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ABSTRACT  
 

Symmetric sand ripples formed by water waves are common features on modern coasts and in sedimentary rocks. The 
size and spacing of wave ripples generally scale with water depth and wave conditions, and are widely used to 
reconstruct coastal environments of the geologic past. Interpretations based on average ripple dimensions and assumed 
constant wave conditions are informative, but many rippled beds contain striking patterns involving defects—deviations 
from straight, evenly spaced ripple crests—that suggest more dynamic flow regimes. We report a set of laboratory 
experiments that reveal how these patterns form in rippled beds adjusting to a change in wave conditions. As the ripples 
in our experiments evolved toward a new spacing, they developed defects that are widely observed in modern 
environments and in the rock record. The dominant defect type depends on the sign and magnitude of the adjustment in 
ripple spacing and the number of wave periods since the change in wave conditions. A regime diagram summarizing 
these associations quantitatively links ripple defects to transient flow conditions. Our experiments reveal the origin of 
previously unexplained ripple patterns and add a new dimension to paleoenvironmental interpretations. 
 
INTRODUCTION  
 

Symmetric wave ripples are the most common bedforms in wave-dominated environments, and abound in the rock 
record. Wave ripples grow when oscillating flows driven by water waves create an instability in a sand bed (Bagnold and 
Taylor, 1946; Blondeaux, 1990). Ancient ripples can serve as paleoenvironmental indicators (Allen, 1981; Clifton and 
Dingler, 1984) and have been used to infer extraordinary weather during Earth’s most extreme climate excursions (Allen 
and Hoffman, 2005) and as evidence of ancient flowing water on Mars (Squyres et al., 2004).  
 

Hydraulic interpretations typically focus on the equilibrium characteristics of straight-crested wave ripples, but many ripple 
fields contain morecomplicated patterns that have not yet been deciphered. The equilibrium spacing of wave ripple crests, 
λ, is proportional to the orbital diameter (double the amplitude), do, of the oscillating flow (λ ≈ 0.65do) up to a critical ratio of 
do to grain size (Bagnold and Taylor, 1946; Miller and Komar, 1980; Pedocchi and García, 2009). The orbital diameter is 
in turn a function of wave size and water depth (Evans, 1942; Dean and Dalrymple, 1991). However, wave conditions 
often change faster than ripple spacing adjusts, and therefore wave ripples in nature are often out of equilibrium 
(Traykovski, 2007). Ancient and modern wave ripples contain a variety of defects (Figs. 1A–1D) that may be signatures of 
disequilibrium, but the origins of these defects are poorly understood (Kocurek et al., 2010). 
 

Laboratory experiments have revealed how defects accommodate wave ripple adjustment to changing flow conditions 
along one-dimensional profiles in the direction of wave propagation (Shulyak, 1963; Lofquist, 1978; Davis et al., 2004; 
Sekiguchi and Sunamura, 2004; Smith and Sleath, 2005; Doucette and O’Donoghue, 2006), similar to the role of defects 
in the adjustment of river dunes (Venditti et al., 2005a). Modeling studies of two-dimensional (plan view) bedform patterns 
have similarly shown that defects can nucleate and accommodate changes in ripple spacing (Werner and Kocurek, 1999; 
Huntley et al., 2008). However, it is not clear how these mechanisms relate to the diverse two-dimensional wave ripple 
defects commonly observed in the field (Figs. 1A–1D) (Evans, 1943; Boyd, Forbes and Heffler, 1988; Traykovski et al., 
1999). In this study, we use laboratory experiments to uniquely associate individual defect types with specific changes in 
wave conditions. Deciphering wave ripple defects makes it possible to identify dynamic flow transitions in ancient coastal 
environments, modern systems, and, potentially, in planetary landscapes. 
 
WAVE TANK EXPERIMENTS  
 

We conducted a set of laboratory wave tank experiments to document the response of rippled beds to changes in 
oscillatory flow. In each experiment, we grew a bed of ripples in equilibrium with a wave-driven flow, subjected the ripples  
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to a sudden step change in the flow orbital diameter, and 
recorded their response in plan view with time-lapse 
photography.  
 

We performed our experiments in a closed-end acrylic tank 
60 cm wide, 50 cm deep, and 7 m long. The tank was filled 
with 5 cm of fine sand (median grain diameter, D50 = 0.18 
mm) and 40 cm of 20 °C water. At one end of the tank, an 
electric motor oscillated a hinged paddle, generating waves 
across the free water surface (see Movie DR1 in the GSA 
Data Repository1). We varied the speed and range of motion 
of the paddle to produce waves with different amplitudes and 
periods. At the opposite end of the tank, a sloping “beach” 
covered with rubberized horsehair minimized wave 
reflections. A spotlight illuminated the bed at an oblique 
angle. A sensor on the motor triggered a digital camera to 
take a downward-looking image of the bed every 10–15 
wave cycles. We measured wave period and wave amplitude 
during the experiments and used linear wave theory (Dean 
and Dalrymple, 1991) to calculate near-bed velocities and 
orbital diameter, which ranged from 9.9 to 17.5 cm/s and 
5.3–18.8 cm, respectively. Wave periods ranged from 1.5 to 
3.5 s, typical of shallow nearshore conditions (Miller and 
Komar, 1980).  
 

We began each experiment by generating a level sand bed 
with grooves spaced 1 cm apart perpendicular to the flow to 
accelerate ripple growth. We subjected this bed to constant 
wave conditions until ripples with an even, time-invariant 
spacing formed. We then changed wave conditions to alter 
the orbital diameter and observed the defects that developed 
as the ripples adjusted to a new equilibrium spacing. We ran 
each experiment for 16–33 h (23,000–62,000 wave periods), 
until ripple spacing and defect abundance stopped changing 
rapidly.  
 

We measured average ripple spacing throughout each 
experiment by finding the highest peak in the two-
dimensional Fourier power spectrum of each time-lapse 
image of the bed (Perron et al., 2008), rendered in grayscale 
to highlight the ripple crests. We also measured spectral 
entropy (Inouye et al., 1991) to quantify the variability of 
ripple crest orientation and spacing in each image, and to 
gauge the prevalence of defects throughout each 
experiment. Finally, we qualitatively described the dominant 
defect types as a function of time since the change in wave 
conditions. Experimental data (Perron et al., 2016; Table 
DR1) are available at the SEAD Repository (sead-data.net). 
 
RESULTS AND DISCUSSION  
 

Adjustment of Ripple Spacing  
Ripples that grew from the nearly planar initial bed had few 
defects and mostly straight, evenly spaced crests (Figs. 2A, 
2E, and 2I). After we abruptly changed the wave conditions, 
the ripples rapidly developed abundant defects as crest 
spacing and orientation became more variable (Figs. 2B, 2F, 
and 2J). This proliferation of defects coincided with the start 
of a monotonic change in ripple spacing and, in most 
experiments, an increase in spectral entropy (Fig. DR1). As the ripples reached a new equilibrium spacing, the defects 

                                                        
1 GSA Data Repository item 2018321, additional figures, table, and movies, is available online at www.geosociety.org/pubs/ft2018.htm, or on request 
from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA 

 
Figure 1. Wave ripple defects in the field (A–D) and 
in a laboratory wave tank (E–H). Scale bars are 5 
cm. A: Hourglass shapes in the Cambrian of 
Newfoundland (left, photo by P.M. Myrow) and the 
Proterozoic Tochatwi Formation, Northwest 
Territories, Canada (right, photo by Paul Hoffman). 
B: Secondary crests in the Proterozoic of Inner 
Mongolia (photo by P.M. Myrow). C: Sinuous, 
broken crests on a beach in Sea Rim State Park, 
Texas, USA (photo by Zoltán Sylvester). D: 
Bifurcating and terminating crests in the 
Proterozoic Apache Group, Arizona (photo by P.M. 
Myrow). E: Hourglass shapes in ripples 
transitioning to a narrower spacing due to a 
reduction in flow orbital diameter. F: Secondary 
crests formed in response to a larger reduction in 
orbital diameter than in E. G: Sinuous, broken 
crests in ripples transitioning to a wider spacing 
due to an increase in orbital diameter. H: 
Propagation of a bifurcated crest toward the right 
by edge dislocation. Right panel shows a later time 
in the same experiment. Illumination is from the left 
in all wave tank images. 



Perron et al. 2018 – Ancient record of changing flows from wave ripple defects  Page 3 of 7 

began to disappear, creating straighter, more evenly spaced crests (Figs. 2C, 2G, and 2K), and spectral entropy generally 
declined, though the bed still contained some defects long after the average spacing had equilibrated. 
 
Characteristic Defects for Widening and Narrowing Ripple Spacing  
The abundance of defects in each experiment followed the general trend described above, but the types of defects varied 
with the wave forcing and evolved over the course of each experiment. Some defect types were uniquely associated with 
the sign (widening or narrowing) and magnitude of the change in ripple spacing. Widening ripple spacing caused initially 
straight crests to become sinuous, and many of these sinuous crests broke into discontinuous segments (Figs. 1G, 2B, 
and 2C; Movie DR2). The sinuous crests, which we refer to as zigzags, resemble the zigzag instabilities observed in other 
nonlinear systems that form elongated features, such as Rayleigh-Bénard convection rolls (Cross and Hohenberg, 1993). 
The average ripple spacing then increased as broken crest segments either lost elevation and disappeared or merged 
with other segments to create new, continuous crests.  
 

As ripple spacing widened, the evolving beds also frequently developed circular or elliptical depressions with sharp rims, 
which we call cups (Fig. 2C). Cups, which may be distinct from the closed loops sometimes found on ripple crests 
(Huntley et al., 2008), typically formed adjacent to a ripple crest, migrated across the crest, and then dissipated, or, less 
commonly, persisted as stationary features. Although cups were much more common in experiments with widening ripple 
spacing, they also occasionally appeared in experiments with narrowing ripple spacing. 
 

The dominant defect types in experiments with narrowing ripple spacing depended on the degree of narrowing. For minor 
to moderate narrowing (35%), new secondary crests formed parallel to, and on either side of, each existing crest (Figs. 1F 
and 2J) and then migrated toward the troughs as they grew in height, sometimes replacing preexisting crests. In each 
experiment, the secondary crests on either the right or the left sides of all troughs survived, and those on the opposite 
sides disappeared (Nienhuis et al., 2014) (Fig. 2K; Movie DR4). The percent narrowing of ripple spacing above which 
parallel secondary crests formed, instead of hourglasses, in our experiments corresponds approximately to the threshold 
change in wave conditions required to form double, instead of single, secondary crests identified in previous experiments 
(Lofquist, 1978; Sekiguchi and Sunamura, 2004). Those experiments, which focused on one-dimensional ripple evolution, 
were conducted in tanks too narrow to allow hourglasses to form. Double secondary crests can also form on unidirectional 
flow bedforms, both during adjustment and under steady flow (Allen, 1973; Jerolmack and Mohrig, 2005).  
 

In some of the experiments 
involving relatively small 
changes in ripple spacing (10% 
narrowing to 20% widening), the 
defects described above did not 
form, and ripple spacing 
adjusted primarily by lateral 
migration of parallel, unbroken 
crests. This mechanism of ripple 
spacing adjustment has been 
called slide by previous authors 
(Smith and Sleath, 2005; 
Doucette and O’Donoghue, 
2006) and resembles the 
stretching or compression 
observed in some unidirectional 
flow bedforms (Venditti et al., 
2005b). It tended to occur in our 
experiments when defects in the 
initial bed were especially 
sparse.  
 

After the ripple spacing reached 
a new equilibrium, and the initial 
defect types mentioned above—
zigzags, hourglasses, and 
secondary crests—disappeared, 
a different set of dominant 
defect types persisted, 
regardless of the sign and 
magnitude of the change in 
ripple spacing. These included 
crest terminations (Figs. 2D, 2H, 

 
Figure 2. Time-lapse images of three experiments showing widening ripple 
spacing (A–D), modest narrowing of ripple spacing (E–H), and major 
narrowing of ripple spacing (I–L). These experiments illustrate the 
development and eventual elimination of characteristic defects shown in 
Figure 1, including zigzag crests (B,C; Figures 1C and 1G), hourglass crests 
(F; Figures 1A and 1E), and secondary crests (J K; Figures 1B and 1F). 10 cm 
scale bar in A applies to all panels. Illumination is from the left. Time-lapse 
animations are included in Movies DR2 (A–D), DR3 (E–H), and DR4 (I–L) (see 
footnote 1). 
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and 2L) and bifurcated crests resembling tuning forks (Figs. 1H and 2C). These defects sometimes propagated across the 
bed via edge dislocations (Fig. 1H; Movie DR5), similar to defects propagating through a crystal lattice—a phenomenon 
also seen in wind ripples and dunes (Ewing and Kocurek, 2010). 
 

Regime Diagram for Transient Wave Ripple Defects  
To quantify the association of different wave ripple defect types with specific disequilibrium conditions, we compiled a 
regime diagram that generalizes our experimental results (Fig. 3). The dominant defect type on the bed depends mainly 
on the sign and magnitude of the change in ripple spacing [measured by the quantity (λf – λi )/λi , where λi and λf denote 
the initial and final ripple spacing, respectively] and the number of wave periods following the change in wave conditions. 
In addition to showing the separation of characteristic defect types by (λf – λi )/λi and the general late-stage transition to 
bifurcations, terminations, and edge dislocations, the regime diagram also shows that defect types vary in efficiency. 
Hourglasses require the most wave periods to adjust the ripple spacing, secondary crests require the fewest, and zigzags 
require an intermediate and more variable number of wave periods (Fig. 3). The abundance of bifurcations and 
terminations generally declined in the late stages of each experiment, such that straight, evenly spaced crests came to 
dominate the bed.  
 

In some cases, multiple defect types occurred side-by-side in the same experiment, such as hourglasses and secondary 
crests (Fig. 1F). This coexistence is also observed in the field (Fig. 1A). Thus, the boundaries in Figure 3 represent 
transitions in the dominant defect types, not 
transitions in their exclusive occurrence. An 
exception may be the boundary between 
hourglasses and zigzags at (λf – λi )/λi = 0; we 
did not observe any experiments in which both 
defect types occurred.  
 

Some of the defects we observed (zigzags and 
secondary crests) resemble the “bulging” and 
“doubling” patterns that Hansen et al. (2001a, 
2001b) produced by oscillating a tray of pre-
molded, defect-free ripples at different 
amplitudes and frequencies. However, a 
comparison of defects observed in our 
experiments and theirs as a function of specific 
flow changes reveals substantial differences (Fig. 
DR2). We also did not observe the “stability 
balloon” reported by Hansen et al. (2001a, 
2001b) and observed in some one-dimensional 
experiments (Lofquist, 1978; Sekiguchi and 
Sunamura, 2004), in which small changes in flow 
amplitude produced no change in ripple spacing. 
We attribute these differences to the distinct 
flows and ripple shapes produced by free-surface 
waves and oscillating trays (Miller and Komar, 
1980; Vongvisessomjai, 1984; Southard, 1991) 
and the tendency of minor initial defects—which 
are nearly always present in nature—to facilitate 
changes in ripple spacing. 
 

Implications for Preservation and 
Interpretation of Wave Ripple Patterns  
Our findings make it possible to reconstruct the 
transient evolution of ancient and modern coastal 
environments. All of the defects described here 
abound in modern sedimentary settings and in 
the rock record (Figs. 1A–1D), consistent with the 
interpretation that wave ripples are often 
adjusting to changing flow conditions. Based on 
linear wave theory, an increase in flow orbital 
diameter that generates zigzags (Figs. 1C and 
1G) could result from a decrease in water depth 
or an increase in wave height or length. A 
decrease in orbital diameter that generates 
hourglasses (Figs. 1A and 1E) or secondary 

 
Figure 3. Regime diagram for wave ripple defects. Each 
horizontal bar represents one wave tank experiment, with the 
bar color indicating the dominant defect type. Open bars 
indicate slide. Shaded regions indicate conditions in which the 
labeled defect types generally dominate. The dashed boundary 
is speculative. Labels at the top indicate the approximate 
cumulative time in our experiments. Line drawings below 
illustrate the various defect types. Dashed secondary crests 
disappear quickly, leading to the state shown in Figures 1B, 
1F, and 2J. 
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crests (Figs. 1B and 1F) could result from an increase in water depth or a decrease in wave height or length. Because of 
these associations, certain defects may be more common in particular environments. For example, in lower shoreface or 
offshore settings, ripples formed by storm waves would likely contain hourglasses or secondary crests created by waning 
wave sizes at the end of the storm. Nearshore wave ripples formed during a falling tide with constant winds would likely 
contain zigzags.  
 

Our experiments also provide an explanation for the relative abundance of different defect types in the rock record. 
Defects that form as the ripple spacing adjusts—zigzags, hourglasses, and secondary crests—are short-lived, persisting 
for several hours or less in most of our experiments (Fig. 3). The relative longevity of terminating and bifurcating crests 
suggests that they are more likely to be preserved in rocks, an expectation that is consistent with our field observations 
(Fig. 1D).  
 
CONCLUSIONS  
 

Hydraulic interpretations of wave-formed sand ripples have largely focused on straight-crested ripples formed under 
equilibrium conditions, but many rippled beds contain defects that have not yet been deciphered. Our experiments 
reproduced commonly observed ripple defects, allowing us to construct a regime diagram that links defect types to 
cumulative wave action and the sign and magnitude of changes in ripple spacing. This link opens a new window onto 
transient flow conditions in ancient environments and modern sedimentary systems, with potential extensions to bedforms 
on other planetary bodies.  
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