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Supplementary Text

S1. Instruments and Imaging

Curiosity imaged the Prow outcrop in detail from multiple positions, including up-close
orthogonal views of the cm-scale ripples in two locations. All Mast Camera (Mastcam) image
mosaics included in this manuscript were processed by Malin Space Science Systems (MSSS)
using the routine workflow that is applied to all Mastcam mosaics, which includes standardized
radiometric and geometric calibrations and a color balance correction as part of the mosaicking
process (58).

Morphology measurements on Mars Hand Lens Imager (MAHLI) and Chemistry &
Camera (ChemCam) long distance Remote Micro Imager (LD-RMI) image data (59) were made
in pixels and converted to distances by the pixel resolution of each image. Pixel resolutions of
the MAHLI images were calculated from the image scale bar that is provided on images
processed by the MAHLI team. Pixel resolutions of the LD-RMI images were calculated from
the ChemCam camera instantaneous field of view (iFOV) and the distance from camera to target.

The orientation of ripple crests was estimated using Navigation Camera (Navcam)
stereomesh data products (60). Ripple crest orientations were estimated along the top of each
outcrop in plan view (uncertainty of +£10°). The orientation of the Amapari Marker Band (AMB)
and Prow outcrops at the locations where ripples were observed was measured on georeferenced
High Resolution Imaging Science Experiment (HIRISE) orbiter image data (uncertainty of +10°)
displayed in the Multi-Mission Geographic Information System (MMGIS) program (61-63).

Identification and measurement of grain size was performed using MAHLI image data.
The lower limit of resolution of MAHLI images in ~60 pm/pixel (36) and the smallest grain size
that is confidently detectable in these images is ~180 um in diameter, or the size of fine sand. If
no grains are detectable in MAHLI images, the grain size is assumed to be < 180 pum.

S2. Ripple Measurements

AMB grains are not detectable in MAHLI images but must be large enough to form
ripples (i.e. larger than silt-size). Therefore, the grain size of the AMB ripples is assumed to be
between 60 — 180 um, or very fine to fine sand. Individual sand grains are visible in the MAHLI
images of the Sumuru target at the Prow (Fig S4). Point counting within a subset of the highest-
resolution image produced a grain size range of 140 — 1000 pum (Dsp = 389 pum; medium sand).

Ripple crest orientation was only visible and measurable in one location along the Prow
and at two adjacent locations at the AMB. The Prow ripple crest orientation was measured within
the same layer that contains the ripples used for morphologic analysis, but ~2 m away from
where ripple morphology was measured. The AMB ripple crest orientation was measured along
the top of the uppermost ripple layer ~4 m away from the ripples used for morphologic analysis,
along which a visual assessment of outcrop character indicates that the ripple orientation is
largely consistent. At both the Prow and AMB locations, ripple crest orientation is approximately
orthogonal to outcrop orientation (Tables S1, S2).

Ripple wavelength (1) is defined as the horizontal distance between adjacent ripple crests,
measured parallel to bedding. Wavelength measurements, including mean and range for each
ripple population, are included in Tables S1 and S2. Because ripple crests at both the AMB and
the Prow are approximately orthogonal to the orientation of the outcrop, the measured
wavelength is very similar to the true wavelength. Non-orthogonal wavelength measurements
would increase the measured wavelength (L) relative to the true wavelength (A;). Assuming a




maximum potential uncertainty in orientation measurements of up to 20°, we calculated the
percent change in wavelength to assess the effect of the orientation uncertainties on wavelength
measurements. A 20° change in the angle between ripple crest and outcrop orientation produces
a Atthat is 6% smaller than the An, where

cos(20°) = }\t/xm 1)

and therefore
A= Ap X094 (2)

For the AMB ripples, this correction shifts the wavelength range to 3.6 cm — 5.0 cm
(mean A = 4.18 cm). For the Prow ripples, this correction shifts the wavelength range to 3.27 cm
— 5.5 cm (mean A = 4.4 cm). The corrected wavelengths do not contribute to any significant
change in the morphology interpretation of the ripples. Because the difference is small and the
corrections are based on the maximum combined uncertainty from the orientation measurements,
where the true correction within that range is unknown, we use the measured wavelengths
throughout the manuscript text to describe ripple morphology.

The symmetry index of a ripple is defined as the horizontal distance from trough to crest
on the left side, divided by the horizontal distance from trough to crest on right side, where
distances are measured laterally, parallel to bedding. Symmetry index is often measured as a
ratio of the stoss side to lee side (39) but in the case of the AMB and the Prow, the ripples are
symmetric enough that the stoss and lee sides are not immediately discernible. Therefore, we
kept the measurements consistent as left over right within the view angle towards the outcrop.
Keeping the ratio consistent in this way also allowed us to confirm that there is no consistent
direction of asymmetry.

Wave ripples have a symmetry index of < 1.5, combined flow ripples have a symmetry
index between 1.5 and 3.0, and current-dominated ripples have a symmetry index >3.0 (39).
These values assume the symmetry index is measured as the ratio of stoss to lee side (where the
minimum possible value is 1.0). When stoss and lee sides are not differentiated, wave ripples
have a symmetry index between 0.7 and 1.5. Symmetry index measurements for the AMB and
Prow ripples, including range and mean for each ripple population, are included in Tables S1 and
S2. Symmetry index values do not directly correspond with individual ripple wavelengths
because wavelength is measured crest to crest and symmetry defines a single ripple as trough to
trough.

Ripple height (h) is defined as the maximum vertical distance from trough to crest,
measured perpendicular to the ripple layer. Ripple aspect ratio (h/A) was calculated for each
corresponding ripple wavelength and height (Tables S1, S2). The aspect ratio would also be
affected by uncertainty in the wavelength measurements as a result of uncertainty in the
orientation measurements. If A;is up to 6% smaller than A, the true corrected aspect ratio (h/A;)
would be up to 6% larger than the measured aspect ratio, where

=" x 094) (3)



For the AMB ripples, this correction shifts the measured aspect ratio range from 0.1 —
0.17 (mean = 0.13) to a maximum corrected aspect ratio range of 0.106 — 0.18 (mean = 0.14)
which is still consistent with orbital ripples. For the Prow, this correction shifts the measured
aspect ratio range from 0.06 — 0.09 (mean = 0.074) to a maximum corrected aspect ratio range of
0.064 — 0.095 (mean = 0.078) which is still lower than typical for orbital ripples but falls within
the transition zone where suborbital ripples can form.

The ratio of wavelength to median grain size (A/Dsp) can be used to characterize orbital
versus anorbital ripples. Anorbital ripples consistently have a A/Ds ratio that falls within the
range of 400 — 600, while orbital ripples can have a much larger range of A/Dsp (~100 — 2000,
inclusive of 400 — 600; 35). The wavelength to grain size ratio can indicate that ripples are not
anorbital, if it falls outside the anorbital range, but within that range ripples can be either
anorbital or orbital. We used the average measured wavelength for each the AMB and Prow
ripple populations to calculate the wavelength-grain size ratio. In the AMB, because grain size is
not detectable, we applied the range of possible grain sizes (60 — 180 um) to estimate a A/Dsg
range of 750 — 250. This range is non-diagnostic and could correspond to either anorbital ripples
(at the smaller end of the possible grain size range) or orbital ripples (throughout the possible
grain size range. In the Prow, we used the median grain size calculated from point counts, along
with the mean measured wavelength, to calculate a A/Dsp value of 118. This ratio is inconsistent
with anorbital ripple formation. Substituting the corrected mean A; for both the AMB and Prow
does not significantly change the wavelength-grain size ratio values for either ripple population.

S3. Wave Ripple Modeling

The wave ripple paleohydraulic reconstructions follow previous work (54, 56), and codes
are available in supplementary material from (56). We calculated the significant wave heights, H,
and wave periods, T, for a given wind fetch, F, wind speed, Uy, and water depth, h, using a semi-
empirical wave forecasting model applicable for shallow and deep water (42),

_U,? 0.75 0.00565F,/
H = 7 0.283 tanh(0.53 hs )tanh (m) (4)
_Ua 3/8 0.0379F933
T = %4 7.54 tanh(0.833 hy*/®)tanh (—tanh(0_833h53 /8)) (5)
inwhich F, == |s the dimensionless fetch, hy = = |s the dimensionless water depth, U, is a

wind stress factor (units m/s), g is the acceleration of gravity. The model explicitly incorporates
gravity through dimensional analysis due to the important role that gravity plays as the restoring
force in wind wave (i.e., surface gravity wave) kinematics.

The model uses a wind stress factor (also called an adjusted wind speed factor), rather
than wind speed directly, because as water waves evolve, they change the roughness at the
water-air interface which influences the boundary stress for a given wind speed. Wind drag
becomes increasingly large at fast wind speeds due to boundary roughness created by surface
gravity waves. Coastal Engineering Research Center (55) used an empirical relation to relate
wind speed, U,,, measured at 10 m elevation above the water surface, to the wind stress factor,
U,, where both velocities are given in m/s,

U, =0.71U0,,** (6)



Equation (6) is applicable to terrestrial conditions, but it requires modification for Mars because
it does not explicitly include a term for atmospheric density, p, which should strongly influence
the boundary stress for a given wind speed. Eq. (6) also does not explicitly include gravity,
which affects wave heights (as shown in Eq. 4), and therefore would influence drag at the
boundary.

To adapt Eq. (6) to martian conditions, we developed an alternate version that allows the
wind speed to be converted into a wind stress factor with explicit consideration of gravity and
atmospheric density by following turbulent boundary layer theory. Our derivation follows a
scaling relation for the log-law for turbulent boundary layers (64), in which wind speed at
elevation z is

U, \E &) ()

where 7 is the boundary shear stress, k; is the boundary roughness height and n is a constant that
approximates the natural logarithm. For the case of wind generated waves, k; is set by the wave

height, which in turn scales with U,2/g (Eq. 4) or equivalently (%)/g because T « pU,” .
Therefore, we set k « (%)/g in Eq. (7), which yields

Uy (2) (zg)" ®)

where n was found to be n = 0.0935 to match the dependencies in Eq (6) for terrestrial
conditions. To find the wind speeds on Mars, or any planet, that produce the equivalent stresses
on the water surface as on Earth, we took Eq. (8), rearranged it as an expression for z, specified a
generic scenario (subscript m) and an Earth scenario (subscript e) and set T equal between the
two scenario resulting in

Uwm = Uye (&)O'S_n (g_m)n 9)

Pm Ye

in which we assumed any constants in Eg. (8) (e.g., von Karman’s constant) are indeed
constants, and therefore cancel out in Eg. (9), and the height above the water surface, z, is the
same under both scenarios (i.e., z = 10 m). Setting U,,=U,,. in EQ. (6) and combining it with Eq.
(9) results in a prediction of the wind stress factor for any values of atmospheric density and
gravity that is mathematically equivalent to Eq. (6) for terrestrial conditions,

—-0.115
U, = 0.710,,,,*% /’;—m (Z—m) (10)

We used Eqg. (10) in place of Eq. (6) in the wave forecasting model (Egs. 4 and 5). In preliminary
tests, we found that the relatively simple wave forecasting model we used provided
quantitatively similar results to the SWAN wave model implemented in Delft-3D modeling suite
that was adjusted for martian conditions (11).



With wave height and wave period calculated from the wave forecasting model, we used
Airy wave theory for intermediate-depth waves to find the near-bed wave orbital diameter, d,,
and the wave orbital velocity, U,. By Airy wave theory,

d, = H/sinh(%™) (11)
UO = n’l"ﬂ (12)

in which L is the wavelength of the wave given by

L =2 tanh (22), (13)
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We used an iterative scheme to solve Eg. (11-13), and we did not report a solution where waves
were expected to break, which violates Airy wave theory. The breaking criteria is (e.g., 65)

2mL?

H > 0.142 =
gT

(14)

Airy wave theory is a linear theory for the motion of gravity waves that can be derived
from first principles and therefore the dependencies on gravity are known. The theory assumes
potential flow (inviscid and irrotational) and, despite its simplicity, compares well to
observations of waves in oceans and lakes. Non-linear wave theories are also well established,
but the improvement they offer is minimal in comparison to other uncertainties inherent in a
paleo-environmental reconstruction of this type.

To predict the wavelength of orbital wave ripples, we used A = 0.65d,, (e.g., 66). In
addition to creating waves with the appropriate wave orbital diameter, the near bed oscillations
must be of sufficient strength to move sand and produce ripples. The grey shaded zone in Fig. 4
shows the range in which ripples are expected to develop based on sediment transport constraints
(57), where we assumed a median grain diameter of Dso = 100 um (for the AMB ripples), density
of sediment of p, = 3000 kg/m?®, consistent with a mafic lithology, and water density of
p,» =1000 kg/m>. The criteria of (57) uses a dimensionless particle diameter,

s. = (RgD)**D/(4v) (15)

where v = 10® m?/s is the kinematic viscosity of water, and R = (ps — py)/pw. They found that
the wave orbital velocity that corresponds to the onset of different bedform regimes is

U, = 2nC |1+ S(ﬂ)Z]_l/4 (16)

T

in which C and T, are empirical variables that vary for different bed states. For the onset of
2

ripples, You and Yin (41) found that C = 5.5 (%) s.%78and T, = 169 %5*‘1-64. We set the

upper bound on ripples to their sheet flow regime given by C = 13.5(%)5*0-78 and T, =

30%25;1-3, beyond which hummocks or plane bed is likely to form.



Figure 4 shows the results of wave conditions that can produce wave ripples at the observed
ripple wavelengths plotted as a function of water depth, h, and wind speed, Uym, at 10 m above
the water surface with a fetch of F = 500 m, and with p,,, set to either modern martian (p,,= 0.02
kg/m®) or terrestrial (p, = 1.2 kg/m®) conditions, using martian gravity g,,,=3.71 m/s* for both
scenarios. Figure S6 shows the same model results but with F =5 km (Fig. S6A) and F =200 m
(Fig. S6B). We performed the calculation through iteration. We first guessed the wind speed,
Uwm, and calculated the wind stress factor, Ua, from Eq. (10). Next we guessed the water depth
and found the wave height and wave period for a given fetch from Eqgs. (4) and (5). We input
those results into Eq. (11)-(14) to find the corresponding orbital diameter and ripple wavelength.
We reported solutions for water depth and wind speed where the calculated ripple wavelength
matched the observed wavelength.

S4. Consideration of gravity on Mars

Gravity is an important force in several of the processes considered in this study. In some
cases, gravity dependent relations are well established from classical mechanics or through
dimensional analysis where the important forces are well known. In our study, these cases
include the physics of waves at the water surface driven by wind, where the restoring force is
gravity (surface gravity waves). The role of gravity in determining orbital motions below wind
waves are known according to Airy wave theory, and the acceleration of gravity is explicit (Eq.
11-14). The theory for wind wave height and period as a function of fetch and wind speed (Egs.
4, 5) are semi-empirical. Nonetheless, the dependencies on gravity in the relations are likely
robust as they are required for dimensional similarity. As discussed above, we derived a more
mechanistic version of the wind stress factor (Eq. 10) that explicitly includes gravity and air
density based on turbulent boundary layer theory.

Dimensional analysis also is used in sediment transport and bedform theory (67, 68)
where gravity affects sediment mobility and settling. While sediment transport can be complex,
the primary influence of gravity is through the buoyant weight of sediment. The buoyant weight
of course has a well-known dependency on gravity through Archimedes’ principle and is known
exactly. The criterion we used for the stability of ripples includes this most important effect
through RgD in Eq. (15). While directly testing the gravity dependencies in these models is
difficult, it is reassuring that for over 100 years, engineers have used similar semi-empirical
theories to formulate robust models for hydraulics and sediment transport that can be applied
across laboratory scales to natural field scales (69). Likewise dimensional analysis has proven
successful in predicting bedform dimensions across particles and fluids with different densities
and different fluid viscosities (e.g., 38, 68, 70).

There is less known about the role of gravity in the ripple shape indices that we used to
classify ripples. Because these relations are geometric, they do not explicitly consider gravity.
Here we offer some speculation. The symmetry index of a ripple was used to determine wave
ripples from current ripples. Owing to unidirectional flow, current ripples develop a highly
asymmetric shape, whereas the oscillatory near-bed motions under waves develop symmetrical
ripples (71). Orbital ripples have wavelengths that are about two-thirds the near-bed orbital
diameter of the fluid motion at equilibrium as a result of resonance between the vortical flow
structure and the bed (72). They also tend to have a consistent aspect ratio, h/A, set by the vortex
separation zone that forms on the ripple flanks and the angle of repose of the sediment (72).
These wave ripple scaling relations are only weakly dependent on the vigor of sediment transport
(e.g., 66). Thus, we do not expect them to differ with gravity.




The physics are less clear for the classification of orbital and anorbital wave ripples based
on A/Dso. Anorbital ripples can form at high stages of sediment transport (large shear stresses
relative to the particle weight) when conditions approach upper plane bed, or during large period
oscillations where ripple migration direction switches direction with each oscillation (73). Thus,
the transition might depend on the vigor of sediment transport, in which case the buoyant weight
of sediment could be needed. Dimensional analysis indicates that the wavelength of
unidirectional current ripples scales weakly (to the 1/6 power) with gravity (38). It is unknown
why anorbital ripples are associated with a certain range of A/Dso or whether that range is gravity
dependent. Direct numerical simulations could be used to investigate this problem under reduced
gravity.



fig. S1. The Prow and other dark-toned lenses

Uncropped, high-resolution image of the Prow outcrop (in between yellow arrows) and other
dark-toned, lenticular outcrops (white arrows) around the base of Mirador butte within the

predominantly aeolian Mirador formation. Scale bar is accurate to foreground. Image credit:
NASA/JPL-Caltech/MSSS
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fig. S2. 3D anaglyph of Amapari ripples
Mars Hand Lens Imager (MAHLI) anaglyph image of the ripples in the Amapari Marker Band at
the Amapari location. Red/blue 3D glasses required. Image credit: NASA/JPL-Caltech/MSSS



fig. S3. Example of additional Amapari ripples

Cropped image showing another view of ripples in the Amapari Marker Band. Beneath the
uppermost resistant ripple layer, laminae within the recessive layer can be seen draping across
the underlying ripple crests. Image credit: NASA/JPL-Caltech/MSSS



fig. S4. Location of Prow grain size image

Images showing the location of the MAHLI image from Fig. 3E. The MAHLI image (B; yellow
square) was acquired on a float block from the middle of the Prow outcrop (A: white square).
(A) Mastcam mosaic: sol03371, mcam_101385, the prow context 23x2L0RO0, cropped.

(B) Mastcam mosaic: sol03374, mcam_101405, toron stereo 7x2 LORO, cropped.

Image credit: NASA/JPL-Caltech/MSSS
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fig. S5. Possible lateral accretion within Prow ripples

Close-up of symmetric ripple in Prow outcrop showing laminae within the ripple forming a

possible pattern of lateral accretion to the left (yellow arrows). Zoomed view of right ripples
shown in Fig 3C. Image credit: NASA/JPL-Caltech
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fig. S6. Modeled water depth and wind speed of AMB ripples under different fetch

Conditions to produce orbital wave ripples with 3-6 cm wavelength are shown in the blue shaded
zone for 100 um sand. Ripples of any wavelength form in the gray shaded zone, which is
bounded by the thresholds to move sand and generate ripples on one side and the threshold for
wave breaking on the other side. For all calculations shown here, wave breaking rather than
upper plane bed is the limiting factor for the higher energy range of ripple formation. The
calculations are identical to Figure 4 except for single parameter changes. Using the atmospheric
densities for modern Mars and Earth, we changed the fetch from 500 m to (A) 5 km and (B) 200
m. In panel (A) a much larger fetch of 5 km can produce ripples over a wide range of wind
speeds, but water depths must be small (< 1.2 m) to limit wave sizes due to bottom friction such
that ripples wavelengths are only 3-6 cm. Greater depths would produce larger ripples.
Increasing the fetch more does not change the result as the wave sizes are depth limited. In panel
(B), a larger wind speed or smaller water depth is required to produce the ripples for the case
with a smaller fetch. However, wind speeds greater than about 26 m/s (for p,) result in wave
breaking, thus limiting water depths to less than 1.5 m. Reducing the fetch further reduces the
water depth range in which ripples form and for fetch < ~100 m, wave breaking occurs for all the
needed wave conditions. Hence, we infer that symmetrical wave ripples do not form.



table S1.

Amapari Marker Band (AMB) ripple morphology measurements

Amapari Marker Band

instrument, measured aspect
image ID, target | pixel resolution | wavelength, | height, h | ratio outcrop symmetry
(sol) (cm/px) An (cm) (cm) (h/ A) orientation | index*
4.34 0.72 0.17 1.07
MAHLI, 4.25 0.58 0.14 . 0.94
mhli00856, 0.0096 5.09 0.57 0.11 +4;)00 1.05
Mixiguana (3644) 5.13 0.53 0.10 - 1.08
4.45 0.47 0.11 0.92
4.24 0.66 0.16 1.07
ChemCam LD- 3.83 0.66 0.17 40° 1.01
RMI, ccam2641, 0.0067 5.01 0.61 0.12 +10° 0.76
Pintada (3641) 3.91 0.51 0.13 1.00
4.50 0.51 0.11 0.73
5.32 0.71 0.13 0.95
ChemCam LD- 4.44 0.71 0.16 0.80
RMI, ccam3637a, 0.059 4.26 0.47 0.11 25° 1.15
Marker Band 4.14 0.59 0.14 +10° 1.29
(3637) 4.08 0.65 0.16 0.78
4.32 0.53 0.12 0.82
minimum 3.83 0.47 0.10 0.73
average 4.46 0.59 0.13 0.96
maximum 5.32 0.72 0.17 1.29

AMB ripple crest orientation = 315°/135° + 10°




table S2.

The Prow ripple morphology measurements

The Prow
instrument, measured aspect
image ID, target | pixel resolution | wavelength, | height, h | ratio outcrop symmetry
(sol) (cm/px) Am (cm) (cm) (h/ A) orientation | index*
4.01 0.23 0.057 0.84
ChemCam LD- 4.50 0.30 0.066 1.12
ccanlilé)/l'_-'::%64 0.0074 4.34 0.39 0.090 |  130° 1.06
! 3.48 0.32 0.091 +10° 0.94
Tarota
(s0l3364) 5.48 0.34 0.062 1.10
3.61 0.23 0.064 1.16
ChemCam LD- 5.09 0.44 0.087 0.78
RMI, 5.07 0.40 0.079 120° 1.09
ccamO05371, 0.0102 5.36 0.37 0.070 +10° 0.90
Yuruani 5.86 0.45 0.076 1.00
(sol 3371) 4.64 0.34 0.073 1.32
minimum 3.48 0.23 0.06 0.78
average 4.68 0.35 0.074 1.00
maximum 5.86 0.45 0.09 1.16

Prow ripple crest orientation = 215°/035° £ 10°
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