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Quantitative estimation of environmental
properties using sedimentary structures pre-
served in rocks is complicated by the fact that
some relationships between the fluid flow, sed-
iment transport and bed topography are not
unique. Allen and Hoffman1 propose that
large, wave-generated sand ripples (orbital 
ripples) in Precambrian rocks were generated
by sustained, extreme winds driven by rapid
climate change after termination of the 
Marinoan glaciation. We show here that these
features could equally well have formed under
normal storm conditions in tens of metres of
water. We therefore contend that the ripples do
not provide direct evidence for a climatic tran-
sit after the break-up of a snowball-Earth’s
global ice cover.

Allen and Hoffman conclude that the
observed ripples developed in deep water
(depth h, 200–400 m), by waves of unusually
large period (T, 21–30 s) and amplitude (H,
7.5–12 m). They suggest that a discrete cyclone
or hurricane is likely to be too short-lived an
event to produce the observed sedimentary
structures and that present-day orbital ripples
seldom have wavelengths (�) exceeding 1 m,
both of which we contest.

A bathymetric survey2 of the continental
shelf off North Carolina in the United States
found ripples with wavelengths of up to 4 m and
a median grain diameter (D) of 0.1–5 mm 
covering the shelf at h values of 20–40 m. Field
observations link formation of these ripples to
specific hurricanes and tropical storms. Mea-
sured values of T and H for the water waves
developed during these events commonly
exceeded 60 s and 3 m, respectively. Detection
of this bed topography seems to be limited by
instrument resolution, rather than by a paucity
of these features on the sea floor2.

Critical shear stress (�c) for the initial motion
of a particle of size D provides a minimum
bed-stress condition for ripple formation1–3.
An upper limit for bed stress associated with
steep orbital ripples is 3�c (ref. 2). This narrow
range in bed shear stress plus the mean value for
� constrain the associated near-bed flow field2,3

(Fig. 1). With these parameters, T is the only
surface-wave property that can be estimated
from sedimentary deposits1,3. Airy wave theory
relates wavelength (L), H and h to near-bed
flow conditions1,3; however, an infinite combi-
nation of these variables can produce the same
near-bed conditions (Fig. 1). Allen and Hoff-
man only consider transport conditions at
���c, which yields a maximum estimate for T.
For ��3�c, T is reduced by a factor of �(1/3)
(Fig. 1). Flanks of some preserved ripples exceed
the angle of repose, indicating deformation and

making the measured steepness values inexact.
More important, Allen and Hoffman

assume, without justification, that wind of
unlimited fetch and duration generated the
long-period surface waves producing the bed-
forms. Their estimates for H are based on this
model and these values, in turn, are used to cal-
culate h. Their environmental reconstruction
represents a possible, but non-unique, inversion
of the geological data. Modern storm-generated
waves of similar period produce orbital ripples
of the same morphology and grain size2 as the
Marinoan examples, but under conditions of
much smaller h, H and L. An independent con-
straint on any one of these three variables is
necessary for closure. The most reasonable
procedure would be to estimate water depth
based on the physiographical position of rip-
ples found within the ancient basin.

Perhaps the most remarkable aspect of the
reported stratigraphy1 is the continuous verti-
cal climb of the ripples. A rate of deposition
associated with this climb is tightly constrained
by T, and is calculated to be about 1 cm min�1.
This high rate seems to rule out spontaneously
precipitating carbonate4 as the sediment source
for the ripples. At this rate, the entire sequence

shown in Fig. 3 of ref. 1 could have been
deposited in less than 3 h. A small number of
short-duration events do not place any con-
straint on associated climate conditions.

Our results (Fig. 1) show that the preserved
orbital ripples1 could have formed under rather
mundane environmental conditions2, and
therefore do not provide evidence for extreme
climate change. We wish to make clear that our
analysis does not address larger issues of the
snowball-Earth hypothesis4, but rather serves
to show that small-scale observations must be
carefully placed within a basin-scale context to
produce a unique set of environmental condi-
tions associated with the accumulation of the
observed sedimentary deposits.
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today on certain oceanic coasts, citing a docu-
mentation of large wave ripples on the seabed
off the coast of North Carolina. Side-scan
sonar images indicate that such ripples have
wavelengths of 0.4–3 m, although the ripple
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Figure 1 Height (dashed lines) and length (full lines) of possible ripple-forming surface waves calculated
for a range of water depths. a, b, Calculations using Airy theory2,3 with a, T�30 s, ���c, and b, T�17 s,
��3�c, where T is the wave period and � (�c) is the (critical) shear stress. Ranges of wave conditions
associated with reported water depths from refs 1 and 2 are indicated by grey boxes. For the figure, we
used wavelength ��3.5 m and �c estimated from grain size D�0.12 mm (for methods, see ref. 2). Using
entire ranges of D (0.12–0.5 mm) and � (1.5–5.4 m) reported by Allen and Hoffman, and �c���3�c
(ref. 2), yields T values of 8–41 s. We calculated the aggradation rate as r�m/T, where m�0.40 cm is the
mean cross-bed thickness in Fig. 2c of ref. 1. When T is between 8 and 41 s, r is 0.58–2.99 cm min�1.

Jerolmack and Mohrig1 suggest that the wave-
ripple structure we describe2 from cap car-
bonates deposited in the aftermath of the 
Marinoan glaciation was created under storms
or hurricanes similar to those experienced
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dimensions at sites where samples were
obtained for grain-size analysis range from
0.77 to 1.37 m, which is somewhat smaller
than the Neoproterozoic examples shown in
Table 1 of ref. 2 (1.5–4.5 m). In addition, the
side-scan sonar equipment could only be
deployed during fair-weather conditions after
the passage of several hurricanes, which makes
the precise hydraulic conditions responsible
for the wave ripples uncertain. Nevertheless,
Jerolmack and Mohrig raise an important
issue regarding the shear stress (or orbital
velocity) required to generate the wave ripples.

We argue that, at values of shear stress well
above the threshold condition, vortex ripples
lose their trochoidal profiles, flatten in steep-
ness and become three-dimensional3. Only
very steep wave ripples with trochoidal crests
were used in our palaeohydraulic analysis, and
other ripples of very large wavelength but
lower steepness were excluded. A compilation
of 648 self-consistent sets of laboratory and
field data4 indicates that at a grain size in the
range 0.12–0.5 mm, ripples of steepness of
about 0.25 should be constrained within a very
narrow field close to the threshold condition.
At lower values of steepness, the existence field
of vortex ripples expands to a broader range of
orbital velocity. All the large metre-spacing
wave ripples generated in purely oscillatory
flow experiments at long periods in closed

ducts with 0.19–0.3-mm sand have markedly
rounded crestal regions and a strong tendency
towards three-dimensionality5. The discussion
therefore centres on the existence field of steep
(about 0.25), large-wavelength (more than
1.5 m), trochoidal wave ripples.

We agree that small-scale observations must
be carefully placed in a wider context. This
wider context is that the large wave ripples
occur at the same stratigraphic position within
the cap dolostone on five present-day conti-
nents. Either the winds and waves operated
over a wide palaeogeographical belt, in which
case a very short time period for wave-ripple
formation is plausible, or they were generated
under the spatially limited tracks of hurri-
canes, in which case we require much longer
periods of time to integrate the hurricane
activity over a large enough area to leave a
widespread imprint at the same stratigraphic
level. In addition, the azimuths of the wave-
ripple crestlines vary little from bed to bed
within the cap dolostone at any given location,
supporting the idea of sustained zonal winds
rather than superimposed hurricane tracks.

The time period for the vertical growth of
the wave ripples is calculated by Jerolmack and
Mohrig1 on the assumption that each lamina
represents deposition during one half-cycle of
wave motion. As each lamina is of the order of
1–2 mm thick, we agree that the aggradational

ripples could have been deposited in a period
of several hours, although this would require
the entire climbing structure to be due to con-
tinuous aggradation. The deposition of 1.5 m
of carbonate sediment in a period of several
hours is itself testimony to extreme conditions.
What cannot be proved on the basis of the
palaeohydraulic analysis alone is whether the
structures formed under intense hurricanes in
relatively shallow water, or in deeper water
under more sustained but unsteady zonal
winds during climatic transit. Detailed exam-
ination of wave-generated structures in Mari-
noan cap dolostones worldwide will help to
resolve this issue.
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