  Now I will be more 
specific.  Take as an example a train of downstream-moving ripples in 
unidirectional flow.  (The picture would be similar for dunes.)  Each ripple moves 
slowly downstream, generally changing in size and shape as it moves.  Sediment 
is stripped from the upstream (stoss) surface of each ripple and deposited on the 
downstream (lee) surface. 

21  In your imagination, cut the train of ripples by a large number of 
vertical sections parallel to the mean flow direction (Figure 16-7).  The trough of 
a ripple is best defined by the curve formed by connecting all of the low points on 
these vertical sections where they cut the given trough (Figure 16-8).  This curve, 
which I will unofficially call the low-point curve, is generally sinuous in three 
dimensions.  The low-point curve moves downstream with the ripples, and it 
changes its shape as it moves, like a writhing dragon, because trough depths and 
ripple speeds change with time. 

 

 
 

Figure 16-7.  Cutting the train of ripples by a large number of vertical sections 
parallel to the mean flow direction. 
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Figure 16-8.  The trough of a ripple is best defined by the curve formed by 
connecting all of the low points on these vertical sections where they cut the 
given trough. 

 

 
22  As the low-point curve shifts downstream, it can be viewed as having 

the effect of a cheese-slicing wire:  it seems to shave off the body of the ripple 
immediately downstream for removal by erosion, and in that way it prepares an 
undulating floor or surface for the deposition of advancing foresets by the ripple 
immediately upstream.   

23  Depending on flow conditions and sediment size, the foreset laminae 
laid down by an advancing ripple vary widely in shape, from almost perfect 
planes sloping at the angle of repose, to sigmoidal curves that meet the surface of 
the trough downstream at a small angle (Figure 16-9).  Whatever their shape, 
these laminae are always deposited directly on the erosion surface that is formed, 
as just described above, by the downstream movement of the ripple trough into 
which the foresets prograde.   

 

 
 

Figure 16-9.  Geometries of foreset laminae. 
 

 

 504



24  If no new sediment is added to the bed while the ripples move, the 
average bed elevation does not change with time, and the invisible plane that 
represents the average bed surface stays at the same elevation.  On the average, 
the foresets deposited by a given ripple are entirely eroded away again as the next 
trough upstream passes by (Figure 16-10).  If new sediment is added everywhere 
to build the bed upward, however, the ripples no longer move parallel to the plane 
of the average bed surface but instead have a component of upward movement 
(Figure 16-11).  The resultant direction of ripple movement is described by the 
angle of climb, denoted by θ in Figure 16-11.  The tangent of θ is equal to the 
average rate of bed aggradation divided by the ripple speed. 

 

 

 
 

Figure 16-10.  On average, the foresets deposited by a given ripple are entirely 
eroded away again as the next trough upstream passes by. 

 
 

 

 
 

Figure 16-11.  Climb of ripple-shaped bed forms. 

 505



 

 
25  As the ripples climb in space, as described above, their troughs climb 

with them, so the erosion surface associated with the downstream movement of 
the low-point curve in a given trough passes above the erosion surface that was 
formed when the preceding trough passed by.  The lowest parts of the foresets 
deposited by the ripple that was located between those two troughs are then 
preserved rather than eroded entirely (Figure 16-12).  This remnant set is bounded 
both above and below by erosion surfaces.   

 

 
 

Figure 16-12.  Partial preservation of ripple foresets as ripples climb at a small 
angle. 

 

 
26  Figure 16-13 shows cross stratification in an ideally regular deposit 

produced by low-angle climb of a train of ripples.  The heavy lines are erosion 
surfaces, and the light lines are foreset laminae.  The profile of the ripple train as 
it existed at a given time is shown also.  The upper parts of each ripple in the 
train, underneath the dashed part of the profile, were eliminated by later erosion.  
In real cross-stratified deposits of this kind, the erosion surfaces are irregularly 
sinuous because trough geometry changes with time, and the sets tend to pinch 
out both upstream and downstream because the ripples exist for only a finite 
distance of movement. 

27  It is significant that what is most important in determining the geometry 
of this kind of cross-stratification is the geometry of the bed forms in the troughs, 
not near the crests.  I should also point out that the height of the sets is always 
less than the height of the bed forms that were responsible for the cross 
stratification.  If you compare the height of the cross sets with the height of the 
ripples in the dashed profile in Figure 16-13, you can see that for low angles of 
climb the set height is only a small fraction of the bed-form height. 
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28  The larger the angle of climb, the greater the fraction of foresets 
preserved.  If the angle of climb of the ripples is greater than the slope angle of 
the stoss side of the ripples, then laminae are preserved on the stoss sides as well 
as on the lee sides, and the full profile of the ripple is preserved (Figure 16-14).  
This happens when the rate of addition of new sediment to the bed is greater than 
the rate at which sediment is transported from the stoss side to the lee side of the 
ripple.  The differences in geometry between Figure 16-13 and Figure 16-14 seem 
great, but keep in mind that the differences in environmental conditions are not 
large.  The only difference is in the value of the angle of climb. 

 

 

 
 

Figure 16-13.  Erosional-stoss climbing-ripple cross stratification.  For clarity, 
cross laminae are drawn in only half of the cross sets. 
 

 

 

 
 

Figure 16-14.  Depositional-stoss climbing-ripple cross stratification. 
 

 507



29  The lamination produced when ripples move with a positive angle of 
climb is called climbing-ripple cross stratification.  Examples with angle of 
climb so small that the contacts between sets are erosional (as in Figure 16-13) 
might be called erosional-stoss climbing-ripple cross stratification, and examples 
with angle of climb large enough for preservation of the full ripple profile (as in 
Figure 16-14) might be called depositional-stoss climbing-ripple cross 
stratification. 

30  Here is a recapitulation of some of the important points in this section.  
Cross stratification is formed by the erosion and deposition associated with a train 
of bed forms as the average bed elevation increases by net addition of sediment to 
some area of the bed.  The angle of climb of the ripples depends on the ratio of 
rate of bed aggradation to speed of ripple movement.  At high angles of climb, the 
entire ripple profile is preserved, and there are no erosion surfaces in the deposit.  
At low angles of climb, only the lower parts of foreset deposits are preserved, and 
the individual sets are bounded by erosion surfaces.  The general nature of such 
stratification is common to moving bed forms of all sizes, from small current 
ripples to extremely large subaqueous or eolian dunes.  Important differences in 
the details of stratification geometry arise from differences in bed-form geometry 
and how it changes with time.  

 
IMPORTANT KINDS OF CLIMBING-BED-FORM CROSS 

STRATIFICATION   
 Introduction  

31  Here I will present the substance of what the major kinds of cross 
stratification in the sedimentary record look like.  They conveniently fall into (1) 
unidirectional-flow cross stratification, on a small scale corresponding to ripples 
and on a larger scale corresponding to dunes, and (2) oscillatory-flow cross 
stratification.  Unfortunately there is little I can say at present about combined-
flow cross stratification.  I will make a few comments about that in the section on 
oscillatory-flow cross stratification.   

 
 Small-Scale Cross Stratification in Unidirectional Flow  

32  Small-scale cross stratification formed under unidirectional flow is 
associated almost entirely with the downstream movement of current ripples.  In 
accordance with the discussion of how moving bed forms produce cross-stratified 
deposits, discussed above, the general features of the cross stratification geometry 
depend on (1) the geometry of the ripples themselves, as well as how that 
geometry changes with time as the ripples move, and (2) the angle of climb. 

33  For small angles of climb, the general geometry of the cross-stratified 
deposit is shown by the block diagram in Figure 16-15.  In addition to the actual 
rippled surface, Figure 16-15 shows a flow-parallel section and a flow-transverse 
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section perpendicular to the overall bedding.  Figure 16-15 is the real-life 
counterpart of Figure 16-13.   

34  In sections parallel to flow (Figure 16-15) you see sets of laminae 
dipping mostly or entirely in the same direction (which is the flow direction), 
separated by truncation surfaces.  The height of the sets is seldom greater than 2–
3 cm, because it is always some fraction of the ripple height, which itself is 
seldom greater than 2–3 cm.  The set boundaries are sinuous and irregular, 
because of the changes in the ripples as they move.  Sets are commonly cut out at 
some point in the downstream direction by the overlying truncation surface.  This 
is a reflection of either (1) locally stronger erosion by a passing ripple trough or 
(2) disappearance of a given ripple as it moved downstream, by being overtaken 
or absorbed by another faster-moving ripple from upstream.  New sets also appear 
in the downstream direction, reflecting the birth of a new ripple in the train of 
ripples. 

35  In sections transverse to flow, the geometry of cross stratification is 
rather different (Figure 16-15):  you see nested and interleaved sets whose lateral 
dimensions are usually less than something like five times the vertical dimension.  
Each set is truncated by one or more truncation surfaces.  These truncation 
surfaces are mostly concave upward.  The laminae within each set are also mostly 
concave upward, but the truncation surfaces generally cut the laminae 
discordantly. 

 

 
 

Figure 16-15.  Block diagram showing the geometry of climbing-ripple cross 
stratification produced at small angles of climb. 
 

36  The key to understanding this cross-stratification geometry lies in the 
geometry of ripple troughs and the trough-filling process.  Recall from Chapter 11 
that fully developed current ripples have strongly three-dimensional geometry, 
and an important element of that three-dimensional geometry is the existence of 
locally much deeper hollows or swales or depressions in ripple troughs, where the 
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separated flow happens to become concentrated (because of the details of the 
ripple geometry upstream) and where scour or erosion is much stronger.  As one 
of these swales shifts downstream, driven by the advancing ripple upstream, it 
carves a rounded furrow or trench, oriented parallel to the flow, which is then 
filled with scoop-shaped or spoon-shaped laminae that are the foreset deposits of 
the upstream ripple.  Eventually the resulting set of laminae is partly or mostly or 
even entirely eroded by the passage of a locally deeper swale in some later ripple 
trough.  This accounts for both the geometry of the sets and their irregular 
interleaving. 

 

   
 

Figure 16-16.  Planar section through a deposit of climbing-ripple cross 
stratification, parallel to the overall plane of stratification. 
 

 

 
 

 

Figure 16-17.  Block diagram showing geometry of climbing-ripple cross 
stratification produced at large angles of climb. 
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37  On the rare occasions when you are able to see a planar section through 
the deposit parallel to the overall stratification, you see a geometry that looks like 
Figure 16-16, which shows the truncated edges of sets of laminae that are strongly 
concave downstream, separated laterally by truncation surfaces.  This has been 
called rib and furrow  (not a very descriptive term).  It is an excellent 
paleocurrent indicator. 

38  For large angles of climb, the general geometry of the cross-stratified 
deposit is shown by the block diagram in Figure 16-17.  In addition to the actual 
rippled surface, Figure 16-17 shows a flow-parallel section and a flow-transverse 
section perpendicular to the overall bedding.  Compare Figure 16-17 with Figure 
16-15.  

39  In sections parallel to flow, you see mostly continuous laminae whose 
shapes reflect the profiles of the ripples that were moving downstream while 
sediment was added to the bed.  The local angles of climb vary from place to 
place in the deposit, because the speeds of the ripples are highly variable in time.  
So unless the overall angle of climb is very high, there are likely to be a few 
discontinuous truncation surfaces, where a particular ripple moved temporarily at 
a speed much greater than average.   

40  In sections transverse to flow, you usually see just irregularly sinuous 
laminae that reflect the changing flow-transverse profiles of the ripples as they 
passed a given cross section of the flow. 

41  Keep in mind that for intermediate angles of climb the stratification 
geometry is intermediate between the two end members presented above.  As the 
angle of climb increases, the density and extent of truncation surfaces bounding 
the sets decreases, and the average set thickness increases.   

42  For a given sand size, current ripples in equilibrium with the flow do 
not vary greatly in either size or geometry with flow velocity, so unfortunately 
there is little possibility of using the details of stratification geometry to say 
anything precise about the flow strength. 

 
 Large-Scale Cross Stratification in Unidirectional Flow  

43  Large-scale cross stratification formed under unidirectional flow is 
associated mostly with the downstream movement of dunes.  Again the general 
features of the cross-stratification geometry depend on the geometry of the dunes 
and the angle of climb. 

44  Recall from Chapter 11 that dunes formed at relatively low flow 
velocities have a tendency to be two-dimensional:  their crests and troughs are 
nearly continuous and fairly straight, and the elevations of the crests and troughs 
are nearly uniform in the direction transverse to flow.  On the other hand, at 
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relatively high flow velocities the dunes are moderately to strongly three-
dimensional, in much the same way that ripples are three-dimensional.  You 
should expect the geometry of cross stratification to vary greatly depending on 
whether the dunes were two-dimensional or three-dimensional. 

45  Three-dimensional dunes produce cross stratification that is 
qualitatively similar in geometry to the small-scale cross stratification produced 
by ripples.  You might reread the earlier section and apply it to the stratification 
produced by three-dimensional dunes. 

46  Figure 16-18 is a block diagram of cross stratification produced by 
three-dimensional dunes in unidirectional flows.  It shows the dune-covered bed 
surface and sections perpendicular to the overall plane of stratification and 
parallel and transverse to the flow direction.  Most of what I said about the 
analogous section in Figure 16-15 for cross stratification produced by ripples at 
low angles of climb is applicable to Figure 16-18 as well.  Set thickness ranges 
from less than 10 cm to as much as a few meters.   

 

 

 

 
 

Figure 16-18.  Block diagram of cross stratification produced by almost perfectly 
two-dimensional dunes in unidirectional flows. 
 

47  Figure 16-19 is a corresponding block diagram of cross stratification 
produced by almost perfectly two-dimensional dunes in unidirectional flows.  The 
stratification geometry is rather different from that in Figure 16-18:  in flow-
parallel sections the sets extend somewhat farther and the set boundaries are less 
sinuous, but the greatest difference is in flow-transverse sections, where both the 
sets and the truncational set boundaries are much more extensive and show much 
less upward concavity.  This is because of the absence of locally strong scour 
swales in the troughs of the dunes. 
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48  There is a whole spectrum of intermediate cases for which the cross-
stratification geometry is less regular than the extreme case shown in Figure 
16-19 but not as irregular as in Figure 16-18. 

49  In both Figure 16-18 and Figure 16-19, the angle of climb of the dunes 
is very small.  Dunes sometimes climb at higher angles, but that is not nearly as 
common as for ripples, because it is uncommon for fairly coarse sediment to be 
settling abundantly out of suspension over large areas to build up the bed rapidly.  
In the very few cases I have seen, the geometry of cross stratification is very 
much like that shown in Figure 16-17. 

 

 

 
 

Figure 16-19.  Block diagram of cross stratification produced by three-
dimensional dunes in unidirectional flows. 
 

 

 
Telling Bed-Form Size from Erosional-Stoss Climbing-Bed-Form Cross 

Stratification  
50  From depositional-stoss climbing-bed-form cross stratification, you can 

find both the height and the spacing of the bed forms by direct measurement.  
With the more common erosional-stoss climbing-bed-form cross stratification, 
however, it is much more difficult to get an idea of either the height or the spacing 
of the bed forms, because their profiles are not directly reflected in the geometry 
of the cross stratification. 

51  If you know, independently, the orientation of the overall plane of 
stratification—which you also cannot read from the geometry of the cross 
stratification itself, but which you might know from the upper and lower contacts 
of the cross-stratified bed—then in theory you can find the spacing by use of the 
simple equation 
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L = 
T

sin θ         (16.1) 

 

where L is the bed-form spacing, T is the thickness of cross sets, measured 
perpendicular to the set boundaries, and θ is the angle of climb.  (I invite you to 
try to derive this equation for yourself;  it is not difficult to derive, by use of some 
trigonometry.)  Figure 16-20 is a sketch that shows these variables, and the 
geometry of the climbing-ripple cross stratification.  The trouble with Equation 
16.1 is that it is applicable only when the cross sets are fairly regular in their 
thickness. 

 

 
 

Figure 16-20.  Sketch to aid in analysis of the problem of telling bed-form spacing 
from angle of climb and cross-set thickness. 

 

 
52  That leads us to the problem of how to estimate the bed-form height 

from the preserved cross stratification.  It should make good sense to you that, in 
a qualitative way, for a given bed-form size the smaller the angle of climb, the 
smaller the percentage of bed-form height represented by the set thickness.  You 
can derive an equation similar to Equation 16-1 for bed-form height as a function 
of set thickness and angle of climb, but it is more complicated, because the 
solution depends on the angle of the stoss slope and the angle of the lee slope as 
well as on T and θ: 

 

H = 
T tanα tanβ

sinθ (tanα + tanβ)        (16.2) 

 

But for an angle-of-repose lee slope (about 30°) and a stoss slope of between ten 
and fifteen degrees, Equation 16.2 specializes to  
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H ≅ 0.15  
T

sinθ         (16.3) 

 

53  But all of the above applies only to regular bed forms climbing 
regularly.  That is usually not the case, because, as you saw in Chapter 11, both 
large-scale and small-scale bed forms in unidirectional flow can be very irregular.  
In particular, the depth of scour in the troughs can vary greatly from place to 
place and from time to time, with the result that the sets vary greatly in thickness 
when viewed in flow-parallel section.  Then the average set thickness is greater 
than given by Equations 16.2 or 16.3.  You can appreciate that qualitatively just 
by realizing that, even at zero angle of climb, bed forms with temporarily deep 
troughs must leave thick, but localized, sets of cross-laminae.  Paola and Borgman 
(1991) have calculated that, for bed forms with essentially random variability of 
trough depth, the average set thickness is only slightly less than the average bed-
form height and is not very sensitive to the angle of climb.  If you were able to 
measure the “negative” thickness of lamina sets now gone forever by erosion, 
they would balance out the “positive” thickness of the preserved lamina sets—but 
we see only the “positive” thickness, not the “negative thickness.)  For bed forms 
that have elements of both regularity and randomness, the truth would lie 
somewhere in between the two approaches noted above.  That does not help much 
in concrete situations, but it is the best we can do at this stage in our 
understanding.  Figure 16-21 shows the two end-member cases of extreme 
regularity and extreme randomness in erosional-stoss bed-form climb. 

 

 
 

Figure 16-21.  Erosional-stoss climbing-bed-form cross stratification produces by 
A) perfectly regular bed forms and B) bed forms that vary essentially randomly in 
trough depth with time. 

 

 

Cross Stratification Produced by Antidunes 
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54  Antidunes do produce cross-stratification, but the lamination tends to be 
obscure, so the preservation potential is low.  A number of studies in laboratory 
flumes (Jopling and Richardson, 1966; Hand, 1969, 1974; Shaw and Kellerhals, 
1977; Cheel, 1990; Alexander et al., 2001) and in ancient sedimentary deposits 
(Walker, 1967; Hand et al., 1969; Skipper, 1971; Schmincke et al., 1973; Prave 
and Duke, 1990; Yagishita, 1994; Massari, 1996) have revealed or interpreted the 
existence of such stratification. 

 
Cross Stratification in Oscillatory Flow  

55  Recall from Chapter 11 that in truly symmetrical oscillatory flow at low 
to moderate oscillation periods and low to moderate oscillation speeds the bed 
configuration is symmetrical two-dimensional oscillation ripples.  Under these 
conditions, the sediment transport is also strictly symmetrical in the two flow 
directions. You might expect the ripples to remain in one place indefinitely.  
Then, if sediment is supplied from suspension to build up the bed, symmetrical 
oscillation-ripple cross stratification with vertical climb would be produced 
(Figure 16-22).  Although stratification of this kind is present in the sedimentary 
record, it is not common, presumably because even in purely oscillatory flow 
there is usually a minor degree of asymmetry of sediment transport, which causes 
the ripples to move slowly in one direction or the other. 

 

 

  
 

Figure 16-22.  Cross stratification produced by vertical climb of symmetrical 
oscillation ripples. 

 

 
56  Figure 16-23 is an attempt to account for types of oscillatory-flow cross 

stratification produced by the buildup of two-dimensional oscillation ripples as a 
function of the slow net rate of ripple movement and the rate of aggradation of the 
bed.  Along the vertical axis, for zero ripple movement, is symmetrical 
oscillation-ripple cross stratification, of the kind that I mentioned above might be 
expected on the basis of deduction.  The chevron-like interleaving of laminae at 
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the ripple crests, shown schematically, results from minor shifts in crest position 
back and forth during aggradation.  This is shown by the first box from the top in 
Figure 16-23.   

57  If the ripple speed is nonzero but slow relative to aggradation rate, the 
angle of climb is steep and the entire ripple profile is preserved (see the second 
box from the top in Figure 16-23).  If the ripple speed is large relative to the 
aggradation rate, ripple troughs erode into previously deposited laminae, and the 
stratification shows laminae dipping in one direction only, in sets bounded by 
erosion surfaces (see the third box from the top in Figure 16-23).  This last type is 
the most common in the sedimentary record.  Finally, if a preexisting bed is 
molded into slowly shifting oscillation ripples without any net aggradation of the 
bed, the thickness of the cross-stratified deposit is equal to only one ripple height 
(see the bottom box in Figure 16-23). 

 

 
 

Figure 16-23.  Kinds of oscillatory-flow cross stratification produced by the 
buildup of two-dimensional oscillation ripples as a function of the slow net rate of 
ripple movement and the rate of aggradation of the bed. 

 

 
58  Stratification that is represented by the third sketch from the top in 

Figure 16-23, for a small angle of climb such that the individual lamina sets are 
separated by truncation surfaces, differs only in detail, rather than in general 
features, from low-angle climbing-ripple cross stratification produced by ripples 
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in unidirectional flows, discussed in the previous section.  In the field it can be a 
challenge to tell the two kinds apart.  The regularity of the sets is generally 
greater in the oscillatory-flow case, but newly developing climbing current ripples 
can show just as great a degree of regularity. 

59  In the real world, oscillation-ripple stratification is likely to be more 
complicated, because wave conditions seldom remain the same for long.  
Commonly there are a large number of sets of laminae dipping more or less 
randomly in both directions.   

60  The origin and classification of stratification produced by oscillatory 
flows at longer oscillation periods and higher oscillation velocities is less well 
understood, because there have been very few studies in natural environments in 
which first the bed configuration was observed while the flow conditions were 
measured and then the bed was sampled to see the resulting deposit.  Also, there 
have been few studies of these bed configurations under laboratory conditions.  
Another element of complexity is that in the natural environment the oscillatory 
flows are likely to be more complicated than the regular and symmetrical 
bidirectional oscillatory flows that were assumed above, and not much is known 
in detail about the stratification types produced by these more complicated 
oscillatory flows.   

61  In the face of this seemingly hopeless situation, I will take the following 
approach.  I will describe in a general way a common style of medium-scale to 
large-scale cross stratification, called hummocky cross stratification, which is 
generally believed to be produced by an oscillatory flow of some kind, and I will 
present what evidence I can for the kinds of flows that might produce hummocky 
cross stratification. 

 

 
 

Figure 16-24.  Block diagram of one of the common styles of cross stratification 
that has been called hummocky cross stratification. 
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62  Figure 16-24 is a block diagram of one of the common styles of cross 

stratification that been called hummocky cross stratification.  It shows sets of 
laminae that are both concave upward and convex upward, bounded by broad 
truncation surfaces which themselves may be either concave or convex upward.  
Two characteristic small-scale features of the geometry of stratification are the 
fanning of truncation surfaces laterally into conformable sequences of laminae 
(Figure 16-25A) and, where the thickness of the bed is great enough to observe 
this, a tendency for convex-up sets of laminae to be succeeded upward by 
concave-up sets, and vice-versa (Figure 16-25B).   

63  Note that the two normal-to-bedding faces of the block are shown to 
have about the same style of stratification, and on each face there is no strongly 
preferred dip direction.  In the rare cases where you can make serial sections of 
the deposit to ascertain the entire three-dimensional geometry of the deposit, it is 
clear that there is no preferred dip direction in the entire deposit.  This is the kind 
of stratification I call isotropic. 

 

 

 
 

Figure 16-25.  Characteristic small-scale features of the geometry of stratification 
in hummocky cross stratification formed by bed aggradation during maintenance 
of oscillatory-flow bed forms.  A) Fanning of truncation surfaces laterally into 
conformable successions of laminae.  B) Tendency for convex-up sets of laminae 
to be succeeded upward by concave-up sets, and vice versa. 
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64  The upper surface of the block diagram in Figure 16-24 is shown to be a 

bedding surface with a bed configuration that could be described as a collection 
of hummocks (locally positive convex-up areas) and swales (locally negative 
concave-up areas).  Sometimes, but not often, the upper surface of a bed with 
hummocky cross stratification can be seen to have just this bed geometry.  The 
general belief is that isotropic hummocky cross stratification is produced by this 
kind of bed configuration, although it is seldom possible to actually demonstrate 
this. 

65  Recent experiments (Dumas et al., 2005) have shown that bed 
configurations which in their general features are like those just described are 
produced by symmetrical bidirectional oscillatory flows at long periods and high 
oscillation velocities.  This suggests that at least some isotropic hummocky cross 
stratification is produced by such flows.  But it also seems likely that more 
complex oscillations with more than one oscillatory component would also 
produce qualitatively similar bed configurations and therefore similar cross-
stratification.  Much more work needs to be done before the origin of hummocky 
cross stratification is well understood. 

66  The style of stratification that people call hummocky cross stratification 
covers a wide range in scale and geometry.  It seems likely that hummocky cross 
stratification, used in the broad sense as a descriptive rather term than as a genetic 
term, is polygenetic:  several distinctly different kinds of flow and sedimentation 
settings produce stratification that at least some workers would want to call 
hummocky cross stratification.  There have even been published reports in recent 
times (Alexander et al., 2001) of a kind of stratification, which might be 
described, objectively, as a kind of hummocky cross stratification, that develops 
by aggradation of the bed while antidunes were present and changing their shape 
and position in some way. 

67  Classification of hummocky cross stratification, in the wide sense of the 
term, is not in a very advanced state, and yet a rational classification would be 
useful, in view of the commonness and the multiplicity of origin of hummocky 
cross stratification.  Figure 16-26 is my own unofficial attempt at such a 
classification.  In my own examination of hummocky cross stratification I have 
found this classification to be a useful guide to my thinking about the origin of the 
stratification.  The elements in the classification are as follows. 

 

Isotropy vs. anisotropy:  This has to do with the extent to which the cross 
sets have a preferred dip direction and/or dip angle.  This must be controlled by 
the asymmetry of the oscillatory flow and/or the superimposition of a 
unidirectional flow component.  As the stratification becomes more anisotropic, it 
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might better be viewed as combined-flow stratification rather than as purely 
oscillatory-flow stratification. 

Ratio of aggradation to bed-form shift:  Depending mainly on the relative 
importance of bed-form shifting vs. rate of aggradation, sets may be very 
restricted in lateral extent and show mainly concave-up laminae (most workers 
would probably call this swaly cross stratification), or they may be continuous 
over a greater lateral distance and show more convex-up laminae. 

Draping vs. bed-form maintenance:  hummocky cross stratification can be 
formed by scouring of a hummocky–swaly bed topography initially and then 
draping of that irregular bed surface without the participation of oscillatory-flow 
bed forms that are in equilibrium, or not far out of equilibrium, with the flow.  
Alternatively, it can be formed by bed forms that are maintained by the flow 
during overall aggradation of the bed. 

Scale:  the scale of hummocky cross stratification ranges from quite small 
(what many would simply call three-dimensional wave-ripple cross stratification) 
to large (sets a few decimeters thick and with lateral extent of a meter or two).  
The scale must have a fairly direct link to the original size of the geometrical 
elements that existed on the sediment bed during deposition, although the vertical 
scale must depend also on the rate of net aggradation of the bed. 

Extent of amalgamation:  It is common to find single hummocky cross-
stratified beds, but it is equally common to find sandstone beds that consist of 
two, three, or even more amalgamated beds, separated by through-going 
amalgamation surfaces, with each amalgamation unit showing hummocky cross 
stratification of one kind or other (or planar lamination, especially the lowest 
amalgamation unit in the succession). 

 

Of course, it is not possible to represent a five-dimensional classification 
graphically!  What Figure 16-26 shows is a three-dimensional pigeonhole 
arrangement with  the first three attributes in the above list, leaving scale and 
extent of amalgamation as additional descriptors. 

68  Here are a few tentative comments about the classification shown in 
Figure 16-26. 

 

•  The four cartoons of scour-and drape hummocky cross stratification are 
end-member cases.  What I think is much more common is stratification that is 
largely scour and drape but with bed topography changing at least slightly as the 
drape forms, so that the internal structure of the bed is not quite as regular and 
conformable as shown in the cartoons. 

•  When the stratification is largely of the scour-and-drape variety, I see no 
way to tell whether the S/A ratio was low or high; with aggrading-bed forms 
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HCS, on the other hand, that is easier to do, at least in a qualitative way, by 
looking at the abundance and lateral extent of truncation surfaces. 

•  The case in the upper right rear (“anisotropic aggrading-bed-forms fast-
shift hummocky cross stratification”) might also be described as a kind of 
combined-flow trough cross-stratification, and as the importance of the 
unidirectional flow component increases and that of the oscillatory flow 
component decreases, this kind of stratification grades over into the trough cross 
stratification that is familiar to all. 

 
 

 
 

Figure 16-26.  Unofficial classification of hummocky cross stratification.  Key to 
symbols:  ABF, aggrading bed forms; SD, scour and drape; I, isotropic; A, 
anisotropic; S/A, ratio of rate of lateral shifting of bed forms to rate of overall 
aggradation; L, low; H, high. 
 
The eight varieties represented on the graph could be named as follows: 
 

upper left, front: isotropic aggrading-bed-forms slow-shift HCS 
upper right, front:  anisotropic aggrading-bed-forms slow-shift HCS 
lower left, front:  isotropic scour-and-drape slow-shift HCS 
lower right, front:  anisotropic scour-and-drape slow-shift HCS 
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upper left, rear:  isotropic aggrading-bed-forms fast-shift HCS 
upper right, rear:  anisotropic aggrading-bed-forms fast-shift HCS 
lower left, rear:  isotropic scour-and-drape fast-shift HCS 
lower right, rear:  anisotropic scour-and-drape fast-shift HCS 

 

 

 
 

Combined-Flow Cross Stratification  
69  This brings us to the problem of combined-flow cross stratification.  

Unfortunately there is an almost complete lack of observational information on 
the origin of combined-flow cross stratification, so we have no actual models to 
guide interpretations.  Up to now the recognition of combined-flow cross 
stratification has largely been a matter of deduction.   

70  It seems convenient to think separately about the relatively small 
combined-flow ripples produced under combinations of relatively low oscillatory 
and unidirectional flow velocities, on the one hand, and the relatively large 
combined-flow ripples produced under combinations of relatively high oscillatory 
and unidirectional flow velocities, on the other hand. 

71  When the combinations of oscillation period and oscillation velocity are 
such that in purely oscillatory flow the ripples would be at about the same scale as 
current ripples, there is a kind of coherence in the combined-flow ripples:  they 
are on the same scale as unidirectional-flow ripples, but more nearly two-
dimensional.  Actual experiments indicate that only a very small unidirectional 
component is needed to make such ripples noticeably asymmetrical.   

72  Figure 16-27 shows a series of flow-parallel profiles of ripples formed 
under a range of combined flows, from purely oscillatory to purely unidirectional  
One striking thing about such ripples is that it takes only a very slight 
unidirectional component for the ripples to shift slowly in their position, even 
though the profile is still virtually symmetrical.  The top sketch in Figure 16-27, 
which is drawn as if the ripple stayed in the same place as it developed from the 
sandy substrate, is therefore a bit unrealistic, because even symmetrical ripples 
usually show one-way internal lamination.  With even a fairly small 
unidirectional component the ripples become noticeably asymmetrical, as in the 
second sketch from the top in Figure 16-27.  By the time the oscillatory and 
unidirectional components are both substantial, as in the third sketch from the top, 
the ripples do not look much different from those produced in purely 
unidirectional flows, except that the profile is typically a little more rounded and 
the slope of the lee side is somewhat less.   

73  For very short periods or very long periods, however, when the ripples 
that would be produced in purely oscillatory flow are much smaller or much 
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larger than current ripples, the situation is more complicated, because in 
combined flows the bed configuration wants to be at two separate scales, and 
there is a complicated interaction between the two differing scales.  There has not 
been much study of the stratification produced under these combined-flow 
conditions. 

74  When the oscillation period is so small that the oscillation ripples are 
much smaller than current ripples, their dominantly oscillatory nature is clear.  
But there is still a problem, because the spacing of current ripples when they first 
become organized on a preexisting planar sand surface is no more than six or 
seven centimeters, and then they grow to their full size of something like fifteen 
to twenty centimeters.  Only for ripples smaller than six or seven centimeters, 
therefore, can you be sure that you are dealing with dominantly oscillatory ripples 
and not unidirectional-flow-dominated ripples that are still growing toward 
equilibrium. 

 

 
 

Figure 16-27.  Profile shape and internal lamination in small-scale ripples in 
purely oscillatory flow, combined flow, and purely unidirectional flow. 
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Eolian Cross Stratification  
75  So far the discussion has implicitly been directed toward subaqueous 

bed configurations.  Everyone knows that the shifting of eolian dunes produces 
large-scale cross stratification as well.   

76  I can make a first-order statement here without fear of contradiction:  
eolian dune cross stratification is similar in gross aspects to large-scale trough 
cross stratification produced by water flows.  Behind the gross similarity, 
however, are real differences.  These differences are simply a consequence of the 
differing details of geometry of the dunes themselves.   

77  Although I have looked at a fair number of cross-stratified eolian units, 
I find it difficult to be specific or concrete about how eolian dune cross 
stratification differs from subaqueous dune cross stratification.  Here are some 
points of difference.  (I do not pretend this to be an exhaustive list.) 

 

•  In eolian cross stratification there is a tendency for the laminae in the 
cross sets in the downwind part of the set to dip in the direction opposite to the 
dune movement.  That tends to be in contrast to cross stratification produced by 
subaqueous dunes, for which an upcurrent dip direction of the laminae in the 
cross sets is much less pronounced.  I think that that feature reflects the tendency 
for the troughs of eolian dunes to be filled by plastering of new trough laminae 
not just on the mean-upcurrent side, as is usually the case in subaqueous cross 
stratification, but on the lateral and mean-downcurrent sides as well. 

•  Eolian cross stratification is more likely to show greater dispersion of dip 
directions of cross sets, because of the greater variability of wind directions than 
of subaqueous current directions.  (But this is not as strong a tendency as you 
might think, because most of the major eolian sand bodies preserved in the 
sedimentary record were probably produced in sand seas swept by winds fairly 
constant in direction.) 

•  The nature of the lamination in eolian cross-sets tends to be different from 
that in subaqueous cross-sets.  The three basic kinds of laminae in cross-sets (see 
Hunter, 1977a) are: 

 

—  grain-flow laminae, produced by the downslope movement of grain 
flows to iron out the oversteepening of the foreset slope caused by 
deposition at the brink. 

—  grain-fall laminae, produced by the rain of sand grains onto the foreset 
slope after they are carried across the brink in saltation. 

—  translatent laminae, produced by the movement and very-low-angle 
climb of ripples on sand surfaces that are undergoing net aggradation. 
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The first two kinds of laminae are common to both subaerial and subaqueous 
cross sets, but they are much more distinctive and better differentiated in 
subaerial deposits.  Translatent laminae are specific to subaerial deposits, because 
in subaqueous environments the scale and movement of ripples in dune-lee 
environments is such as to produce recognizable small-scale cross lamination 
rather than laminae so thin that the cross-stratified nature is undetectable, as in the 
eolian case. 

 

78  Here is another, and rather different, consideration that can be useful in 
some cases in distinguishing subaerial from subaqueous cross stratification.  
Think back to the velocity–size diagram for subaqueous unidirectional-flow bed 
phases.  The minimum mean particle size for the existence of dunes is shown to 
be about 0.16 mm.  When the effects of water temperature and therefore water 
viscosity are taken into account, that translates (by a computational procedure that 
I will not describe here; see Southard and Boguchwal, 1990) into a range of 
minimum sizes from 0.20 mm at 0°C to 0.12 mm at 30°C.  If the mean size of the 
sediment in the cross sets in question is significantly finer than these sizes, then 
the deposits are almost certainly eolian rather than subaqueous.  (How you 
estimate what the water temperature might have been is, of course, another 
matter.)  There is an important qualification to this conclusion, however:  you 
must be able to rule out the possibility that, if the cross stratification is 
subaqueous, it was indeed the result of the movement of dunes, and not of fluvial 
bars, whose sediment size might be finer than the lower limit associated with 
dunes.  The overall geometry of the cross stratification usually makes that 
decision possible. 

 
CROSS STRATIFICATION NOT PRODUCED BY CLIMBING BED 

FORMS  
79  After all of the voluminous material above on how to deal with cross 

stratification produced by trains of repetitive bed forms that climb at some angle 
owing to net aggradation of the bed, I think that it is important to point out here 
that not all cross stratification is produced by bed forms climbing at some angle—
although I think it is fair to say that most of the cross stratification you see is 
indeed formed in that way. 

80  One obvious case in point is rather obvious, and has been touched upon 
in the earlier part of this chapter: 

 

a train of flow-transverse bed forms is produced by a neutral flow (by 
“neutral” I mean that there is neither net aggradation or net degradation) 
over a loose sediment bed, then the flow stops, and later the train of bed 
forms is mantled or draped by sediment deposited in such a way as not 
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to disturb that underlying train of bed forms (by fallout without traction, 
for the most part). 

 

I might term this kind, unofficially, single-bed-form-train cross stratification.  

 
81  I have already shown one example of single-bed-form-train cross 

stratification in Figure 16-23, wherein two-dimensional oscillation ripples are 
formed and shift slowly with no net addition of sediment to the bed.  Single trains 
of unidirectional-flow ripples are more common.  Cross stratification of this kind 
is especially common in deposits of distal turbidity currents.  The situation is this:  
an almost exhausted turbidity current sweeps by a point, depositing fine sand, and 
molds that sand into a train of ripples.  Although the bed is aggrading while the 
ripples are moving, the total thickness of sand added to the bed is not enough to 
form a layer more than one ripple thick (Figure 16-28A).  In fact, in many such 
cases the ripples end up starved, in the sense that the difficultly erodible substrate 
is exposed in the ripple troughs (Figure 16-28B).  Of course, as the total thickness 
of sediment added to be bed increases, the degree of overlapping of ripples 
(whereby ripples start climbing up the backs of others) increases (Figure 16-28C), 
and eventually the picture is as described in the earlier section on classic 
climbing-ripple cross stratification. 

 

 
 

Figure 16-28.  Single-ripple-train cross stratification.  A) Full single train.  B) 
Starved train.  C) Ripples starting to overlap. 

 

 
82  Usually the material presented so far in this section is relevant to small-

scale bed configurations—ripples of various kinds—but sometimes single trains 
of much larger dunes are formed and then interred within different, or at least 
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differently structured, sediment.  When the dunes have large spacings and small 
height-to-spacing ratios, there is the added complication that you may on the 
outcrop see a segment of a dune that is very short relative to the dune spacing, 
and the cross stratification looks like a planar-tabular set with uniform thickness 
(Figure 16-30).  I know of no way of knowing, just from looking at an outcrop 
like Figure 16-30, what the original spacing of the dunes was—or even if I am 
really dealing with a train of dunes in the first place! 

83  In a situation like that shown in Figure 16-29, there is also the problem 
of whether the full height of the dune is preserved.  You might find features at the 
upper surface of the cross set that gives evidence of its having been the exposed 
upper surface of a dune, like superimposed smaller bed forms.  Although that is 
not foolproof, it would suggest strongly that the dune was not eroded or shaved 
off by a later strong current after its own driving current ceased. 

 

 
 

Figure 16-29.  A planar-tabular cross set that represents a small part of single 
large dune-like bed form. 

 
 

84  Finally, cross stratification can be formed by the progradation of the 
sloping surface of an isolated element of positive relief, like a fluvial sand bar or a 
submarine shoal or a delta body.  Scales of such features can range up to very 
large.  Deciding between this situation and the one described above (a small part 
of a single train of dunes) would be impossible without a degree of lateral control 
not usually available in outcrop. 
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