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Abstract Comet 67P/Churyumov‐Gerasimenko displays a pronounced hemispherical dichotomy in surface
morphology, where the southern hemisphere exhibits more erosional features than the northern hemisphere due
to receiving much greater solar radiation. Consequently, it is generally assumed that particles are ejected from
the southern hemisphere through sublimation and a significant fraction eventually descends as airfall, covering
the northern terrains. To investigate this south‐to‐north material transfer during the comet's perihelion passage,
we used photoclinometry to measure material redistribution within its most extensive smooth terrain deposit
around the Imhotep region. However, our findings do not align with this expected trend. Instead, we show that
local‐scale processes substantially impact the erosion and accumulation of material, with one area experiencing
net erosion while another nearby region, just a few dozen meters away, sees sediment buildup. Our analysis
underscores the complex interplay of processes shaping Comet 67P's surface and likely comets more generally.

Plain Language Summary Comets are composed of some of the most primitive materials in the
solar system, having spent most of their lifetimes in the far reaches of the outer solar system, shielded from the
Sun's radiation. Jupiter Family Comets (JFCs) are a class of comets that get pulled into the inner solar system
due to Jupiter's gravity. While JFCs still preserve abundant primordial materials, their new orbits expose them to
significantly higher solar insolation, resulting in sublimation‐driven surface activity. The processes driving this
activity, however, need to be better constrained. Observations of comet 67P/Churyumov‐Gerasimenko's (a JFC)
surface indicate that particles are ejected from its southern hemisphere through sublimation, and a significant
fraction eventually descends as “airfall,” covering its northern terrains. To investigate this south‐to‐north
material transfer during the comet's perihelion passage, we measured material redistribution within its largest
“airfall” deposit. However, our findings do not align with this expected trend. Instead, we show that local‐scale
processes substantially impact the erosion and accumulation of material, with one area experiencing net erosion
while another nearby region, just a few meters away, sees sediment buildup. Our analysis highlights the
complex interplay of processes shaping Comet 67P's surface and likely comets more generally.

1. Introduction
Comets are composed of some of the most primitive materials in the solar system, having spent most of their
lifetimes in the far reaches of the outer solar system, shielded from the Sun's radiation. Comet 67P/Churyumov‐
Gerasimenko (hereafter 67P) is a Jupiter Family Comet—a class of comets that orbits closer to the Sun, often
having moderately eccentric orbits that take them from just beyond Jupiter's orbit to heliocentric distances similar
to Earth's (Levison & Duncan, 1997). 67P is on a 6.44‐year orbit around the Sun that takes it from 1.24 AU during
its perihelion passage to 5.68 AU at aphelion. This gives rise to the sublimation‐driven activity on the surface,
which can modify the comet's landscapes in significant ways. The current configuration of 67P's orbit is such that
summer in the comet's southern hemisphere nearly coincides with its perihelion passage, and hence, the southern
hemisphere receives significantly greater insolation rates than the northern hemisphere (Keller et al., 2015; X. Hu
et al., 2017). This gives rise to a seasonal mass transfer system, where a large fraction of mostly cm‐sized or larger
particles that are liberated from southern latitudes of the nucleus during the southern summer fall back as “airfall”
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into the colder gravitational lows of the northern hemisphere (Keller et al., 2017; N. Thomas et al., 2015). This is
evidenced most clearly by a hemispheric dichotomy in 67P's global surface morphology (Birch et al., 2017;
Vincent et al., 2017). Specifically, the southern hemisphere of the comet is dominated by layered bedrock units
that represent the exposed nucleus (“rough” terrains), while topographically smooth deposits of mostly
centimeter‐to‐decimeter sized particles (“smooth” terrains) cover a significant fraction of 67P's northern hemi-
sphere (Birch et al., 2017; M. R. El‐Maarry et al., 2016; Thomas et al., 2018).

The European Space Agency's Rosetta spacecraft orbited 67P throughout its perihelion passage during the peak of
its activity from August 2014 through September 2016 (67P reached perihelion on 13 August 2015). The data
acquired by the Rosetta mission have allowed us to resolve material transport across a cometary surface for the
first time. These observations, detailed in multiple previous studies (Barrington et al., 2023; Birch et al., 2019; El‐
Maarry et al., 2017; Fornasier et al., 2017; O. Groussin et al., 2015; Keller et al., 2017; Jindal et al., 2022) have
shown that, while sediment may broadly migrate northward through time, local processes significantly modify
67P's surface geology over timescales far shorter than a single orbit. How much of 67P's global geology is set by
global, seasonally driven processes versus local (<100m scale) processes, and whether the presently observed
smooth terrains are terminal deposits for sedimentary particles, therefore, remain poorly constrained.

To date, only a few studies have attempted to quantify sediment transport rates on 67P (X. Hu et al., 2017; P.
Cambianica et al., 2020, 2021). Similar to previous studies, our work targets the smooth terrains of 67PS, which
include the smooth plains, pitted plains, and cauliflower plain morphologies defined by Birch et al. (2017). The
smooth terrains also host the most rapid changes on 67P that Rosetta observed (Barrington et al., 2023; Birch
et al., 2019; El‐Maarry et al., 2017; Fornasier et al., 2017; O. Groussin et al., 2015; Jindal et al., 2022), unlike the
consolidated material (Pajola et al., 2017) which displayed very few changes, most of which were traced back to
outbursts. Understanding the processes driving the evolution of 67P's smooth terrains is, therefore, crucial to
understanding 67P's overall geological evolution.

We focus specifically on the face of the large lobe of 67P (Figure 1), encompassing the entire Imhotep region and
small portions of the Ash and Khepry regions. The large lobe consists of regions of smooth terrains in both the
southern and northern parts of the comet and is therefore an opportune place to look for evidence of sediment
transport from the south to the north. Most of the observed surface changes in this region took place between 05/
2015 and 01/2016 (Barrington et al., 2023; El‐Maarry et al., 2017; O. Groussin et al., 2015; Jindal et al., 2022). To
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Figure 1. Overview of sub‐regions where digital elevation models (DEMs) were created. (a) Equirectangular projection of the
Imhotep region; the equator passes through the region, allowing us to observe sediment re‐distribution in both the south and
north. (b) Image from panel (a) overlayed with geomorphic units as defined by Birch et al. (2017) and boxes highlighting the
regions where DEMs were created. We created 14 DEMs (R1–R14) in regions dominated by “smooth terrains” (smooth
plains, pitted plains, cauliflower plains) where signs of erosion/deposition were observed.
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measure the total change in the sediment in these regions, we employ a shape‐from‐shading technique to create
Digital Elevation Models (DEMs) for our regions of interest (ROIs) from images obtained before and after
changes are observed on the surface (Section 2). We then compare our DEMs spatially and temporally, identi-
fying trends in the topographic evolution of the smooth terrains in the broader Imhotep region (Section 3). In
tracking the re‐distribution of sediment over 67P's perihelion passage over a significant portion of 67P's surface,
including some of its most active regions, we provide a template that can be used across the rest of 67P to un-
derstand its sediment budget, and landscape evolution, more generally.

2. Methods
We use the Ames Stereo Pipeline's (ASP) shape‐from‐shading tool (Alexandrov & Beyer, 2018) to create pho-
toclinometric DEMs in our ROIs. Shape‐from‐shading, or photoclinometry, is a technique that estimates surface
topography by modeling the variation in the intensity of light recorded in images and has been widely utilized to
generate topography for planetary surfaces (Lesage et al., 2021; Lohse et al., 2006; Tenthoff et al., 2020)
including comets (X. Hu et al., 2017; Tang et al., 2019). For our study, we used images of 67P's surface obtained
by Rosetta's Optical, Spectroscopic, and Infrared Remote Imaging System (OSIRIS, Keller et al. (2007)). The
position of the camera and the Sun with respect to the surface of the comet when an image was acquired is
obtained using image header information and routines in the Navigation and Ancillary Information Facility
(NAIF) SPICE toolkit (Acton, 1996). We used the Hapke function (Hapke, 2012) to describe the photometric
properties of the surface following previous studies (Fornasier et al., 2015).

2.1. Source Data

We made DEMs of smooth terrains on the large lobe of 67P where signs of erosion/deposition were observed
(Figure 1). This includes regions where new boulders are exposed, or where previously observed boulders became
buried under sediment. This technique requires that these ROIs are largely photometrically uniform. Accordingly,
we select regions that are primarily draped with smooth terrains and contain minimal consolidated material. This
minimizes errors in the shape‐from‐shading process, which assumes uniform photometric properties for the
surface to derive slopes and thus elevation.

The OSIRIS camera system on board Rosetta consists of a Narrow Angle Camera (NAC) designed to study the
comet's surface and a Wide Angle Camera designed to study the comet's near‐nucleus environment (Keller
et al., 2007). We use NAC images obtained using the F22 and F82 filters, which are centered at 649 nm and
provide the best signal‐to‐noise ratio. We are interested in finding images covering our ROIs across two time
periods: Period 1 (08/2014–05/2015) spans the time period prior to when the first large‐scale changes were
observed on the large lobe before perihelion, and Period 2 (01/2016–09/2016) covers the time period where the
final changes in this region were observed, post‐perihelion. For each ROI, we typically identify 3–4 images in
each period to generate DEMs, allowing us to quantitatively map the net change in sediment thickness over the
course of Rosetta's mission. Multiple images are selected such that they have varying solar azimuths (ideally, with
differences close to±90°) when possible, as this aid the photoclinometry algorithm to constrain slopes in multiple
directions. With one exception (Table S16 in Supporting Information S1), we limit our data set to images with
pixel scales better than ∼1 m/pixel. We also limit our study to images with low incidence angles, which avoid
images with large shadows, and low emission angles, which ensure that steep slopes can be accurately interpreted
by photoclinometry. Because most portions of the large lobe of the comet have particularly good image coverage
within our periods of interest, numerous images typically meet these criteria.

Photoclinometry requires accurate knowledge of the viewing geometries of the input images. We obtain this by
using image header information and routines in the NAIF SPICE toolkit (Acton, 1996) along with the 4 million
plate SHAP4S shape‐model for 67P (F. Preusker et al., 2015). The SHAP4S model is developed from data ac-
quired before the inbound equinox and hence captures the topography of the terrains prior to the changes that took
place as 67P approached the perihelion. We use this shape model to create low‐resolution DEMs for our ROIs that
serve as an input to photoclinometry.

2.2. Bundle Adjustment

When multiple images are used as inputs for shape‐from‐shading, errors in the calculated camera positions and
orientations for each image can produce errors in the output DEMs, requiring an initial correction. We do so
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through a bundle‐adjustment approach. The ASP has its own bundle‐adjustment tool (Beyer et al., 2018), which
operates by finding matching tie points, computing corresponding triangulated points in 3D space, and then
minimizing the pixel re‐projection errors for these points using the Ceres least square solver (Agarwal &
Mierle, 2012). This approach relies on having a significant overlap between the input images and a high density of
selected tie points. Instead of bundle adjusting all images used in our study, we bundle adjust a subset of images
that cover each of our ROIs individually. Images from both Periods 1 and 2 for a given ROI are bundle‐adjusted
together so that the DEM outputs for each of these periods can be directly compared to one another. This requires
manual selection of tie points across the images since the terrain changes (quite significantly for some regions)
between the two time periods and because the images are preferentially selected to have variable illumination.
While the terrain makes the change between the two periods, these changes mostly occur within the smooth
terrains, and there are static features such as boulders and cliffs that provide enough tie points. For this reason, we
select ROIs that have at least a few static features interspersed within the smooth terrains. Finally, we use an initial
DEM extracted from the shape model such that it covers the overlapping area between the images being bundle‐
adjusted as an additional constraint for the triangulated points.

This process reduces the pixel re‐projection errors within our images from an initial value of order 10 pixels to a
final value that is of order 1 pixel. Bundle adjustment is an essential step for multi‐image shape‐from‐shading. If
the input images are not correctly aligned, it will erroneously result in individual features repeatedly showing up
in the resulting DEM. For example, when images are not properly aligned, an individual boulder may appear
multiple times in the same DEM. In order to avoid such errors, we only use images that have median residual
errors lower than 1.5 pixels as input for the shape‐from‐shading process.

2.3. Shape‐From‐Shading

A variety of shape‐from‐shading techniques have been used for over 70 years (van Diggelen, 1951) to calculate
surface topography based on variations in the brightness of pixels in images, which depend both on the positions
of the light source and the camera with respect to the local surface normal, and the photometric properties of the
surface. In the ASP, an initial DEM is required as an input to generate a simulated image for a given ROI. This is
obtained from the shape model by extracting a radius map over the ROI, and then subtracting the mean radius over
this area to get a height map. The ROIs are kept small enough to ensure that the radius does not change by a large
fraction across them (as occurs in some areas, given 67P's highly irregular shape). The ASP's shape‐from‐shading
algorithm then iterates over this initial DEM, adjusting elevations until the simulated light intensity agrees well
with the light intensity as observed by the camera. The 4 million plate SHAP4S models we used to generate the
initial DEM has an average sampling distance of∼4m (F. Preusker et al., 2015). In short, the initial DEM from the
shape model accurately captures the long‐wavelength topography, and the DEM created through shape‐from‐
shading captures variations in topography at the pixel scale (which is ∼0.5 m for most of our images)
capturing the small‐scale topographic variations we are interested in (Figure 2).

The ASP also requires prior knowledge of the surface photometric properties to generate a simulated image; in
this study, we use a Hapke reflectance model (Hapke, 2012) to represent our surface. Hapke coefficients have
been determined for several morphologies for both pre‐ and post‐perihelion images of 67P using the technique
described by Fornasier et al. (2015) and applying it to individual terrain types. We utilized Hapke coefficients
determined for the 649 nm wavelength (F22 and F82 filters) for the smooth plains and pitted plains of 67P for
pre‐ and post‐perihelion (Tables S1 and S2 in Supporting Information S1). The outcome of photoclinometry is
not sensitive to variation in the value of the Hapke parameters within their errors. Along with maximizing the
agreement between the simulated image and the image as obtained by the NAC, ASP's shape‐from‐shading
also allows the user to specify a smoothness weight (μ) and an initial DEM constraint weight (λ). We used
values of μ = 10− 4 and λ = 10− 5 to create our DEMs, ensuring that we do not artificially smooth the surface
topography within them and that our DEMs can vary from the shape model input sufficiently. The latter of
these factors is especially important for the DEMs generated for Period 2 as the topography has varied
significantly from what is predicted by the shape model, itself an estimate of the surface topography before the
numerous large‐scale near‐perihelion surface changes (Preusker, F. et al., 2015). Values of 10− 3 and 10− 5

were also explored for μ but resulted in the DEM being too blurry and too noisy respectively. Similarly, a
higher value of λ = 10− 4 was explored but resulted in the retention of artifacts from the shape model used to
generate the input DEM.
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We use multiple bundle‐adjusted images as inputs for shape‐from‐shading. Though a single‐image approach to
photoclinometry has been used to create DEMs for 67P in the past (X. Hu et al., 2017; Tang et al., 2019), such
approaches create artifacts in the form of topographic streaks in the along‐sun direction. Such artifacts are
worsened by variations in surface albedo but are present even where the photometric behavior is uniform.
Although these streaks can be suppressed by using de‐striping techniques based on spatial filtering (Kirk
et al., 2003), the topography is still less accurate in the cross‐sun direction. Having multiple images with a range of
solar azimuths helps resolve this issue (Section 2.1). While the input images are selected to include a variety of
solar azimuths and minimize shadows (low solar incidence), shadows cannot be avoided altogether. Shadowed
areas can be misinterpreted as having very low light intensity, resulting in steep slope estimates facing away from
the Sun that will lead to errors. To minimize this error, we use the shadow threshold parameter in ASP's shape‐
from‐shading tool, which creates a map of the pixels in an image that lie within shadows. As a result, if one of the
input images has a given area with a large fraction of pixels within shadows, the contribution of this image to
calculating heights for this area will be ignored. The shadow thresholds are calculated individually for each
image, and may vary across different ROIs for the same image (values can be found in Tables S3–S16 in Sup-
porting Information S1).

2.4. Measurements and Validation

Once we have generated multiple DEMs from both periods for each ROI, we compare them to each other to
directly measure the volume of sediment that was lost or gained during 67P's perihelion passage. Because all
DEMs for a given ROI for both periods are built using the same geodetic datum, they can be directly compared to
one another. We are mindful that the DEMs may be unreliable in sub‐regions that are not dominated by smooth
terrains (smooth plains and pitted plains), as the Hapke coefficients we use are representative of the scene, derived
for the smooth terrains, and do not represent other surfaces such as boulders, exposed bedrock, and/or other
consolidated materials. To address this, we limit our analysis to polygons drawn over our ROIs, avoiding any
boulders and other patches of photometrically different terrains. The polygons are picked such that the overall
change of sediment from Period 1 to 2 within the polygon is not highly variable, that is, we ensure that we do not
pick a single polygon over an area that undergoes both erosion and deposition. To measure changes in elevation
from sediment transport, we computed the average elevation value within these polygons and compared the
averages between the two periods (Figure 3). By comparing average elevations within these polygons rather than
doing a point‐to‐point comparison, we minimize any errors that may arise due to slight misalignment between the
DEMs. The difference in the mean elevation of a polygon from Period 1 to Period 2 represents the change in

Figure 2. Comparison between heights predicted by the SHAP4S shape model and our shape‐from‐shading digital elevation
models (DEMs). Panels (a–c) show an image, heights predicted by the shape model, and heights predicted by the DEM for
Period 1 in region R10, while panels (d–f) show the same for Period 2. While the terrain appears to have changed
considerably between the two periods, this is not registered in the shape model, but our DEMs capture this change very
distinctly. Moreover, the shape‐from‐shading DEMs also capture the smaller scale topography.
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sediment thickness, where a negative value implies erosion, and a positive value implies the deposition of new
sediment (Figures S8–S21 in Supporting Information S1).

Calculating the errors in our DEMs is a complex process as errors can arise from random errors in the image
signal, uncertainties in the camera orientation and calibration, as well as from errors in our assumed photometric
function. By the bundle adjusting the input images used to produce the DEMs and using Hapke coefficients
derived for specific terrain types before or after the comet's near‐perihelion activity, we minimize the errors from
the second and third sources. To estimate the final uncertainty in our measurement of sediment change, we used
ASP's built‐in error estimation tool (Figure 3, Method 1). This tool computes the minimum height perturbation at
each grid point of the output DEM that is required to make at least one of the input image simulations (Section 2.1)
deviate by more than twice the discrepancy between the actual image and the unperturbed simulated image. As a
check on ASP's tool, we also estimated the error by creating 3 DEMs for each of the two periods, using only a
subset of two‐image pairs from the available image set over region R1 (Figure 3, Method 2). The two‐image pairs
are selected such that the difference in the solar azimuths between the two images is as close to ±90° as possible.
By subtracting the mean values within the sub‐regions described above of each of the 3 DEMs for Period 1 from
each of the 3 DEMs for Period 2, we obtain 9 measurements for the change in sediment for each sub‐region. We
calculate the mean and standard deviation for these 9 measurements to obtain a singular value for the change in
sediment within each sub‐region and the associated error (Figure 3). A comparison between the values obtained
from these two methods shows that the estimated values agree well within the error (Figure 3c). It is important to
note that the errors from ASP's error estimation tool (Method 1) provide an optimistic estimate of the uncertainty
in the measurement of the change in elevation when compared to Method 2. However, even for Method 2, the
uncertainty stays within ∼0.1 m, far less in scale than any topographic feature we seek to measure. Since it is not
always possible to create multiple DEMs for each period as required for Method 2, for the rest of our ROIs in our
study, we present the uncertainty in sediment re‐distribution as obtained fromMethod 1. Though more optimistic,
this provides a consistent method throughout all ROIs.

Figure 3. Sediment re‐distribution in region R1. Panels (a, b) show Periods 1 and 2, respectively. The polygons are drawn to
avoid boulders and consolidated materials and to track visible morphological changes. Panel (c) shows a comparison for the
change in elevation for each polygon along with the associated errors using the two different methods described in
Section 2.4, where Method 1 uses the full compilation of images and the Ames Stereo Pipeline's error tool and Method 2 is
the “check” where multiple digital elevation models derived from single image pairs are used.
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A potential criticism of our methodology is that the shape‐from‐shading algorithm obtains only slope (hence
relative elevation) information from the images. Information about absolute elevations comes from the starting
DEM. Because we start with the same global shape model for both time periods, the differences we calculate will
measure variations in erosion and deposition within each region, but net changes across whole DEMsmight not be
reflected. In practice, we find that the net change values are accurate. From the images, we were able to identify
subareas in which the distribution of small boulders (∼meter scale) did not change in five of the 14 DEM regions.
The estimated change in sediment elevation near such subareas is 0.09 ± 0.03 m (see Table S17 in Supporting
Information S1 for details). Thus, we can draw reliable conclusions about net erosion or accumulation in different
regions. It is likely that our selection of regions containing unchanging areas (needed to control the images)
“anchors” the absolute elevations well enough to make such conclusions possible.

3. Results
To measure the re‐distribution of sediment that occurred during 67P's perihelion passage, we investigated 14
ROIs within 67P's large lobe (Figures 1 and 4) following the process described in Section 2. Since the highest

Figure 4. Sediment redistribution map for the smooth terrains in the Imhotep region and its immediate vicinity.
Measurements for erosion and deposition were obtained for regions R1–R14 and are represented as shaded ellipses, where
the colors of the ellipses correspond to the amount of erosion/deposition as per the legend. The maximum amount of
deposition was observed in region R13 (Figure S20 in Supporting Information S1) at ∼30° S, while the maximum erosion
was observed in region R3 (Figure S10 in Supporting Information S1) at ∼10° N. Regions where we observed clear evidence
of erosion and deposition but were unable to produce digital elevation models have been indicated by transparent ellipses;
more details can be found in Figures S1–S7 of the Supporting Information S1.
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insolation rates in Imhotep are at its southernmost latitudes, we expected more erosion in the south and more
deposition in the north. We hypothesized that Imhotep would follow the global trends of south‐to‐north transport
predicted by Keller et al. (2017), given its extensive coverage of latitudes on both sides of the equator. Sur-
prisingly, we instead often observed hyper‐localized differences in net erosion/accumulation of sediment
(Figure 4), and broader east–west erosion–deposition trend across all of Imhotep. The largest deposition thick-
nesses we measured are at ∼30° S in region R13 on the western margin of Imhotep, while the largest erosion
depths we measured are at ∼10° N in region R3 (Figure 4) on the eastern margin of Imhotep. Additionally, the
significant differences in the total volumes of sediment eroded and/or deposited within regions that are separated
by only tens of meters imply that local processes play a crucial role in the overall re‐distribution of material. It is
important to note that we only focus on the smooth terrains and do not look at the cliffs and more consolidated
terrains, which do in fact appear more eroded in the south relative to the north (Vincent et al., 2017).

We observed significant erosion in the form of scarp‐bounded pits (hereafter “scarps”) that migrated through the
smooth terrains throughout the perihelion (Jindal et al., 2022), often exposing underlying boulders. In region R12
(Figure 5a), we mostly observed deposition, except in sub‐regions that were eroded by scarps following the large‐
scale deposition that occurred prior to perihelion (scarps “g,” “h,” “j” in Jindal et al., 2022). Although this region
may have received a uniform airfall deposition, late‐stage scarp‐driven erosion resulted in the net accumulation of
material in some sub‐regions and the net loss of material in others (See Figure S19 in Supporting Information S1).
We observed similar patterns in other parts of Imhotep, specifically regions R8 and R10, where areas that
experienced scarp migration after perihelion exhibited a net loss of sediment even though regions in their im-
mediate vicinity‐accreted sediment. This is consistent with previous work (Jindal et al., 2022) and suggests that
the most significant deposition of airfalling sediment within Imhotep occurred prior to perihelion, with post‐
perihelion scarp‐driven erosion negating any deposition in very localized regions. Migrating scarps are also
observed in Region U4 (Figures S1 and S5 in Supporting Information S1).

Region R13 (Figures 5g–5i) mostly accumulates material; the amount of accumulation, however, varies signif-
icantly within the regions. Specifically, we find that the topographic low that exists prior to the onset of activity in
this region accumulates, on average, ∼2 m of material. Meanwhile, the higher lying topography that surrounds
these initial low accumulates, on average, ∼0.5− 1 m of material and at the same time also displays the erosion of
material (Figure S20 in Supporting Information S1). This suggests that airfalling material must be mobilized after
it is initially deposited on the surface, as airfall accumulation should be uniformly thick. We observe a similar
increasing gradient of sediment accumulation in the downhill direction in region R7 (Figures 5a–5c) until the
sediment is obstructed by boulders. Erosion further uphill (Figure S3 in Supporting Information S1) suggests that
material may, like in region R13, be mobilized downslope over very local scales. Similar evidence of local down
slope motion is observed in region R5, where the sediment appears to be moving down a relatively steep
gravitational slope and accumulating in the gravitationally flat region.

The dune‐like crests (hereafter “crests”) that are found within many smooth deposits on 67P (Barrington
et al., 2023; Jia et al., 2017; N. Thomas et al., 2015) were also frequently observed to move back‐and‐forth in a
random pattern. Such crests do not appear to move in any preferred direction but instead migrate locally while
staying broadly within their original locations. In regions R1 and R14, we measure local variations in deposition
and erosion associated with such crests, variations we suppose are tied to this local movement.

Finally, we also observed new boulders exposed within talus deposits (Figures S2–S7 in Supporting Informa-
tion S1) along the margins of smooth terrain deposits. We hypothesize that these boulder exposures result from
downslope mass‐wasting processes within the talus deposits. Depressions within region U6 (Figure S7 in Sup-
porting Information S1), east of region R14 also expand radially, exposing underlying consolidated terrains. A
significant amount of erosion is also measured in region U5 (Figure S6 in Supporting Information S1), where the
nucleus below a small smooth terrain deposit is fully exposed. Interestingly, we also observed simultaneous
deposition of significant quantities of sediment in the pre‐existing circular features in the immediate vicinity of
this patch undergoing erosion, which may be evidence of short‐range transport of sediment. Previous studies
estimated an erosion depth of ∼3.9 m (El‐Maarry et al., 2017) based on the height of an exposed boulder, more
than any other region for which we made measurements. Unfortunately, we are unable to make DEMs in both
these regions as the underlying consolidated terrains and large boulders in the talus deposits comprise a significant
portion of the surface. Instead, we denote their activity as transparent circles in Figure 4 (More Details can be
found in Figures S1–S7 of the Supporting Information S1).
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4. Discussion
We provide the first comprehensive measurements for sediment transport across a large region of 67P—the
Imhotep region and its immediate surroundings on the large lobe. We rely on the shape‐from‐shading tech-
nique to generate DEMs, which allows us to measure variations in topography at the pixel scale over large spatial
areas. Previous research has investigated the topographic evolution of smooth terrains by measuring the shadow
lengths for large, stationary boulders within these terrains (P. Cambianica et al., 2020, 2021); however, this
technique only provides a height estimate in the immediate vicinity of the boulders. Our results are consistent to
within error with the shadow length estimates of Cambianica et al. (2021) over the specific boulders of interest
(highlighted in Figure S1 in Supporting Information S1) within region R8. Our work, however, allows for a more

Figure 5. Influence of local‐scale processes on sediment re‐distribution. (a, b) Region R7 and its immediate surroundings in
Periods 1 and 2, respectively. The yellow arrows indicate the gravitational downslope directions as interpreted from A.‐T.
Auger et al. (2015). (c) Sediment redistribution within R7. We see a gradient of material accumulation in the downslope
direction until it is obstructed by the boulders. (d, e) Region R12 in Periods 1 and 2, respectively; the yellow arrows indicate
scarps. (f) Sediment redistribution within R12, while most of the region‐accumulated material, areas that experienced scarp
migration display net erosion. (g, h) Region R13 and its immediate surroundings in Periods 1 and 2, respectively. The yellow
arrows indicate the boundary of the initial topographic low in Period 1. (i) Sediment redistribution in R13, where the initial
topographic low accumulates the most material. Large boulders are masked out in panels (c, f, i) because digital elevation
models are not reliable in these areas.
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complete investigation of the complex redistribution of sediment across the entire region and shows that the
changes in the heights of the smooth terrain deposits are variable even on small spatial scales.

Our observations and measurements within the central basin of Imhotep (i.e., basin D as described in A.‐T. Auger
et al., 2015) suggests that it is experiencing net accumulation of material. The only material lost from the region
directly correlates to locations where known scarps continued to erode the smooth terrains after the deposition that
occurred during perihelion (Jindal et al., 2022). This is in contrast to the smooth terrains within the Hapi region in
67P's “neck” (El‐Maarry et al., 2015). Despite being in a gravitational low (Keller et al., 2017) and experiencing
polar winter for much of 67P's perihelion passage (Keller et al., 2015), Hapi appears to have only experienced net
erosion (Birch et al., 2019). Scarps similar to the ones observed in the Imhotep region migrated through the region
in the months prior to perihelion, exposing boulders in the process. Unlike in Imhotep, however, the boulders were
never buried under sediment when the region was illuminated again post‐perihelion. This goes against the
expectation that smooth terrains are sinks for sediment. This difference between Imhotep and Hapi could indicate
a difference in when the smooth terrains accumulated. In Hapi, material might accumulate in its smooth terrains
under a different orbital configuration (L. Maquet, 2015) and/or through mass‐wasting of material from the large
bounding cliffs when the comet cools at aphelion (Haack et al., 2020). Meanwhile, Imhotep appears to experience
net accumulation during perihelion due to its closer proximity to the more active consolidated terrains further
south, which continuously deliver new sediment. Additionally, we observed signs of a dichotomy in the erosion
and deposition of sediment between the eastern and western portions of Imhotep. The eastern portions of the basin
seem to be mostly losing material, while the western half seems to mostly accrete material. We hypothesize that
this may result from the rotation of 67P, where the western portion of the large lobe sweeps up particles lofted
from the eastern half. That material was not observed to eject from Imhotep as easily as other regions (O. Groussin
et al., 2015), lends support to this hypothesis, which could be investigated more thoroughly in follow‐up studies.

We also observe that sediment re‐distribution occurs on very local spatial scales, indicating that sediment
transport pathways can be very short despite the very low gravity on 67P. We observe processes such as mass
wasting, scarp migration, and crest motions, all of which have been extensively detailed in previous studies of 67P
extensively. We also observe sediment motion down gentle slopes within smooth terrains that preferentially fill
topographic lows (Figure 5). Our work provides an important first step toward quantifying the volume of material
that falls back on to 67P's surface as airfall during its perihelion passage; previous works (Davidsson et al., 2021;
Marschall et al., 2020) have attempted to estimate this fallback volume using dynamical models. By expanding
our work to global scales, we can therefore more thoroughly separate global from local sediment transport
processes. This would aid in understanding the context of any acquired sample for sample return missions such as
the Comet Astrobiology Exploration SAmple Return (CAESAR, Squyres et al., 2018) that seek to target the
smooth terrains for sample collection.

Data Availability Statement
All images used in this study are available on ESA's Archive Image Browser and are credited to ESA/Rosetta/
MPS for OSIRIS Team MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA—CC BY‐SA 4.0 (https://image-
archives.esac.esa.int) under the CC BY‐SA 4.0 license. This license text can be found at https://creativecommons.
org/licenses/by‐sa/4.0/legalcode. This work also made use of the Integrated System for Imagers and Spectrom-
eters (ISIS, https://isis.astrogeology.usgs.gov/) and the Ames Stereo Pipeline (https://stereopipeline.readthedocs.
io/). Finally, all relevant Digital Elevation Models used in this study are available on Cornell University's
eCommons (Jindal et al., 2023).
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