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Stratigraphy of the north polar layered deposits
of Mars from high-resolution topography
Patricio Becerra1, Shane Byrne1, Michael M. Sori1, Sarah Sutton1, and Kenneth E. Herkenhoff2

1Lunar and Planetary Laboratory, University of Arizona, Tucson, Arizona, USA, 2Astrogeology Science Center, United States
Geological Survey, Flagstaff, Arizona, USA

Abstract The stratigraphy of the layered deposits in the polar regions of Mars is theorized to contain a
record of recent climate change linked to insolation changes driven by variations in the planet’s orbital and
rotational parameters. In order to confidently link stratigraphic signals to insolation periodicities, a description
of the stratigraphy is requiredbasedonquantities that directly relate to intrinsic properties of the layers.Weuse
stereo digital terrain models (DTMs) from the High Resolution Imaging Science Experiment to derive a
characteristic of north polar layered deposit (NPLD) strata that can be correlated over large distances: the
topographic protrusion of layers exposed in troughs,which is a proxy for the layers’ resistance to erosion. Using
a combination of image analysis and a signal-matching algorithm to correlate continuous depth-protrusion
signals taken from DTMs at different locations, we construct a stratigraphic column that describes the upper
~500mof at least 7%of the area of theNPLDandfindaccumulation rates that vary by factors of up to 2.Wefind
that, when coupled with observations of exposed layers in images, the topographic expression of the strata is
consistently continuous across large distances in the top 300–500m of the NPLD, suggesting that it is better
related to intrinsic layer properties than the brightness of exposed layers alone.

1. Introduction and Background

The polar layered deposits (PLDs) of Mars—north (NPLD in Planum Boreum; Figure 1a) and south (SPLD in
Planum Australe)—are dome-shaped sheets of water ice and dust, analogous to the terrestrial ice caps.
They are each on the order of 1000 km in diameter and a few kilometers in thickness [Smith et al., 2001;
Plaut et al., 2007; Byrne, 2009]. The PLDs are dissected by spiraling troughs that allow a view of their inner
structure (Figures 1b and 1c), first observed by the Mariner 9 spacecraft [Murray et al., 1972; Cutts, 1973],
which revealed that like Earth’s ice sheets, the PLDs are composed of layers of varying thickness. Terrestrial
ice caps contain in their internal stratigraphy a record of the recent climatic and atmospheric history of the
planet. Similarly, the PLDs have long been hypothesized to represent a geologic record of Martian paleocli-
mate [e.g., Cutts, 1973; Thomas et al., 1992; Laskar et al., 2002; Milkovich and Head, 2005; Byrne, 2009; Smith
et al., 2016].

One of the longest-standing questions in Mars polar science was recently reaffirmed at the Fifth International
Mars Polar Science and Exploration Conference: “What chronology, compositional variability, and record of
climatic change are expressed in the stratigraphy of the PLD?” [Clifford et al., 2013]. Answering this question
requires a description of the stratigraphic record that relates to the internal properties of the layers, which are
connected to climate conditions at the time of deposition. Once a reliable description of the record exists, it
can be used to set constraints on layer-accumulation models [Hvidberg et al., 2012]. The accurate description
of the stratigraphy has been limited in the past by the lack of layer-scale topographic data and insufficient
remote sensing coverage of the PLD.

Since their discovery, researchers have characterized the exposed layers of the PLD by their brightness,
assuming a connection between the bright and dark stripes visible in the trough walls and variations in
relative dust content among the layers. Such variations may reflect changes in Mars’ orbital and rotational
parameters, which affect climate and deposition rates of ice and dust [Murray et al., 1973; Cutts and Lewis,
1982; Laskar et al., 2002; Levrard et al., 2007]. Past studies that explored the relationship between
brightness-based stratigraphy and variations in Mars’ orbital and axial parameters focused on cyclostrati-
graphic analyses of continuous depth profiles of brightness or “virtual ice cores” of the NPLD extracted from
Mars Orbiter Camera (MOC) [Malin and Edgett, 2001] images and Mars Orbiter Laser Altimeter (MOLA)
[Smith et al., 2001] topography. Laskar et al. [2002] and Milkovich and Head [2005] found that the layers
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in the upper 300m of the NPLD display a quasiperiodic signal where brightness varies with depth with a
periodicity of ~30m. This was interpreted to correspond to an insolation cycle resulting from the precession
of the argument of perihelion every 51 kyr, suggesting that these upper deposits accumulated in the last
0.5Myr, an assertion that seems to be supported by recent work [Smith et al., 2016]. Perron and Huybers
[2009] performed a similar study of the NPLD and only found a statistically significant periodic bedding sig-
nal with a 1.6m wavelength but concluded that both the origin and implications of the signal are unclear.

As a result of the unprecedented detail of the images acquired by the High Resolution Imaging Science
Experiment (HiRISE) [McEwen et al., 2007] on board the Mars Reconnaissance Orbiter (MRO), it is now estab-
lished that an exposed layer’s measured brightness is a function of multiple-layer properties, including (but
likely not limited to) slope, frost retention, surface texture, and a sublimation lag deposit that slumps over the
exposures (Figure 1c [Herkenhoff et al., 2007; Fishbaugh et al., 2010a]). Therefore, the manner in which appar-
ent brightness is related to compositional layer properties is unclear, and it may not be an easily interpretable
stratigraphic proxy. The stereo capabilities of HiRISE have allowed the construction of digital terrain models
(DTMs) that provide topographic maps with a vertical resolution as high as 1m/pixel [Kirk et al., 2008;McEwen
et al., 2010]. These DTMs (Figure 1d) can be used to analyze the topographic properties of individual exposed
layers, measure their thickness, and explore new stratigraphic quantities that may be better related to intrin-
sic layer characteristics. Fishbaugh et al. [2010b] created the first high-resolution stratigraphic column of the
NPLD based on morphological properties, analyzing shaded relief maps from a HiRISE DTM and categorizing
layers based on texture and apparent protrusion from trough walls. The authors likely identified the struc-
tures responsible for both the 30m and the 1.6m signals referenced above. Limaye et al. [2012] made similar
stratigraphic columns based on NPLD layer thickness, provided the first high-resolution stratigraphic mea-
surements of layers in the SPLD, and performed spectral analysis of brightness and slope measurements
for both PLD, confirming past observations.

Evidence for the continuity of NPLD layers as expressed in the exposed troughwalls was initially suggested by
Malin and Edgett [2001], who identified a thick, hummocky stratum in threeMOC images>100 kmapart, which
they calleda “markerbed.” FishbaughandHvidberg [2006] visually identifiedandcorrelated sequencesof layers
that contained this original marker bed and other morphologically similar beds. Phillips et al. [2008] identified
radar reflectors within the NPLD using the Shallow Radar (SHARAD) instrument [Seu et al., 2007], which are
interpreted to be stratigraphic layers. These reflectors were observed to be approximately continuous and
uniform across hundreds of kilometers within the NPLD [Phillips et al., 2008; Putzig et al., 2009] and may be
correlated to the visible stratigraphy exposed in NPLD outcrops [Christian et al., 2013]. These observations
imply that NPLD layers are laterally continuous and form a coherent record of depositional conditions.

Figure 1. (a) MOLA topographic map of the north polar region of Mars. Our study sites of exposed NPLD layers are indi-
cated with black dots. Latitude and longitude grid lines are spaced by 5° and 30°, respectively. The shaded area denotes
the valid region of the stratigraphic column presented in section 5. (b) Area around site N0 (highlighted in yellow in
Figure 1a). The background is CTX image P18_008093_2670_XN_87N260W, overlain by the merged red and HiRISE color
image PSP_001738_2670. Illumination is from the bottom right. (c) HiRISE color image of the section highlighted in yellow
in Figure 1b, featuring the slumping sublimation-lag deposits that affect the apparent brightness of exposed layers.
Illumination is from the bottom right. (d) Shaded relief map of the section shown in Figure 1c constructed from the DTM of
site N0 and showing the topography of this area. The yellow lines underline the same bed in Figures 1c and 1d.
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In this study, we work toward a comprehensive description of NPLD stratigraphy. We utilize HiRISE DTMs to
create continuous stratigraphic columns based on the relative protrusion of NPLD layers from the face of a
trough wall, which can be taken as a proxy for the layers’ resistance to erosion [Ritter et al., 2002]. We seek
to answer three key questions: (1) Is this topographic expression of the layers continuous throughout the
NPLD? (2) Does protrusion represent a significant improvement over apparent brightness in describing the
stratigraphy? (3) Is the stratigraphic record similar across the NPLD or have accumulation patterns
varied locally?

Our coverage of the NPLD with HiRISE DTMs, along with the near-complete imaging coverage by MRO’s
Context Camera (CTX) [Malin et al., 2007], has allowed us to not only build protrusion-based columns at
different sites throughout the NPLD but also to trace and correlate stratigraphic sequences hundreds of
kilometers apart using a combination of traces of visible layers and signal-matching algorithms. In addition,
we estimate the relative accumulation rates between these areas based on the separation distance between
specific layers. The NPLD exposures that are referenced in this paper cover Planum Boreum 1 and Planum
Boreum 3 units of Tanaka et al. [2008] and Tanaka and Fortezzo [2012], which lie above a darker, sandy unit
known as the Basal Unit [Byrne and Murray, 2002; Fishbaugh and Head, 2005].

2. Description of Data

The data used for this study are images (HiRISE and CTX) and topography (from HiRISE stereo pairs) of
exposed layers in the equatorward facing side of spiral troughs in the NPLD, also called the high side
[Smith et al., 2013, 2014; Smith and Holt, 2015]. The HiRISE red band images over this region typically have
a scale of 31–33 cm/pixel and a swath width of ~6 km [McEwen et al., 2007]. The CTX camera [Malin et al.,
2007] has a much wider swath of ~30 km with a resolution of 6m/pixel. Thanks to this larger image footprint,
CTX has achieved nearly 100% coverage of the Martian north polar region. These images allow us to trace
individual layers from one HiRISE image to another along the same trough wall, permitting confident correla-
tion of stratigraphic sequences.

Stereo pairs are acquired as closely spaced in time as possible in order to minimize differences (illumination,
albedo, frost, etc.) that could cause difficulties in DTM production. The DTMs we used all have a horizontal
scale (grid spacing) of 1m, except for one, which was made using images with 2 × 2 pixel binning and has
a 2m grid spacing (Table 1). The estimated vertical precision is typically <1m and <2m for the binned pair
[Sutton et al., 2015]. Orthorectified images (orthoimages) are produced at each site, corresponding to each of
the source images that make up a stereo pair. These images are a true “map-view” rendition of the terrain,
with topographic and camera distortions removed, and which match the DTMs pixel for pixel. We use these
images to provide context when analyzing shaded relief renditions of the DTMs, to define the visible appear-
ance of a protruding layer in the DTM, and to compare brightness-based stratigraphic mapping to one based
on topography. The above procedure for making DTMs and orthoimages is explained in detail in Kirk et al.
[2008]. At the time this study began, there were seven HiRISE DTMs of exposed NPLD layers publicly available.
We constructed 9 more for a total of 16 study sites, which are numbered and shown in Figure 1a. Details of
each site and DTM are given in Table 1.

Ourmain objectivewhen choosing study siteswas tomaximize geographic coverage. The siteswe selected for
DTMcreationwerechosenbasedon theavailabilityof stereopairs at the timeandon theirdistribution through-
outPlanumBoreum.Wealso targeted specific locations for stereo imaging thatwereconvenientbecauseof the
nature of the exposure (e.g., apparent lack of unconformities [Tanaka and Fortezzo, 2012]), and/or because of
their position relative to preexisting DTMs, in order to facilitate layer tracing with intervening CTX coverage.

3. Methods
3.1. Extraction of Protrusion Signals

The topographic property we analyze here is a measure of howmuch a layer protrudes from the surrounding
trough wall. We took profiles of layer protrusion versus depth by first extracting the geographical and
elevation data from the DTM into one-dimensional topographic profiles. The profile directions were chosen
so that the profiles were as close to perpendicular as possible to the visible layers, although in some cases we
were limited by the shape of the DTM edges or linear artifacts that result from jitter in the creation of the DTM.
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In the latter case, we chose profiles oriented parallel to these linear artifacts to avoid crossing them and mis-
taking them for a protruding layer. We fit a line within a localized window along the topographic profile and
measured the vertical distance between the topography and the linear fit at the center of the window
(Figure 2c). This difference is the value of protrusion at each point of the profile. When we “slide” the window
along the entire curve, the result is a depth-dependent protrusion profile for that site [Byrne et al., 2011]. The
size of the window allows us to tune how we visualize protruding sections of the trough wall at different
wavelengths. If the window is too small, long-wavelength protrusions that can represent thick, resistant beds
are more difficult to pick out in the profile; if the window is too large, long wavelengths dominate and it
becomes more difficult to distinguish individual beds. However, the relative shape of the signal, i.e., the ele-
vations of peaks in the signal and their relative amplitudes, is not sensitive to small changes in window size.
We used a window of 350m in horizontal length for all sites.

Figure 2. Illustration of the method for extracting protrusion profiles from a HiRISE DTM. (a) Vertically exaggerated (10×)
perspective 3-D view of the DTM of site N0 with the tracks of the five profiles used to construct the average protrusion
profile. (b) Example of an elevation profile used to calculate protrusion. The average slope of the high side of NPLD troughs
is typically only a few degrees. (c) A local fit window is moved down the profile so that protrusion is evaluated as the vertical
difference between each point in the profile (solid line) and the linear fit (dashed line) at the window center. (d) Final mean
protrusion profile for site N0, which results from averaging the protrusion of the five profiles in Figure 2a. (e) Mean profile of
instantaneous/local slope, which results from averaging the resampled slope of the five topographic profiles shown in
Figure 2a. The y axis represents elevation for Figures 2b–2e.

Table 1. Details of the HiRISE Data Used at Each of the 16 Study Sitesa

Site
Name DTM Name

Stereo 1
Name

Stereo 1
Ls (Deg)

Stereo 2
Name

Stereo 2
Ls (Deg)

Solar
Separation
Angle (Deg)

Vertical
Precision
(m/Pixel)

Center
Latitude
of Profile

Center
Longitude
(E) of Profile

N0 DTEPC_001738_2670_001871_2670 PSP_001738_2670 147.94 PSP_001871_2670 153.25 29.68 1 87.11 93.52
N1 DTEPC_001390_2660_001563_2660 PSP_001390_2660 134.45 PSP_001563_2660 141.08 37.96 1 86.25 �127.75
N2 DTEPC_001462_2630_001580_2630 PSP_001462_2630 137.19 PSP_001580_2630 141.74 19.91 1 83.12 94.70
N3 DTEPC_001652_2640_001640_2640 PSP_001640_2640 144.08 PSP_001652_2640 144.55 31.40 1 83.82 �82.76
N4 DTEPC_010008_2630_009969_2630 PSP_009969_2630 125.56 PSP_010008_2630 127.01 14.17 1 83.07 41.10
N5 DTEPC_010030_2670_010532_2670 PSP_010030_2670 127.83 PSP_010532_2670 147.08 26.40 1 86.87 162.96
N6 DTEPC_010198_2645_010014_2645 PSP_010014_2645 127.23 PSP_010198_2645 134.14 15.28 1 84.59 �107.50
N7 DTEPC_018870_2625_018910_2625 ESP_018870_2625 128.72 ESP_018910_2625 130.22 11.49 1 82.47 34.44
N8 DTEPC_019210_2665_019158_2665 ESP_019158_2665 141.66 ESP_019210_2665 139.65 18.36 1 86.52 80.96
N9 DTEPC_027034_2680_027246_2680 ESP_027034_2680 105.11 ESP_027246_2680 112.63 25.55 1 87.95 �6.04
N10 DTEPD_035572_2665_036008_2665 ESP_035572_2665 95.39 ESP_036008_2665 110.69 21.76 2 86.60 137.50
N11 DTEPC_035628_2660_035919_2660 ESP_035628_2660 97.34 ESP_035919_2660 107.53 22.69 1 86.21 46.04
N12 DTEPC_035869_2660_035949_2660 ESP_035869_2660 105.77 ESP_035949_2660 108.60 21.99 1 85.88 �49.29
N13 DTEPC_036013_2660_035605_2660 ESP_035605_2660 96.54 ESP_036013_2660 110.87 18.78 1 85.10 �31.63
N14 DTEPC_036132_2665_035777_2665 ESP_035777_2665 102.53 ESP_036132_2666 115.13 25.47 1 86.75 �42.15
N15 DTEPC_009980_2660_009967_2660 PSP_009967_2660 125.97 PSP_009980_2660 125.49 4.74 1 85.95 101.96

aSolar longitude (Ls) measures time onMars. It is the angular position of the planet with respect to its north vernal equinox, defined as Ls = 0° [Clancy et al., 2000].
The solar separation angle is the angle formed by two rays connecting the target site with the Sun’s position at the time of the stereo 1 observation and at the time
of the stereo 2 observation.
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To search for possible errors in the
elevation of protrusion peaks in the
signal, we tested measuring protru-
sion as the horizontal distance
between the topographic profile
and the linear fit at each window cen-
ter. We found no significant differ-
ences in the normalized horizontally
measured protrusion compared to
the normalized vertically measured
protrusion. In the results presented
here, we measured protrusion verti-
cally in all profiles.

The layer exposures display a signifi-
cant amount of roughness along the

strike of the trough wall at the scale of the layers. This roughness makes it difficult to pick out layers in
one-dimensional topographic profiles [Fishbaugh et al., 2010a] and translates into noise in a protrusion signal.
To address this, we took five elevation profiles from each DTM separated from each other along strike by 10m
(Figure 2a); calculated the protrusion for each of them individually (Figures 2b and 2c); and then took the
mean of the five protrusion profiles, which is the representative profile for a particular site (Figure 2d).

There are a number of different properties that can be extracted from the topographic information in the DTM
that could be related to the internal composition of the strata, each with its own advantages and
disadvantages. For example, instantaneous or local slope could be used instead of protrusion. In Figure 2e,
we showaprofile ofmean local slope (calculated as thefirst derivative of the elevationprofile) that canbe com-
pared to the protrusion profile of Figure 2d. Slope has the advantage of exposing short-wavelength periodici-
ties that are dampened in the protrusionprofile due to thewayprotrusion is calculated. However, although the
largest, most protruding beds are still easily distinguishable in the slope profile, some high-protrusion beds
(e.g., below�2710m) that were identified in the HiRISE images are much less easily recognized. In this study,
we use protrusion to facilitate the visual correlation of thick, prominent beds through different locations.

3.2. Image Analysis

We identified individual prominent layers and layer sequences in the protrusion profiles and matched them
to prominent layers visible in the HiRISE orthoimages, the DTM-shaded relief maps, and CTX images. A
discrete, protruding, and therefore resistant layer is defined here as a prominent peak in the protrusion signal
(Figure 3a). This detection must be accompanied by an examination of the DTM and the corresponding
orthoimages in order to avoid identifying noise or jitter artifacts. Because the focus of this work is on the
continuous signals and their correlation through different sites, we mapped only the most protruding layers
in the profiles: those with a protrusion peak value higher than ~0.5m above the surrounding signal. We
compared our stratigraphic mapping of site N0 with the original stratigraphic column for this site
[Fishbaugh et al., 2010b], allowing for a comparison of their morphological description of layers with our
method. We found that in most cases, the most protruding strata in a protrusion profile correspond to the
layers that Fishbaugh et al. [2010b] term “marker beds” (because of their similarity to the original marker
bed of Malin et al. [2001]), as expected. Fishbaugh et al. [2010b] also identified sets of thin, erosionally resis-
tant layers between the marker beds. These sets and the individual thin layers within them are resolved in
HiRISE images. In the protrusion profiles, thin layer sets are usually identifiable as a broad protrusion peak
with smaller peaks within it, but the thin layers themselves are not distinguishable from noise. Thus, we clas-
sified thin layer sets based on their identification in the profile as a high-protrusion bed and a subsequent
inspection of the corresponding image and shaded relief map, which revealed the finer-scale structure.
This exposes a weakness in our metric; in that, it is not particularly diagnostic of fine-scale structure such
as thin beds. Therefore, our analysis is based primarily on the identification of marker beds throughout all
sites. Figure S1 in the supporting information shows a comparison between the column of Fishbaugh et al.
[2010b] and the sequence of prominent layers we identified in our protrusion profile at site N0.

Figure 3. (left) Protrusion profile of site N0 plotted over the corresponding
portion of the orthoimage of HiRISE product PSP_001738_2670 (illuminated
from the bottom). The original marker bed [Malin and Edgett, 2001] is noted
(MB), and other relevant marker beds are traced. (right) Shaded relief visuali-
zation of the N0 DTM with the same protruding marker beds traced.
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Our goal when mapping the protru-
sion at each site was to be able to cor-
relate these profiles to each other in
order to build a stratigraphic column
that describes the largest area possi-
ble. When two sites lie along the same
trough, the initial step in correlating
layer sequences was to trace protrud-
ing beds in the HiRISE data at one site,
andmap them along intervening CTX
images of the troughwall to the other
site, using intermediate HiRISE cover-
age where available. This method
(Figure 4) provides a reliable correla-
tion, as the resolution in both data
sets is high enough that we can be
confident in our tracing. Some subjec-
tivity is nevertheless involved, as we
relied primarily on the brightness
and appearance of the layers to trace
them within the CTX images.

3.3. Profile Correlation
and Comparison
3.3.1. Dynamic Time
Warping Algorithm
In the study of terrestrial paleoclimate
records, signal-matching techniques
based on dynamic programming
(a class of algorithms used in optimi-
zation programs, in which a problem
is subdivided into multiple subpro-

blems) have been used to explore the relationship between two time series with uncertainties in their time
dimension [Lisiecki and Lisiecki, 2002; Tomasi et al., 2004;Haamand Huybers, 2010]. These algorithmsmaximize
the cross correlation or covariance between two time-varying signals by adjusting the time dimension, effec-
tively tuning the signals to each other to see how well they match, and analyzing the statistical value of the
match. In the case of the NPLD, depth is related to time, but since this relationship is nonlinear, depth cannot
directly be used to determine age.Milkovich andHead [2005] used theMatch 1.0 programof Lisiecki and Lisiecki
[2002] to correlate MOC depth-brightness profiles taken from different locations on the NPLD. The signal-
matching method we used is known as dynamic time warping (DTW) [Sakoe and Chiba, 1978]. This algorithm
was first applied to a geological problem by Haam and Huybers [2010] to improve statistical measurements of
the relationships between terrestrial paleoclimate records and later used by Sori et al. [2014] to demonstrate
the feasibility of identifying an orbital signal in NPLD stratigraphy. Sori et al. [2014] applied DTW to tune a simu-
lated brightness profile of the NPLD to the time-varying insolation function of Laskar et al. [2004] and then
tested the statistical significance of the tuning.

In our study, the DTW algorithm stretches or contracts the depth dimension of a protrusion signal in order to
search for the optimal match between it and another signal that is kept fixed. Figures 5a and 5b show an
example of the output of DTW used to correlate profiles from sites N0 and N10 (N10 tuned to N0). The good-
ness of match for a particular tuning is measured by the covariance between the fixed signal and the tuned
signal, so that the optimal match is given by the tuning that results in the maximum covariance (Cmax). The
tuning procedure consists of calculating the squared difference, or “cost,” between each point in the evalu-
ated signal with every point in the fixed signal. This calculation results in a matrix of squared differences
(colored square portion in Figures 5a and 5b), known as the cost matrix, which represents the costs of all pos-
sible matches between the two signals. The goal of the algorithm is to find the path through the cost matrix

Figure 4. Example of the method for correlating stratigraphic profiles from
two sites that lie along the same trough wall using ESRI’s ArcGIS. (left)
Complete view of the trace of four high-protrusion beds from site N0 to site
N10 (see Figure 1a for locations). These beds are traced through CTX and
HiRISE images rendered between the two sites. (right) Close-up of the
orthoimages at sites N10 (illumination from the top right corner) and N0
(illumination from right) rendered over CTX images, with a view of the layers
traced and where they intersect the profiles. Similar figures for all sites that
share a trough wall are in Figure S2.

Journal of Geophysical Research: Planets 10.1002/2015JE004992

BECERRA ET AL. STRATIGRAPHY OF THE MARTIAN NPLD 1450



Figure 5. (a) DTW cost matrix that results from comparing N0 to N10 (locations shown in inset map), with N0 (left vertical plot) remaining fixed and N10 (bottom
horizontal plot) allowed to be tuned. The rectangular, color-coded region corresponds to the cost matrix, in which warmer colors represent the areas of higher
cost. The black line through thematrix shows the path that incurs the lowest average cost. Two high-protrusion beds, MB andMB + 3 (see section 4.2), were forced to
match at the locations in the profiles that correspond to the image-based matches, resulting in a split cost matrix that matches sections of the profiles below the first
fixed point (MB), between the points, and above the second fixed point (MB + 3). The maximum covariance (Cmax) of the optimal tuning, including the sections
that are outside the range of the complete match, is displayed in the top left corner. (b) Same as in Figure 5a but only comparing the sections of each profile that
overlap according to Figure 5a. (c) Tuned version of the profile from N10 (red line) plotted over the entire profile from N0 (black line). (d) Histogram of the distribution
of the value of Cmax for the correlation of random signals to the N0 profile (vertical profile in Figure 5b). The Cmax of the correlation with the N10 data is 0.971 (vertical
red line), which is greater than the Cmax for 90.5% of random signals. (e) HiRISE orthoimages showing the relationship between the layers matched in Figure 5b.
Illumination is from the bottom in both images.
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from the lower left corner to the upper right corner that incurs the lowest average cost. This lowest-cost path
represents the manner in which the evaluated signal must be tuned for it to have the maximum possible
covariance with the fixed signal (black line running through the cost matrices in Figures 5a and 5b). Sharp
changes in the slope of the lowest-cost bath could be interpreted as sudden changes in relative deposition
rate and in some cases may be a warning sign of an incorrect match. Figure 5c is a plot of the tuned version of
the N10 profile (red line) over the original N0 profile. Vertical segments are associated with gaps in the tuned
signal, showing which parts of the N10 profile need to be adjusted more to match N0 and indicating possible
differences in relative accumulation between each site, or potential locations where the match could
be incorrect.

The comparison between two protrusion profiles that lie along the same trough wall is guided by the initial
observational correlation obtained from layer tracing in the images. This has several important implications
that distinguish our use of this algorithm from that of Sori et al. [2014]. In order to use our prior knowledge
(from layer traces) of which layers in one profile should match which layers in the other, we use a modified
version of the algorithm, in which one or two user-selected points within both signals can be forced tomatch.
Forcing a match of these “tie points” results in a cost matrix that is split into N+ 1 submatrices (where N is the
number of tie points) to match sections of a profile to the corresponding sections in another (Figure 5a). We
then use this information to crop the profiles at the points indicated by the lowest-cost path. For example, in
Figure 5a, where we used two tie points (peaks MB and MB+ 3), the lowest-cost path covers all of the N10
profile (horizontal plot directly underneath the cost matrix), but only a portion of N0 (vertical profile directly
to the left of the cost matrix)—from �2500m to �2750m—so we truncated the N0 profile between these
elevations. Finally, we run the DTW algorithm without the tie point requirement on the truncated profiles
to create a single cost matrix that correlates only the relevant portions of each profile. In this step, the ends
of the cropped profiles are assumed to match; we let the algorithm choose the best match between these
two sections and evaluate whether or not the match is the same as what we traced in the CTX images along
all traced layers. This serves as a test of the method and, when the correct match is achieved, allows us to
interpolate between the major peaks that we identified and traced in the images. We applied this algorithm
to all the pairs of sites we correlated, selecting one site to provide the fixed profile and the other to provide
the profile to be tuned.
3.3.2. Monte Carlo Statistical Analysis
The DTW algorithm outputs themaximum covariance between a tuned protrusion profile and a fixed one but
not the statistical significance of that best match. In other words, we do not know whether a random signal
with similar spectral and statistical properties as the tuned profile could achieve a similar maximum covar-
iance with the fixed signal. As in Sori et al. [2014], we tested the null hypothesis that a good correlation could
be achieved between a certain fixed protrusion signal and a random signal, and that the maximum covar-
iance between the two real signals was no better than one obtained by chance. We did this using a Monte
Carlo procedure, in which a large number of randomly generated protrusion records that have the same
spectral properties and are statistically similar to the evaluated profiles were tuned to match the fixed profile
of each pair we want to test. We used Fourier filtering to generate 1000 random profiles with the same power
spectrum as the data but with randomized phases, and normalized them to have the same variance as each
evaluated profile. We then applied the DTW algorithm to the random records comparing them to each fixed
profile and obtaining a value of Cmax for each record, for a total of 1000 Cmax per run. Comparing the distribu-
tion of these values of Cmax to that obtained with the pair of real profiles assesses the quality of the match
between the real data. This comparison results in a confidence level for rejection of the null hypothesis,
expressed as the percentage of tuned random profiles that have a smaller Cmax with the fixed profile than
the real tuned profile. The histogram of the values of Cmax for the random profiles in the comparison between
N0 and N10 is shown in Figure 5d, along with the Monte Carlo percentage (PMC). If this percentage is close to
100% then the match between the two protrusion profiles is better than nearly all matches between the
random records and the fixed profile, and we can have confidence in that match. If it is close to 50% then
the opposite is true, and a randomly generated profile has an equal chance of matching the real fixed profile
(N0 in Figure 5) as does the real evaluated profile (N10 in Figure 5).

Signal-matching algorithms such as DTW are in essence an automated way of comparing prominent features
in a signal to prominent features in another signal and finding the way in which the two could be that
requires the least modification of one of the signals. These algorithms are limited to the scale of the
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prominent features that are being compared, which in this case is that of the high-protrusion beds. This
means that the correlations presented in the results section cannot be used to relate individual thin layers
from one profile to another, but matches between particular high-protrusion beds and even sets of thin
layers that may appear as a single-protrusion peak in both signals can be considered reliable.

Another caveat of DTW involves the presence of periodicities in the signals. Previous researchers [Laskar et al.,
2002; Milkovich and Head, 2005; Fishbaugh and Hvidberg, 2006, Fishbaugh et al., 2010a, 2010b] have argued
that the NPLD stratigraphic record contains quasiperiodic components, perhaps due to orbital forcing. The
presence of periodic forcing means that a section of stratigraphy that corresponds to a certain time period
may appear similar to another section that represents a different time period. The random profile model that
we use attempts to account for this by producing signals that have the same spectral properties as the data.
However, the DTW-Monte Carlo algorithm should ideally be used when a correlation has been independently
preestablished between two sequences. In our case, we do this with CTX layer tracing as explained above.

Our method can test whether or not previously established correlations (such as those of Fishbaugh and
Hvidberg [2006]) are reliable. The method can confidently rule out correlations that are likely to be unreliable,
but due to the caveats explained above, it cannot confirm whether a correlation is uniquely correct unless
layers have been specifically traced from one site to another. Herein lie the usefulness and the weakness
of applying such signal-matching algorithms to the NPLD. Although the method cannot be used indepen-
dent of any information, once a connection has been made through visual correlation, the algorithm is able
to interpolate the correlation in the rest of the stratigraphic depth range at the scale of the features being
used as constraints. We discuss this further in section 5.
3.3.3. Comparing Protrusion Correlations to Brightness Correlations
One of the main motivations of this study is to test the hypothesis that stratigraphic analysis using topo-
graphic data—particularly layer protrusion—is better suited for describing NPLD layers than an analysis
based on layer brightness.

We extracted profiles of brightness from the orthoimages that matched the exact ground tracks of the pro-
trusion profiles and similarly averaged five brightness profiles separated by ~10m along strike in order to
reduce noise. We then performed the DTW-Monte Carlo procedure on the same pairs of sites we correlated
using protrusion. We express brightness as I/F, which is the measured intensity (I) divided by the solar irradi-
ance when the incidence angle is zero (F), such that I/F=1 for a perfectly diffuse reflector that is normally illu-
minated. A comparison between the confidence level of the brightness pair and that of the protrusion pair
quantifies the quality of one approach over the other. We call the protrusion-based confidence parameter
PPMC and the brightness-based parameter PBMC. It is important to stress that in order to establish an initial
correlation between protrusion profiles we trace layers using CTX images as explained above. This involves
matching a protrusion peak with the layer it represents in the CTX image, i.e., with that layer’s brightness
as seen by CTX. Therefore, a better protrusion-based correlation (i.e., PPMC~100% and PBMC~50%) does not
imply that protrusion is a better stratigraphic quantity than brightness if both are used in isolation. Rather,
it highlights the need for using topographic information in tandem with brightness information to obtain
the best description of the stratigraphy.

4. Results
4.1. Discrete Layer Identification in Individual Sites

Here we present results of the discrete stratigraphic mapping that we performed on each of our 16 study sites
individually (Figure 6), using the methods described in sections 3.1 and 3.2. For any given profile, we labeled
the beds with the site name followed by a layer identification number, with the deeper layers having higher
numbers (e.g., N2.0 is the topmost layer in site N2; see Figure 6). This nomenclature is only valid for each
individual site.

Fishbaugh et al. [2010b] mapped the layers at site N0 using the same DTM that we use here, and defined a
nomenclature around the original marker bed (MB), observed by Malin et al. [2001]. We mapped the protru-
sion peaks at this site and compared and matched them to the layers identified by Fishbaugh et al. [2010b]. In
addition, using the CTX tracing and signal-matching methods explained above, we correlated layer
sequences in five sites (N1, N6, N10, N8, and N15) to the sequence mapped at N0; the results of which are
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Figure 6. (a) Discrete mapping of prominent protrusion peaks for study sites N0–N7. The layers are labeled according to their site-specific nomenclature (see text).
Peaks highlighted in yellow represent the layers previously identified by Fishbaugh et al. [2010b] in site N0. We call this sequence of layers themain sequence, and it is
identified here in all sites that were correlated to N0 (section 4.2.). The labels in red indicate the names of the main sequence layers in the nomenclature of Fishbaugh
et al. [2010b]. The solid red lines represent the candidates for localized unconformities within themain sequence. The protrusion peaks highlighted in redmark layers
that were identified within the main sequence in one site but not in others that also contained the main sequence. The MB ± n nomenclature is valid through the six
correlated sites (i.e., MB in N0 is the same layer as MB in N10). Peaks in grey represent the prominent layers that were mapped only at each individual site. Peaks in
blue represent the thin layer sets mapped in each site. The grey and blue peaks are only valid for each individual profile and may not be related to grey and blue
peaks in other profiles. (b) Same as in Figure 6a but for study sites N8–N15.
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Figure 6. (continued)
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detailed in the following sections. The sequence of high-protrusion beds in N0 that was correlated across
these sites is seen in the top left of Figure 6a and is highlighted in yellow in all the sites in which we observed
it. The layers in this sequence are labeled both with our site-specific nomenclature and with the MB± n labels
of Fishbaugh et al. [2010b]. We refer to this sequence from N0.0 to N0.11 as the main sequence. The relation-
ship between our nomenclature at site N0 and Fishbaugh et al.’s scheme of MB± n is shown in the right plot
of Figure S1.

In some cases, we identified layers within the main sequence in one site but not in another that also con-
tained the main sequence. We interpreted these “missing” layers as candidates for localized unconformities.
These are delineated in Figure 6 by a red line in the appropriate profiles and are labeled UC± n depending on
their stratigraphic location above or below MB. Like the MB± n, this labeling is consistent throughout all cor-
related sites. The discontinuous layers that correspond to unconformities at other sites are highlighted in red.

We also identified thin layer sets with high protrusion; i.e., the entire set protrudes from the wall and appears
in the profile as a thick protrusion peak with embedded smaller peaks (e.g., N5.3; each layer in the set is on the
order of 1m in thickness). These sets were also identified in the profiles as individual high-protrusion beds
and are highlighted in blue in Figure 6.

Following the description in Fishbaugh et al. [2010b], the strata that are classified as marker beds are more
resistant and darker than the surrounding strata and usually display a corrugated, hummocky texture. We
found a large variability in their morphology and brightness, so our classification of a highly protruding
bed as a marker bed was based primarily on the protrusion profile, followed by a corroboration of the require-
ments of Fishbaugh et al. [2010b] in the orthoimages. We found a few cases in which a wide protrusion peak
corresponded to two resistant layers adjacent to each other, as viewed in the orthoimages. In these cases we
classified these layers as separate beds, using the orthoimage to delineate the limit between the two layers
(e.g., layers N4.3 and N4.4 and layers N6.1 and N6.2; Figure 6a).

Wemeasured the average thickness of marker beds (defined as the trough-to-trough vertical extent of its cor-
responding protrusion peak in the signal) throughout all sites to be 12± 6m. Our measurements are nearly
consistent with those measured by Fishbaugh et al. [2010b] at site N0, who found a variability in that site
of 1.6 to 16 ± 1.4m (we found 4 to 19 ± 3.16m at that site; this error comes from propagating the ~1m
HiRISE precision error and a conservative ~2m observer error in the measurement of layer elevations in
the protrusion profiles). We must note that layer thickness is an ambiguous measurement that could be influ-
enced by the erosive resistance of thin layers that protect a thick section of weaker layers below it. In such a
case, the protrusion metric is more related to the caprock resistance than the thickness of the layers. Wemea-
sured the average separation distance between marker beds, throughout all sites, to be 28 ± 15m. This num-
ber is roughly consistent with previous measurements by Fishbaugh and Hvidberg [2006] and Fishbaugh
et al. [2010b].

Fishbaugh et al. [2010b]’s mapping of the stratigraphy at site N0 exposed a weak trend of thinning of the
layers with depth. We measured the thickness of layers in the N0 protrusion profile, and we found no such
trend at this site. Our measurements of marker bed thickness throughout all sites also displayed no statisti-
cally significant trend with elevation (Figure 7a) or latitude (Figure 7c). Similarly, we also found no trend in
average marker bed separation with elevation (Figure 7b) or latitude (Figure 7d). Attempts at a simple linear
regression fit of the data displayed in Figure 7 gave values of the r2 statistic lower than 0.05 for all four cases.

4.2. Correlation of Profiles Between Sites

We attempted to correlate six sites, grouped into seven pairs. These pairs were selected because they are
located in the same trough (so we could trace the layers in CTX) or because they had prior correlations estab-
lished by Fishbaugh and Hvidberg [2006]. In two of these pairs (N0 versus N10 and N15 versus N8) we were
able to successfully trace prominent layers from one site to the other using CTX images. In these cases we
effectively know what the “correct”match is supposed to be before we run the DTW algorithm, so these cor-
relations can inform how best to use the confidence levels associated with the Monte Carlo procedure. At N0
versus N10, the DTW-Monte Carlo method found the correct match (i.e., the same one found through layer
tracing) with a PPMC = 90.5%, and at N15 versus N8, it found the correct match with a PPMC = 97.6%. Based
on these results, we consider a correlation to be reliable when PPMC ≥ 90%. When 75%< PPMC< 90%, we con-
sider thematch suggestive and seek additional confirmation from other means. This creates a relative scale of
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confidence in stratigraphic matches. As we pointed out in section 3.3, the statistical model and test is not per-
fect, and any strong periodic components in the stratigraphy may cause a false match. Therefore, the most
reliable correlations are those for which we were able to trace at least one layer and have PPMC ≥ 90%.

Tracing layers was not possible in the other five pairs of sites (N1 versus N6, N8 versus N0, N15 versus N0, N0
versus N1, and N0 versus N6). This was either because the sites are in separate troughs or, as is the case with
N1 versus N6, because the exposed strata in the trough wall between the individual sites were too eroded or
modified to trace continuously from one site to the other. For these five pairs, we considered past correlations
that Fishbaugh and Hvidberg [2006] obtained using MOC images and MOLA topography and evaluate the
reliability of those matches. Because our procedure is most reliable with prior information relating the sites
that are being correlated, we do not attempt to correlate all 16 of our study sites but rather only those that
have been connected in the CTX data or that have a prior relationship established from past work. In future
studies, “layer tracing” for the other sites could come from radar data taken by SHARAD [Christian et al., 2013].

We discuss the details of each correlation in the two following subsections, and the split cost matrices of the
first runof theDTW for eachpair (analogous to Figure 5a) are in Figure S3. For simplicity, all pairs that includeN0
use the MB± n nomenclature of Fishbaugh et al. [2010b]. In addition to the pairs shown here, we tested two
other pairs of sites that share a trough wall (N12 versus N13 and N9 versus N11). However, as with N1 versus
N6, the exposures between these two pairs of sites have suffered significant modification (Figures S2c and
S2d). Layer tracingwas unreliable, and our tuningprocedure did not yield a statistically significantmatchwhen
applied without prior information. We show the results of these two pairs in Figure S4.

A complete visualization of all our correlations, alongwith the locations of all high-protrusionbeds identified in
the previous section, is shown in Figure 8. Figure 8a focuses on themain sequence layers that have been corre-
lated throughoutvarious sites. Figure8bshowsthepositionofall identifiedhigh-protrusionbeds inall siteswith
respect to thecorrelatedmain sequence layers. Thesefiguresare a2-D representationof a3-D structure, so they
must be used in tandem with the map of Figure 1 in order to grasp the relative 3-D positions of the sites and
sequences. The second and third columns of Table 2 list the values of Cmax and PPMC for each correlated pair.
4.2.1. Correlations with Preestablished Layer Traces
4.2.1.1. N0 Versus N10
We traced four high-protrusion beds (MB+3 through MB) between N0 and N10 (Figure 4). We used the
elevations of two of these beds (MB+3 and MB) in each profile as two tie points for the first step of the

Figure 7. (a) Average marker bed thickness versus elevation for all sites. (b) Average separation between marker beds ver-
sus elevation for all sites. (c) Average marker bed thickness versus latitude for all sites. (d) Average separation between
marker beds versus elevation for all sites. The error bars are 3.16m and come from propagating the ~1m HiRISE precision
error and a ~2m observer error.

Journal of Geophysical Research: Planets 10.1002/2015JE004992

BECERRA ET AL. STRATIGRAPHY OF THE MARTIAN NPLD 1457



DTW analysis (Figure 5a). We then isolated the portion of the N0 profile that matches N10 in the cost map of
Figure 5a, and ran the DTW algorithm again, forcing only the ends of the profiles to match and letting the
algorithm match protrusion peaks on its own. The resulting cost map is shown in Figure 5b. The values of
Cmax (0.971) and PPMC (90.5%) in this case (Table 2) suggest that this is a reliable correlation. In addition, four
of the major protrusion peaks correlated by the algorithm were matched in the same way as the four layers
that we traced in the images (Figures 4 and 5e). We therefore consider this match to be reliable, and the N0
profile should be representative of this trough wall, as N10 is just a subset of it.
4.2.1.2. N15 Versus N8
These two sites are relatively close to each other in the same trough wall, and their DTMs cover a similar range
of elevation, so we were able to trace seven high-protrusion layers in the images between them (Figure S2a).
These traces linked layer N15.3 to layer N8.6 and layer N15.8 to layer N8.11. We used the elevations of these
beds as tie points for the first step of DTW (Figure S3a), selected the portions of the profiles that we expected
to match based on those results, and ran the DTW algorithm again on these sections. The result (Figure 9a)

Figure 8. Relative locations of identified high-protrusion layers in each study site. Main sequence layers are marked in
yellow. Layers identified in only some main sequence sites are marked in red (see Figure 6). (a) Correlation of main
sequence layers. The location of MB in each site is indicated. (b) Location of high-protrusion beds identified at each site.
Layers in the main sequence are plotted as diamonds and follow the same color scheme as in Figure 8a. All other layers are
plotted as grey squares.
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was a Cmax = 0.967, with a PPMC = 97.6%, implying high confidence in the correlation. To further constrain the
reliability, we compared the matches between protrusion peaks made by the DTW with the layer matches in
the CTX images. We found that the algorithm correctly matched the seven layers that we traced. The
morphology and appearance of the layers in the HiRISE orthoimages are shown in Figure 9b.
4.2.2. Correlations Without Preestablished Layer Traces
4.2.2.1. N1 Versus N6
The trough that contains N1 andN6has a large feature between the two sites, where the exposure of the layers
is interrupted. This appears to bematerial thatwas emplaced after the troughwas formed (Figure S2b),making
it impossible to complete the layer tracing here.

We therefore attempted the correlation using the layer matches of Fishbaugh and Hvidberg [2006]. We iden-
tified prominent layers in both the HiRISE data and the MOC images in order to connect our traces with what

Table 2. Results of the DTW-Monte Carlo Correlation of Protrusion and Brightness Profiles from the Seven Pairs of Sites Detailed in the Texta

Site Pair

Protrusion Brightness
Correlations
Match?

Distance Between
Sites (km) Notes FiguresCmax PPMC (%) + 2% Cmax PBMC (%) + 2%

N0 versus N10 0.971 90.5 0.938 54.6 No 145 Same trough 5 and 15
N15 versus N8 0.967 97.6 0.873 70.1 No 90 Same trough 9 and S5.1
N1 versus N6 0.982 95.0 0.945 50.2 No 136 Same trough 10 and S5.2
N15 versus N0 0.96 92.9 0.950 98.5 No 55 Adjacent troughs 11 and S5.3
N8 versus N0 0.965 75.7 0.988 99.0 Partially 75 Adjacent troughs 12 and S5.4
N0 versus N1 0.971 97.7 0.934 54.5 No 370 Across the NPLD 13 and S5.5
N0 versus N6 0.978 89.5 0.856 18.7 No 490 Across the NPLD 14 and S5.6

aPPMC is the Monte Carlo parameter for comparisons of protrusion, and PBMC is for brightness. The values in boldface indicate the correlations that exceed the
90% threshold for confidence. The sixth column from the left indicates whether or not the protrusion correlation matches the brightness correlation at each site.
Distances between sites represent the length of the shortest straight line drawn between two sites in ArcGIS and are therefore approximate. The rightmost column
lists the figures in the paper and the supporting information associated with each comparison.

Figure 9. (a) DTW cost map of the correlation of N15 (left vertical profile) versus N8 (bottom horizontal profile) including only the truncated profiles based on tie
points from the CTX tracing (Figure S3a). The maximum covariance and the Monte Carlo parameter are shown in the top left corner of the cost matrix. The black
arrows indicate the matches between individual main sequence beds. The vertical plot on the right shows the tuned N8 profile (red line) plotted over the fixed N15
profile (black line). (b) Zoomed view of the HiRISE orthoimages with the same layers as Figure 9a indicated (N15 illuminated from the bottom left and N8 illuminated
from the bottom). Since these two sites were later correlated to N0, we show the MB ± n nomenclature in grey. The location of correlation of sites N15 versus N8 is
shown in the inset in between Figures 9a and 9b.
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Figure 10. (a) DTW correlation of N1 versus N6 using information from Fishbaugh and Hvidberg [2006]. Matched layers are indicated with black arrows. In the first
step of the DTW, N1.7/N6.0 was used as a tie point (see Figure S3b). The vertical plot on the right shows the truncated and tuned N6 profile (red line) plotted over
the truncated and fixed N1 profile (black line). (b) DTW correlation of N1 versus N6 using complete (nontruncated) profiles and no prior information. The vertical plot
on the right shows the full tuned N6 profile (red line) plotted over the full fixed N1 profile (black line). (b) Zoomed-in view of the HiRISE orthoimages at these sites (in
N1 illumination is from the top right, and in N6 it is from the bottom left). The connections between layers (black lines) correspond to the correlation on the left of
Figure 10a. (c) Combined protrusion profile of N1 and N6 using the correlation on the left in Figure 10a. These two sites were later correlated with site N0, so main
sequence layers in this profile are highlighted in yellow.
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they call the lower layer sequence (Figure 3b of Fishbaugh and Hvidberg [2006]) and used this to correlate the
protrusion sequences in sites N1 to those at N6. According to their results, layer N1.7 corresponds to N6.0, and
both are surface expressions of the main marker bed MB. We used this match as a single tie point between
the profiles (Figure S3b) and applied the two steps of the DTW algorithm. The value of Cmax in this case is
0.982, with a PPMC = 95% (Figure 10a).

A comparison of the HiRISE orthoimages of these two sites side by side provides an additional constraint and
is shown in Figure 10c. The correlation requires that sequence N1.7–N1.12 match N6.0–N6.5. These
sequences appear morphologically similar in the images, and every individual layer match is of the same type
(marker bed to marker bed). Based on these arguments, we corroborate the result of Fishbaugh and Hvidberg
[2006] in this case.

As a test of the method, we attempted the correlation without the tie point constraint. The result was a
Cmax = 0.951 and a PPMC = 55.6% (Figure 10b). This example displays the necessity of independent correla-
tions to complement feature-based signal-matching algorithms such as the one used here or the Match
1.0 algorithm used by Milkovich and Head [2005]. The match between the complete signals with no prior
information gives a high covariance, but there is no statistical value attached to it; i.e., such a result could have
also been achieved at random.

Following this correlation, the lower third of the N1 profile coincides with the upper third of the N6 profile. We
can therefore combine the two profiles to produce a larger, continuous stratigraphic column that is applicable
throughout the troughwall that includes the two sites. Figure 10d is a plot of the combined protrusion profiles.
4.2.2.2. N15 Versus N0 and N8 Versus N0
Sites N15 and N8 both lie in a trough that is adjacent to that which contains N0 and N10, so direct layer traces
cannot be made here, and again, we use the information from Fishbaugh and Hvidberg [2006]. Nevertheless,
in this particular case we have a correlation between each pair of sites that we trust based on the CTX layer
traces and the matching algorithm. So if we confidently tie any site from one pair to any site from the other,
we can tie all four profiles together into a single record for both troughs.

In the case of N15 versus N0, Fishbaugh and Hvidberg [2006] matched layers N0.3 and N0.6 (MB+3 andMB) to
layers N15.3 and N15.8. Using these two connecting points to crop the profiles (Figure S3c), our correlation
between N15 and N0 gives a maximum covariance of 0.96 and a PPMC = 92.9% (Figure 11a). In addition, just
as Fishbaugh and Hvidberg [2006] did with MOC images, an examination of the morphology of the layers in
HiRISE orthoimages (Figure 11b) and shaded reliefmaps supports the same correlation foundby the algorithm.

To correlate sites N8 and N0 we also used the constraints set by Fishbaugh and Hvidberg [2006]. Once again,
we first forced layers MB and MB+ 3 to match layers N8.6 and N8.11 (Figure S3d), truncated the profiles, and
then reran the algorithm to obtain the cost map shown in Figure 12a. In this case however, the result is a PPMC

of 75.7%, which falls short of the 90% threshold. However, we can confidently match N15 to both N0 and N8
and so connect protrusion peaks at the latter two sites through N15. This exercise suggests that the N0 versus
N8 correlation suggested by the DTW algorithm is in fact correct. Furthermore, the orthoimages of the
correlated sequence (Figure 12b) seem to support the obtained match. We ascribe the lower confidence
score to stronger periodic components of the N8 signal that may be more similar to those of N0. With a
stronger periodic component it is easier for the random signals to match the data well.

The correlation between these twopairs of sites is an example of howmultipleDTMs canbe used progressively
with independent corroboration from image data to obtain a match between various stratigraphic profiles
regardless of location, extending the area over which we have confidence that a certain sequence of layers
correctly describes the stratigraphy.
4.2.2.3. N0 Versus N1
These two sites are across the NPLD from each other (~370 km apart across the pole). Fishbaugh and Hvidberg
[2006] identified a separate sequence in site N1 than the one they mapped in N0. Site N0 and the sites here
correlated to it contain a section of stratigraphy that they call the upper layer sequence (ULS), and N1 and N6
contain their lower layer sequence (LLS). The link between these sequences is the original marker bed (MB) of
Malin and Edgett [2001], which the authors map as the lowermost layer of the ULS. In image 4 of their Figure
A1, they map the ULS in site N0 and include MB. They also map MB above the LLS in their image 10 (Figure 3
in their paper), which corresponds to our site N1. After we had confidently identified MB in our images and
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protrusion profiles of sites N0, N10, N8, and N15, we found the layer that Fishbaugh and Hvidberg [2006]
identify as MB in the HiRISE DTM and orthoimages of site N1 and identified its elevation in the corresponding
protrusion profile, where we had mapped it as bed N1.0. We used this information as the initial tie point; i.e.,
in the first step of the procedure we tie MB in site N0 to N1.0 in site N1 (Figure S3e). This results in a compar-
ison between a lower section of N0 (below MB) and an upper section of N1 (N1.0 to N1.7). Applying the DTW
technique on the truncated sections results in a maximum covariance of 0.921, with a PPMC = 59.4%. This is

Figure 12. Same as in Figure 11 but for N8 versus N0.

Figure 11. (a) DTW cost map for the correlation of N15 versus N0 including only the truncated profiles based on tie points (Figure S3c) from the correlation of
Fishbaugh and Hvidberg [2006]. The black arrows indicate the matches between main sequence beds. The vertical plot on the right shows the tuned N0 profile
(red line) plotted over the fixed N15 profile (black line). (b) HiRISE orthoimages of both sites with matched layers traced.
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Figure 13. Correlations of N0 versus N1. (a) DTW cost map of N0 versus N1 based on the sections of each profile that would match according to the correlation of the
MB layer in both locations by Fishbaugh and Hvidberg [2006]. The vertical plot on the right shows the tuned N1 profile (red line) plotted over the fixed N0 profile (black
line). (b) Comparison of HiRISE orthoimages of N0 and N1 based on the match given by Figure 13a. Layers that should match according to Figure 13a are connected
with black lines. (c) DTW cost map of N0 versus N1 with no prior information given to the algorithm; i.e., profiles are assumed to represent a similar section of
stratigraphy. The vertical plot on the right shows the differently tuned N1 profile (red line) plotted over the fixed N0 profile (black line). (d) Comparison of HiRISE
orthoimages of N0 and N1 based on the match given by Figure 13c. Layers that should match according to Figure 13c are connected with black lines.
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not a satisfactory correlation, and it means that a random signal has a nearly equal chance of matching this
lower sequence of N0 than does N1. In addition, the correlation matches a high-protrusion layer in N0 (MB-2)
to a low-protrusion (and thus unmapped) layer in N1, suggesting that the algorithm cannot find a plausible
correlation in this case. Furthermore, the tuned N0 profile (plotted in red to the right of the cost map in
Figure 13a) has significant vertical segments or gaps, indicating a high probability of an incorrect match.
The relevant sections of the orthoimages with the links between layers that would result from this correlation
are shown in Figure 13b. This result implies that the correlation between these sites that matches MB to N1.0
is incorrect.

Examination of the two complete protrusion profiles reveals that they appear very similar to each other. The
layers seen in the orthoimages (Figure 13d) also seem to match based on morphology and relative position.
Because of this observation, we decided to test the correlation between the two complete profiles without
any prior information from tie points, remembering that in such a correlation the DTW may output a high-
confidence result that may not be real. The result from this exercise, shown in Figure 13c, was a covariance
of 0.971 and a PPMC = 97.7%, the highest confidence of any pair we compared. In addition to the apparent
high statistical confidence of this correlation, the translation of this match to the orthoimages, seen in
Figure 13d, shows a similar morphology between the layers matched, suggesting that the match proposed
is plausible. As a consequence of the results of this analysis, we propose that the correlation seen in
Figure 13c, matching MB to layer N1.7 rather than N1.0, is acceptable as a replacement for the previously
established relationship by Fishbaugh and Hvidberg [2006].

This new correlation relies heavily on the DTW algorithm and the statistical value given to its result without
any tie points or independent information. As we have explained above, the limitations of the algorithm
imply that because of this lack of independent links, we cannot assert that this new correlation is correct with
the same level of confidence as other correlations (e.g., N0 versus N10), and a high degree of uncertainty is
inherently present. Any future research performed relying on this correlation should take this uncertainty into
account. Nevertheless, for the purposes of this study, we accept this correlation and tie the sequence corre-
lated in sites N0, N10, N8, and N15 to the sequence in N1 shown in Figures 13c and 13d.
4.2.2.4. N0 Versus N6
The correlation of this pair is based on those of N0 versus N1 and N1 versus N6, discussed above. We used the
information from those correlations to inform the comparison between N0 and N6. In order to select the por-
tions of each profile that we assume should match, we used the N0 versus N1 correlation of Figure 13c and

Figure 14. Same as Figures 11 and 12 but for N0 versus N6.
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theN1 versusN6 correlationof Figure 10a. The result is shown in Figure 14. Although the confidenceof this cor-
relation is89.5%andthereforebelowour thresholdof90%,weobserved theerrorbetween100 runsof thealgo-
rithmfor thesamepair (i.e., each runapplyingtheDTWwith thedataandtheMonteCarlo testwith1000 random
signals) to be ~1%, meaning that this correlation could still be considered reliable. In addition, as with all pre-
viouscases,wecancorroborate theplausibilityof thematchshown inFigure14abycomparing themorphology
and relative stratigraphic position of the matched layers in the orthoimages, which we do in Figure 14b.

With the last two correlations, we have extended the confidence area of the main sequence beyond that
bounded by the N0 and N8 troughs to the trough of N1 and N6. Of these six sites, the two sites that are farther
from each other are N6 and N15, separated by ~550 km. The area of the convex hull that includes all of these
locations (vertices at sites N1, N10, N15, N8, and N6) is ~56,000 km2. This is the minimum possible area for
which we propose the main sequence to describe the stratigraphy, and it represents ~7.3% of the total area
of the NPLD.

4.3. Protrusion Versus Brightness

Figure 15 shows the results of comparing a correlation of protrusion profiles (Figure 15a) to one of brightness
profiles (Figure 15b) for the same-trough case of sites N0–N10. The brightness profiles of Figure 15b were
extracted from the same ground tracks on the trough as the N0 and N10 protrusion profiles. We also used
the same constraints in this correlation as we do to correlate protrusion in Figure 15a; i.e., we truncate the
brightness profiles at the same locations in depth as the protrusion profiles, meaning that the brightness pro-
files are also “guided” by the CTX-based layer tracing that informed which sections of stratigraphy should be
compared and tested to match. In site N0, high-protrusion beds correspond well to local minima in the
brightness signal, consistent with previous findings that marker beds tend to have lower albedo
[Fishbaugh et al., 2010b]. However, this correspondence is not as obvious in all sites (Figure S5).

As mentioned above, we consider the protrusion-based correlation for this pair reliable (Figures 15a and 5b)
since it gave a PPMC = 90.5% and the match proposed by the algorithm is the same as that observed in the
CTX traces. The brightness correlation not only gave a PBMC = 54.6%, implying an equal chance of being
obtained at random, but also obtains an incorrect layer match as judged by the traced layers in the CTX

Figure 15. (a) Output of the correlation between the protrusion profiles of sites N0 and N10. (b) Same as in Figure 15a but for brightness profiles instead of protru-
sion. Brightness (I/F) is relative to the mean and normalized to unit variance. The same sections of stratigraphy are being compared. These were selected based on
the CTX traces of layers MB + 3 and MB in each site.
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images. This suggests that the correlation of these particular sites with protrusion signals and DTW con-
strained by CTX traces is more consistent than using brightness profiles constrained in the same way. It does
not imply that protrusion alone is a better metric than brightness alone; we view both as unreliable without
the information provided by layer tracing.

The results of this analysis for all pairs are listed in Table 2, and the protrusion and brightness cost maps for
the remaining six pairs are included in the supporting information (Figure S5) along with an explanation of
the analysis of each pair. The values of PPMC listed in Table 2 correspond to the high-confidence correlations
for each case shown in the previous section. Six out of seven correlations (all except N8 versus N0) had a
PPMC> 90% within the 1% simulation error. Five of seven pairs obtained a low PBMC of <75%. The remaining
two cases (N15 and N8 versus N0) had a PBMC> 98%, implying an extremely low chance of these matches
being obtained at random. However, in those cases the algorithm picked a different match from the ones
based on CTX mapping and the Fishbaugh and Hvidberg [2006] study, whereas for the same comparisons
it picked the correct match when using protrusion instead.

4.4. Relative Accumulation Rates

The stratigraphic correlation of different locations on the NPLD allows us to estimate relative accumulation
rates between correlated sites [Fishbaugh and Hvidberg, 2006]. Because we specifically selected sites that
did not include any known unconformities [Tanaka and Fortezzo, 2012], we can interpret a difference in
separation between two layers in one site versus another to be related to geographical differences in accu-
mulation rates at that scale. We defined the main sequence to be composed of layers MB+8 through MB-5,
but since not all sites that we correlated contain this entire set, we estimate relative accumulation rates for
three adjacent subsequences: MB+ 8–MB+3, MB+ 3–MB, and MB–MB-2. The only subsequence present in
all six correlated sites is MB–MB-2. To a first-order approximation, the average accumulation rate of one site
relative to another for each subsequence is equivalent to the ratio of vertical separations between the upper-
most and lowermost layer of each subsequence at each site [Fishbaugh and Hvidberg, 2006]. We normalize
these measurements to the separation of each pair of marker beds at site N0.

Our results are summarized in Figure 16. Each point in Figure 16 represents the separation in elevation
(stratigraphic separation) between the top and bottom layers of that particular subsequence. The error bars
here are again propagated from the measurement error of each layer’s elevation. These plots show that there
is a nontrivial variability of up to a factor of~2 in accumulation rates throughout all subsequences. Althoughwe
do not have enough correlated sites to confidently observe a trend in relative rateswith latitude, theMB–MB-2
subsequence appears to show a decreasing accumulation rate with latitude when excluding site N8, as does
MB+ 3–MB when excluding N0. The MB–MB-2 subsequence is below the marker bed, and as such would
belong to the LLS of Fishbaugh and Hvidberg [2006], for which they similarly found a decrease in accumulation
rates with distance from the pole.

Figure 16. Relative accumulation rates versus latitude for the sequence of layers from (a) MB to MB-2, (b) MB + 3 to MB, and (c) MB + 8 to MB + 3 for all sites that
included each subset of the main sequence. The left vertical axes show the measured value of the stratigraphic separation between the two edge layers of each
subsequence. The right vertical axes show the relative accumulation rate with respect to the value of separation at site N0. The boxes at the bottom left of each plot
indicate the largest ratio of relative rates between two sites for each subsequence.
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5. Discussion

Our analysis of the topographic signal of protruding NPLD layers has yielded results that confirm many of the
observations of previous studies and in one case challenge the results of past efforts to correlate stratigraphic
signatures from different areas of the NPLD.

Our results show that the topographic expression of the layers is a necessary measurement that, when used
in combination with layer tracing in images, is well suited to describe the stratigraphy. Applying the same
signal-matching technique and the same statistical analysis to protrusion signals and brightness signals from
the same locations shows that layer protrusion is a property that appears to be continuous through hundreds
of kilometers along a trough wall and in some cases across troughs and across Planum Boreum. In six out of
seven protrusion-based correlations we found matches between the signals with high statistical confidence,
and in both pairs for whichwe knew the correct relationship between the layers the algorithmoutputs the cor-
rect correlation with high statistical confidence.Whenwe attempted to correlate brightness in these two pairs
the correct correlation was not found and thematches that the algorithm did find did not have high statistical
confidence. This result implies that topographic properties such as protrusion, when constrained by image-
based layer mapping, are a better stratigraphic descriptor than layer brightness alone. It does not imply that
protrusion alone is a better metric than brightness alone, as brightness is being used and trusted to perform
the traces in the images,which constrain the signal-matchingmethod inbothmetrics. However, it does expose
a weakness of correlating brightness signals with feature-matching algorithms such as DTW, and it suggests
that although brightness can yield accurate information in some cases, the combination of brightness from
high-resolution imagery with high-resolution topographic data is the best way to define the stratigraphy.

The differences between our measurements of the thickness of marker beds compared to those of Fishbaugh
and Hvidberg [2006] and Fishbaugh et al. [2010b] are most likely due to the fact that our results are based pri-
marily on the protrusion profiles, using the images only for reference. Our method has the advantage of
being easily applied to large numbers of DTMs in a semiautomated way, but it has the disadvantage that we
may be classifying closely spaced resistant layers as a single-marker bed because the protrusion data are lower
resolution than the HiRISE images. For the purposes of cyclostratigraphic analysis, the measurement of layer
width is less important than separation, and our measurements of separation do agree with past studies.

We measured the average separation between highly protruding beds to be 28 ± 15m. This characteristic
value has been observed by nearly every study on NPLD stratigraphy since the observations of MOC. It cor-
responds to the range of dominant brightness wavelengths of 24–35m observed by Milkovich and Head
[2005] and Milkovich et al. [2008]. Fishbaugh et al. [2010b] measured a similar average separation at site N0,
identifying, at this site, the physical expression of the geologic features responsible for this periodicity. In
addition, Christian et al. [2013] measured similar wavelengths when analyzing SHARAD data, showing that
this periodicity is present in the internal stratigraphy and likely to be real and not just a characteristic of
exposed strata. We have identified these features throughout all 16 of our study sites, covering about
285,000 km2 or about 40% of the total area of the NPLD. However, the large uncertainty in the measurement
along with variable relative accumulation rates between sites up to a factor of 2 suggests that this 30m signal
is not as consistent across the NPLD as previously thought.

The discrete identification of layer sequences in the protrusion profiles coupled with the stratigraphic corre-
lation of a subset of our study sites allowed us to identify a number of layers that appeared within the main
sequence in some sites but not in others and thus to speculate on the possible existence of local unconfor-
mities. Layer N1.9, located between MB-1 and MB-2 in site N1, is observed in sites N6 and N8 (N6.2 and N8.14)
but not in sites N0, N10, or N15, so we identify a candidate local unconformity at these sites, labeled UC-1
(Figure 6). The vertical separation between MB-1 and MB-2 is similar throughout all sites (~15–20m).
Layers N8.9 and N8.10 are identified as high-protrusion beds in site N8 and N15 (N15.6 and N15.7), located
immediately below MB+ 1 at these sites. These peaks are not observed in sites N0, N1, and N10, so we mark
a candidate unconformity UC+ 1 here. Again, in this case, the separation between MB and MB+ 1 is similar in
all sites (~45–50m). In these cases, it is possible that differential deposition (which has been shown to exist
with radar-based studies [Smith et al., 2013; Smith and Holt, 2015]) resulted in similar separation distances at
the sites with the candidate unconformities. This would mean that certain areas of the NPLD have a wider
range of accumulation rates with the same mean as other areas. The similarity in layer separations indicates
that the mean accumulation rate is similar in all sites, yet some have erosional episodes. We speculate that
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these locations have the samemean accumulation rates over long time scales, but they contain erosional epi-
sodes when other locations are accumulating at lower rates, and they accumulate quickly when other loca-
tions are accumulating at more modest rates. We observe a slightly different scenario in site N1, where we
identified layer N1.5 immediately above MB+1, did not identify this layer in any other sites, and the separa-
tion betweenMB+ 1 andMB+2 throughout the study sites varies by 10–15m. N1 is the farthest away from all
other sites (except N6, in which we did not map the upper main sequence), so it is possible that one side of
the NPLD experienced a regional erosional episode that did not occur near the location of N1. A similar argu-
ment can be made for the nondetection of layers MB-4 and MB+5 in site N1. It is reasonable to expect that
the larger the geographical distance between two sites, the more discrepancies in the stratigraphic record
will appear, likely due to geographical differences in depositional and erosional episodes.

The most important result of our mapping efforts is the detection of the main sequence (or significant por-
tions of it) in 6 out of 16 sites. From our correlation of the profiles at these sites, we can infer that the main
sequence represents a column that correctly describes the stratigraphy in at least the area between 87°N
and 84°N and between 60°E and 250°E (Figure 1a). In Figure 17, the column of layers drawn in yellow is
the main sequence, and we propose that this column represents the stratigraphic relationships at all loca-
tions that were correlated to N0, which as we mentioned in the previous section, amounts to about 7% of
the total area of the NPLD. Since site N6 was successfully correlated to sites N1 and N0, and it includes layers
that are stratigraphically below the main sequence, we include these layers in Figure 17 as a possible exten-
sion of the main sequence beneath layer MB-5.

We have also provided estimates of the average net relative accumulation rates of mapped stratigraphic
sequences through different regions of the NPLD. The relatively small variations in accumulation rate
between sites suggest a spatial continuity of layer deposition throughout the region we have studied.
Nevertheless, we have shown that the difference in relative accumulation can reach up to a factor of 2
between some locations, implying at least some geographical heterogeneity in accumulation and ablation
of the NPLD. The variability in relative accumulation implied by our results is valid at the scale of the

Figure 17. Stratigraphic column for the study area comprised by the six sites we correlated. This column shows the relative
elevation of themain sequence layers and their locations in each of the correlated sites. The site-specific axes to the right of
the relative elevation column are not to scale and are just meant to show the approximate locations of layers in each
correlated site with respect to the relative elevation column. The colors have the same meaning as in Figure 6.
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separation distances between the layers measured, and therefore, the values we present here represent aver-
age relative rates for each sequence mapped. An effect of the nonlinearity of the stratigraphic record could
mean that there are higher or lower accumulation rates at shorter depth scales that, over the scale of the
sequences mapped here, average to the observed values of relative accumulation. The possible presence
of unconformities in the main sequence, explained above, could be evidence of this. In addition, these values
must be taken as lower limits for the NPLD, as SHARAD studies that cover much larger regions of the NPLD,
and include areas like Gemina Lingula or the margins of the NPLD, have shown that the separation between
radar reflectors can vary from close to 0 to up to 50m [Smith and Holt, 2015], implying much larger geo-
graphic changes in accumulation rates. Therefore, we expect that as the area of the region of study increases,
the range of relative accumulation rates will also increase.

Our correlationmethod provides a quantitative way to relate stratigraphic sequences from across the NPLD to
each other. Nevertheless, an important limitation of the DTW-Monte Carlo method exists due to the periodic
nature of the deposits. As we explained in section 3, if the layered deposits are caused by a periodic temporal
variation of the orbital and rotational parameters of the planet, then it is expected that two different sections
of the stratigraphy that were formed at different times will have similar signals regardless of the property used
todescribe them.Ourcorrelation results showthat theDTWcouldoutputastatistically significantmatch for two
sequences that are both forced by the same insolation signal but that perhaps do not represent the same time
interval. Inour study,wehavebeenable to correlate sites fromdifferent troughsbycomparingourmethodwith
indirect, previously established relationships between two sites. Anothermethod is required in order to ensure
that the correct sections of stratigraphy are being compared in these cases. This method could in principle be
visual inspectionof isolated sites.Unfortunately, similarity in themorphological appearanceofdifferentmarker
beds, thin layer sets, and even entirely different sequences of layersmake it difficult to correlate layers in differ-
ent troughs when relying only on visual inspection to identify sequences. Therefore, a priori matches in these
cases are difficult to achieve and can be unreliable. The best way to piece together correlations from different
partsof theNPLDwouldbe toobtainDTMsatmore locations that share a troughwallwith the sites thatwehave
already correlated in this study and incrementally correlate more sites until a complete stratigraphic picture
is constructed. An example of this approach was achieved here when correlating the stratigraphy of the
N0–N10 trough to that of the N8–N15 trough. The construction of a single stratigraphic cross section,
correlating all 16 sites and resulting in a complete description of the NPLD stratigraphy, is an issue that is
outside the scope of this paper and will require more data.

6. Summary and Conclusions

Our study describes the stratigraphy of the NPLD using high-resolution topography of layer exposures. We
have extracted protrusion-based, one-dimensional stratigraphic profiles for 16 sites in the NPLD, and have
successfully correlated six of these sites, resulting in a stratigraphic column that is applicable to at least 7%
of the surface area of the NPLD. We can draw three principal conclusions from our work, related to the initial
questions posed in the Introduction:

1. The combination of image analysis from CTX and HiRISE with a DTW algorithm to match depth-varying
signals shows that the protrusion of exposed layers is laterally continuous throughout hundreds of
kilometers across the NPLD. Consequently, we conclude that the topographic expression of the layers
reveals a property (relative resistance to erosion) that is related to layer composition throughout the
entirety of a particular layer.

2. A description of the stratigraphy that combines protrusion as seen by HiRISE, and brightness as seen by
CTX and HiRISE, represents a significant improvement over one based solely on layer brightness. The
results of comparing the correlations of protrusion profiles to brightness profiles with the same
constraints based on traced layers suggest that protrusion is more consistently continuous over long
distances when provided with independent constraints. This implies that observed brightness is more
affected than topography by extrinsic factors that change its value over different locations across the
NPLD. This does not mean that remotely measured brightness has no relation to the underlying physical
properties of the layers, as if this were the case, no banded layers would be observed in the images.
Rather, it suggests that the relationship between these properties and brightness is more complex than
the one they have with topography.
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3. The correlation of various protrusion signals over our region of study within the NPLD shows that relative
accumulation rates at any given epoch vary geographically by up to a factor of 2. However, this value is
likely a lower limit for the NPLD as a whole. This has important implications for future efforts to model
the formation of the deposits, as the lateral variation of accumulation rates complicates the modeling
of processes that drive this formation.

In the future, our continuous protrusion profiles can be studied with cyclostratigraphic analysis techniques
such as Fourier or wavelet transforms in order to explore the connection between the NPLD stratigraphy
and orbital/rotational-driven variations in climate [Hvidberg et al., 2012]. This connection cannot currently
be made in a straightforward manner because of the nonlinearity of the time-depth relationship in the
NPLD [Perron and Huybers, 2009; Hinnov, 2013]. However, performing spectral analysis on these topographic
signals and studying their relationship with the spectral signature of climatic signals such as insolation or
historical surface temperature would be a good next step to test the degree of nonlinearity and provide
constraints for future modeling efforts.
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