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Using Radar Reflectivity To Unlock The Climate Record Contained In
The Martian North Polar Layered Deposits

Daniel E. Lalich, Ph.D.
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Supervisor: John W. Holt

The North Polar Layered Deposits of Mars are a formation of water ice ~1000 km
across and ~2 km thick. For years, scientists have looked to these layers of ice and dust as
a possible source of information regarding how the planet’s climate has changed over the
past ~4 million years. However, connecting these layers to specific climate conditions
remains a challenge. Previous research has attempted to tie both radar stratigraphy and
outcrop stratigraphy to the orbital cycles of Mars, but the proposed relationships are often
contradictory, and struggle identify how specific layer properties might be tied to ancient
climate.

To help resolve these issues, I synthesized a combination of radar data, imagery,
topography, and electromagnetic modeling in an effort to quantify layer properties such
as thickness and composition, and connect those properties to past climate conditions. I
was able to quantitatively show that a set of layers known as marker beds is likely
responsible for causing radar reflectors, and was able to show how radar reflectors could
be used to infer the composition and relative thickness of these layers throughout the
polar cap. With this information in hand, scientists can, for the first time, begin to realize

the full potential of the North Polar Layered Deposits as a global climate record of Mars.
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Introduction

The Martian North Polar Layered Deposits (NPLD) are one of the largest water
ice reservoirs on the planet, at ~1000 km across and 2 km thick [Tanaka et al. 2005]. The
NPLD consists of at least 95% pure water ice [Grima et al. 2009], but despite this
apparently homogeneous composition layering is visible at multiple scales and in
multiple data sets [e.g. Malin and Edgett 2001, Fishbaugh and Hvidberg 2006, Phillips et
al. 2008]. For years, scientists have believed this layering is connected to global climate
cycles, yet efforts to draw a direct correlation between NPLD stratigraphy and the
Martian climate have met with mixed success and often produced contradictory results
[e.g. Toon et al. 1980, Cutts and Lewis 1982, Laskar et al. 2002, Milkovich and Head
2005, Putzig et al. 2009].

Studies of high-resolution imagery and topography data have attempted to tie
patterns in outcrop layers to orbital cycles [Laskar et al. 2002, Milkovich and Head 2005,
Perron and Huybers 2009, Becerra et al. 2017]. While some success has been found in
correlating outcrop patterns to each other [Becerra et al. 2016], establishing a connection
between these patterns and the planet’s orbital parameters has proven more difficult
[Milkovich and Head 2008, Perron and Huybers 2009, Becerra et al. 2017].
Complicating the problem is the fact that the relationship between the surface expression
of NPLD layers and their intrinsic properties is difficult to constrain [Herkenhoff et al.
2007]. This means that even if scientists were able to definitively connect these layers to
a specific climate cycle, it is not clear what that connection would mean.

Thanks to the Shallow Radar (SHARAD) instrument on the Mars Reconnaissance
Orbiter (MRO), stratigraphic study of the NPLD is not limited to outcrops. Using
SHARAD, scientists have identified dozens of sub-parallel internal reflectors in the

NPLD subsurface [Phillips et al. 2008]. Radar reflections most often occur at layer
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boundaries, meaning SHARAD is able to probe the subsurface stratigraphy of the NPLD
throughout the entire polar cap. However, studies of radar stratigraphy are not without
their own issues. First, it is not clear what types of layers are responsible for radar
reflectors in the NPLD. It is commonly believed that layers enriched in dust relative to
the surrounding ice are the most likely cause of reflectors [Nunes and Phillips 2006,
Phillips et al. 2008]. The processes responsible for this enrichment remain a topic of
debate. Some believe that small fluctuations in ice and dust deposition over time are
enough to result in the observed reflectors [Phillips et al. 2008, Putzig et al. 2009], while
others believe that reflectors are caused by thin layers of nearly pure dust left behind as
ice sublimates, known as lag deposits [Levrard et al. 2007]. This disagreement has led to
competing theories for how radar reflectors are tied to global climate change on Mars
[Laskar et al. 2002, Levrard et al. 2007, Putzig et al. 2009, Hvidberg et al. 2012].

In this dissertation, I attempt to resolve many of the ambiguities presented by
radar and outcrop stratigraphy and show that together they can be used to constrain how
the ice and dust cycles of Mars have changed over geologic time. In the first chapter, I
use a combination of radar reflectivity measurements and modeling to show that
previously identified layers known as marker beds could produce reflectors similar to
those observed by SHARAD. I also show that previous work has likely underestimated
the amount of dust present in these layers, and that there is considerable variability both
between and within individual reflectors, implying that local processes are more
important than previously thought.

In the second chapter, I show that SHARAD data can be used to infer the
composition of individual layers in the NPLD through the use of a refined marker bed
model and improved techniques for measuring reflectivity. This is the first time

quantitative constraints have been placed on the composition of individual layers in the
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polar cap. Using this information, I investigate the processes likely responsible for layer
formation. I show that while lag deposits are likely not preserved in the NPLD, the small
fluctuations in deposition rates predicted by previous work do not account for the amount
of dust present in marker beds either. This indicates a significant gap in the scientific
community’s understanding of how the Martian dust and ice cycles change over orbital
time scales.

In the third chapter, I attempt to unify outcrop and radar stratigraphy by making a
direct correlation between specific layers visible in an NPLD outcrop and individual
SHARAD reflectors. Unfortunately, the limited resolution of SHARAD prevents such a
correlation from being achieved, even under ideal conditions. However, I am able to
show that radar reflectors and outcrop layers share a similar vertical spacing and both
undergo a significant transition at the same elevation, supporting previous hypotheses
that the two data sets are responding to the same forcing signal. I also show that if
reflectors are indeed caused by marker beds, variations in their reflectivity may be due to
small changes in layer thickness, rather than composition. This means that individual
SHARAD reflectors could be used to investigate how relative rates of ice and dust
deposition have changed both geographically and in time.

This work represents an important step toward unlocking the potential of the
NPLD as a global climate record. By integrating multiple techniques and data sets I have
shown that local processes are just as important to the formation of the polar cap as larger
global trends, and that it is possible to use orbital radar sounding data to place
quantitative constraints on how the ice and dust cycles of mars have evolved over orbital

time scales.



Chapter 1: New Martian Climate Constraints From Radar Reflectivity Within The

North Polar Layered Deposits!

1. Introduction:

The North Polar Layered Deposits (NPLD) of Mars are a 2-km-thick formation
composed of at least 95% water ice and located in the Planum Boreum region of Mars,
roughly centered on the north pole [Tanaka 2005, Grima et al. 2009]. Despite its
apparently homogeneous composition, extensive horizontal layering is visible throughout
the ice sheet, both in optical images and in orbital radar sounding data. Cameras such as
the High Resolution Imaging Science Experiment (HiRISE) on the Mars Reconnaissance
Orbiter (MRO) show visible layering in cliff faces and other outcrops, with layer
thicknesses varying between tens of centimeters to almost ten meters [e.g. Milkovich and
Head 2005, Herkenhoff et al. 2007, Fishbaugh et al. 2010b], while radargrams from
MROQO’s Shallow Radar (SHARAD) instrument show that the NPLD interior contains
discrete packets of sub-parallel horizontal reflectors separated by radar-dark reflector-free
zones [Phillips et al. 2008].

It has been hypothesized that these layers represent a global climate record of the
late Amazonian period, perhaps extending as far back as five million years [Cutts and
Lewis 1982, Toon et al. 1980, Laskar et al. 2002, Tanaka 2005, Putzig et al. 2009].
Orbital eccentricity and obliquity are the main drivers of insolation variability on Mars

over long time scales and thus most efforts to explain the NPLD’s layering have focused

I The material presented here is a modified version of previously published work: Lalich, D. E., and J. W.
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on these parameters [Laskar et al. 2002, Levrard et al. 2007, Putzig et al. 2009, Hvidberg
et al. 2012]. However, attempts to correlate orbital forcing to layering as defined by
albedo changes, layer morphology, or radar reflectors have resulted in non-unique
solutions [Milkovich and Head 2005, Levrard et al. 2007, Milkovich et al. 2008, Putzig et
al. 2009, Fishbaugh et al. 2010b, Hvidberg et al. 2012]. Neither radar data nor imagery
have proven sufficient to solve this problem individually, but an integration of the two
types and disparate scales could yield important advances. An effort to correlate radar
reflectors to “marker beds,” erosionally resistant layers visible in cliffs and trough walls,
demonstrated that while a direct correlation is challenging, a causal relationship or
genetic link is plausible [Christian et al. 2013].

Without detailed knowledge of the physical properties of the layers responsible
for causing radar reflectors, it is difficult to access the climate information they
potentially record. While previous studies have used reflector geometry and stratigraphy
in attempts to establish a link between radar reflectors and marker beds, the power of
those reflectors has been left largely unexplored. Here, for the first time, we measure and
map the reflectivity of three internal NPLD reflectors. We then compare these measured
reflectivities to a model approximating marker bed reflectivity, in order to test the
hypothesis that SHARAD reflectors are caused by marker beds and to explore how
reflectors might be used as a proxy for layer properties. We also compare our results to a

climate-driven NPLD accumulation model.

2. Data and Methods



2.1 Radar Data and Study Area

All radar data were acquired by MRO’s SHARAD radar sounding instrument.
SHARAD uses an 85 ps chirped signal with a 10 MHz bandwidth centered at 20 MHz
[Seu et al. 2007]. It has a theoretical resolution of 8.4 m in water ice, though in practice
this is closer to 10 m [Seu et al. 2007, Nunes et al. 2011]. It has a cross-track resolution
between 3 — 6 km and an along-track resolution of 0.3 — 1.0 km, achieved using synthetic
aperture processing techniques [Seu et al. 2007]. For this study we used data from a
processor developed at NASA’s Jet Propulsion Laboratory [Putzig et al. 2016]. This
differs from the pulse-compressed SHARAD data available in the Planetary Data System
in along-track aperture and the ionospheric correction applied, but due to the surface
normalization described below, our choice of data processor should not significantly
impact the findings.

For this work we chose the “saddle region” of the NPLD as our study area (Fig.
1.1). This region was chosen for its flat and smooth topography, which greatly reduces
surface clutter, results in easily identifiable subsurface reflectors, and minimizes surface
topographic effects on reflectivity. Three subsurface reflectors were selected based on
their ease of identification across multiple radargrams and were mapped throughout the
region. All three reflectors are located in the topmost radar reflector packet, which is
located within the topmost ~500 m of the deposit [Phillips et al. 2008], reducing the

impact of transmission losses and allowing for future comparison to outcrop data.



Figure 1.1: A) SHARAD radargram FPA_1716901000, showing the full extent of the NPLD. B) Enlarged view of
boxed region from A showing the three reflectors mapped for this study. C) MOLA colorized elevation context map
showing the ground track of the above radargram (black line) and lateral extent of the study area (white box).

2.2 Measuring Reflectivity

To calculate subsurface reflectivity, we used a modified version of the Lauro et al.
[2012] model that normalizes to the surface reflection. A schematic outline of this model
is shown in Figure 1.2. As surface slopes in this area are typically less than one degree,
the model assumes a normal incidence angle for the radar wave. Under this assumption,
the power reflected by the surface and subsurface reflector as measured by SHARAD can

be expressed as follows:

P, = P,,R.X, (1)



Pss = Pin(1 - Rs)stsXsse_4°<d (2)

Where P; and Py are the reflected power at the surface and at a given subsurface
reflector, respectively. Ry and R are the surface and subsurface total power reflectivity,
Pi, is the power incident upon the surface, X, and X are surface and subsurface interface
roughness parameters, o is an attenuation parameter with smaller values corresponding to
less attenuation, and d is the distance traveled by the wave between the surface and
subsurface reflector. When combined and solved for subsurface reflectivity, these

equations take the following form:

. P X, R e* (3)
s Ps Xss (1 - Rs)z

This equation can be simplified assuming approximately equal surface and subsurface
roughness, as well as a low-loss material, which is expected in the NPLD [Grima et al.

2009, Mattei et al. 2014]:

Ry 4)
(1 - Rs)z

_ P
Rss - E
Thus, the total power reflectivity of a given subsurface reflector is expressed in terms of

the power reflected at the surface and subsurface, and the surface reflectivity.
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Figure 1.2: Schematic outlining measured quantities and model inputs. Arrows represent traveling radar waves.

Assuming the topmost layer of the NPLD is nearly pure water ice and the
permittivity of the Martian atmosphere is approximately equal to that of free space, we

can calculate the expected surface reflectivity using the following definition, substituting

€ = 3.15 for the dielectric constant of the surface layer:

%)

R



After inserting this assumed surface reflectivity into equation 4, it is possible to estimate
subsurface reflectivity using only SHARAD measurements of the power reflected from

the surface and subsurface reflector in question.

2.3 Marker Bed Reflectivity Model

The simplest model is to assume that a radar reflection is the result of a single,
discrete interface. However, this is likely not the case in the NPLD. It has been suggested
that SHARAD reflectors may be related to “marker beds” identified in the NPLD
[Christian et al. 2013, Hvidberg et al. 2012]. Marker beds are erosionally resistant layers
distributed at semi-regular intervals throughout the visible NPLD stratigraphy, with
thicknesses ranging from 4-8 m [Malin and Edgett 2001, Fishbaugh et al. 2010a,
Fishbaugh et al. 2010b]. They are likely enriched in dust or other inclusions relative to
their surroundings, making them ideal candidates for the source of radar reflections.
However, since their thicknesses are smaller than SHARAD’s vertical resolution, they
cannot be modeled as simple interfaces. Therefore, we adopt a model used by MacGregor
et al. [2011] for estimating the resulting reflectivity of a layer that is thin relative to a

given radar wavelength (i.e., two closely-spaced interfaces):

2 (6)
R =

To1 t t10712t01 1= T127”1oe_2ik15>
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Here, r and t are the complex Fresnel amplitude reflection coefficients at each interface,
k; is the propagation constant in the intermediate layer, and 6 is the thickness of that
layer. The first subscript of r and t refers to the medium through which the wave is
currently travelling, while the second subscript denotes the medium the wave is travelling
into. While in principal the materials above and below the thin layer do not have to be the
same, here we assume a dust/ice mixture between two layers of pure ice. Because our
model does not account for unfilled pore space, modeled dust contents can be thought of
as lower bounds. Any additional empty pore space would have to be offset by increased
dust content in order to achieve the same reflectivity. Using this model, we can predict
the radar reflectivity of a marker bed, given a specific layer thickness and composition,

1.€. dust content.

3. Results
3.1 Measured Reflectivities

SHARAD reflectivities in our study area, as determined by Equation 4, are shown
in Figure 1.3. Reflectivities are approximately normally distributed between -35 and -3
dB, with the mean reflectivity of each reflector near -18 to -22 dB. This is less than what
one would expect from a thin layer of pure generic basalt dust (¢ = 5.4 — 1 x 107 1)
surrounded by pure ice (¢ = 3.15 — 6.3 x 10™* i), which would result in a reflectivity of
approximately -14.7 dB for a four-meter layer, and only approach observed reflectivities
for a narrow range of layer thicknesses. This indicates that marker beds are likely a

mixture of both ice and dust, rather than the pure dust lag deposits previously
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hypothesized [Toon et al. 1980, Levrard et al. 2007]. One unexpected result is the
variation both within and between discrete reflectors. This raises the possibility that local
climate conditions are dominating the overall signal in some regions and that they vary
over short time and length scales. Local variations are on the order of +/- 15 dB in

magnitude, which is approaching the magnitude of the median reflectivity for each

mapped reflector (between -17.9 dB and -21.7 dB).

2500| Traces: 22,680
Median: -18.2

1800 Traces: 15,725 4500| Traces: 40,672
Median: -21.7 Median: -17.9

0_15_0 Reflectivity (dB) 3.0 0.35_0 Reflectivity (dB) 3.0 0_35_0 Reflectivity (dB) 3.0

Figure 1.3: (A-C) Mapped total power reflectivity for each reflector identified in Figure 1.1. (D-F) Histograms of the
estimated reflectivity for each reflector with the median value and total number of traces mapped.

3.2 Model Comparison
To compare measured reflectivities to the model, we construct a parameter space
of possible reflectivities given known marker bed characteristics. First, using the

Maxwell-Garnett mixing formula [Garnett 1906], we calculate the complex permittivity
12



for an ice and dust mixture containing a range of dust fractions, with pure ice and pure
dust as end members. This range of permittivities is then used to calculate the Fresnel
reflection and transmission coefficients to be inserted into Equation 6 along with a range
of layer thicknesses between 0.0 and 8.0 meters, creating a parameter space containing
the modeled reflectivity for each possible dust percentage-thickness pair. The results of
this model are highly dependent on the complex permittivity assumed for the dust. In
order to account for a range of plausible dust permittivities, we produce separate models
for each of the three dust constituents discussed by Nunes and Phillips [2006], namely € =
54 - 0.0011, ¢ = 8.8 — 0.0171, and € = 15.0 — 1.51 which represent a generic basalt,

shergottite, and altered basalt, respectively.

A) 8 B) 8 -3
3 3 _
g ) 2
c c >

L o
= = g
g g S
© ) e
— -
0 0 -35

Q) D)

8 8000 Total Traces: 78962
£ Median:-18.7 dB
-~ )

g )

g z %

3 3 8
£ §
o (]
7 &
0 -35 0

o

Dust Content (%) 100 -35 Reflectivity (dB) -3

Figure 1.4: (A-C) Modeled reflectivities as a function of layer thickness and dust content for each of the three dust
constituents discussed in Nunes and Phillips [2006]. Solid black lines are contours of the median measured reflectivity
for all three reflectors combined. Dashed lines are contours of the 25" and 75" percentile values for the total
distribution of measured reflectivities, shown as a histogram in D.
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As seen in Figure 1.4, the marker bed model is able to accurately reproduce
observed SHARAD reflectivities over a wide range of dust permittivities, layer
thicknesses, and compositions. This agreement supports the hypothesis that these

relatively thin layers are the source of radar reflections within the NPLD.

4. Discussion
4.1 Reflectors as a Thickness Proxy

This preliminary analysis has great potential when combined with other
constraints. As previously mentioned, efforts have been made to correlate SHARAD
reflectors with specific marker beds [Christian et al. 2013]. A unique correlation might
result in constraints on layer thickness or dust content, reducing the model shown here to
one dimension and allowing the use of SHARAD reflectivity as a proxy for the remaining

unknown variable. We tested this with two scenarios.

Figure 1.5: (A) Map of modeled dust fraction for reflector C assuming constant thickness of 4.0 m and g,,, = 8.8-
0.017i. (B) Map of modeled layer thickness assuming constant dust fraction of 50% and ¢, = 8.8-0.017i. (C) Map of

14



reflector C depth, assuming a bulk dielectric constant of pure ice for the entire NPLD. Black boxes emphasize
correlated areas.

The maps in Figure 1.5A and 1.5B show how either dust content or layer
thickness must vary to match reflectivity with the other held constant. The model is far
more responsive to changes in layer thickness, requiring just a factor of ~1.5 in thickness
change to match observations while a factor of ~4 change in dust content is required if
layer thickness is held constant. While only one example is shown in Figures 1.5a and b,
other layer thickness/dust fraction values require similar ranges of variation to explain
observed reflectivities. Scenarios where dust content is below 10% were not considered,
as such scenarios cannot reproduce observed reflectivities. This suggests that while
reflectors are caused by the concentration of impurities in marker beds relative to the bulk
NPLD composition, it is changes in marker bed thickness, rather than impurity content,
which are responsible for geographic reflectivity variation.

If these variations are in fact due to differences in layer thickness, then non-
uniform regional ice and dust deposition or ablation is likely the cause. While a single
layer represents a relatively short timescale for accumulation, we can test this for longer
timescales by examining the depth to these reflectors from the surface. As shown in
Figure 1.5B and 1.5C, there is a qualitative correlation between the measured reflectivity
(as represented by layer thickness) and reflector depth from the surface, particularly in
some regions as indicated by boxes in the figures. Similar correlations exist for each
mapped reflector, supporting the hypothesis that changes in reflectivity are due to
variations in layer thickness rather than composition. These correlations are unlikely to

15



be caused by the previously neglected attenuation losses; in two of our three mapped
reflectors deeper regions are brighter than their shallower surroundings.

However, there are some patterns in reflectivity that are not evident in reflector
depth. This suggests that either other processes are involved in determining reflectivity,
or that some regional deposition patterns change on short enough time scales to vary
between layers. Some variation is also likely due to changes in surface reflectivity since
our calculations normalize to the surface return. As explained in section 2.2 we have
assumed a constant surface reflectivity, but Grima et al. [2012] did find variations in
surface reflectivity. Accounting for this would likely “smooth out” some of the observed
reflectivity anomalies, but given the magnitude of variations observed by Grima et al.
[2012] this cannot account for the full range of reflectivity that we observe, nor the
geographic variability

The modeled geographic variation in marker bed thickness shown in Figure 1.5B
falls within the range reported by Becerra et al. [2016], which was obtained through
analysis of marker bed sequences in multiple HiRISE digital elevation models (DEMs).
One limitation of such image-based analysis is that it can only be performed at outcrops,
such as trough walls. After analyzing 16 sites, Becerra et al. [2016] could only
confidently apply their results to the upper 500 m of 7% of the NPLD. SHARAD is not as
limited; reflectors can be accurately traced across the majority of the NPLD. Using DEM
analysis to constrain the model presented here could allow for the complete

reconstruction of the accumulation history of the NPLD.
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4.2 Climate Model Comparison

Recent work by Smith et al. [2016] correlated reflector C to a Mars obliquity shift
that occurred ~400,000 years ago, providing an age constraint. This age constraint allows
us to directly compare our mapped reflectors to a model of NPLD accumulation
[Hvidberg et al. 2012]. This model uses insolation to drive changes in the deposition rates
of ice and dust, estimating the stratigraphy and composition of layers similar to marker
beds. As shown in Figure 1.6, the model-predicted layers strongly resemble the observed
SHARAD reflectors under the assumption that reflector C is approximately 400,000
years old. This suggests that the climate-driven deposition model is approximately
reproducing the formation time of marker beds, and that these marker beds are
responsible for SHARAD reflectors.

However, the accumulation model predicts dust content to be no more than ~5%
for all but a handful of layers. As shown in Figure 1.4, this is not enough dust to cause the
bright SHARAD reflectors observed in the NPLD. At the accumulation model’s peak
dust deposition rate of ~0.02 mm/year, the ice deposition rate would have to drop to
~0.13 mm/year to reach 15% dust, the lowest possible impurity value that still results in
reflectivities near observations. Such a low ice deposition rate is inconsistent with
average deposition rates near ~0.8 mm/y [Smith et al. 2016] and the fact that many of
these layers are predicted to form during periods of peak ice deposition [Hvidberg et al.
2012]. This implies that these lower ice deposition rates are not feasible, and therefore
our inferred dust content values cannot be met without increasing the dust deposition rate

at the NPLD, at least over short timescales.
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Figure 1.6: A) Section of the radargram shown in Figure 1.1b with the mapped reflectors traced and labeled in color.
B) Section of the NPLD deposition model reproduced from Figure 10(D) of Hvidberg et al. [2012] and stretched so that
the surface and ~400 ka layer match the radargram with age constraint from Smith et al. [2016]. Blue layers are formed
during periods of low ice deposition, while grey layers are formed during periods of high dust deposition.

5. Conclusions

Our work can tie measured marker bed thicknesses, radar reflectivities, and
climate models together into a self-consistent picture for the first time. Variations in bed
thickness, dust content, or some combination of the two can explain the observed
geographic variability of reflectivity, although comparisons with reflector depth and
outcrop stratigraphy indicate that layer thickness variation is the most likely cause. This
implies that SHARAD reflectors can be used as a proxy for relative accumulation rates
both spatially and temporally within the NPLD. Additional physical constraints are
required in order to determine this uniquely. Comparison to an NPLD accumulation

model shows that previous attempts to reconstruct the NPLD may be underestimating the
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deposition rate of dust at the NPLD in the past ~400,000 years. In lieu of a positive,
direct correlation of radar reflectors with visible outcrops that might provide a constraint
on layer thicknesses at a discrete point, a future radar sounder with ~10x higher vertical
resolution would be required to discriminate between the different possibilities in our

model.
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Chapter 2: Icy Dust or Dusty Ice? Using Radar Reflectivity as a Proxy for the Dust

Content of Individual Layers in the Martian North Polar Layered Deposits

1. Introduction

The North Polar Layered Deposits (NPLD) of Mars represent one of the largest
reservoirs of water ice on the planet, covering a quasi-circular region 1000 km in
diameter and ranging in thickness between 1.5 and 2.0 km [7anaka 2005]. Thousands of
sub-parallel layers are visible in both optical imagery, giving the formation its name, and
radar sounding data reveals dozens of reflectors with similar geometry [Christian et al.
2013]. Analogous to layering in polar ice on Earth, the NPLD are thought to record
information on Mars’ climate [e.g. Toon et al. 1980, Cutts and Lewis 1982, Laskar et al.
2002]. The NPLD is thought to be roughly four million years old [Levrard et al. 2007,
Greve et al. 2010], yet evidence suggests the uppermost surface is extremely young and
possibly in net positive accumulation in the present day [Herkenhoff and Plaut 2002,
Tanaka 2005, Brown et al. 2015, Landis et al. 2016]. Because NPLD accumulation is
affected by climate, the polar cap may record valuable information about how the
Martian climate has evolved in the recent past. However, efforts to link layering or
reflector properties to climate processes have produced mixed results. Stratigraphic
sections visible in outcrops have been shown to contain cyclic bedding features
[Milkovich and Head 2005, Milkovich et al. 2008, Perron and Huybers 2009, Hvidberg et
al. 2012, Becerra et al. 2017], but the period and scale of these features is non-uniform

across the cap and connecting them to climate conditions remains a challenge [Hvidberg

20



et al. 2012, Becerra et al. 2016]. Some success has also been found in correlating Mars’
modeled orbital dynamics [Laskar et al. 2002, Levrard et al. 2007] to large packets of
radar reflectors [Phillips et al. 2008, Putzig et al. 2009, Hvidberg et al. 2012] and an
unconformity in the upper section of the NPLD [Smith et al. 2016]. However, these
correlations are often inconsistent, and are too broad to enable the use of radar reflectors
as a detailed climate record. Recent work has suggested that these radar reflectors may
share a genetic link with the outcrop stratigraphy, and indeed some research has pointed
to specific layers known as “marker beds” as a plausible source for radar reflectors
[Christian et al. 2013, Lalich and Holt 2016].

In an effort to fill these knowledge gaps and clarify the relationship between
NPLD layering and the Martian climate, we have constructed radar reflectivity profiles of
sites across the NPLD. Combining these measured reflectivities with a thin layer
reflection model based on the one presented in Lalich and Holt [2016] allows us to infer
the relative dust content of individual layers. This observed dust content is then compared
to the concentration predicted by a previously published model of NPLD accumulation,
which used Mars’ orbital parameters to predict how the deposition rates of ice and dust

varied in the relatively recent past at the planet’s north pole [Hvidberg et al. 2012].

2. Background
2.1 Outcrop Stratigraphy
Malin and Edgett [2001] were the first to define the original “marker bed,” and

identify it in multiple images across different outcrops. Soon after, others were able to
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more definitively correlate sequences containing this original marker bed and others like
it throughout the NPLD [Fishbaugh and Hvidberg 2006, Fishbaugh et al. 2010b, Becerra
et al. 2016]. Laskar et al. [2002] and Milkovich and Head [2005] found that these
sequences contained a periodic signal, with a peak spectral wavelength of ~20-30 m. This
periodic behavior was interpreted as the result of differences in ice and dust accumulation
at the north pole due to Mars’ insolation cycle. Perron and Huybers [2009] failed to
detect this same behavior at a statistically significant level, but were able to identify a
signal at ~1.6 m spatial wavelength.

Later work showed that albedo profiles are prone to obfuscation by surface
processes or imaging conditions [Herkenhoff et al. 2007, Fishbaugh et al. 2010a].
Instead, high-resolution topography was suggested as a supplemental means of dividing
layers based on intrinsic physical properties [Fishbaugh et al. 2010a). Becerra et al.
[2016] showed that sequences of ablation-resistant layers identified using high-resolution
digital terrain models (DTMs) in combination with imagery are indeed more easily
correlated with each other across the NPLD than brightness profiles alone. Further
investigation showed that these sequences might contain dominant periodicities with
similar ratios to those found in the modeled insolation record [Becerra et al. 2017]. This
connection remains tenuous, however, as errors in periodicity measurements are large
and identification of signals is inconsistent from outcrop to outcrop. Furthermore, while
identifying such a connection between visible layering and insolation cycles represents an
important step forward, it is difficult to use these techniques to constrain individual layer

properties.
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Figure 2.1: Portion of HiRISE image ESP_018870_2625 showing a typical layer sequence at a trough wall. The
outcrop slopes to the bottom right of the image.

2.2 Radar Stratigraphy

In addition to the work done with outcrop stratigraphy, many have attempted to
tie radar reflectors visible in data collected by the Shallow Radar (SHARAD) orbital
radar sounder to the Martian paleoclimate. In general, radar reflections are caused by
abrupt changes in subsurface permittivity. These changes typically occur at the
boundaries between layers made up of different materials. In the NPLD, it is believed that

reflections are the result of layers of ice enriched in dust relative to the material around
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them [Nunes and Phillips 2006]. This enrichment is likely the result of some change in
the accumulation rate of dust or ice, reflecting the climatic conditions at the time of
deposition. Several forcing scenarios have been proposed [Philips et al. 2008, Putzig et
al. 2009, Hvidberg et al. 2012], but the exact mechanism remains unclear.

Phillips et al. [2008] identified four discrete packets of reflectors in the NPLD
separated by radar-dark interpacket regions of presumably more pure ice. They
interpreted this large-scale structure as the result of cyclic changes in ice and dust
accumulation due to variations in Mars’ eccentricity and obliquity. Further work by
Putzig et al. [2009] modified this interpretation by correlating reflector packets to low
amplitude variations in the insolation function, rather than obliquity, and presented the
hypothesis that reflector-causing layers are formed by fluctuations in dust content during
periods of relatively constant ice deposition. This interpretation is contradictory toward
previous work by Levrard et al. [2007], which hypothesized the formation of layers
through sublimation lag deposits during periods of high amplitude insolation oscillations.
This ambiguity has yet to be resolved.

More recent work has attempted to establish correlations between imagery-based
outcrop stratigraphy and radar stratigraphy. Christian et al. [2013] applied signal analysis
techniques to radar traces near a trough wall and found that while some peak wavelengths
were shared between the radar data and the nearby stratigraphic profile, many were not.
Still, this suggests some common forcing mechanisms between the two stratigraphies.
Lalich and Holt [2016] compared reflectivities of three mapped SHARAD reflectors to

those predicted by a model approximating marker bed reflection, and while they found
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that the model was capable of accurately reproducing the observations, they were unable
to place tight constraints on layer properties. They also found that radar reflectivity varies
greatly both within and between reflectors. They attributed both forms of variation
primarily to differences in layer thickness, proposing that radar reflectivity could
potentially be used as a proxy for relative deposition rates. Despite these advances, the

connection between radar reflectors and marker beds remains somewhat tenuous.
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Figure 2.2: Top) SHARAD radargram 1716901000 crossing the NPLD. Blue box shows the location of expanded
section. Inset is a MOLA colorized elevation map of the NPLD containing the radargram ground track. Bottom)
Enlarged portion of the full radargram showing the top reflector packet in detail. The reflector traced in blue is the cap-
wide reflector discussed in the text.
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2.3 Layer Formation Processes and Climate Modeling

In general, the composition of NPLD layers is determined by changes in the
relative rates of dust and ice accumulation. As previously discussed, two processes have
been proposed that could potentially form layers with high enough dielectric contrasts to
cause radar reflections [Lalich and Holt 2016]. The first process involves the
accumulation and subsequent sublimation of ice from a dusty ice layer. Any dust
impurities present in the layer will be left behind when the ice sublimates, forming a
more pure dust layer on the surface, with relatively low interstitial ice content. Once
enough dust builds up on the surface, it acts as an insulator, preserving the ice underneath
[Toon et al. 1980, Levrard et al. 2007]. Exactly how much dust is required to create such
a deposit is a matter of debate, but estimates place the layer thickness necessary to fully
insulate the underlying ice between a few millimeters and roughly one meter [Hofstadter
and Murray 1990, Skorov et al. 2001]. The second suggested process for creating polar
layers involves smaller fluctuations in the relative deposition rates of ice and dust. Rather
than forming during periods of ice removal, in this scenario reflector-causing layers are
constructional features, formed when climate conditions facilitate significant deviation in
average deposition rates [Cutts and Lewis 1982, Laskar et al. 2002]. These layer
formation processes are not necessarily mutually exclusive, but they are expected to be
active during opposite periods in the planet’s orbital cycle [Hvidberg et al. 2012], and if
both are indeed responsible for reflector-causing NPLD layers then it becomes difficult to

explain the interpacket regions present within the cap.
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Hvidberg et al. [2012] modeled NPLD accumulation using ice and dust deposition
rates forced by the planetary obliquity cycle. Their model allowed for creation of layers
using both processes discussed above. Rather than dividing layers into lag deposits and
constructional layers, they instead observed a dichotomy between layers formed during
periods of high dust deposition, and those formed during periods of low ice deposition, of
which lag deposits are a subset. Broadly speaking, the model predicted these layering
processes to occur 180 degrees out of phase in the obliquity cycle, resulting in an
alternating pattern of “high dust deposition” and “low ice deposition” layers. These two
types of layer-forming mechanisms produced distinct ranges of dust contents. Layers
formed during peak dust deposition periods typically had less than 5% dust content, while
those formed during periods of minimum ice deposition often had dust contents above
5%. These high dust content layers were often found in packets, similar to the
stratigraphic structure seen in radar data. This finding suggested that radar reflectors are
the result of layers formed when ice accumulation is lowest, and in some cases possibly

by lag deposits.

3. Data and Methods
3.1 SHARAD data and study sites

The shallow radar instrument (SHARAD) is an orbital radar sounder on the Mars
Reconnaissance Orbiter. It uses a chirped signal with a bandwidth of 10 MHz at a 20
MHz center frequency transmitted in an 85 us pulse [Seu ef al. 2007]. SHARAD’s

nominal range resolution is 8.4 m in water ice, though in practice this can approach 20 m
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in the NPLD due to non-ideal imaging conditions and interference with nearby reflectors
[Seu et al. 2007, Nunes et al. 2011]. Cross-track resolution is between 3-6 km, while an
along-track resolution of 0.3-1 km is achieved using synthetic aperture processing [Seu et
al. 2007].

In order to select sites for the extraction of radar profiles, a previously mapped
cap-wide radar reflector associated with a proposed climatic change [Smith et al. 2016]
was used as context (Figs. 1 and 3). Ten sites with widely varying local reflectivities
were chosen to expand upon a previous study that showed regional horizontal variability
of SHARAD data [Lalich and Holt 2016]. Many of the new sites were chosen in regions
of the NPLD that are difficult to link directly to the other sites using traditional means,
due to the disconnection of layering across troughs. Methods to connect these
discontinuous sections are described in Smith and Holt [2015]. The three remaining sites
were chosen in the “saddle region” of the NPLD, similar to our previous study [Lalich
and Holt 2016], which connects the main lobe of the polar cap to the Gemina Lingula
formation. These three sites are linked via continuous subsurface reflectors, confirming
that any profiles extracted from these sites will sample the same subsurface layer

sequence. All sites were also chosen with a preference for dense radar coverage.
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Figure 2.3: Map of the cap-wide reflector used as context for this study. White dots denote sites for which radar
profiles were created. Color corresponds to reflectivity measured using the technique described in sections 3.2.

3.2 Measuring Radar Reflectivity
In order to facilitate comparisons of radar reflectivity with modeled paleoclimate
conditions, profiles of radar reflection power vs. depth were constructed at each study

site. All radar traces within one Fresnel zone (3 km) of a central latitude and longitude
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were selected and averaged together to form a representative radar profile. Before
averaging, traces at each site were shifted to align their first returns, and thus reduce any
depth differences introduced by local surface slopes or relative shifts due to varying
ionospheric delays. The number of traces selected at each site varied between 16 and 107,
with sites closer to the pole generally including a larger number of traces due to more
dense radar coverage.

Once profiles were constructed, reflectors within 500 m of the surface (assuming
a dielectric constant equivalent to water ice [ Grima et al. 2009]) were automatically
chosen by selecting every point in the reflection power vs. depth record that corresponded
to a local maximum. This depth limit was chosen to constrain our analysis to the first
reflector packet, enabling direct comparisons to previously mapped outcrop stratigraphy
and limiting the effect of propagation losses. Depth values were calculated from the radar
time delay assuming a wave velocity below the surface consistent with propagation in
pure ice (¢ = 3.15). In order to avoid erroneously identifying peaks in the background
noise as reflectors, only maxima with reflection powers above -35 dB were considered.
This lower bound ensures that no background noise is mistakenly included in reflectivity
estimates, but also introduces the possibility that some low-power reflectors were
overlooked, given that it is slightly higher than SHARAD’s nominal noise floor of -40
dB. Such dim reflectors are likely rare within the first 500 m of the SHARAD record,
given the low-loss nature of the NPLD [Grima et al. 2009] and the range of reflector

powers previously observed [Lalich and Holt 2016].

30



500 " i i i k i
-40 -30 -20 -40 -30 -20 -40 -30 -20 -40 -30 -20 -40 -30 -20

40 -30 20 40 -30 -20 40 -30 -20 -40 -30 -20 -40 -30 -20
dB dB dB dB dB

Figure 2.4: Average reflection power profiles extracted at each site. Red dots correspond to local maxima selected as
reflectors. Dotted lines mark the cap-wide reflector discussed in the text and shown in Figure 3.

These subsurface reflector powers are then used to calculate the total power
reflectivity for each subsurface interface. This was done using a method based on that of

Lalich and Holt [2016] for the upper reflector packet, which was itself adapted from
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Lauro et al. [2012]. In this approach, subsurface reflectivity (Rss) is expressed as a
function of observed reflection power at the surface and subsurface (Respectively, Psand
P), the surface reflectivity (Rs), and an estimate of power lost due to propagation in the
medium. Our approach differs from that of previous work in two significant ways. First,
instead of using a constant value for Ry derived from the assumed composition of the
surface layer, we use observationally determined values from Grima et al. [2012],
selecting the reflectivity value from the location closest to each individual radar profile.
This allows us to further reduce the influence of non-uniform surface properties on the
calculation of subsurface reflectivity. The second significant change is the adoption of an
observationally based NPLD loss tangent of tand = 0.0026 [Grima et al. 2009] in order to
express transmission losses, rather than using a theoretical value [Lauro et al. 2012] or
simply assuming negligible losses [Lalich and Holt 2016]. Given the low value of the
loss tangent, we adopt the approximation tand = §. These alterations result in the
following expression to determine subsurface reflectivity:

R _ ﬁRsezﬂcz
5§ Py (1-R¢)?

(1)

Where k is the wavenumber and z is the depth below the surface. Reflectivity estimates

were made for every identified reflector.
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Figure 2.5: Schematic showing the various measured and modeled parameters discussed in section 3.

3.2 Modeling Marker Bed Reflectivity and Estimating Dust Content

Marker beds are typically thinner than SHARAD’s range resolution, meaning
they cannot be modeled as a simple interface. Instead, we apply the technique developed
by MacGregor et al. [2011] to model the effective reflectivity of two interfaces that are
closely spaced relative to radar wavelengths, i.e. a thin layer. This model was previously
used to simulate marker bed reflectivity by Lalich and Holt [2016], and can be expressed

as follows:

2
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(2)

Where reflectivity (R) is expressed in terms of the Fresnel reflection and

transmission coefficients at each interface (rxx and txx where the first subscript is the layer
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through which the wave is propagating and the second is the layer it is incident upon), the
complex propagation constant in the thin layer (y), and the thickness of that layer (A). In
order to calculate the Fresnel reflection and transmission coefficients, we first assume the
thin layer is composed of a dust and ice mixture and is bounded above and below by pure
water ice. Then, we calculate a range of permittivities for this mixture using the Maxwell-
Garnett mixing formula [ Garnett 1906], with pure ice and pure dust as end members.
This necessitates selecting a permittivity value for the dust inclusions. Nunes and Phillips
[2006] proposed three potential values for Martian dust permittivity. We selected the
intermediate value (¢ = 8.8 — 0.0171) for this work, which is the value corresponding to a
shergottite. Using this range of mixture permittivities, we are able to calculate the
reflection and transmission coefficients necessary for the model input for each dust
content value. In order to construct the full parameter space of possible marker bed
configurations, we consider a range of thicknesses between one and ten meters. We then
use equation 2 to calculate the reflectivity for each dust content-thickness pair.

In contrast to Lalich and Holt [2016], who limited the model to SHARAD’s
center frequency, here we include the full bandwidth of the transmitted chirp signal. By
repeating the procedure outlined above for every frequency sampled by the SHARAD
chirp, we can build a three dimensional parameter space of reflectivity as a function of
dust content, layer thickness, and frequency. As SHARAD is limited to a finite
bandwidth, the Fourier transform of the transmitted chirp can be interpreted as an energy
density function, describing how much power is transmitted at each frequency. While the

spectral properties of the transmitted signal are weakly dependent on the temperature of
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the radar transmitter and receiver, differences are minor and do not affect the overall
shape of the energy distribution. For this study, we use the SHARAD reference chirp
corresponding to transmitter and receiver temperatures of 0° C, obtained from NASA’s
Planetary Data System.

Multiplying our parameter space across the frequency axis by this density
function and then integrating over all frequencies allows us to express the total
reflectivity as observed by SHARAD as a function of only dust content and layer

thickness, while accounting for the non-uniform distribution of energy across the
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Figure 2.6: Modeled marker bed reflectivity for bed thicknesses between 1-10m and fractional dust contents between
1-100%.
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This new model differs significantly from those shown by Lalich and Holt [2016]
and allows for more direct comparisons with radar observations. Notably, contours of
constant reflectivity are limited to narrow ranges of dust content, even as the layer
thickness varies by an order of magnitude. This means that by measuring SHARAD
reflectivity as outlined above it is possible to place constraints on the fractional dust
content of individual layers. For every layer thickness value, we record the dust content
needed for the modeled reflectivity to match a given observed reflectivity. Assuming all
modeled layer thicknesses are equally probable, this allows us to construct a distribution
of possible dust content values for each analyzed reflector. An example of this procedure

is shown in Figure 7.
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Figure 2.7: Outline of process for estimating dust content. a) Reflection power vs. depth for site B. Black box shows
which reflector is used for b) and c). Annotations show values for this reflector’s measured reflection power (Pss) and
reflectivity (Rss). b) The model described in section 3.2, with a contour of constant reflectivity at the value shown in a),
or -16.47 dB. ¢) The distribution of all dust content values for the contour shown in b), along with the median and
standard deviation. Note the long tail caused by layer thicknesses between ~2 and 4 m.

4. Results and Discussion
4.1 Reflectivity as a Dust Proxy

When the above procedure is applied to the study sites discussed in section 3.1 we
retrieve a wide range of possible dust contents. The inferred dust content for each
reflector at all five sites can be found in the supplementary material. There were between

13 and 19 reflectors identified at each site within the top 500 m of the NPLD. Plots of the
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median inferred dust content for each reflector at each site as a function of depth are
shown in Figure 8. Histograms of these data are shown in Figure 9. These results show
that reflectors can vary between ~10% — 60% dust within a single site, implying drastic
differences in climate conditions through time, even during periods that result in similar

types of stratigraphic layers.
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Figure 2.8: Profiles of median fractional dust content vs. depth for each analyzed profile. Vertical error bars are +/-
4.5, in accordance with SHARAD s theoretical resolution in water ice. Horizontal error bars are the standard deviation
of the dust distribution for each reflector. Dotted lines mark the cap-wide reflector discussed in the text and shown in

Figure 2.3.

While we have been able to constrain the dust content of individual reflectors to a

relatively narrow range, there is still noticeable uncertainty in this estimation due to the

ambiguity in layer thickness. As shown in Figure 6, there is an excursion in modeled
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reflectivity toward high dust content values for layer thicknesses between roughly two
and four meters. This excursion results in a long tail in each reflector’s dust distribution.
This leads to an alternate interpretation of reflectivity differences between reflectors.
Instead of these reflectivity differences being the result of large changes in dust content,
they could instead be smaller fluctuations in layer thickness. This hypothesis was
examined in more detail by Lalich and Holt [2016]. They concluded that there was
superficial correlation between regional radar reflectivity and reflector depth, implying
that areas with higher or lower average accumulation rates contained consistently thicker
or thinner marker beds, respectively, and this was manifesting in the radar record as
variable subsurface reflectivity. However, their work used simplified methods described
earlier. Using the full bandwidth model outlined in this work, we see that each layer
would have to have a thickness near ~2 or 4 m, where reflectivity is most sensitive to the
separation of the layer interfaces, in order for layer thickness variation to explain the
differences in reflectivity. Becerra et al. [2016] also searched for trends in marker bed
thickness with average deposition rates, and found no statistically significant relationship.
In addition, multiple studies have identified marker beds with thicknesses well in excess
of ~4 m [e.g. Fishbaugh et al. 2010b, Becerra et al. 2016], meaning that according to our
model small variations in their layer thickness would not produce notable changes in
reflectivity. Therefore, we favor the hypothesis that the primary cause of reflectivity

variation is in fact differences in dust content and not layer thickness.

4.2 Site Variability
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As previously noted [Seu et al. 2007, Phillips et al. 2008, Lalich and Holt 2016]
there is significant variability in SHARAD reflectivity both geographically and with
depth. The mean dust fraction of all reflectors in a given vertical profile shows no
correlation with the dust content of the single cap-wide reflector at each site (Table 1).
This implies that the processes responsible for the variable composition of this single
reflector have likely evolved over the lifetime of the top reflector packet, altering the
geographic distribution of ice and dust deposition. This finding indicates that shorter
timescale climate events may play just as important a role as orbital cycles determining
the composition of NPLD layers.

Mean dust contents between each site vary from 17% to 36%, or slightly over a
factor of two. Larger variations can be seen within each site as well. These large
variations show the importance of constraining small-scale regional differences in ice and
dust deposition in future work, and suggests the use of caution when inferring global

climate information from NPLD stratigraphy at a single location.

Site A B C D E

Cap-wide
Reflector
Dust
Content

30% 40% 20% 16% 35%

Mean Dust 17% 36% 28% 27% 28%
Content

Site F G H | J

Cap-wide
Reflector
Dust
Content

21% 18% 17% 17% 34%

Mean Dust 17% 17% 19% 23% 27%
Content

Table 2.1: Comparison of mean dust content and cap-wide reflector dust content at each study site.
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While it is hard to directly compare reflectors without explicitly connecting them
through subsurface mapping, trends in dust content with depth do not tend to match from
site to site. For example, while sites B, C, and D contain a prominent dusty layer around
300 m depth, the nearby sites E and A do not share this feature. As each profile samples
only a small geographic area of the NPLD, this could potentially be the result of smaller
scale variations within the larger regional trend. These findings indicate that in order to
use SHARAD stratigraphy as a global climate record, one must first carefully consider
the local deposition conditions, and how those conditions may have changed through

time.
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Figure 2.9: Histograms of dust content for each reflector at each study site. Bin sizes are 2%.

It is also notable that the number of reflectors identified at each site is not
consistent. Given that the cap-wide reflector discussed here represents an erosional
surface [Smith et al. 2016], it is likely that some reflectors at each site are not laterally

continuous across the entire cap, and thus do not appear in the record sampled by each
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profile. Reflectors could also be interfering with each other or be too closely spaced,
causing some to go unresolved. This hypothesis is supported by the fact that the profiles
with the most reflectors are at sites where the top layer packet is the thickest. This implies
that deposition rates were generally higher in these areas during packet accumulation,
which could cause reflector-forming layers to be spaced further apart. This extra spacing
between layers would make any reflectors they might cause more easily resolvable.
Separation distances between reflectors at each site are on the order of ~22-27 m, which
is near the estimated reflector separation resolution of 20 m for SHARAD [Nunes and
Phillips 2006]. This implies that some reflector-forming layers are simply not resolved at
each site, as their separation distance falls below this limit. This finding suggests that
future work aiming to use radar stratigraphy as a climate record should be conducted
where the cap is thickest, in order to ensure that the stratigraphic record is as complete as

possible.

4.3 Layer Formation Processes and Climate Model Comparisons

As discussed in section 2.3, previous work has suggested that reflector-causing layers are
formed through two main processes, both of which are primarily controlled by the
planet’s orbital parameters: the concentration of dust through ice sublimation [7oon et al.
1980, Levrard et al. 2007], or the non-uniform variation of ice and dust deposition with
time [e.g. Cutts and Lewis 1982, Phillips et al. 2008, Putzig et al. 2009, Hvidberg et al.
2012]. These two processes should result in distinct populations of layers. Lag deposits

should consist almost entirely of dust and either empty or ice-filled pore space, while
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constructional layers should have much lower fractional dust contents, between 3-10%
according to a recent model of obliquity-driven polar ice and dust deposition [Hvidberg
et al. 2012]. However, our dust content estimates do not recreate this bimodal behavior.
The full distribution of dust content for analyzed layers is shown in Figure 10. We find
only two reflectors for which dust content is less than 10% and only four of the 156
analyzed reflectors have a dust content over 50%. This result does not match either of the

proposed layer formation processes.
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Figure 2.10: Histogram of all estimated dust fractions across all sites. Bin size is 2%.
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It is possible that reflectors caused by bright, high dust content layers are masking
any reflectors caused by dimmer, low dust content layers that might otherwise be present
in the radar record. Bright reflectors are identified at a spacing close to SHARAD’s
resolution in the upper reflector packet. Any layers with a fractional dust content below
10% that might be between these high dust content layers simply would not be resolved
by SHARAD. Even if these low dust content layers exist in the interpacket regions, they
may not cause strong enough reflections to be visible above SHARAD’s noise
background. According to our marker bed reflectivity model, a six-meter thick layer with
5% fractional dust content would have a reflectivity of -34.68 dB. At 400 m below the
surface, this would correspond to a reflection power of -46.73 dB, far below SHARAD’s
nominal noise floor of -40 dB. This is consistent with the accumulation model of
Hvidberg et al. [2012], where low dust content marker beds are predicted throughout the
record, and the packet structure that defines SHARAD stratigraphy is interpreted as the
result of layers formed during periods of abnormally low ice deposition or possibly even
ablation, such as lag deposits. These low ice deposition layers would only form during
periods of maximum obliquity, confining them to specific times in the stratigraphic
record, similar to the observed reflector packets.

Explaining the absence of lag deposits in our analyzed reflectors is more difficult.
As noted above, only four of 156 analyzed reflectors resulted in estimated dust contents
above 50%. The mean dust content for all analyzed reflectors was 23.9% with a standard

deviation of 10.8%, far below what one might expect for a dust lag. One possible
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explanation is that these high-dust layers are not related to lag deposits, and any potential
dust lags are simply blown away by surface winds before they have the chance to
accumulate or are otherwise not preserved.

However, this would require some other mechanism for creating layers with high
fractional dust contents. Hvidberg et al. [2012] modeled both dust and ice deposition as
anti-correlated with obliquity, i.e. higher obliquity resulted in lower deposition rates, and
vice-versa. This created two alternating types of model layers 180 degrees out of phase in
the obliquity cycle: those formed during periods of maximum dust deposition, and those
formed during periods of minimum ice deposition. However, polar dust deposition rates
may not be so simply correlated with obliquity. For example, Newman et al. [2005]
modeled the dust cycle of Mars under different orbital conditions and found that dust
deposition rates increase as obliquity moves further away from 25 degrees, whether that
departure is toward higher or lower obliquities. This means dust deposition rates would
effectively go through two full cycles of maximum and minimum deposition for each
obliquity cycle. Most importantly, this means dust deposition rates would actually be
approaching their maximum at the same time the modeled ice deposition rates of
Hvidberg et al. [2012] are approaching their minimum. Their model placed minimum ice
deposition rates on the order of ~0.1 mm/yr and maximum dust deposition rates near
~0.02 mm/yr, which when combined would result in a fractional dust content of ~20%,
similar to the values estimated here. In order to determine if this co-varying behavior of

ice and dust deposition is a plausible mechanism for creating reflector-causing layers, a
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better understanding of how the global dust cycle changes over geologic time is
necessary.

Another possible explanation for the absence of lag deposits is that any dust lags
present on the surface of the cap are somehow mixed with the ice underneath them by
winds or other processes before being cemented by further ice deposition. This could
include ice diffusing through the lag deposits and filling the pore space. This type of
mixing could potentially result in previously nearly pure dust layers being transformed

into predominantly water ice layers with higher than average dust contents.

S. Conclusion

We have presented a method for using SHARAD reflection power as a proxy for
dust content in the NPLD. By measuring the reflectivity of an individual reflector and
comparing it to a model approximating marker bet reflectivity, the range of possible dust
contents for the reflector-causing layer can be constrained to a narrow distribution. The
impact of layer thickness variation should not be entirely discounted, but evidence
suggests dust content is the primary driver of reflector variability.

The mean reflectivity at each of our study sites does not correlate with the local
reflectivity of a single cap-wide reflector, indicating changes in the geographic
distribution of ice and dust deposition over time. In addition, the number of reflectors
identified at each site is not consistent. This is likely a result of well-known erosional
unconformities that removed layers, as well as lower average accumulation rates at some

sites causing layers to be spaced closer together, thus making them difficult for SHARAD
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to resolve. These two observations indicate that regional processes play a large role in
determining layer properties, and must be carefully accounted for if the NPLD is to be
used as a global climate record from orbital-based observations.

Estimates of fractional dust content do not display the expected bimodal
distribution described in the literature. Instead, it is possible that low dust content layers
that might otherwise cause reflections in the upper reflector packet are simply drowned
out by much brighter high-dust reflectors, and while they might be present in the
interpacket regions of the NPLD, any reflections they cause are likely too dim for
SHARAD to detect at the chosen sites. The presence of dust lag deposits can not be
confirmed from our calculations, possibly due to mixing with the surrounding ice prior to
cementation or to surface conditions preventing the preservation of such layers. We show
that the high dust contents estimated here could instead be explained by altering a
previously published NPLD accumulation model, though further work is necessary to

confirm this hypothesis.
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Chapter 3: Connecting Visible and Radar Stratigraphy in the Martian North Polar

Layered Deposits

1. Introduction

The North Polar Layered Deposits (NPLD) of Mars are a quasi-circular formation
1000 km across and between 1.5 and 2 km thick consisting of many sub-parallel layers of
water ice and dust that began accumulating approximately 4 million years ago [ Tanaka
2005, Levrard et al. 2007, Greve et al. 2010]. This layering is thought to be the result of
fluctuations in dust content with depth, possibly as a result of orbital forcing [e.g. Toon et
al. 1980, Cutts and Lewis 1982, Laskar et al. 2002, Levrard et al. 2007]. Layers are
visible at multiple scales in both outcrop imagery and orbital radar sounding data.
However, efforts to correlate patterns in either optical stratigraphy or radar stratigraphy to
climate conditions have produced mixed results [e.g. Milkovich and Head 2005,
Milkovich et al. 2008, Perron and Huybers 2009, Putzig et al. 2009, Hvidberg et al.

2012, Becerra et al. 2017].
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Figure 3.1: Left: MOLA hillshade context map. The dotted line is the approximate ground track for the radargram
shown in Figure 3. The black box outlines the area shown on the right. Right: Expanded section of the MOLA
hillshade map. Dotted line is the same ground track as on the left. The black box shows the approximate footprint of the
outcrop image in Figure 2.

Studies of outcrop imagery have been able to link specific layers and sets of
layers across the polar cap using morphology, albedo profiles, or high-resolution
topography [e.g. Malin and Edgett 2001, Fishbaugh and Hvidberg 2006, Milkovich et al.
2008, Becerra et al. 2016]. However, tying these stratigraphic profiles to orbital forcing
signals remains a challenge. Previous work identified dominant spatial wavelengths on
the order of ~20 — 30 m [Milkovich and Head 2005, Milkovich et al. 2008]. However,
further investigation revealed that this pattern may not be statistically significant, and
instead identified a dominant signal at ~1.6 m spatial wavelength, the source of which
remains unclear [Perron and Huybers 2009]. Other work has suggested that
accumulation rates vary considerably across the NPLD, which may make it difficult to
identify similar patterns at separate sites [e.g. Fishbaugh and Hvidberg 2006, Becerra et

al. 2016, Smith et al. 2016, Lalich and Holt 2016, Lalich et al. in prep]. To circumvent
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this issue, recent work has compared a characteristic ratio of periodicities that is present
in multiple outcrops to a similar ratio in the insolation record [Becerra et al. 2017]. This

connection remains somewhat tenuous, however, as the identification of this ratio was

inconsistent from outcrop to outcrop.

Figure 3.2: Left: HiRISE image ESP_018910_2625 of the trough outcrop used in this study. Red box is the location of
the enlarged image on the right. The trough slopes downward the bottom right of the image. Right: close-up view of
outcrop showing multiple types of layers.

Studies focusing on radar stratigraphy have produced similarly mixed results.
Using the Shallow Radar (SHARAD) on the Mars Reconnaissance Orbiter, scientists
have identified dozens of sub-parallel reflectors within the NPLD [Phillips et al. 2008].
Unlike outcrop imagery, these radar reflectors can be continuously mapped throughout
the subsurface, eliminating some of the ambiguity that comes from investigating small-

scale sites such as trough walls or other outcrops. These reflectors are organized
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stratigraphically into four “packets” separated by distinct reflection-free “inter-packet”
regions [Phillips et al. 2008]. Similar to finer-scale outcrop layering, these reflector
packets have been correlated to broad changes in the planet’s orbital parameters [Phillips
et al. 2008, Putzig et al. 2009, Hvidberg et al. 2012].

However, these correlations are inconclusive, and are difficult to verify without
more detailed knowledge of the layers responsible for causing reflectors. Generally
speaking, radar reflections are caused by abrupt changes in the electrical permittivity of
the subsurface material. Such transitions are commonly found at the interface between
two geologic layers of different compositions. In the NPLD, layers of ice with
abnormally high dust content are thought to be the primary cause of radar reflections
[Nunes and Phillips 2006, Phillips et al. 2008]. Unfortunately, SHARAD’s range
resolution (~8.4 m in water ice) is an order of magnitude lower than the available
imagery resolution (0.25 — 1.3 m/pixel) [Seu et al. 2007, McEwan et al. 2007], and layers
are visible at scales at least as fine as this higher resolution [Herkenhoff et al. 2007]. This
makes it difficult to identify which layers cause radar reflectors and what their physical

characteristics might be.
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Figure 3.3: SHARAD radargram 1716901000 crossing the entire NPLD. The blue arrow points to the analyzed
outcrop.

Some research has attempted to connect optical stratigraphy to radar stratigraphy
in an effort to resolve the ambiguities in each dataset. These efforts have focused
primarily on the so-called marker beds, which are defined by their relatively strong
resistance to ablation compared to surrounding layers [Malin and Edgett 2001, Fishbaugh
and Hvidberg 2006, Fighbaugh et al. 2010a, Christian et al. 2013]. This resistance
implies that these layers are compositionally different from surrounding layers, making
them good candidates for the source of radar reflections. Marker beds can be easily
identified in high-resolution digital elevation models (DEMs) at scarps and trough walls
using protrusion profiles, which are more easily correlated across different outcrops than
imagery [Fishbaugh et al. 2010a, Becerra et al. 2016].

Christian et al. [2013] compared a set of radar observations to a DEM-derived
stratigraphic profile of a nearby outcrop, and while they were unable to directly correlate

specific radar reflections to specific visible layers, they were able to match dominant
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periodicities in the radar stratigraphy to similar cyclic behavior in outcrop stratigraphy,
suggesting that the two share a genetic link. Further work showed that layers
approximating marker beds are capable of producing radar reflections similar to those
observed by SHARAD [Lalich and Holt 2016], and that it may be possible to infer the
dust content of individual layers using radar data [Lalich et al. in prep]. Despite this
circumstantial evidence, no explicit correlation between individual marker beds and radar
reflectors has yet been made. If such a connection could be drawn, it would eliminate
much of the uncertainty involved in using either data set as a climate record. Toward that
end, we present a comparison of SHARAD radargrams to a high-resolution stratigraphic
profile of the upper NPLD, using newly developed radar processing techniques to

provide constraints on the thickness of reflector-causing layers.

2. Data and Methods
2.1 Radar Data

SHARAD is an orbital sounder on the Mars Reconnaissance Orbiter (MRO). It
uses a chirped signal with a bandwidth of 10 MHz at a center frequency of 20 MHz
transmitted over 85 us [Seu et al. 2007]. SHARAD’s nominal range resolution is 8.4 m in
water ice [Seu et al. 2007] though in practice it may not be possible to resolve individual
reflectors that are less than ~20 m apart [ Nunes and Phillips 2006]. Cross-track resolution
is between 3-6 km, while along-track resolution of 0.3-1 km is achieved using synthetic
aperture processing [Seu et al. 2007]. Individual reflectors are traced across multiple

observations using intersecting radargrams to confirm that the same reflector is in fact
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being mapped in each observation. Radargrams are typically recorded and expressed in
terms of time delay on their vertical axis. However, the elevation of specific reflectors
can be obtained by “depth-correcting” the radargram. This process involves converting
the time delay between the surface and subsurface reflections into depth using an
assumed dielectric constant for the subsurface material. Here, we assume a dielectric
constant of 3.15 for the NPLD, consistent with previous estimates [ Grima et al. 2009].
This depth below the surface is then converted to elevation by referencing the surface
reflection to topographic data collected by the Mars Orbiter Laser Altimeter (MOLA).
As part of this study, we use newly developed “split-chirp” data in addition to
normal SHARAD products. Each trace of a SHARAD radargram is retrieved by
convolving the reflected signal with the original transmitted signal in the frequency
domain in a process known as “pulse compression” [Seu et al. 2007]. This process is
usually done using the full 10 MHz bandwidth of the transmitted signal, which is known
as a “chirp.” However, the same technique can be applied using only a portion of the
original bandwidth for the convolution. In addition to the typical full-chirp data, we
analyze radargrams produced using 5 MHz bandwidths from the high (20 — 25 MHz),
low (15 — 20 MHz) and central (17.5 — 22.5 MHz) portions of the full transmitted signal.
As the range resolution of the radar is proportional to its frequency bandwidth [Seu et al.
2007], split-chirp radargrams have half the resolution of their full-chirp counterparts, i.e.
~16.8 m in water ice. By comparing these products we are able to examine how the same
subsurface stratigraphy responds to different frequencies, and we can use that information

to place constraints on the physical properties of subsurface layers.

56



,In-mm v-utnm:.uv i m » t
.In ' o il.
e [tk AP

) '

* W

- T!:::'"m'“‘ L .‘7- . ')
o - ”'J-mm...--m‘l“m il

LML
e ‘l:..;:_“::__‘“l - * s (U

we Tl "'ii‘," W
b
e r i ldh

Figure 3.4: Sample radargrams of SHARAD observation 1716901000 showing the same portion of the top reflector
packet using the full (15-25 MHz), high (20-25 MHz), center (17.5-22.5 MHz), and low (15-20 MHz) bandwidth
portions of the SHARAD chirp. The red arrow indicates the reflector discussed in section 3.3 and marks the
approximate location of the traces used for split-chirp reflectivity analysis.

2.2 Study Site

One factor that has hindered previous attempts to correlate radar reflectors with
visible layers is observation geometry. In previous work, radargrams intersected the
targeted trough wall at an oblique angle. This resulted in the inability to trace reflectors
closer than ~10 km to the outcrop DEM [Christian et al. 2013]. At this distance,
uncertainties in the slope of subsurface reflectors made interpolating their elevations to
the trough wall infeasible. In order to account for this issue we chose a study site at 8§2.4
N, 34.1 E, where SHARAD radargrams intersect the target outcrop at nearly normal

incidence. This location in the saddle region of the NPLD is particularly smooth,
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reducing surface clutter and making subsurface reflectors easier to map continuously.
This site also falls within a region that has been previously studied in detail with
SHARAD [Lalich and Holt 2016, Lalich et al. in prep]. Three radargrams were found to
pass through the DEM at this site with ideal geometry. In addition to the full-chirp
radargrams available on NASA’s Planetary Data System, split-chirp data products were

created for each observation.

2.3 Layer Morphology, Thickness, and Elevation

The stratigraphic profile of this site was compiled using a combination of high-
resolution imagery and a DEM created from stereo images, in a process similar to the
method used by Fishbaugh et al. [2010b]. All images were taken by the High Resolution
Imaging Science Experiment (HiRISE) camera [McEwan et al. 2007], also on MRO.
Layers were categorized according to their thickness, protrusion, and morphology. All
images have a resolution of ~30 cm per pixel, while the DEM has a horizontal resolution
of 1 m per pixel and a vertical resolution of ~30 cm per pixel. After accounting for
potential observer error, the uncertainty for all outcrop layer thickness and elevation
measurements is £ 1.4 m. Please see Fishbaugh et al. [2010b] for further discussion of

this uncertainty.
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Figure 3.5: Left: Map-projected HiRISE image ESP_018910_2625 with intersecting SHARAD ground tracks labeled
by orbit number. Right: Same SHARAD ground tracks intersecting the HiRISE-derived DEM of the trough wall.

2.3 Radar Reflectivity Analysis

Previous studies have shown that the total power reflectivity of an individual
SHARAD reflector can be measured using the ratio of the subsurface reflection power to
the surface reflection power [Lauro et al. 2012, Lalich and Holt 2016, Lalich et al. in
prep]. Using this ratio rather than the raw reflection power allows us to compare the
relative strength of SHARAD reflectors across different radargrams and data products.
Here we adopt the formulation of Lalich et al. [in prep]:

R _ ﬁ RSeZSkZ
5§ Pg (1-Ry)?

(D
Where R and R are the surface and subsurface reflectivity, Psand Py are the
surface and subsurface reflection power, k is the wavenumber, § is the loss tangent, and z

is the reflector depth. Ryand § are both observationally constrained by previous work

[Grima et al. 2009, Grima et al. 2012]. Using this method we can measure not only the
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reflectivity of standard SHARAD reflectors, but reflectors from split-chirp radargrams as

well.

Purelce

Purelce

Figure 3.6: Schematic of various measured and modeled parameters necessary for the described reflectivity analysis.

We then compare these observations to a model of marker bed reflection. Because
marker beds are thin relative to SHARAD’s range resolution, they cannot be modeled as
a single, simple interface. Instead, we use the method of MacGregor et al. [2011] to
model the reflectivity of a thin, dusty layer approximating a marker bed over a wide

range of layer thicknesses and dust contents:
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Here, modeled reflectivity (R) is expressed in terms of the Fresnel reflection and

transmission coefficients at each interface (rxx and txx where the first subscript is the layer

through which the wave is propagating and the second is the layer it is incident upon, and
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layer 1 is the dusty layer), the complex propagation constant in the thin layer (y), and the
thickness of that layer (A). In order to calculate the necessary Fresnel coefficients, we
assume the marker bed layer is surrounded by two layers of pure ice (gjce = 3.15 - 6.3 *
10™), and that the dust permittivity is 8.8 — 0.017i [Nunes and Phillips 2006]. We then
combine this model with the transmitted SHARAD chirp following the method of Lalich
et al. [in prep] in order to produce a model of marker bed reflectivity that accounts for the
full frequency bandwidth of SHARAD. This technique involves modeling reflectivity as
a function of dust content and layer thickness for each discrete frequency sampled by the
transmitted signal, then using the Fourier transform of that signal as an energy density
function in order to weight each frequency’s contribution to the total reflected power. In
addition to the full chirp version of the model, we also produce models of reflectivity as a
function of dust content and layer thickness for the high, low, and center frequency

bandwidths using the same process.

3. Results and Discussion
3.1 Outcrop Stratigraphy

Using a combination of imagery and the high-resolution DEM we are able to
characterize the upper 500 m of the trough wall. The average slope of the trough wall is
4.29 + 4.64 degrees. Four protrusions interpreted as layers are visible in the upper tens of
meters of the DEM, but we are unable to categorize them morphologically as they are
obscured by a surface deposit. These layers are between 1.0 and 4.4 + 1.4 m thick and

have an average spacing of 4.4 m. These layers could potentially cause radar reflections,
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but are spaced too closely together to facilitate tying a specific reflector to a specific
layer. If these layers do cause reflectors, it is likely that multiple reflections interfere with

each other or otherwise overlap, resulting in reflectors that do not necessarily correspond

to single layers but instead to groups of layers.

Figure 3.7: Left: Examples of typical pitted layer (green) and marker bed (blue) morphologies. Right: Transition from
layer sequence characterized by pitted layers and marker beds (top left) to regularly spaced thin layers (bottom right).

The next ~300 meters consist mostly of two types of layers: those matching the
description of the original marker bed, and those with a similar step-like relief but
smoother surface texture punctuated by scattered pits. These pitted layers are clustered

near the top portion of this section, while the more typical marker beds are common near
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the bottom. The average spacing of layers within this section is 17.9 = 9 m, and the
average layer thickness is 3.9 &+ 1.4 m. This spacing is similar to previously reported
values for protruding layers at other NPLD outcrops [Becerra et al. 2016, Fighbaugh et
al. 2010b], consistent with the hypothesis that these layers are laterally continuous over
much of the polar cap [Becerra et al. 2016]. It is unclear whether the pitted layers are
intrinsically different from the marker beds or if their different morphologies are the
result of surface processes, which are known to obfuscate the expression of outcrop
layers [Herkenhoff et al. 2007]. Considering their similar separation distances,
thicknesses, and protrusions, we conclude that pitted layers and marker beds are the result
of similar processes and are likely similar in composition. Most importantly, it is likely
that each set of layers is compositionally distinct from the surrounding ice, the primary

requirement for generating radar reflectors.
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Figure 3.8: Layer elevation plotted over outcrop profile. Purple, green, blue, and orange lines represent unidentified,
pitted, marker bed, and prominent thin layers respectively.

The bottom portion of the outcrop profile consists of multiple sets of thin layers,
which are on the order of ~1 m thick. Within these packets are individual layers that are
prominently expressed in topography and imagery. These prominent layers occur with a
nearly regular spacing of approximately 12.5 m, in contrast to the larger and more
variable separation distances of the overlying layers, implying that they may be the result
of a different forcing mechanism. While these layers could potentially cause radar
reflections, their small spacing and thicknesses make correlation with any specific

reflector difficult, if not impossible.

Elevatio
Layer Type n Thickness
Unknown -3038.8 4.4
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Unknown -3045.7 2.0

Unknown -3049.5 1.0
Unknown -3052.1 3.2
Scattered Pits -3070.7 4.0
Scattered Pits -3083.9 4.2
Scattered Pits -3124.5 2.7
Scattered Pits -3143.1 2.6
Marker Bed -3170.9 10.3
Scattered Pits -3181.0 4.2
Scattered Pits -3196.2 2.9
Marker Bed -3201.2 5.8
Scattered Pits -3228.3 5.0
Marker Bed -3242.2 3.6
Marker Bed -3268.3 3.8
Marker Bed -3288.8 3.6
Marker Bed -3296.1 3.1
Scattered Pits -3310.9 3.8
Unknown -3338.8 5.9
Scattered Pits -3348.3 33
Prominent Thin Layer -3360.5 1.0
Scattered Pits -3373.5 2.2
Prominent Thin Layer  -3391.5 1.0
Prominent Thin Layer  -3405.0 1.0
Prominent Thin Layer -3429.6 1.0
Prominent Thin Layer -3466.8 1.0
Prominent Thin Layer -3479.1 1.0
Prominent Thin Layer  -3492.5 1.0

Table 3.1: All prominent protruding layers identified in the trough wall.

3.2 Radar Observations and Comparisons to the Outcrop

Between 17 and 21 reflectors were mapped across the saddle region using each of
the three radargrams intersecting the study site. Many of these reflectors are not easily
mapped all the way to the outcrop, appearing to merge with other reflectors or ending

abruptly tens of kilometers from the trough wall. It is possible that this is the result of
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pinch-outs or other changes in layer structure, but it is perhaps more likely that this is
simply the result of changing layer separation distances and thicknesses, which could
cause layers to no longer be resolved as separate reflectors by SHARAD. Previous
studies have also observed significant variability in both reflector elevation and reflector
strength over relatively small distances [Christian et al. 2013, Lalich and Holt 2016,

Lalich et al. in prep], and such changes could explain why each reflector is not observed

in each radargram.

Figure 3.9: SHARAD radargram 1716901000 with mapped reflectors. Note that the vertical axis is time delay, not
depth. The red arrow indicates the reflector discussed in section 3.3 and marks the approximate location of the traces
used for split-chirp reflectivity analysis.

In contrast to Christian et al. [2013], who had difficulty mapping reflectors within
10 km of their study site due to poor observation geometry, we are able to map multiple

reflectors in each radargram within ~500 — 700 meters of the analyzed outcrop DEM.
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This allows us to observe features of the subsurface radar stratigraphy that do not appear
farther from the trough. Most notably, there is a significant slope break in the radar traces
closest to the trough, ~1.5 — 2.0 km from the DEM. While in general reflector slopes are
less than 0.1 degrees in magnitude, as they approach the outcrop they increase in
magnitude to between -0.4 and -2.4 degrees. This is only observed in the final 2 — 5 traces
for each reflector, but it is consistently expressed in each reflector we are able to map

close to the outcrop and in all three radargrams.
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Figure 3.10: Mapped reflectors from Figure 7, depth-corrected and converted to elevation using the MOLA surface for
reference and a subsurface dielectric constant of 3.15, consistent with water ice. The x-axis is distance from the first
trace of the radargram.

Unfortunately, these steeper slopes complicate attempts to correlate specific
reflectors to specific layers. As these steeper, near-outcrop reflector slopes are only

expressed over a handful of radar traces, it is difficult to confidently interpolate them all
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the way to the outcrop. Even if we were to assume the slope calculated from these traces
remained constant all the way to the trough wall, the vertical and horizontal uncertainties
of SHARAD would result in slope errors on the order of ~1 degree. Because the trough
wall itself has a slope of only ~4 degrees, reflectors would need to be interpolated over 1
— 5 km before actually intersecting the surface. Over these distances, the uncertainty in
reflector slope corresponds to vertical errors well in excess of 20 m for interpolated radar
reflectors, which is greater than the average separation distance between visible layers.
Given that this study site contains nearly ideal observation geometry, this result suggests
that it may not be possible to make a direct correlation between individual layers and
radar reflectors without a higher resolution radar capable of placing tighter constraints on
reflector slopes.

While we are unable to connect specific outcrop layers to specific reflectors, we
do find some evidence for a common forcing mechanism between the two datasets. The
average vertical separation distance for mapped reflectors in each radargram is 17.3 m,
18.5 m, and 21.3 m. Given SHARAD’s vertical uncertainty of +/- 4.5 m, these values are
indistinguishable from the average separation distance of 17.9 m reported in section 3.1
for the marker beds and pitted layers. These values are also in agreement with dominant
spectral features observed at other NPLD outcrops [Milkovich and Head 2005, Christian
et al. 2013, Becerra et al. 2017]. While this implies reflector and outcrop layer formation
processes are modulated by the same forcing signal, it does not necessarily mean they
represent the same paleosurfaces. Instead it is possible that they are responding to the

same climate cycle, but are formed at different times. While these consistent separation
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distances are not conclusive, they do suggest a link between marker beds and radar

reflectors.

3.3 Reflectivity Results and Layer Thickness

Reflectivity was calculated for each mapped reflector in the full-chirp radargrams
and mean values are reported in Table 2. There is no easily identified trend in reflectivity
with depth, but there is significant variability from reflector to reflector, consistent with
previous observations [Lalich and Holt 2016, Lalich et al. in prep]. While reflectivity
remains fairly consistent for individual reflectors between all three radargrams, observed
values can still vary by ~2 dB for the same reflector. This type of variability is not
unexpected, even over such short distances [Lalich and Holt 2016], but it is unclear
whether this represents real changes in subsurface composition and layer thickness or is
instead the result of other errors that have gone unaccounted for.

Full-Chirp Reflectivity (dB) For Each Mapped Reflector
Reflector Number 909902000 1716901000 3288702000

1 -18.69 -22.52 -20.83
2 -18.93 -19.69 -20.32
3 -20.46 -20.25 -21.14
4 -24.18 -23.07 -25.40
5 -24.73 -24.67 -26.74
6 -17.60 -17.94 -19.60
7 -26.28 -25.64 -25.57
8 -18.87 -18.78 -20.34
9 N/A -17.40 -19.08
10 -16.98 -15.84 -17.08
11 -12.86 -13.71 -14.61
12 N/A -18.47 N/A

13 N/A -21.41 N/A

14 -17.87 -16.80 -18.05
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15 -18.36 -18.35 -19.30

16 -14.89 -15.33 -15.14
17 -14.21 -14.47 N/A
18 -18.23 -16.54 N/A
19 -20.17 -19.48 -21.56
20 -16.61 -16.23 -17.47
21 -21.86 -21.82 -23.49

Table 3.2: Average full-chirp reflectivity of each mapped reflector in all three radargrams. Reflector numbers
correspond to stratigraphic position starting at the surface, i.e. Reflector 1 is the first reflector below the surface. N/A
indicates that the given reflector could not be conclusively identified.

Interpreting radar reflectors consistently across split-chirp radargrams is difficult
due to their lower resolution. Reflectors are shifted vertically in the high, low, and center
bandwidth radargrams, and in places a reflector that is apparent in one frequency band is
absent from another. In some cases, what may appear to be a single reflector in one
radargram is shown to be two distinct reflectors in another. This is most common when
comparing low frequency radargrams to high frequency radargrams. These factors
combine to make the positive identification of any single reflector across all radargrams
difficult. However, within the three radargrams chosen for this study, we identified a
single reflector that was both continuous over a long distance and identifiable in all four
data products. The identified reflector was at the bottom of the upper reflector packet, as
indicated in Figure 9. This indicates a layer or interface with distinctive properties, and
warranted further investigation.

First, in order to measure its reflectivity in the split-chirp products, we chose a 60
trace (~30 km) section from each radargram corresponding to a location where the

reflector is identifiable in the high, low, and center frequency band radargrams. We then
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aligned the surface of each trace and averaged them together, creating one representative
reflection power vs. depth profile for each bandwidth. Unfortunately, we were unable to
trace this reflector closer than ~35 km from the outcrop. This makes comparisons to
outcrop layering difficult, but still allows us to draw broad similarities. A sample profile
is shown in Figure 11. In addition to the selected reflector at a depth of ~340 m below the
surface, this profile also shows how difficult it can be to interpret reflectors across
different parts of the chirp. For example, both the center and low bandwidth radargrams
feature a single reflection ~110 m below the surface, but in the high bandwidth
radargram, this single reflector is split in two. This implies that the layering responsible
for this single reflector in the center and low bandwidth products is more complex than

they would otherwise indicate.
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Split Chirp Reflection Power vs. Depth
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Figure 3.11: Average reflection power profile of the selected section of radargram 1716901000 for each split-chirp
bandwidth. Black arrow indicates the reflector chosen for reflectivity analysis.

Reflectivities are measured using the same process applied to the full chirp data.
Reflectivities for each bandwidth varied by almost 3 dB between radargrams, an
unexpected result given the proximity of each observation. While it is possible that this
represents real changes in the subsurface, it is also possible that this is simply a result of
noise in the data, especially given the loss of vertical resolution associated with the split-
chirp radargrams. It is also possible that our reference chirp does not perfectly mimic the
real transmitted chirp, which can undergo small fluctuations due to the changing
temperature of the instrument.

Split-Chirp Reflectivity of the Selected Subsurface Reflector (dB)

Bandwidth 909902000 1716901000 3288702000
High -16.70 -17.15 -17.58
Center -17.62 -17.99 -19.45
Low -15.86 -16.66 -18.61
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Table 3.3: Split-chirp reflectivity of the selected reflector for each radargram and frequency bandwidth.

In order to interpret these results, we compare the measured reflectivities to
models of thin layer reflectivity. As described in section 2, we create models of
reflectivity as a function of layer thickness and dust content for each frequency band.
Each of the split-chirp models has a lobed structure similar to the single frequency model
of Lalich and Holt [2016]. According to these models, thickness changes on the order of
~1 m can cause reflectivity changes close to ~10 dB. This potentially explains the
difference in reflectivity for a given bandwidth between the three radargrams, as layer
thicknesses have been shown to change over relatively small distance scales in the NPLD
[Becerra et al. 2016]. Split-chirp reflectivities are also likely influenced by interference
from closely spaced or unresolved reflectors, a source of noise that is exacerbated by the

relatively poor resolution of the split-chirp radargrams.
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Figure 3.12: Thin layer reflectivity models for the full SHARAD chirp and each frequency band discussed in the text.

As discussed by Lalich et al. [in prep], contours of constant reflectivity are
generally constrained to narrow bands of dust content in the full-chirp model. In contrast,
contours cover a wide range of both dust content and layer thickness in the split-chirp
models. This means that considered individually, they are of limited use for constraining
layer properties. However, after taking the difference in reflectivity between two models,
(e.g. subtracting the low frequency model from the center frequency model) contours
become confined to narrow thickness ranges (Figure 13). Unlike the full chirp case,
where reflectivities fall in a single band of dust contents, multiple but distinct layer

thicknesses are plausible for any given split-chirp reflectivity difference.
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Figure 3.13: Model of the difference in reflectivity between the center and low frequency bands. Contours are the
difference in reflectivity between the high and low bandwidth products for the reflector specified in Figure 4.

While this result means it is impossible to use split-chirp radargrams on their own
to constrain layer thickness, the potential exists to do so when combined with other types
of data. For instance, by comparing the split-chirp reflectivity of a given reflector to its
full chirp reflectivity, we can further constrain the layer thicknesses that are likely to
produce the observed reflectivities. Figure 14, for example, shows a contour of the
average full chirp reflectivity of the analyzed reflector for a single radargram. Contours

of the split-chirp reflectivity difference of the same reflector have been plotted on the
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same axis, and by examining where they intersect the full chirp result we can identify
likely layer thicknesses.

These estimates can be further supplemented by the outcrop data. The reflector
examined here forms the boundary between a radar-dark interpacket region and the top
reflector packet. At its closest mapped proximity to the analyzed outcrop, its elevation is
approximately the same as the transition between outcrop layers with marker
bed/scattered pit morphologies and thin layer sets, implying that this transition in the
outcrop stratigraphy is associated with the transition from packet material to interpacket
material. Within the transition region, there is a protruding layer with a thickness of ~3.3
m, which is close to two of the thickness values predicted by the previously mentioned
radar observations, near ~3 and 4 m. While this does not prove that the analyzed reflector
is caused by this specific outcrop layer, it does mean that such a connection is possible.
The correlation of this particular reflector with the transition in the outcrop stratigraphy is
particularly noteworthy, as previous work was unable to find any discernable changes in
outcrop layers connected to the boundary of the packet and interpacket material as

observed in SHARAD radargrams [Smith et al. 2015].
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Figure 3.14: Model with reflectivity contours for radargram 1716901000. The color axis is for full chirp reflectivity.
The solid line is the contour for the full chirp reflectivity of the reflector discussed in section 3.3 and denoted by red
arrows in Figures 4 and 9. Dashed lines are the same as Figure 13, reproduced here to show where they intersect the
full-chirp data.

The thickness of this layer also corresponds to a distinctive feature in the full-
chirp reflectivity model. In general, reflectivity contours are confined to narrow bands of
dust content in the full-chirp model. This observation led Lalich et al. [in prep] to
conclude that variations in reflectivity across the NPLD are likely the cause of changes in
layer composition rather than thickness. However, they also noted that there is a region in

the model’s parameter space where the opposite might be true. Between layer thicknesses
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of ~2 —4 m, much lower reflectivity values are predicted at higher dust contents
compared to the rest of the model. This feature is sharply defined, especially at higher
dust contents, so any layer with a thickness in this range could experience large changes
in reflectivity due to relatively minor changes in layer thickness. Both the outcrop
measurements presented here and the previously discussed split-chirp reflectivity
observations imply layer thicknesses near 3 - 4 m in this region of the NPLD, meaning
that previously observed variation in SHARAD reflectivity [Lalich and Holt 2016, Lalich
et al. in prep] could in fact be due to small changes in layer thickness rather than large
changes in dust content.

Without the investigation of other sites around the polar cap, it is impossible to
state definitively whether or not most reflectivity variations are due to changes in layer
thickness. This is especially true given that previous studies have measured marker bed
thicknesses well in excess of 4 m [Fishbaugh et al. 2010a, Fishbaugh et al. 2010b,
Becerra et al. 2016]. It is possible that in some regions layer thickness is the primary
cause of deviation, while in others dust content is the more important factor. When
examining a cap-wide reflector previously mapped by Smith et al. [2016], Lalich et al. [in
prep] found that its reflectivity was consistently lower near the NPLD margins and near
troughs. These are areas where changes in layer thickness are likely due to variations in
accumulation, but where it is unclear what compositional changes, if any, should be
expected. Cap-wide mapping of additional reflectors is necessary to confirm that this
trend is consistent, but it suggests that overall, layer thickness variation is most

responsible for large-scale geographic changes in SHARAD reflectivity. This could mean
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that radar reflectivity is acting as a proxy for total accumulation rate in addition to dust

content, as previously discussed by Lalich and Holt [2016].

4. Conclusions

Using a combination of high-resolution imagery and topography at an NPLD
outcrop, we identified protruding layers with traditional marker bed morphology as well
as those with a smoother, pitted surface. When considered together, these layers have
similar thicknesses and separation distances to previously analyzed outcrops [Milkovich
and Head 2005, Fishbaugh et al. 2010b, Becerra et al. 2016]. Below these layers, we
identified sets of thin layers that repeat with a very regular spacing. The elevation of the
transition to these layer sets as well as comparisons to radar observations indicate that
this thin-layer-set section of the outcrop may represent non-reflective interpacket
material.

In an effort to unify this outcrop stratigraphy with radar stratigraphy, we mapped
20 reflectors across three radargrams intersecting the outcrop. While we were able to map
reflectors to within 500 m of the trough wall, large uncertainties in reflector elevation and
slope made interpolating reflectors to the outcrop impossible to the accuracy required to
make unique correlations between reflectors and either single layers or thin layer sets.
Given the favorable orbital geometry of this site, we find it unlikely that such an effort
would be successful elsewhere without higher resolution radar data, pointing to potential
future missions to answer this question. Despite the inability to match specific reflectors

to specific layers, we do find evidence for a connection between the two stratigraphies.
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Radar reflectors have a vertical spacing consistent with the spacing of outcrop layers,
suggesting that their formation is controlled by the same forcing mechanism.

Reflectivity analysis of the full-chirp radargrams revealed no consistent pattern
with depth, and while there was close agreement in the reflectivity of individual reflectors
across different radargrams, there was still some variability, consistent with previous
work [Lalich and Holt 2016, Lalich et al. in prep]. Examination of split-chirp radargrams
found that they are difficult to interpret in the upper layer packet of the NPLD due to low
resolution, and may be best applied to areas where reflectors are not so closely spaced.
Reflectivity analysis of a single reflector across all three radargrams and frequency
bandwidths showed that split-chirp data can not be used to determine layer thickness on
its own, but when combined with other observations it can serve to rule out possible
thickness values.

Possible values for layer thickness determined from the split-chirp radargrams
were consistent with the thickness of an outcrop layer at a similar elevation and
stratigraphic transition. This layer thickness also corresponds to a region in the full-chirp
reflectivity model’s parameter space where small changes in layer thickness can result in
large changes in reflectivity. When combined with previous work [Lalich and Holt 2016,
Lalich et al. in prep], this result implies that the observed geographic variability in radar
reflectivity may be due primarily to changes in layer thickness, and that this variability

could possibly be used as a proxy for relative accumulation rates across the NPLD.
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Conclusion

By integrating multiple techniques and data sets, I have shown that it is possible
to place quantitative constraints on the global ice and dust cycles of Mars and how they
have varied through time. I have also provided evidence that reflections visible in
SHARAD orbital radar sounding data are likely caused by layers commonly known as
marker beds, helping to unify two previously separate stratigraphic records. These
achievements represent a significant step forward in the study of the Martian
paleoclimate and the construction of the NPLD.

In the first chapter, I showed that thin dust-rich layers known as marker beds
could plausibly produce reflectors with reflectivities similar to those observed by
SHARAD. I also showed that there was significant variation in SHARAD reflectivity
across the NPLD, an unexpected result that indicates the importance of local processes in
forming the polar cap. Finally, I presented the hypothesis that SHARAD reflectivity
could be used to track changes in ice and dust deposition rates through time, and that
previous work had under-predicted the amount of dust present in individual NPLD layers.

In the second chapter, I showed how SHARAD reflectivity could be used to
narrowly constrain the dust content of marker beds. The resulting values for dust content
led to the conclusion that radar reflectors are likely not the result of lag deposits, as some
previously assumed. At the same time, I showed that previous conceptualizations of how
the Martian dust cycle varies over orbital time scales may not be sufficient to explain
observations. I also showed that while some regional trends in SHARAD reflectivity may

be constant through time, others are not, again indicating that local processes are more
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important than previously assumed. This further underscored the need to choose study
sites carefully and to consider the local context when using the NPLD as a global climate
record.

In the third chapter, I showed that outcrop layering and SHARAD reflectors are
likely responding to the same forcing signal. By combining a detailed analysis of outcrop
stratigraphy with newly developed radar processing techniques, I was also able to show
how previously observed variation in SHARAD reflectivity may be caused by changes in
layer thickness, and that these variations could be used to track changes in accumulation
rates through time.

While many questions remain unanswered, the work presented in this dissertation
provides a solid foundation from which to approach them. For the first time, scientists are
no longer limited to broad correlations between the stratigraphic record and the Martian
paleoclimate. Using the techniques and results presented here, researchers can finally
begin to utilize the NPLD as a global climate record, using individual layers to
investigate how the ice and dust cycles of Mars have changed over time at a previously

unachievable level of detail.
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