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Geodynamic Modeling of Mars Constrained by InSight

Josh P. Murphy

(ABSTRACT)

Through geodynamic modeling, I investigate how Mars could have produced the extensive
volcanism required to form the Tharsis rise early in its history, as well as continue to pro-
duce small amounts of melt up to present-day, in order to account for the evidence of limited
geologically recent volcanism. InSight is the first interplanetary mission dedicated primarily
to the study of a planet’s deep interior, and has provided useful constraints for the present
structure and interior temperature of Mars. I use the results from InSight and other space-
craft missions to more accurately model Mars, and evaluate the results of my geodynamic
models, so as to constrain the properties that are necessary for or consistent with both the
InSight results and the volcanic history reflected on the surface. This modeling has required
extensive modification to the CitcomS geodynamic code I use, the bulk of that effort being
in implementing and testing the melting calculations. One of the useful constraints that
would have been provided by InSight would have been ground truthing the heat flow from
the interior at the landing site, and this required determining, among other quantities, the
thermal conductivity of the regolith into which the heat flow probe (mole) was placed. While
the mole could not penetrate to its designed depth, thus disallowing the complete heat flow
measurement, the team were able to obtain the necessary data determine the thermal con-
ductivity, and how it varies seasonally. My rapid analytical method of estimating thermal
conductivity produces results that agree surprisingly well with those of the team’s complex
numerical model, despite the mole not meeting the assumption of a sufficiently high length

to width ratio.



Geodynamic Modeling of Mars Constrained by InSight

Josh P. Murphy

(GENERAL AUDIENCE ABSTRACT)

I investigate how Mars could have produced the extensive volcanism required to form the
Tharsis rise early in its history, as well as continue to produce small amounts of melt up
to present-day, in order to account for the evidence of limited geologically recent volcanism.
I use 3D computer models of the mantle-the solid, but slowly flowing layer that makes up
the bulk of rocky planets like Earth and Mars. InSight is the first interplanetary mission
dedicated to the study of a planet’s deep interior, and has provided useful constraints for the
present structure and interior temperature of Mars. I use the results from InSight and other
spacecraft missions to more accurately model Mars, and evaluate the results of my models,
so as to constrain the properties that are necessary for or consistent with both the InSight
results and the volcanic history reflected on the surface. This modeling has required extensive
modification to the modeling code I use, the bulk of that effort being in implementing and
testing the melting calculations. One of the useful constraints that would have been provided
by InSight would have been ground truthing the heat flow from the interior at the landing
site, and this required determining, among other quantities, the thermal conductivity of the
soil into which the heat flow probe (mole) was placed. While the mole could not penetrate
to its designed depth, thus disallowing the complete heat flow measurement, the team were
able to obtain the necessary data determine the thermal conductivity, and how it varies
seasonally. My rapid analytical method of estimating thermal conductivity produces results
that agree surprisingly well with those of the team’s complex numerical model, despite the

mole not meeting the assumption of a sufficiently high length to width ratio.
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Chapter 1

Introduction

1.1 Mars

Among the seven other planets in our solar system, Mars has received the greatest attention.
Mercury is extremely difficult to reach, and while possessing a tantalizing intrinsic magnetic
field, it is small and devoid of current tectonic or volcanic activity. Venus, while closest
in size, mass, and distance from the Sun—and arguably in geodynamic history—to Earth, is
eternally shrouded by opaque clouds within a crushing atmosphere hot enough at the surface
to melt lead. Mars is little farther than Venus, and while by all appearance devoid of extant

life and liquid water, Mars bears abundant evidence of a wetter and more dynamic past.

The geologic history of Mars is divided into four periods: the pre-Noachian (up to 4.1 Ga),
Noachian (4.1-3.7 Ga), Hesperian (3.7-3.0 Ga), and the Amazonian (3.0 Ga-present) [14].
These and all other ages provided for events and features on Mars are merely approximate
and will vary between sources, as they are derived from crater counting, with cratering rates
as determined from radiometric dating of returned lunar samples extrapolated from the Moon
to Mars. The Noachian, and to a lesser extent the Hesperian, were the times of relatively
abundant liquid surface water and hydrous weathering [14]. This time period, and extending
into the early Amazonian, was also a time of greater, more widespread volcanic activity [14].
Smaller volumes of more localized volcanism have occurred sporadically through the later

Amazonian, including within the past 10-100 Ma [69, 74], and possibly as recently as the

1



2 CHAPTER 1. INTRODUCTION

past 2.4 Ma [63]. Therefore, Mars is still potentially volcanically active in the longer term.
In addition, InSight has detected limited, ongoing seismic activity, especially in the Cerberus
Fossae region, and this seismic activity may be linked to geologically recent volcanic activity

in that region [12, 44, 68, 87].

1.1.1 Structure and composition

Broadly similar to Earth, Mars is a terrestrial planet comprised of an iron-rich metallic
core surrounded by a mantle and crust composed of silicate rock (Figure 1.1). Various
spectroscopic methods by orbiters, landers, and rovers have enabled us to characterize the
surface material. Dreibus and Wanke [20] and Bertka and Fei [8] infer the composition and
mineralogy of the Martian mantle from that of meteorites recovered on Earth, themselves
ejected from Mars by impacts, and found the Martian mantle to be more iron-rich than
Earth’s mantle. (Dreibus and Wanke [20] find the Martian mantle to be 17.90 weight percent
iron, as compared to 8.10% for Earth [92].) This SNC group of Mars meteorites (so named
for the three classes of shergottites, nakhlites and chassignites) was determined to originate
from Mars because the noble gas isotopic composition of inclusions within them matched

measurements of Mars’ atmosphere by the Viking landers [10, 96].

The radius of Mars is roughly half that of Earth (6,371 km), or 3389.5 km on average. Before
InSight, the size of the core and thickness of the crust, and so the thickness of the mantle,
were poorly constrained. By combining records of seismic reflections off the core-mantle
boundary (CMB) collected by InSight with geodetic data from orbiting spacecraft, Stéhler
et al. [86] constrained the radius of the Martian core to be 1830 4+ 40 km, with a mean
density of 5700-6300kgm™3. With additional data and modeling, Irving et al. [35] favor
a slightly smaller and denser core (1780-1810 km in radius and 6200-6300kgm—3). (See
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Figure 1.1.) Both of these overlapping ranges put the core at the large, low-density end of
the pre-mission estimate [81], and consequently the core must have a relatively high light
element (e.g., sulfur, oxygen, hydrogen, and carbon) concentration of 20-22%, including a
near-eutectic (~10-15%) sulfur content [35, 86]. Stahler et al. [86] and Irving et al. [35]
also find no evidence of a solid inner core, which is consistent with the low solidus of the
near-eutectic iron-sulfur composition. The absence of a present-day core dynamo, which is
estimated to have shut off ~3.7 Ga [59]-indicative of a low heat flux of <5-19mW m~2 from
the core into the mantle since it shut off [65]-combined with the confirmation of a fully

molten core, further constrain models of the interior evolution of Mars.

In addition to the core size and composition, InSight has also provided new information on
mantle temperatures and the structure of the mantle and crust. The large size of the core
precludes the existence of a bottom layer of bridgmanite (which comprises Earth’s lower
mantle, below 660 km depth to the D” layer near the CMB) in the mantle (Figure 1.1).
Huang et al. [34] do find evidence of a mid-mantle seismic discontinuity at 1006 + 40 km
depth, which they interpret as the transition of olivine to a higher-pressure polymorph, most
likely ringwoodite. Between this depth and that of the CMB (~1550-1600 km) therefore
corresponds to a truncated version of Earth’s transition zone. From the depth of the 1006
+ 40 km phase transition, Huang et al. [34] infer a mantle potential temperature of 1605 4+
100 K, and thus a sluggish mantle with a viscosity of 102°-10*? Pa s. This is very much on
the cooler side of the range of pre-mission estimates modeled by Smrekar et al. [81]; 1605 K
is close to their minimum temperature at that depth, and 1705 K is still below their mean
temperature. At the InSight landing site, the thermal lithosphere is ~400-600 km thick [40].
This is much thicker than Earth’s lithosphere, although similar to Earth, Khan et al. [40]
identify a structure consistent with a low-velocity zone beneath the Martian lithosphere.

The local Moho corresponds with one of two seismic interfaces, either the one at 20 + 5 km



4 CHAPTER 1. INTRODUCTION

or the one at 39 + 8 km depth [49]. Combining this new information with global gravity
and shape measurements, the mean crustal thickness is therefore estimated to be between

24 and 72 km [49].

1.1.2 Major surface features and volcanic history

Zooming out and looking at the global topography of Mars, the largest scale feature is
the hemispheric dichotomy between the lowlands dominating the northern hemisphere and
highlands dominating the southern hemisphere (Figure 1.2). This is also referred to as
the crustal dichotomy, and the topographic dichotomy boundary approximately follows the
boundary between thicker southern crust and thinner northern crust [63, 111]. The origin of
the dichotomy, likely in the pre-Noachian [14] period, remains somewhat unclear. It may be
of internal origin, as a result of spherical harmonic degree-1 pattern of mantle convection,
as associated with a single large plume [76, 77, 106], or the overturn of a magma ocean
[22, 77]. Degree-1 convection means that one hemisphere is dominated by upwelling, and the
other by downwelling. In recent years, the giant impact origin described by Andrews-Hanna
et al. [4], Kiefer [42] and Marinova et al. [55] has gained favor. Still, a combined origin from
degree-1 mantle convection caused by this giant impact has also been put forward as an

explanation for the dichotomy [18].

Other large scale surface features of note include large impact basins such as Utopia, Hellas,
and Argyre, as well as major volcanic regions and features. Chief among these volcanic
regions is the Tharsis rise, or Tharsis bulge as it is sometimes termed (Figure 1.2). This
broad dome, constructed of basaltic lava, is ~8000 km in diameter and up to 10 km high,
and contains several large shield volcanoes, including Olympus Mons and the line of three

Tharsis Montes [37]. The rise itself was built up by the end of the Noachian, with the major
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volcanic shields growing over the following Hesperian and into the early Amazonian, and

localized volcanic activity continued into geologically recent times, perhaps as recently as

2.4 Ma [14, 63, 69, 74].

Tharsis and its large volcanoes are typically attributed to a single long-lived mantle plume
[13, 30], or several associated plumes feeding the different volcanoes [41, 43, 53]. The sin-
gle plume case would be another example of degree-1 convection. In earlier geodynamic
modeling, the existence of a thin bridgmanite layer and the associated endothermic phase
transition in the Martian lower mantle has been shown to favor the development of degree-1
convection [28, 29, 30]. The absence of a bridgmanite layer, as confirmed by InSight, pre-
cludes this mechanism for generating degree-1 convection. However, as Roberts and Zhong
[76] and my testing to replicate their results show, models with effectively no bridgmanite
layer, but including a sufficiently large jump in viscosity (>10x) in the mid-mantle corre-
sponding with the top of the transition zone (and, in retrospect, the ~1000 km discontinuity

identified by Huang et al. [34] can still produce and sustain degree-1 convection.

The Tharsis rise is superposed over, and approximately centered on, part of the dichotomy
boundary [64]. This has led many to propose a causal link between the existence of the
dichotomy and the subsequent development of Tharsis and its long lived volcanism [48,
77, 85, 98, 99, 103, 106]. For example, King and Redmond [48] propose that Tharsis is
the result of small-scale edge driven convection at the dichotomy boundary, caused by the
step in crustal thickness, or the possible associated step in lithospheric thickness. However,
my modeling with a simplified equatorial dichotomy has not shown a tendency to develop
small-scale convection with a realistically sized step in lithospheric thickness, and even an

unrealistically large step smooths out well before present-day.

Another major volcanic region is Elysium. The Elysium rise (Figure 1.2) appears to es-

sentially be a much smaller version of Tharsis, albeit still comparable in size to the largest
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igneous provinces on Earth. While also very long-lived, the Elysium rise itself and its vol-
canic shields went extinct sooner than Olympus Mons and the Tharsis Montes, with a steep
decline after a peak ~1 Ga [70, 90]. However, the greater Elysium region shows evidence of
more recent activity to the southeast of the rise, including volcanism within the past 0.2-
20 Myr in Elysium Planitia (the region where InSight landed), and in particular Cerberus
Fossae ((see Figure 1.2)) [7, 33, 36, 90, 100]. Based on findings from InSight, Broquet and
Andrews-Hanna [12] and Kiefer et al. [44] suggest there may be an active mantle plume be-
neath Elysium. Between Tharsis and Elysium lies the vast lava plain of Amazonis Planitia,
produced by lava flows of the late, eponymous, Amazonian Period. Other, much older, vol-
canic regions of significance include the Syrtis Major province, as well parts of the Southern

Highlands such as Tyrrhenus Mons and Hadriacus Mons [32, 61].

To summarize, volcanic activity on Mars was extensive and voluminous for the first 1-1.5 Gyr,
but declined rapidly after the end of the Hesperian ~3 Ga, with most of the limited activity
occurring in the pre-existing Tharsis and greater Elysium regions [14]. Otherwise, Martian
geology has since been dominated by impact cratering, a thick global cryosphere, and very
infrequent flooding and fluvial erosion from groundwater and melting ice [14]. Nevertheless,
occasional localized volcanism has continued almost to present-day [63, 69, 74], and the
recent discovery of active seismicity at Cerberus Fossae [12, 68, 87] indicates a surprisingly

high, if localized, level of present geodynamic activity.

1.2 Geodynamic Modeling

We can only directly observe the surfaces of planets—and in select locations on our own planet,
up to a few kilometers below the surface. Yet the thousands of kilometers beneath the surface,

comprising the immense volumes of planets, remain inaccessible to direct study. For the
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purpose of studying planetary interiors, starting on Earth well over a century ago, geophysical
methods such as seismology, and gravity and magnetic surveys, have been devised. The
former enabled the discovery an demarcation of the layers within our planet such as the
inner core [51], outer core [52], and the crust and mantle [60]. Like Earth’s mantle, the
mantle of Mars accounts for the majority of the planet’s mass and volume. The mantles
of rocky planets, while overwhelmingly solid, slowly flow and convect below their respective
lithospheres, driven in large part by heat leftover from planetary formation flowing up from
the core and through the mantle, as well as by radioactive decay within the mantle rock [62].
These motions drive processes such as volcanism, and—on Earth, not Mars—plate tectonics,
which we see evidence of on the surface. With geodynamic modeling codes such as CitcomS
(93, 108, 109], we can model this flow of heat and mass over geologic time, by solving the
equations for the conservation of mass, momentum, and energy. Additional processes, such

as melt production, can be modeled as well.

1.2.1 History of geodynamic modeling

The history of geodynamic modeling began with 2D Cartesian geometries [16, 17, 57, 101],
including the development of codes such as ConMan [46]. By the mid-1990s, advances
in computing power enabled the development of codes to model global 3D spherical shell
geometries. Initially, these were relatively course and were used to model the basic global
patterns of one (degree-1 convection) or more plumes arising in the mantles of Earth and
other planets [28, 29, 30, 76, 107]. Other geodynamic codes have employed the middle ground
of a 2D axisymmetric annular geometry [39, 41]. Even in more recent years, parameterized
2D models such as the axisymmetric mode of the 3D code StagYY [91] continue to find
use in more rapidly modeling mantle convection and testing more parameters [105]. Full

3D spherical shell codes have been further developed as the state of the art of geodynamic
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modeling in the early 21st century, resulting in more modern codes such as CitcomS [93,

108, 109], the aforementioned StagY'Y [91], and more recently ASPECT [31, 50].

There have been a number of additions to geodynamic codes to increase model fidelity, which
have become common practice over the past decade. These are not a part of the standard
CitcomS distribution, but I have added them to my version of the code. Earlier geodynamic
modeling relied on setting a constant heating rate, which is not physically realistic. We now
consider decaying radiogenic heating, accounting for the fact that as the heat producing
elements (HPE), chiefly uranium, thorium, and potassium-40, decay in order to produce
this heating term, and thus their concentration declines exponentially. (Including decaying
radiogenic heating over time has also allowed some studies to account for the heating from
short lived isotopes aluminum-26 and iron-60, which produced significant amounts of heat
in rocky bodies in the early solar system, particularly for smaller bodies.) Related to this
development is accounting for the enrichment of HPE in the crust, and the corresponding
depletion in the mantle. Earlier geodynamic modeling was also typified by a constant CMB
temperature as the bottom boundary condition. In actuality, the CMB temperature changes
over geologic time, generally decreasing as heat from the core escapes through the mantle,
and furthermore there is a coupling between the flow of heat within the core and within the
mantle. Consequently, the initially fully molten core of a planet can cool and begin to freeze
out, growing an inner core, as Earth has done, releasing more heat via the rising of light
elements (ultimately gravitational potential energy) and latent heat of fusion. To account for
this cooling and the potentiality of inner core nucleation, we use the 1D model of Stevenson

et al. [89].
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1.2.2 Melting

The consideration of mantle melting and incorporation of these calculations within the geo-
dynamic codes is another major thread in the evolution of geodynamic models, and indis-
pensable for my research. (My own implementation of melting calculations within CitcomsS,
used for the work presented in Chapter 3, is discussed in great detail in Chapter 4.) For
Earth, as with the broader case of geodynamic modeling, this started with 2D Cartesian
geometries, such as the work of McKenzie and Bickle [57] and Watson and McKenzie [101].
The earlier geodynamic modeling of melt production in the Martian mantle performed by
Kiefer [41] in 2D axisymmetric geometry calculated the melt fraction as a linear function of
the difference between the solidus (in the case of Kiefer [41], the dry solidus of Bertka and
Holloway [9]) and a hypothetical liquidus 200 K above the solidus. It later became common
practice in geodynamics to use the experimentally derived parameterized melting model of
Katz et al. [38] to calculate the melt fraction as a function of temperature and pressure,
and this is incorporated into the standard version of ASPECT. The utility of Katz et al.
[38] is that it includes a solidus, a liquidus, and a relatively straightforward nonlinear way
to calculate melt fraction. However, Katz et al. [38] specifically applies to the peridotite
composition of Earth’s upper mantle, and Mars’s mantle has a different composition. While
Sramek and Zhong [85] and Kiefer and Li [43] do consider the Katz et al. [38] solidus to be
in good agreement with then-available solidi for Mars ([2, 9, 56], I found it to be different
enough from the more recent Mars solidus of Duncan et al. [21] to significantly alter melt
production. Therefore, I use the Duncan et al. [21] Mars solidus, which is a fit to the results
of high pressure experiments done on the simplified Dreibus and Wanke [20] composition of
Bertka and Fei [8], in place of the Katz et al. [38] solidus in my melting algorithm. Unfortu-

nately, a comparable Mars liquidus, let alone hypothetical "lherzolite liquidus” (see Chapter
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4 and Katz et al. [38]), are not available for the Martian mantle, so I retain those of Katz

et al. [38].

Melt production can be estimated by post-processing the temperature and velocity data. Yet
the post-processing approach has a number of drawbacks. For one, while the direct melt-
reducing effect of the temperature drop from the latent heat of melting may be approximated
by reducing the post-processed temperatures as Kiefer [41] does, this does not permit the
latent heat of melting (or freezing) to be included in the energy equation. Even if one
is not considering latent heat, the melting calculations being an integral part of the code
allow the melt to be dealt with dynamically, for example advecting it through the mantle,
extracting some portion of it, or addressing compositional changes. There is also the practical
problem that replicating in post-processing the temporal resolution easily afforded by melting
calculations within the geodynamic code requires the full temperature and velocity fields to
be output every step. With my models taking on the order of 100,000 time steps to complete,
this is simply not feasible, so performing melting calculations in the geodynamic code itself

allows much more precise tracking of melting over time.

Acceptable geodynamic modeling of melt production should not only satisfy the InSight
constraints for a present-day cool mantle and thick lithosphere, but also the general volcanic
history of Mars. The models should produce sufficiently large volumes of melt over the first
1-1.5 Gyr to account for the Tharsis rise, followed by a steep decline in melt production,
and the ensuing ~3-3.5 Gyr of either comparatively little melting, or generally no melt with

occasional small pulses of melt production.

Spacecraft, lander, and rover missions have provided us with a wealth of information on the
nature and conditions of other planets such as Mars, as well as give us new questions to an-
swer. Aside from the inferences drawn from surface features and composition, much of what

we know about planetary interiors has been inferred from magnetometers and, in particular,
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gravity measurements enabled by tracking the motions of orbiting spacecraft. While most
missions focus on the surface or atmosphere, Mars InSight is the first interplanetary mission
dedicated primarily to the study of a planet’s deep interior. By itself, the data provided by
InSight informs us directly about the present structure and seismic activity of Mars. But
the degree to which these data alone can explain the evolution of Mars (and, by extension,
terrestrial planets in general) is limited. Geodynamic modeling can be used to glean in-
formation how and why planetary interiors evolved the way they have, and infer how they
started out. Yet, all models are limited in their explanatory capacity by the assumptions
that go into them. The additional data and constraints provided by missions such as InSight
can improve our ability to model the interior of Mars and investigate how features such as

Tharsis and Olympus Mons came to be.

1.3 Outline of Chapters

In Chapter 2, I apply an analytic heat flow solution from Carslaw and Jaeger [15] to the data
obtained from the Mars InSight mission’s HP3 heat flow probe-affectionately known as the
mole—in order to determine the thermal conductivity of the regolith at the InSight landing
site. While this analytic solution is based on an infinite cylinder, and therefore should require
a length to diameter ratio much greater than that of the mole, comparing my results with
those of the complex numerical models used by the InSight team in Grott et al. [25] and
Grott et al. [26] is a useful check on the complex numerical solution. Though the mole was
unable to penetrate to the necessary depth to complete the heat flow experiment as planned,
the InSight team did decide to perform several heating experiments over the Martian year
to investigate the seasonal variation in regolith thermal conductivity. In spite of the low

length to diameter ratio of the mole, my analytical method found the same seasonal trend
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in thermal conductivity—albeit with values systematically 10-20% higher—as the numerical
results reported in Grott et al. [26]. A highly condensed version of the work in this chapter

was published as a supplement to Grott et al. [26].

In Chapter 3, I investigate mantle convection and melt production within Mars, informed
by the results and constraints provided by the InSight mission. I overview how I implement
melting calculations in the models, which is treated in greater detail in Chapter 4. I describe
how I systematically test different rheologies (low activation energy vs. high activation
energy); 5x, 10x, and 15x crustal HPE enrichments; three initial Core-Mantle Boundary
(CMB) temperatures; and the inclusion of a hemispheric dichotomy. The models with the
high activation energy produce geotherms consistent with InSight results, such as those
reported in Huang et al. [34]. The warmer cases can produce small amounts of melt up to
present-day, as desired based on evidence of geologically recent volcanism on Mars. However,
it is very difficult to both produce sufficient melt to account for both the early emplacement
of the Tharsis rise, and the limited extraction of mantle melt to the surface. This chapter is

being prepared for publication in Journal of Geophysical Research: Planets.

In Chapter 4, I go into much greater detail about the how I calculate melting. I include an
overview of the premeditation of Katz et al. [38] that I use to determine the melt fraction at a
given temperature and pressure, which is just the first step. I then explain the equations that
use this melt fraction, and the temperatures and velocities computed by a geodynamic model
such as CitcomS, to calculate the resulting rate and volume of melt production. Latent heat—
of melting or otherwise-is not appropriate to include in the Boussinesq approximation used
in the models of Chapter 3. However, I do derive the inclusion of latent heat of melting in the
conservation of energy equation. Along with this I review how latent heat has proved difficult
to implement, and why it makes sense to include in compressible convection models, but not

in a purely Boussinesq approximation. I follow with my recent results testing the effects
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of compressible convection with an extended Boussinesq approximation, albeit still without
latent heat of melting. These preliminary results suggest that compressible convection does
not have a significant impact on melting for Mars, at least in the early part of its history
when Tharsis formed. Further development of this work will be the basis for a second mantle

convection publication.

Lastly, In Appendix A, I detail how I implemented and adapted the method of Banerdt [6]
and Andrews-Hanna et al. [4] to use measurements of Mars’ shape and gravity to determine a
more realistic pre-Tharsis hemispheric dichotomy, and incorporate this into CitcomS. While I
have not yet had the chance to systematically test models with this more realistic dichotomy,
as I have with the simple equatorial/degree-1 dichotomy I opted for in Chapter 3, this more
complex and realistic dichotomy geometry provides an avenue to expand on the results

presented in Chapter 3.
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Figure 1.1: Scaled comparison of the interior structures of Earth and Mars. In this schematic,
Earth’s crustal thickness is generalized to that of its oceanic crust, as this covers the majority
of the planet and is more analogous to Mars’ basaltic crust.
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Figure 1.2: Topographic map of Mars, showing the dichotomy boundary (dashed where
uncertain), the Tharsis and Elysium rises, Cerberus Fossae, and the InSight landing site.



Chapter 2

Analytic Solution to Thermal
Conductivity for Mars InSight HP3

A condensed form of the work in this chapter has been published in Geophysical Research
Letters as part of a supplement to Grott et al. [26] "Seasonal variations of soil thermal
conductivity at the InSight landing site”. The results reported here were used to confirm the
numerical models. Josh Murphy implemented the analytical formulation from Carslaw and
Jaeger [15] and used this to estimate thermal conductivity from the HP3 heating experiment

time series data provided by the HP3 co-PI Matthias Grott.

2.1 Introduction

The InSight lander’s Heat Flow and Physical Properties Package (HP?) (see Figure 2.1) was
designed to measure the heat flow at the landing site in the Elysium Planitia. HP3 was
carried on the lander deck, along with the seismometer package, the Seismic Experiment for
Interior Structure (SEIS). These instruments were deployed by the Instrument Deployment
Arm (IDA) over the weeks following November 26, 2018 landing of InSight. The major
components of HP? include a surface-based radiometer (RAD); the Thermal Excitation and
Measurement—Passive (TEM-P), a tether outfitted at increments with temperature sensors;

and the heat flow probe itself, better known as the mole. The mole, which is 2.7 cm wide

15
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and 40 cm long, was intended to mechanically hammer itself between three and five meters
deep into the regolith, dragging the TEM-P with it. The mole also contains the Thermal
Excitation and Measurement—Active (TEM-A), the heating foils used for active heating and
measuring the self-heating curve of the mole in order to determine the thermal conductivity
of the regolith. The TEM-P was intended to measure the temperature gradient within the

regolith from the surface to at least 3 m depth.

Unfortunately, the mole could not penetrate as intended, due to insufficient friction with
the regolith to resist the recoil force generated by the self-hammering ([83, 84]. The robotic
arm was used to remove the support structure and pin the mole in place, and this allowed
some further penetration, such that the back cap reached 3 cm below the surface. The arm
was also used to fill in and tamp down the enlarged hole left by the mole and its tilting, so
as to ensure it was fully buried and in direct contact with the regolith. No further progress
could be made (the final hammering occurring on Sol 754), and the combined attempts to
get it to penetrate further left the mole tilted approximately 30° to the vertical. From this
final position, as depicted in Figure 2.1, tilted and buried just below the surface, all six of

the TEM-A heating experiments reported on below were conducted.

Geodynamic models, such as the work of Plesa et al. [72] for Mars, can predict or estimate the
magnitude and global variation of heat flow from the Martian interior. Even a single point of
data, such as that which HP3 would have provided had the mole and tether been able to get
to depth, would greatly aid in constraining the actual heat flow out of Mars. The thermal
conductivity of the regolith in which the mole buried itself is a necessary component for
the determination of the heat flow. While unfortunately the mole did not work as planned,
the InSight team was still able to determine the thermal conductivity of the regolith, and

through multiple measurements track how it varies over the Martian year. This informs
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us about the properties of the surface material (i.e., regolith) on Mars, and extends and

confirms our understanding of seasonal change on Mars.

2.2 Methods

In Chapter 13 of Carslaw and Jaeger [15], Section 13.7 describes the solutions of heat con-
duction in a system consisting of an infinite medium bounded internally by a perfectly
conductive circular cylinder of radius a. A cylinder of sufficient length, such that length >
radius, can be approximated as a cylinder of infinite length. Consider a cylinder of infinite
length that is placed within a medium (i.e., the regolith) with thermal diffusivity x and ther-
mal conductivity K, and then heated along its z-axis. If the initial and boundary conditions
are independent of the z and 6 coordinates, then the temperature v as a function of radius

r is given by

ov v 10v

ot (87"2 r 8r> (21)
The authors use the method of Laplace transforms to derive their solutions in Chapter 13.
Problem II in Section 13.7 considers the case in which the cylinder, initially at zero tempera-
ture, is supplied heating power at a rate Q per unit length (W/m) for non-dimensional time
7 > 0. (Dimensional time t is non-dimensionalized as 7 = xt/a?, where a is the radius of the

cylinder.) The temperature increase V of the cylinder is given by equation (8) in Carslaw

and Jaeger [15] section 13.7

V= 2Qa? [ 1 — exp(—Tu?)
- mK udA(u)

du (2.2)
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where the non-dimensional parameter « is defined using the cylinder radius a, the regolith
density p, the regolith heat capacity c,, and the heat capacity of the cylinder per unit length
(in J K™' m™!) S as

2ma’pe,
S i 2.3
o 5 (2.3)

and A(u) is calculated from the Bessel functions as follows

A(u) = (uy(u) — ay(u))® + (u¥o(u) — a¥i(u)? (2.4)

where J, and Y, are the Bessel functions of the first and second kind, respectively [1].

Problem 13.7.1V in Carslaw and Jaeger [15] considers a situation like 13.7.I1 where there is
contact resistance R between the cylinder and the medium, which along with K determines
the value of the non-dimensional parameter h = 2rRK. The true value of R between the
mole and regolith is unknown, but my results show the modeled mole (cylinder) temperature
is insensitive to it over the range of plausible R values (107°/L to 107*/L m W~ for probe
length L = 0.4 m). Regardless, it turns out that using this method to determine K—derived
by taking the limit to the following series as ¢ — oo such that the terms with h (and thus R)
drop out—does not require one to actually know the value of R. For large non-dimensional
times 7 = kt/a?, the temperature of the cylinder is approximated by the truncated series

from equation (18) in Carslaw and Jaeger [15] section 13.7

. Q 4T 4h —a o —2 4t
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The simpler form of equation 2.5 makes it possible to derive a simple formula for the thermal
conductivity, which can the be calculated using temperature vs. time data and the heating
rate. The slope of V vs. In(t), dV /dIn(t), or equivalently using the chain rule ¢ - dV'/dt, can

be derived analytically from equation 2.5 (recall 7 is just t times a constant), and takes the

form
AV dvV [dn(t)\ " v Q ¢ n(cst)
= — =t —=—_1(1 — 2 2.
dIn(0) dt( di ) b T e (L ate) i (2.6)
_Q o
K=~ gy [slope] (2.7)

where ¢; = (4h — a)a?/2ak, co = (a — 2)a?/2ak, and c3 = 4k /a*C. The limit of equation
(2.6) above as t — 0o is /4w K. Thus at large t (or 7), the curve V vs. In(¢) approaches a
line of slope Q/4nK. The thermal conductivity K can, in principle, be quickly determined
using equation (2.7) with the slope of the data over an interval of time where the plot is linear
(i.e., by least squares regression). The calculated thermal conductivity is only dependent on

that data and the known Q, but no other parameters such as the diffusivity.

We iterate over all combinations of window start time (11 to 251 data points, or 14.41 to 360.4
min.) and window length (11 to 181 data points, or 14.41 to 259.5 min.). The regression with
the highest correlation coefficient R? (i.e., closest to 1), and therefore the greatest linearity,
is taken as the optimal result from which K should be calculated. However, as reflected in
Figure 2.5, the choice of start time or window length does not greatly impact the thermal

conductivity value, particularly for data taken on or after Sol 874.

Once the calibrated InSight mole data is available, the first step is subtracting the diurnal

temperature cycle from the temperature vs. time data. (This processing step not done by
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me, but rather the subtracted data were provided to the InSight Team by Matthias Grott,
so everyone was working with the same data.) Temperature is recorded for one or two sols
prior to beginning active heating, and the temperature cycle does not vary significantly from
one sol to the next. After removing the diurnal trend, the temperature vs. In(time) curve
becomes approximately linear after approximately exp(9) seconds, or just over 2 hours, from
the start of active heating. Thermal conductivity can be calculated with the above analytical
method using a subset of the data after this point. Here, I use the regression slope from
the two hour window with the best linear fit (highest R? value). Recall that R?, or the
coefficient of determination is the quantity one minus the quotient of the residual sum of
squares divided by the total sum of squares, or

>y — i)

B=l=su = (28)

(2

where y; is the ith data point (measured temperature at time ¢;), ¢; is the temperature

‘predicted’ by the linear fit, and g is the overall mean of the measured data (temperatures).

Seasonal trend in thermal conductivity

I have applied my method to more recent InSight TEM-A data from sols 827, 874, and 1070.
In combination with the measurements from sol 798, these data should, in theory, be better
quality than earlier (pre-sol-798) measurements from when the mole was less buried. The
trend observed in my calculated thermal conductivities (see Table 2.1 and Figure 2.3) is
consistent with the trend found by the numerical and statistical method of Grott et al. [25]
and Grott et al. [26], which in turn follows the expected trend based on predictions of the

effect of seasonal pressure changes.
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The regolith thermal conductivity, being dominated by conduction of heat through the thin
air in pore spaces, does change over the Martian year as the temperature and pressure vary.
The main factor is air pressure, to which thermal conductivity is positively correlated. On
Mars, the air pressure peaks in the spring and autumn. At those times of the year, solid CO,
(dry ice) coating the polar water ice cap of the hemisphere experiencing winter, sublimates
into the atmosphere. This CO2 deposits on the opposite ice cap after the following solstice,
which in turn leads to a pressure minimum. Therefore there is a clear semi-annual variation
in both air pressure and regolith thermal conductivity. Although, due to additional factors
such as the eccentric orbit of Mars, the northern summer trough and autumn peak are more

extreme than their winter/spring counterparts.

2.3 Results and Discussion

My analytically determined values of thermal conductivity, as calcualted from the linear
regression window with the highest R? value, for the six active heating experiments where the
mole was in its final position are listed in Table 2.1. Plotting these analytically determined
thermal conductivities, as in Figure 2.3 shows they parallel the values obtained by the

numerical models of Grott et al. [26].

The most glaring issue with applying analytical solutions, such as the one detailed herein,
to the mole is the assumption of infinite length of the heat source, which in practice requires
the length to width ratio to be high (e.g., greater than 20-30). At 40 c¢m long and 2.7 cm
wide, the ratio for the mole is less than 15, so the analytical solutions were not expected to
be adequate and a numerical approach was decided on instead ([25, 82]). Nevertheless, my
results, as well as those of Paul Morgan (also published in the supplement to Grott et al.

[26]), show analytical solutions work surprisingly well with the mole.
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Table 2.1: Regolith thermal conductivity at the InSight landing site as measured at different
sols (Mars days), with their corresponding solar longitude (indicating time of year) L,. The
analytical thermal conductivity (K) is my value determined by the regression slope of the
mole self-heating curve over the time window with the highest R? (see text). The numerical
K values are those reported in the main text of Grott et al. [26], as determined from the
self-heating curve using numerical models.

Sol Lg Analytical K Numerical K Window start time Window length

) (Wm!'K!YH (Wm'!K" (minutes) (minutes)
798 8.0 0.0458 0.0383 142.7 33.15
827  22.0 0.0458 0.0395 129.7 A47.57
874 44.2 0.0445 0.0397 233.5 111.0
1070 135.3 0.0417 0.0366 178.7 90.81
1160 184.0 0.0431 0.0371 271.0 222.0
1204 210.0 0.0441 0.0390 190.3 249.4

I expand on the results published in the supplement of Grott et al. [26] by examining the
sensitivity of the R? value and the estimated thermal conductivity to varying the length
and start time of the regression window, as opposed to merely accepting that which yields
the best linear fit (highest R?). As indicated in Figure 2.4, R? is very high, for example
greater than 0.9998, over most of the parameter space of window start times and window
lengths. The histograms in 2.5 show the density of thermal conductivity values across the
parameter space of regression window start time and window length. The distributions are
all non-normal, with distinct right tails, and while some may appear log-normal, they are not.
That each histogram has one or two close peaks with distinct tails increases my confidence
that, despite the very high R? for a wide range of regression windows, the best estimate for
thermal conductivity using my method is captured within the selected range of start times
and window lengths, and the value with the maximum R? is close to the optimum. That
said, the bimodal distribution of the earlier sols does somewhat disrupt this. For example,
for sol 827, the maximum R? method returns a K value near the secondary peak, while the

mean and median are close to primary peak at a lower value of K.
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The histogram peaks appear to steadily get tighter over time. It is not clear why this is the
case—perhaps a result of the mole and surrounding regolith settling. However, this apparent
large reduction in spread is not reflected in the standard deviations or the differences between
the percentiles. The errors bars, as plotted in these two ways in Figure 2.3, therefore remain
about the same size-roughly twice as wide as the 1-0 error of the numerical results of
Grott et al. [26]. For all six cases, the K value as determined from the maximum R? falls
within 1o of the histogram mean, and between the 15.9 and 84.1 percentiles (which would
correspond to 1o from the median—and the equivalent mean—if the K values were normally
distributed, as the numerical results of Grott et al. [26] approximately are, but my histograms
are not. Again, this increases my confidence that the analytical K values in 2.1 are generally

representative of the results this regression method can provide.

2.4 Conclusions

The analytically derived thermal conductivities generally follow the the same expected sea-
sonal pattern—a correlation with air pressure—as the numerical results of Grott et al. [26].
Comparing the individual values, my results are within 10-20% of those obtained by much
more complex numerical methods, albeit consistently biased high. Given the low length to
diameter aspect ratio of the mole, this degree of agreement with the numerical results is

surprising.
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Figure 2.1: (a) Final position of the mole, as imaged on Sol 775, buried in the backfilled pit
with just the back cap exposed ~ 3 ¢cm below the surrounding surface. Credit: NASA /JPL-
Caltech (https://mars.nasa.gov/raw_images/890722/). (b) Schematic of mole tilt and
position within the layers of the regolith. Modified from Grott et al. [26].
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Figure 2.2: Self heating curves for all six TEM-A experiments for Grott et al. [26], plotted
with a log scale for time to show the linear trend. The bold parts of the lines are the window
with the highest R?, as used to obtain the values of thermal conductivity reported in Table
2.1.
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Figure 2.3: Seasonal variation in regolith thermal conductivity (K) due to atmospheric
pressure changes, as measured at the InSight landing site. My K values corresponding to
the highest R? values, as reported in the supplement to Grott et al. [26], are in black. The
numerical results of Grott et al. [26] with their 1-o error bars are plotted in red. Plot (a)
shows the mean K (solid blue line) across the range of window start times and lengths tested,
with 1-o error bars. Plot (b) is identical, except the mean is replaced by the median k value
(dashed blue line), with the error bars extending between the 15.9 and 84.1 percentiles. This
would correspond to 1-o if the regression-determined K values for a given sol were normally
distributed—which they are not (c.f. the histograms in Figure 2.5).
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Figure 2.4: Shaded contour plots of the R? values greater than 0.99980, as a function of
regression window length vs. start time, for each of the six active heating experiments. The
points corresponding with the maximum R? are marked with a star. These plots indicate
a very good linear fit across a wide range of those two parameters, not just where R? is

greatest.
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Figure 2.5: Histograms of the thermal conductivity value calculated from the regression
slope, when varying the window length from 10 to 180 time steps (approximately 14-259
minutes) and varying the window start time after the beginning of active heating from 10 to
250 time steps (approximately 14-360 minutes). The R?,, is the thermal conductivity value
I reported in Grott et al. [26]. Also shown are the mean, median, and mode values of R, as
well as the mean +1 standard deviations. The shaded range, with vertical dotted red lines at
either end, shows the region between the 15.1 and 84.9 percentiles, which would correspond

to mean +1 standard deviation if the thermal conductivities were normally distributed.



Chapter 3

Mars Mantle Convection

This chapter will be submitted to Journal of Geophysical Research: Planets. Josh Murphy
and Scott King are responsible for the initial conceptualization. The CitcomS simulations,
and the implementation of the melting algorithms in CitcomS, were designed and performed

by Josh Murphy.

3.1 Introduction

Results from the InSight mission provide new constraints on the temperature, structure, and
geodynamic evolution of the Martian interior. The InSight mission was the first to record
quakes (unambiguously) and impacts on Mars [5, 24]. Using reflections of seismic waves from
the core-mantle boundary of Mars together with geodetic data, Stahler et al. [86] constrained
the radius of the liquid metal core to be 1830 + 40 km with a mean core density of 5700-6300
kg/m3-implying that there is 10 to 15 wt % S in addition to other light elements dissolved in
the nickle-iron core. The core radius is at the large end of the pre-mission estimate [81] and,
implies that there is no bridgmanite layer above the core-mantle boundary. The absence of a
bridgmanite layer is an important constraint for mantle dynamics because a thin bridgmanite

layer is one mechanism to generate degree-1 convection [28, 29, 30].

The topography and crustal thickness of Mars are characterized by the dichotomy between

the northern and southern hemispheres. The northern hemisphere is dominated by low-

29
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lands which tend to have thinner crust, while the southern hemisphere is dominated by
heavily cratered highlands which tend to have a thicker crust. Using InSight seismic data,
Knapmeyer-Endrun et al. [49] found two possible Moho depths, the first at (20 & 5) km and
the second at (39 & 8)km. The thicker crust is more consistent with the surface compo-
sition, while the thinner crust would require an increasing HPE concentration with depth.
The thicker crust would also allow a slightly higher bulk crustal density (3100 kg m—3) when
compared with the thinner crust (<2900kgm™3). Considering either model and the afore-
mentioned gravity and topography datasets, Wieczorek et al. [104] constrain the global
average Martian crustal thickness to be between 24 and 72km, with thinner crust in the
lowlands (including the InSight landing site), and thicker crust beneath the highlands and
Tharsis.

Huang et al. [34] constrained the depth of a mid-mantle discontinuity to be 1,006 + 40 km
by modeling triplicated P and S waveforms. Interpreting this seismic discontinuity as the
transformation of olivine to a higher-pressure polymorph (likely ringwoodite) yields a mantle
potential temperature of 1,605 + 100 K. Using a parameterized convection approach, Huang
et al. [34] suggest that the mantle potential temperature was 1,720 to 1,860 K soon after
formation. When combining the 1,000-depth phase transition transition with an estimated
crustal thickness from Knapmeyer-Endrun et al. [49], a present-day lithospheric thickness
of 400-600 km [40], and moment of inertia and love number constraints, Huang et al. [34]
prefer a model with 10 to 15x crustal HPE enrichment and present-day average surface heat
flow of 21 to 24 mW/m?, implying a relatively sluggish mantle with a reference viscosity of
10%°-10%2 Pa s. The InSight-constrained geodynamic modeling of Samuel et al. [79] favor
10x crustal enrichment, and orbital gamma ray spectrometry also supports an enrichment

of ~10-15x [11, 58, 94].
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In addition to the new results from InSight, geodynamic models must also be consistent
with the observed volcanic history of Mars. Mars’ volcanic history, as well as the present-
day topography and gravity field, are dominated by the Tharsis rise, a broad dome 8000
km in diameter and 10 km high—far larger than any terrestrial igneous province-containing
several large volcanoes, centered in the equatorial western hemisphere [37]. The origin of the
Tharsis rise is generally ascribed to one or more long-lived mantle plumes [13, 30, 41, 53].
While most of the rise itself was emplaced by lava lows by the end of the Noachian, and
the large volcanic shields in the Hesperian, the region has remained volcanically active for
most of the planet’s history [63, 69, 74]. According to Neukum et al. [63], there is evidence
of volcanism in Tharsis as recently as 2.4 million years ago. The relatively recent volcanic
and tectonic activity, and modeled long-term stability of convection in the Martian mantle

indicates that mantle melting is still occurring in the present day [41, 43, 53].

The Tharsis rise straddles the boundary between the thicker crust of the southern highlands
and the thinner crust of the northern lowlands [64]. The contrast between these two hemi-
spheres (zonal degree-1 topography) is referred to as the Martian crustal dichotomy. This
feature is apparent in the hypsometry (elevation frequency distribution) of Mars, which has a
bimodal distribution with peaks separated by 5.5 km [3, 102]. The origin of the dichotomy is
still highly uncertain. It may be of internal origin, for example the result of degree-1 mantle
convection [76, 106], or from a giant impact [4, 42, 55]. A hybrid origin from degree-1 man-
tle convection caused by the giant impact has also been proposed [18]. Several studies have
considered a causal link between the dichotomy and Tharsis [48, 98, 99, 103, 106]. King and
Redmond [48] propose that Tharsis is the result of small-scale convection at the dichotomy

boundary caused by the difference in crustal or lithospheric thickness.

However, there are other significant volcanic regions besides Tharsis, including the Elysium

rise which is a smaller version of Tharsis but, still comparable in size to the largest igneous
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provinces on Earth. Unlike Tharsis, the Elysium rise itself and its volcanic shields appear to
have had less recent volcanic activity than Olympus Mons and the Tharsis Montes in Tharsis,
with a steep decline after a peak ~1 Ga [70, 90]. However, the greater Elysium region shows
evidence of more recent activity to the southeast of the rise, including volcanism within the
past 0.2-20 Myr in Elysium Planitia, and in particular Cerberus Fossae [7, 33, 36, 90, 100].
Geophysical evidence also supports recent and presently active tectonism, possibly driven by
magma, in Cerberus Fossae, as well a possibly active mantle plume beneath Elysium Planitia
[12, 88]. Between Tharsis and Elysium lies the vast lava plain of Amazonis Planitia, produced
by lava flows of the late, eponymous, Amazonian Period. Other, much older, volcanic regions
of significance include the Syrtis Major province, as well parts of the Southern Highlands

such as Tyrrhenus Mons and Hadriacus Mons [32, 61].

Geoid anomalies provide another constraint on the dynamics of planetary interiors [27, 45,
75]. However, as Mars’ gravity field and geoid are dominated by the topography of the
Tharsis rise, largely built up by lava flows, removing or greatly reducing the effect of Tharsis
from Mars’ measured gravity field allows a much more useful comparison with our model
geoids. Zuber and Smith [110] calculated the low-degree (1=2-6) coefficients for Mars without
Tharsis, which we use for comparison—though this “Mars without Tharsis” geoid retains
shorter wavelength features associated with Elysium, as well the large shields of Tharsis,
as well as large impact basins such as Utopia and Hellas. (Spherical shell modeling cannot

include or produce the topography built up by lava or excavated by impacts.)

Using the 3D spherical shell geodynamic code CitcomS [93, 108, 109], we investigate the
thermal and volcanic history of Mars. We consider runs successful if they are capable of
producing: present-day temperature profiles (geotherms or potential temperatures) that fall
within the range inferred from InSight results [34, 40]; geoid and topography power spectra

consistent the the observations after removing the effect of Tharsis [110], and sufficient melt
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in the first billion years to explain the widespread volcanism with isolated pockets of melt
at present day. If the models are too hot, they will produce a persistent global melt layer
lasting billions of years, while if they cool too quickly, melt production will be too low and
end too early to be consistent with Mars. The observation of volcanic activity within the
past 100 million, and even past few million years [7, 33, 36, 63, 100], means that acceptable

models should produce small amounts of melt up to, or at least near, present-day.

Elysium is comparable in size to the largest terrestrial igneous provinces. Like Tharsis it also
comprises a broad rise (2400 km x 1700 km) topped by large volcanoes and shows evidence
for billions of years of volcanic activity—albeit not as recently as Tharsis ([54]) ([more recent
source(s)]). However, geodynamicists typically focus on Tharsis, because Elysium and its
three major volcanoes, while large by Earth standards, are markedly smaller than Tharsis
and its largest volcanoes. Martian volcanism has been modeled as a single long-lived plume
(Harder and Christensen, 1996). The mantle convective structure in this one-plume model
is represented by a sectoral degree-1 spherical harmonic, where the hemisphere containing
Tharsis is dominated by upwelling from the plume and the other hemisphere is dominated by
downwelling [76]. Others, including Kiefer [41], Kiefer and Li [43], Li and Kiefer [53], favor
a multi-plume model for Tharsis. Instead of one very large plume, there would be a group
of smaller plumes under Tharsis, each feeding one of the main volcanoes. Such plumes have
been modeled as stable over billions of years and ongoing melt production at their centers

would explain the continued volcanic activity over this time period, even to the present-day

Li and Kiefer [53].
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3.2 Methods

We model the Martian mantle using a modified version of the finite element geodynamics
code CitcomS [93, 108, 109]. The solid mantle behaves as an extremely viscous fluid over
long timescales, which is modeled as a creeping flow. CitcomS solves the following nondi-

mensionalized equations for the conservation of mass, momentum, and energy, respectively:

V-u=0 (3.1)

—VP+ V- [n(Vu+V'u)] + RaTe, =0 (3.2)
oT

— +u-VT =VT+Q (3.3)

ot
where u is the velocity, P is the pressure, ) is the viscosity (temperature-dependent Newto-
nian), T is the temperature, e, is the unit vector in the radial direction, and Q is an internal

heat source (and/or sink). Ra is the Rayleigh number given by

_ pmgaATR?

Ko

Ra (3.4)

where p,, is the average mantle density, ¢ is the gravitational acceleration, « is the coefficient
of thermal expansion, AT is the initial super-adiabatic temperature difference across the
mantle, R is the planet’s radius, x is the thermal diffusivity, and 7, is the mantle reference
viscosity. Table 3.1 shows the values we use for these and other parameters. An important
note here for comparing CitcomS results with other work is that the Rayleigh number is
usually defined by a layer thickness D, however CitcomS uses R for the length scale instead.
For efficiency, CitcomS computations are parallelized [93]. We model incompressible flow

using the Boussinesq approximation.
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Table 3.1: Summary of parameters and initial conditions used in our models.

Parameter Value
Mean radius 3.3895 x 10°m
Core radius 1.830 x 10°m
Mean mantle density 3500 kg m~3
Gravitational acceleration (g) 3.72ms?

Reference viscosity (1)
Activation energy (E*)

Activation volume (V*)

Rayleigh number (Ra), mantle thickness*
Thermal expansivity («)

Thermal diffusivity (k)

Specific heat capacity (cp)

Mantle adiabat

Surface Temperature (7})

Temperature difference (AT)

Initial mantle temperature**

Initial CMB temperature**

Crustal HPE enrichment factor

1.0 x 10%!' Pas
117kJmol ™" (n=3)
350kJmol™! (n=1)

6.6 cm® mol !

1.4296 x 107
2x 10Kt

1x 10 %m?s!

1.25 x 103 Jkg ' K*
0.15 Kkm™!
220 K
1500 K
1720 K
172K (1.0 AT)
1870K (1.1 AT)
2020K (1.2 AT)
155%¢
10x
15x

* Rescaled because CitcomS uses radius instead of mantle thickess for its Ra
** Potential temperature—excludes adiabat

We have made several changes and additions to the CitcomS code. The original code keeps
mantle internal heating constant through time. However, because heat production results
from the decay of radioisotopes, it is more realistic to have it decrease accordingly using the
calculations described by Turcotte and Schubert [97]. Crustal enrichment of radioisotopes
has also been added. We have incorporated the cooling of the planet’s core, which is treated

based on the coupled core and mantle thermal evolution model developed by Stevenson
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et al. [89] As the core cools, the heat from the core heats the mantle from below, while the

core-mantle boundary (CMB) temperature decreases.

3.2.1 Melt production

The largest modification to CitcomS is the incorporation of melting calculations. Much of
the work on melting in Mars’ mantle [41, 43, 53, 78] was performed in 2D spherical axisym-
metric geometry (or 2D Cartesian in the case of Tosi et al. [95]) rather than 3D. With the
exception of Ruedas et al. [78], these also do not consider the decrease in radioisotope abun-
dances through time or the thermodynamics of core cooling and solidification. Spherical 3D
modeling incorporating decaying heating as well as crustal enrichment of radioisotopes has
become more common over the past few years [72, 73, 80]. Because the melting formulation

is new to CitcomS, we describe it in some detail below.

The first step in melt calculations is to calculate the equilibrium melt fraction, which for a
given composition is a function of temperature and pressure. We calculate melt fraction (by
mass) using the empirically derived parameterization of Katz et al. [38] for dry peridotite
melting at upper mantle pressures. We convert this mass fraction to a volume fraction given
the solid mantle density (herein 3500 kgm ™) and the presumed melt density (3000 kgm™?).
The melt fraction algorithm of Katz et al. [38] was developed by fitting experimental data
on equilibrium melting of peridotite and is valid up to approximately 8 GPa. Katz et al. [3§]
has since found broad application in geodynamic mantle convection codes such as CitcomS
(e.g., Citron et al. [18], Sramek and Zhong [85]), as well as ASPECT and adaptations thereof
(e.g., Dannberg and Heister [19], Ninju et al. [66, 67]). While Katz et al. [38] was originally
published with terrestrial melting in mind, it has been applied to calculate melt productivity

in convection models of the Martian mantle by Citron et al. [18], Kiefer and Li [43], and
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Sramek and Zhong [85]. According to Sramek and Zhong [85] and Kiefer and Li [43], the Katz
et al. [38] solidus is close to experimentally derived Mars solidi, such as those of Agee and
Draper [2], Bertka and Holloway [9], Matsukage et al. [56], using inferred Martian mantle
compositions. The utility of Katz et al. [38] is that it includes a solidus, liquidus, and
a relatively straightforward nonlinear way to calculate melt fraction. Earlier geodynamic
modeling employed simpler methods, such as Kiefer [41] linearly increasing melt fraction

between the solidus and assuming the liquidus is a fixed temperature above the solidus.

We use the liquidus and lherzolite liquidus of Katz et al. [38] for dry peridotite. However, we
replace their solidus with that of Duncan et al. [21]. The Katz et al. [38] solidus in degrees
Celsius as a function of pressure P in GPa, 1085.7 + 132.9 P - 5.1 P2, is higher than the
Mars solidus of Duncan et al. [21], 1088 + 120.2 P — 4.877 P2, which is 45°C cooler at 4 GPa
and 85°C cooler at 8 GPa (see Figure 3.2).

Melt production computations must consider not only the portion of a region that is molten
(melt fraction), but also the movement of the mantle material through the melting region.
Based on equation Bl of Watson and McKenzie [101], M, the instantaneous mass of melt
per unit mass of mantle material produced per unit time, is the material derivative of the

equilibrium melt fraction X.

. DX 0X
M — —

—E—E%—U-VX (3.5)

Using the chain rule, M can be written in terms of the partial derivatives of melt fraction

with respect to temperature and pressure.

=Dt —ar Dt 9PDT _ aT

. DX 0X DT 0XDP 0X (0T 0X (0P
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Assuming 0P /0t is zero and pressure is hydrostatic, then

. 0X (0T 0X _
M = T (E +u- VT) ~ 5pPIur (3.7)

where u, is the radial component of velocity, and p is the radial profile of density. The
volume of melt produced is calculated by integrating M over the element volumes using

Gaussian quadrature.

3.2.2 Model cases
Rheology

We start by modeling a structural reference case, without the dichotomy. We ran 18 models
with this reference structure, testing three values each for the initial CMB temperature and
crustal HPE enrichment, and two values for the activation energy (E*). Based on Christense
[16], activation energy is divided by the stress exponent n to approximate a power law
rheology for olivine. Typically n is taken to be 3, but we vary the effective activation energy,
corresponding to testing values of n=3 (dislocation creep) and n=1 (diffusion creep). Thus
to approximate n=3, the nominal activation energy of 350kJmol™' becomes 117 kJ mol™*
("lower activation energy” cases), while for n=1, we keep the activation as 350kJ mol ™

("higher activation energy” cases).

The temperature and pressure (depth) dependent viscosity 7 is given, in dimensional form,

by

Ao e (Fat PVa B+ PV,
- . . X J—
1 TSP\ TR RAT +T,)
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where 7 is is the reference viscosity (1.0 x 10*! Pas), FE, is the activation energy (either
117 or 350kJmol ™), P is the pressure, V, is the activation volume (6.6 cm®mol '), R is
the ideal gas constant, and T is the absolute potential temperature. The pre-exponential
factor A is to control the viscosity by layer. To enforce a strong (initially 100 km thick)
lithosphere, from the surface to 100 km depth, A = 10. From 100 km to 1000 km depth,
A = 0.1, establishing a weak asthenosphere. From 1000 km depth to the CMB, A = 10,

accounting for a strong transition zone rheology.

Temperature initial condition

The initial temperature profile uses CitcomS tic_method=12, where the mantle is set to the
same temperature 7T,,, (here, AT = 1500K) everywhere, then cold and hot thermal boundary
layers are added at the top and bottom, respectively. Small magnitude (0.01 AT) spherical
harmonic degree 8, order 6 perturbations are added at all layers to initiate convection. The
boundary layer temperatures are calculated by adjusting 7}, based on 1D conductive cooling
(at the top) or heating (bottom) of a half-space after a "half-space age”. The top boundary

layer is thus achieved by adjusting the constant temperate profile according to:

T(r) =T, — (T — Tsury) - exf 3.9
(1) = T = (T~ Tory <f) 39

and similarly the bottom boundary layer is created by

2\/_a

where T'(r) is the initial temperature at radius r, Ty,,s is the surface temperature (220 K),

T(r) = Ty + (Toy — T - et ( ’””””) (3.10)

Temp is the initial CMB temperature, R is the radius of the planet (3389.5 km), 7., is the
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radius of the CMB, and a is the conductive cooling/heating age of the half-space. For all
18 reference structure cases (both low an high activation energy), The initial error function
temperature profile, with top and bottom boundary layers, is based on a half-space age of

100 Myr.

Dichotomy

We repeat the range of nine high activation energy (n=1) cases (3 crustal enrichments,
3 initial CMB temperatures) for models with a degree-1 hemispheric dichotomy structure
(boundary along the equator). The initial error function temperature profile in the southern
hemisphere is based on a thermal half-space age of 500 Myr. The initial temperature profile
in the northern hemisphere is based on a thermal age of 100 Myr, as would result from the
dichotomy-forming impact resetting the temperature profile ~400 Myr after Mars formed.
The initial southern hemisphere lithosphere is correspondingly set 100 km thicker than the
northern hemisphere lithosphere by setting the viscosity in the lid to the maximum allowed
value (as applied when truncating very high viscosities), which for our models is 10°1, =

1 x 10%¢ Pas.

3.3 Results

Of the three parameters we varied (activation energy /stress exponent, crustal HPE enrich-
ment, and initial CMB temperature), the results are generally most sensitive to the activation
energy, and least sensitive to the CMB temperature. Therefore, the plots in the figures are
grouped first by activation energy, specifically by the value of the stress exponent n that the
nominal activation energy (350 kJmol ') is divided by in order to vary the effective activa-

tion energy. Above the bottom thermal boundary layer, the mean mantle temperatures and
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mean radial temperature profiles (geotherms) are not strongly influenced by the initial CMB
temperature. Higher activation energy and, to a lesser degree, lower crustal enrichment and
the the thicker southern lithosphere of the dichotomy cases, lead to a overall hotter mantle.
However, these higher activation energies, and thus higher temperatures in the mid-lower
mantle, are reached with a thicker upper thermal boundary layer. As a consequence of the
higher average temperatures they produce, lower enrichment and higher activation energy
lead to more melt being produced for longer, in many cases nearly to the present day. Melt-
ing occurs primarily in the middle of the heads of plumes or the linear upwellings like those

in Figure 3.5 (d) and (e).

Across all 27 cases, the mean present-day surface heat flux only ranges from 12.3 mW m~2
(high activation energy, enrichment = 5x, initial Toyp = 1720 K) to 14.1 mWm™2 (low
activation energy, enrichment = 5x, initial Toyp = 2020 K). Of note, these values are
only about half of the heat fluxes modeled by Plesa et al. [71] and Plesa et al. [72]. Our
mean surface heat fluxes correlate positively with initial CMB temperature, and negatively
with activation energy. For high activation energy, the fluxes also increase with crustal
enrichment, but curiously for low activation energy, the minimum surface heat flux occurs

with 10x enrichment across all three initial CMB temperatures.

3.3.1 Mantle temperature and geotherms

Figure 3.3 (a—c) shows the mean potential temperature profiles, or geotherms, at the time
corresponding to present day for all the models, in three separate plots according to the
rheology (reference n=3 low activation energy, reference n=1 high activation energy, and
dichotomy n=1 high activation energy). On each of these three plots, the 1605+ 100 K mid-

mantle temperature from Huang et al. [34] is marked by the vertical magenta lines, with the
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minimum and maximum dashed. The range of geotherms from the models of Smrekar et al.
[81] is shaded, with the lighter shading being below the mean, and the darker shading above
it. All the low activation energy geotherms fall several hundred kelvins below both Huang
et al. [34] and Smrekar et al. [81]. The mid-mantle temperatures for all high activation
energy cases, including those with the dichotomy, plot within the range of Huang et al. [34].
The 5x and 10x enrichment cases also fall within the range of Smrekar et al. [81], as do
the 15x cases at depths less than ~750 km. Our geotherms, not unlike Huang et al. [34],
are generally on the cooler side of the range of Smrekar et al. [81], although they have a
somewhat different shape such that the for depths between ~100 and ~500 km, the high
activation energy cases with 5x and 10x enrichment rise above the mean of Smrekar et al.

81].

The time evolution of the mean mantle potential temperature is likewise plotted in Figure 3.3
(d—f). The cases with lower crustal enrichment, that is those which retain more of the HPE in
the mantle, heat up over the first few hundred million years as a result of this radiogenic heat.
With the low activation energy rheology, this effect is only notable with the 5x enrichment,
and even then very subtle. For high activation energy, this occurs with similar subtlety in
the 10x cases, albeit stretched out over a longer time so that the peak temperature is later.
Whereas the temperature increase with 5x enrichment is more pronounced and the peak
~200-300 Myr later, which would be near the beginning of the Hesperian. With adding the
dichotomy, the timing of the peak temperature is later still at about 3200 Ma, well into what

would be the Hesperian.
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3.3.2 Geoids

The power spectra (from spherical harmonic degree 1=2-20) of the present-day geoids out-
put by our models are plotted in Figure 3.4. Each subplot also shows, in blue, the power
spectrum of the observed Martian geoid with the effect of Tharsis’ low degree (1 < 6) topog-
raphy removed, as determined by Zuber and Smith [110]. In terms of matching this "Mars
without Tharsis” geoid, the 5x enrichment cases, as well as the dichotomy case with 10x
enrichment, perform the worst, having significantly less power at all degrees. In contrast,
the low activation energy, 15x enrichment cases show a remarkably good fit to Zuber and
Smith [110]. The remaining cases are mediocre in matching Mars without Tharsis. The low
activation energy, 10x enrichment cases, and the dichotomy 15x enrichment case with the
coolest (initially 1720K) CMB, simply fall between the worst performing cases and the Mars
without Tharsis spectrum. The high activation energy 10x and 15x enrichment cases, as well
as the two warmer CMB dichotomy 15x enrichment cases, match Mars without Tharsis up

to 1=6, but still have significantly less power than it at higher degrees.

3.3.3 3D Mantle Structure Evolution

All of the models develop long-lived plumes or plume-like linear upwellings. The cases
without the dichotomy, both for low and high activation energies, tend to first develop a
convection pattern dominated by degree-2, with two large antipodal plumes, but connected
by a less prominent linear upwelling (Figure 3.5 (a, b)). This pattern gradually evolves
into a persistent pattern dominated by a single linear upwelling that curves around much
of planet—in some cases encircling it as a sinuous ring (Figure 3.5 (d, e, g, h)). When the
upwelling remains discontinuous, one or both ends of the linear upwelling are warmer, with

a broader head, where there is greater melting (Figure 3.5 (d, g)). The dichotomy models
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behave very differently. Within a few hundred million years they develop a degree-1 structure
comprising a single large plume centered on the pole of the northern hemisphere-the one
with thinner lithosphere and the warmer (younger) half-space initial temperature profile.
Unlike the initially imposed step in lithospheric thickness-which gradually smooths out-this
degree-1 convection pattern persists through present-day; although the plume becomes less

vigorous as it, like the mantle as a whole, cools.

3.3.4 Melting

The total amount of melt over time, represented as the fraction of the mantle’s volume that
is molten (e.g., 0.1 = 10% of the mantle is melt) plotted in Figure 3.6 (a-e¢). This bulk melt
fraction generally follows the trend of the mean mantle temperature, peaking after a few
hundred million years, and then declining over the rest of the model run. The low activation
energy cases, and the high activation energy cases with 10-15x enrichment and a cooler CMB,
do tend to have an additional, earlier peak within the first 100 Myr, in some cases at the
initial time step. In the cases with 15x enrichment and the initial CMB temperature of 1720

K, there is only this one early peak, corresponding with the rising of plumes.

The melt fraction in all models peaks with the mantle being at least several percent melt,
with the 5x enrichment cases reaching bulk melt fractions well over 10%. All melting in our
models occurs within a relatively narrow range of pressures/depths (2.6-4 GPa / ~200-300
km) in the upper mantle, and the local melt percentages here can reach in excess of 40-50%
by volume. The bulk melt fraction steadily drops after the early peak so that by ~2000
Ma in the low activation energy cases and by ~500-1000 Ma in the high activation energy
cases, there is no discernible melt on the linear scales of Figure 3.6 (a—c). But this is in part

misleading; a small mount of melt remains, in many cases persisting up to or near the present
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day, and this is more visible when the bulk melt fraction is plotted on a logarithmic scale
as in Figure 3.6 (d—f). The overall amount of melt produced is not significantly affected by

adding the dichotomy to the high activation energy cases, though it is marginally reduced.

The cases with low activation energy show much less spread in their melt production over
time than the high activation energy cases when varying the enrichment and initial CMB
temperature. Put another way, models with high activation energy are more sensitive to
changes in the other parameters we varied. The coldest (15x enrichment) high activation
energy models produce less melt through time than even the coldest low activation energy
models, while the hottest (5x enrichment) high activation energy cases produce more melt
than all of the low activation energy models. Each 5x and 10x enrichment case produces a
melt volume within or above the nominal volume of the Tharsis rise (lighter gray shading in
Figure 3.6, as does the low activation energy 15x enrichment case with the hottest (initially
2020 K) CMB. Yet, only the single warmest case of all 27 cases—the high activation energy
reference case model with 5x enrichment and the hottest (initially 2020 K) CMB-produces
enough melt for Tharsis when accounting for limited extraction of mantle melt to the surface

(darker shading in Figure 3.6).

Even on the logarithmic scale, the time of last melting is not clear from Figure 3.6, because
the latest bulk melt fraction is more than 10 orders of magnitude lower than the peak. The
precise model time and corresponding age of last melt production for each model case is
listed in Table 3.2. Many cases are still producing melt at the end of the run, at present-day,
and in others melting has only cut off within the past few hundred million years. These
tend to be the lower enrichment cases. In all of the reference 15x enrichment cases, melting
shuts off well over 1 Ga. Melt continues for longer in the dichotomy 15x enrichment cases,
even up to present day in the case of the hottest (initially 2020 K) CMB. Still not clear from

either Figure 3.6 or Table 3.2 is that several models, mostly 10x enrichment cases, see melt
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production stop and restart one or more times before finally ending, or reaching present-day

with melt present. These last trickles of melting are very small and localized.

3.4 Discussion

Of the three parameters varied (rheology, crustal HPE enrichment, and initial CMB temper-
ature), the results are most sensitive to the activation energy. The results are least sensitive
to the initial CMB temperature. Higher activation energies, and thus higher temperatures
in the mid-lower mantle, result in a cooler and thicker lid, but also an overall hotter mantle.
Corresponding with the higher average temperatures, lower enrichment and higher activa-
tion energy lead to more melt being produced for longer. The cases with a hotter CMB,
and a cooler mantle due to lower concentrations of HPEs (higher crustal enrichment) are
more influenced by bottom heating. In these cases, more vigorous plumes that rise at the

beginning of the model run contribute more directly to the melting.

The results summarized and color coded in Figure 3.7 show whether each of our 27 model
cases fits our constraints for (1) geotherms consistent with InSight results, (2) recent pro-
duction of melt, (3) sufficient melt to produce Tharsis, and (4) matching the Mars without
Tharsis geoid. Blue indicates the constraint was satisfied, and red that it was decisively
not satisfied. Purple indicates an inconclusive or intermediate result that we consider to
partially satisfy the constraint. (See 3.7 caption for precisely what the colors mean.) Figure
3.7 depicts somewhat of a dilemma as to which models are the best overall. With regard to
geotherms and melting, we find the high activation energy (n=1) cases with 5-10x enrich-

ment to be more consistent with our expectations for Mars than the low activation energy
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Table 3.2: Model time and age of last melt production. The reference cases are taken to
start at 4.5 Ga, while Dichotomy cases are taken start 400 Myr later, at 4.1 Ga.

Rheology Enrichment Tgy,p Model time Age BP
Reference n=3 bx 1.0AT 4500 Myr 0 Ma
Reference n=3 bx 1.1AT 4483 Myr 17 Ma
Reference n=3 bx 1.2AT 4500 Myr 0 Ma
Reference n=3 10x 1.0AT 3154 Myr 1346 Ma
Reference n=3 10x 1.1AT 3615 Myr 884 Ma
Reference n=3 10x 1.2AT 4142 Myr 358 Ma
Reference n=3 15x 1.0AT 2105 Myt 2395 Ma
Reference n=3 15x 1.1AT 3129 Myr 1371 Ma
Reference n=3 15x 1.2AT 2560 Myr 1940 Ma
Reference n=1 bx 1.0AT 4500 Myr 0 Ma
Reference n=1 bx 1.1AT 4500 Myr 0 Ma
Reference n=1 bx 1.2AT 4500 Myr 0 Ma
Reference n=1 10x 1.0AT 3756 Myr 744 Ma
Reference n=1 10x 1.1AT 4500 Myr 0 Ma
Reference n=1 10x 1.2AT 4354 Myr 146 Ma
Reference n=1 15x 1.0AT 2080 Myr 2420 Ma
Reference n=1 15x 1.1AT 3785 Myr 715 Ma
Reference n=1 15x 1.2AT 4229 Myr 271 Ma
Dichotomy n=1 bx 1.0AT 4100 Myr 0 Ma
Dichotomy n=1 bx 1.1AT 4100 Myr 0 Ma
Dichotomy n=1 bx 1.2AT 4100 Myr 0 Ma
Dichotomy n=1 10x 1.0AT 4100 Myr 0 Ma
Dichotomy n=1 10x 1.1AT 4100 Myr 0 Ma
Dichotomy n=1 10x 1.2AT 4100 Myr 0 Ma
Dichotomy n=1 15x 1.0AT 3028 Myr 1072 Ma
Dichotomy n=1 15x 1.1AT 3210 Myr 890 Ma
Dichotomy n=1 15x 1.2AT 4100 Myr 0 Ma
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cases. In contrast, the geoids of the low activation energy (n=3), 15x enrichment cases are

the best fit to Mars without Tharsis.

Many of our models produce a small amount of melt up to or near present-day, with some
cases having small amounts of melting stopping and restarting. This is consistent with
small, localized pulses of volcanism on Mars within the past few million to ~100 million
years. It should be noted that our models have limited resolution, for example ~25 km
vertical resolution, and still lower in the lateral direction over most of the mantle, including
the 200-300 km melting depths. Therefore, it is possible that were these same parameters
and initial conditions run at a significantly higher resolution—which would take an infeasible
amount of computing time and power—melting could continue for a little longer, and would

not stop and restart.

Producing sufficient melt for Tharsis while also producing a geoid power spectrum that
is consistent with present-day Mars (without the volcanically constructed topography of
Tharsis) is very difficult, and none of our cases do that well. It is even difficult just to
produce enough melt to account for the enormous volume of Tharsis, while also accounting
for the fact that only a small fraction of melt produced in the mantle erupts on the surface.
As depicted in Figure 3.7, only our single hottest case (high activation energy, 5x enrichment,
2020 K initial CMB temperature) does this—and then only barely. This singular case still does
not do so quickly enough to allow for emplacement of the Tharsis rise by the late Noachian,
and it also produces a geoid inconsistent with out constraint. The majority of cases—and
every case with 5-10x enrichment—produce at least a Tharsis-equivalent melt volume within
the mantle, but this could only account for Tharsis if an unreasonably high percentage of
that melt were erupted onto the surface. Even the two low activation energy, 15x enrichment
cases that do this much and reproduce the expected geoid power spectrum have unacceptably

cold geotherms and stopped producing melt well over 1 Ga.
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We find the thermal structure results from models with high activation energy to be more
consistent with present day Mars. The model cases (high activation energy and 5x enrich-
ment) that perform the best in terms of total melt production and maintaining some melt
to present-day—and thus in terms of temperature—are some of the worst performing in terms
of matching the expected geoid. The three best performing cases (low activation energy and
15x enrichment) for reproducing the expected geoid are not only the worst performing with
regard to melting, but result in present-day mantle temperatures hundreds of degrees colder
than inferred from the results of InSight and previous modeling. It is, however, remarkable
that despite the cold mean geotherms, the 5x enrichment cases with this low activation en-
ergy rheology are able to locally produce small volumes of melt up to or near present-day.
The large discrepancy in geotherms does lead us to broadly reject the low activation energy
rheology, so much so that this was not considered when modeling the dichotomy—but the

better fitting geoid remains an interesting question.

With regard to crustal HPE enrichment, and rather unsurprisingly, Figure 3.7 also reflects
how the melting results favor lower crustal enrichment, which is somewhat at odds with
the body of work favoring 10-15x enrichment—as well as the the geoid power spectra of our
models. Nevertheless, most of the 10x cases with high activation energy produce melt up to
or near present-day, and up to about 1=6 the geoid is a good fit with Mars without Tharsis.
The 10x enrichment cases do produce significantly less melt overall, and early on, compared
to the Hx cases. But even the 5x enrichment cases cannot produce enough melt, at least
not quickly enough, to account for Tharsis without extremely efficient melt extraction. In
case of either 5x or 10x enrichment some change or additional factor must be considered to

account for all of the melt erupted to form Tharsis and other major volcanic regions.

The present day geotherms from the low activation energy cases are hundreds of degrees too

cold to be consistent with what has been inferred for Mars, therefore we generally prefer
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the models with the higher activation energy. Nevertheless, the models with low activation
energy and 15x enrichment provide the best-fitting geoid to observations. The power spectra
for the 10x and 15x enrichment, high activation energy cases do still match well with the
Mars without Tharsis geoid up to 1=6-8. Only at higher degrees is there significantly less
power in the geoid for these cases compared to Mars without Tharsis, and the low activation

energy 15x enrichment cases.

We do not consider in our modeling initial conditions arising from a magma ocean overturn
22, 23]. One might speculate that this would stabilize the mantle with regard to convection
for some period of time, allowing the mantle to heat up. The interaction of the two effects
of (1) cooling the mantle due to the overturn, and (2) the subsequent heating of the mantle
due to stabilizing the mantle against convection, make it difficult to predict the impact of

this condition without further analysis. That is beyond the scope of this work.

3.4.1 Effects of adding the dichotomy

Because of the large mismatch in geotherms with the low activation energy cases, and the
associated difficulty in generating sufficient melt, we only ran the dichotomy cases with
high activation energy. To first order, the geotherms of the dichotomy cases are very close
to those of the corresponding cases without the dichotomy. In the long term, the mantle
temperature is much more sensitive to crustal enrichment than it is to the initially thicker

southern lithosphere and warmer northern hemisphere mantle.

Recall that the initial temperature profile is also different with the dichotomy cases. The
start time is taken to be 4100 Ma instead of 4500 Ma as in the reference cases. To account
for this difference in time, we initialize the southern hemisphere with an error function

temperature profile corresponding to an age of 400 Ma (versus 100 Ma for the reference
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case). The northern hemisphere initial condition is kept as a profile corresponding to an
age of 100 Ma, consistent with a younger lithosphere and a large injection of heat from
the putative large impactor responsible for the dichotomy (Andrews-Hanna et al. [4], Kiefer

[42], Marinova et al. [55]).

The geoid power spectra produced by the dichotomy are an even poorer match to Mars
without Tharsis than the reference high activation energy cases. The fit improves with
increasing enrichment, so with higher enrichments of >20%, one may extrapolate that the
fit would be more reasonable, but such enrichment levels are not supported by any other
work, or the rest of our results. Including the hemispheric dichotomy for the high activation
energy cases as we did makes the geoid fit even wore than the reference high activation energy
cases, and it marginally decreases the cumulative melt production. However, the initially
thicker southern lithosphere does make it easier to maintain a small amount of melt close to
present-day, and this is not wholly attributable to the later start time with the same initial

temperature profile in the northern hemisphere.

3.5 Conclusions

Overall, we find that our results from the high activation energy rheology reference cases
(i.e., without the dichotomy), 5-10x crustal enrichment, and initial CMB temperature of
1870-2020 K (i.e., greater than the initial mid-mantle temperature) are most consistent with
the data we have for Mars. The present-day geotherms from our model cases with the high
activation energy are consistent with Huang et al. [34] in supporting a present-day mantle
cooler than most pre-mission estimates by Smrekar et al. [81]. A 10x crustal enrichment
factor would also be consistent with the modeling of Samuel et al. [79] and the lower end

of the range inferred by Huang et al. [34]. Furthermore, 10x enrichment agrees well with
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the orbital gamma ray spectrometry data that indicate ~50% of Mars’ HPE are contained
within its crust [11, 58, 94]. Modifying the radial viscosity structure of these 5-10x enrichment
models may resolve the inconsistency with Zuber and Smith [110] of our preferred cases. To
be sure, up to 1 = 6, the 10x enrichment geoids for the high activation energy reference

structure are in good agreement with Zuber and Smith [110].

It is challenging to reconcile such a cool mantle at present with the amount of melting re-
quired throughout—and particularly early on in-Martian history. It is nevertheless reassuring
that our models, and thus a mantle as cool as Huang et al. [34] find for present-day Mars,
are still capable of producing small, localized amounts of melt, as the evidence of recent
volcanism [7, 33, 36, 63, 90, 100] necessitates, and the ongoing tectonic activity in Elysium
observed by InSight [12, 44, 68, 87] suggests. Melt production is very sensitive to the tem-
perature, or more precisely the portion of the mantle that is above the solidus. Therefore
more melt in the late pre-Noachian to early Hesperian, as is necessary to produce the Tharsis
and Elysium rises, requires a hotter mantle and/or a lower solidus. A hotter mantle would
have to cool more quickly in order to still reach the cool observed geotherms. The faster
cooling of a hotter mantle may be facilitated by the consequently more vigorous convection,
and considering the effect of compressible convection and, in particular, the latent heat of
melting. Alternatively, or in addition to this, including the effect of water or CO5 could

depress the solidus enough to significantly increase melt production at a given temperature.
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Figure 3.1: Crustal thickness map adapted from Zuber et al. [111]. The locations and
approximate extent of Tharsis and Elysium are marked. The red line marks the dichotomy
boundary. The line is dashed where the boundary is uncertain, in particular beneath Tharsis.
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Figure 3.2: Comparison of the Katz et al. [38] solidus for dry peridotite with the Mars solidus
of Duncan et al. [21] over the applicable depth range of Katz et al. [38]. The liquidus of Katz
et al. [38] is also plotted. Melting in our models is confined to a narrow range of pressures
between 2.6 and 4 GPa, or approximately 200-300 km depth.
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Figure 3.3: a-c: Present-day geotherms, including the InSight derived mid-mantle tempera-
ture estimate of 1605 4+ 100 K by Huang et al. [34] (vertical magenta lines), as well as the
range of possible geotherms from Smrekar et al. [81] (shaded).
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Figure 3.4: Geoid power spectra compared to Mars without Tharsis coefficients from Zuber
and Smith (1997). Begins at 1=2.
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Figure 3.5: 3D plots of selected model cases with potential temperature (yellow) and melt
(red) isosurfaces for all three (reference n=3, reference n=1, and dichotomy n=1) cases with
10x enrichment and initial Topp of 1.1 AT = 1870 K. The isotherms and melt fractions
plotted for each case are: (a) T = 1650 K, melt fraction = 10%; (b) T = 1770 K, melt
fraction = 25%; (¢) T = 1755 K, melt fraction = 25%; (d) T = 1500 K, melt fraction =
0.01%; (e) T = 1710 K, melt fraction = 0.1%; (f) T = 1710 K, melt fraction = 1%; (g) T =
1380 K, no melt present; (h) T = 1680 K, melt fraction = 0.01%; and (i) T = 1680 K, melt
fraction = 1%. The southern hemisphere, with the initially thicker lithosphere, is darker in
all dichotomy plots (c, f, i). For the remaining plots, north is approximately up, but some
rotation has been done to better show the thermal structure and melt.
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Figure 3.6: Melt and melt production over time. The bulk melt fraction is the fraction of the
total mantle (out of 1.0) that is molten at a given time. This is shown here both on a linear
and logarithmic scale. Cumulative melt is the integral of the mantle melt production rate
over time. On the cumulative melt plots (g-i), approximate amount of melt (1-33 x 10% km?)
required to produce Tharsis is shaded in lighter gray. However, only a fraction of the melt
(here assumed to be 10%) produced in the mantle is extracted to and erupted on the surface.
The darker gray shading on these same plots is the required melt volume multiplied by ten
(1-3 x 10° km®) to account for this.
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Figure 3.7: Color-coded summary of all 27 model cases and whether each one meet our
constraints for geotherms, melt, and the geoid. Red indicates the constraint is not met.
Blue indicates the constraint is met: geotherm consistent with Huang et al. [34]; melt at
present-day; sufficient cumulative melt production to produce Tharsis (accounting for 10%
melt extraction); or a geoid that agrees with the "Mars without Tharsis” geoid of Zuber and
Smith [110]. Purple indicates an intermediate result: no melt at present, but within the past
200 Myr; sufficient melt for Tharsis allowing >10% melt extraction; or a geoid that either
agrees with Zuber and Smith [110] only in the lowest degrees (1< 6) or falls between the red
and blue geoids.



Chapter 4

The Mantle Melting Algorithm

In this chapter I explain in greater detail the methods and development of the melting calcu-
lations I have added to CitcomS and applied in Chapter 3, and the rationale behind them. [
conclude with my most recent work on testing the effect of compressible convection on mantle
temperatures and melt production. That will be the basis for a second mantle convection
paper, focused on the melting methodology and the effects of compressible convection on melt

production in the Martian mantle.

4.1 Introduction

In order to use geodynamic models to better answer questions about the volcanic history
of Mars and the origin of Tharsis, and further constrain the parameters that effect melt
production, it is essential to be able to calculate melt production with these geodynamic
codes. CitcomS is a well-established and thoroughly benchmarked geodynamic code, but
does not include melting. Therefore a prerequisite for my research was to implement a

melting algorithm in CitcomS.

Full incorporation of melting calculations in 3D spherical geodynamic codes is relatively
new, and still rare for Mars. Early geodynamic modeling of melt production in the Martian
mantle was performed by Kiefer [41] in 2D axisymmetric geometry. Kiefer [41] calculated

the melt fraction as a linear function of the difference between the dry solidus of Bertka and
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Holloway [9] and a hypothetical liquidus at a fixed 200 K above the solidus. More recently,
geodynamicists have come to rely on the experimentally derived parameterized melting model
of Katz et al. [38] to more realistically calculate the melt fraction as a function of temperature
and pressure, and this is incorporated into the standard version of ASPECT. This is not only
true for modeling Earth’s peridotite upper mantle, for which composition Katz et al. [38] was
actually derived, but for Mars as well (e.g., Sramek and Zhong [85]-3D spherical, and Kiefer
and Li [43]-2D axisymmetric). Srdmek and Zhong [85] and Kiefer and Li [43] find that the
solidus of Katz et al. [38] solidus is consistent with then solidi for Mars available at the time
([2, 9, 56]. But the more recent Mars solidus of Duncan et al. [21] is tens of degrees cooler
in the depths where melting occurs in my models, and I find this to significantly impact the

amount of melt generated.

Melt production can to some extent be estimated via this method by post-processing the
temperature and velocity data, and this is how I initially tested melting with my first Mars
models. But this approach has a number of drawbacks. While the direct melt-reducing
effect of the temperature drop from the latent heat of melting can be approximated by
reducing the post-processed temperatures as Kiefer [41] does, this is not ideal, and does not
permit the latent heat of melting (or freezing) to be included in the solution of the energy
equation. Even if one is not considering latent heating, the melting calculations being an
integral part of the code allow the melt to be dealt with dynamically. For example, melt can
be advected through the mantle, or a portion of it can be extracted (that is, removed from
future calculations as if it erupted), or compositional changes such as the depletion of fertile
mantle rock can be addressed. There is also the practical problem that post-processing is
wholly reliant on the data that is output every x time steps, or y million years. My models
take on the order of 100,000 time steps to complete, and outputting every 100 Myr produces

well over 20 gigabytes of data for each individual run. Even if post-processed melt production
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were otherwise as accurate as possible, this is very coarse temporal resolution, and would
miss rapid changes or small intermittent amounts of melting, as happen near the beginning
and end, respectively, of my models in Chapter 3. Post-processing melting at every time
step, or even every few time steps, of these 3D models would take up far too much data and

time to be feasible.

That said, figuring out how to properly include latent heat of melting (or freezing) into the
energy equation within CitcomsS, so that the program does not crash or get stuck, has proved
to be a great challenge. It is in part for that reason that the models in Chapter 3 do not
actually consider latent heat of melting. But as these models are of incompressible flow using
the Boussinesq approximation, which does not consider viscous or adiabatic heating, or the
latent heat of solid phase transitions, including latent heat of melting would be inconsistent.
The proper treatment of latent heat of melting, as with other sources of latent heat, requires

compressibility, or at least an extended Boussinesq approximation (EBA).

4.2 Melt Fraction

The first step in melt calculations is to calculate the equilibrium melt fraction, which for
a given composition is a function of temperature and pressure. (Physical realism notwith-
standing, it doesn’t matter for the melt production algorithm how this is calculated—though
ideally the function is analytically differentiable.) I calculate melt fraction (by mass) using
the empirically derived parameterization of Katz et al. [38] for peridotite melting at terres-
trial upper mantle pressures. The melt fraction algorithm of Katz et al. [38] was developed
by fitting experimental data on equilibrium melting of peridotite and is valid up to approx-
imately 8 GPa. Katz et al. [38] includes a formulation for hydrous melting; however, I am

currently only considering dry melting.
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Katz et al. [38] has since found broad application in geodynamic mantle convection codes
such as Citcom$ (e.g., Citron et al. [18], Sramek and Zhong [85]), as well as ASPECT and
adaptations thereof (e.g., Dannberg and Heister [19], Ninju et al. [66, 67]). While Katz
et al. [38] was originally published with terrestrial melting in mind, it has been applied to
calculate melt productivity in convection models of the Martian mantle, e.g. by Kiefer and
Li [43], Srdmek and Zhong [85] and Citron et al. [18]. The utility of Katz et al. [38] is that
it includes a solidus, liquidus, and a relatively straightforward nonlinear way to calculate
melt fraction. Earlier geodynamic modeling employed simpler methods, such as the linear
method of Kiefer [41], increasing the melt fraction at a fixed amount per degree above the

solidus to an assumed liquidus that parallels the solidus.

In the Katz et al. [38] formulation, the equilibrium melt fraction X (by mass) is a function of
pressure P (in GPa) and temperature T (herein I use kelvins). The parameter (A, A, etc.)
values are summarized in Table 4.1, and except for the solidus—and the conversion from °
to K—are taken from Katz et al. [38]. The solidus Ty, hypothetical “lherzolite liquidus” ﬂlf;,

and liquidus Tj;, are parameterized as quadratic functions of P.

T,(P) = Ay + AyP + AsP? (4.1)
Ti'er#(P) = By + By P + BsP? (4.2)

lig

,.Thq(P) = Cl + CQP + C3P2 (43)
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Table 4.1: Summary of melt fraction parameterization parameters. See text for explanation
of their use. The solidus parameters Ay, Ay, and Aj are for the portion of the Duncan et al.
[21] solidus up to 10 GPa. All other values are those of Katz et al. [38] for dry peridotite. Note
that the A;, By, and C; terms have been converted from °C in their respective publications
to kelvins, in order to remain consistent with my use of absolute temperature for melting.

Function Parameter Value Units
Tso1(P) Ay 1361.15 K

A, 120.2 K GPa™!

As -4.877 K GPa™2
Tf?q(P) B, 1748.15 K

Bs 80.0 K GPa™!

Bs -3.2 K GPa™2
Tyiq(P) Cy 2053.15 K

Cs 45.0 K GPa™!

Cs -2.0 K GPa™2
X(T,P) g 1.5 dimensionless
Xepr—out Mps 0.15 dimensionless

o 0.50 dimensionless

r 0.08 GPa~!

The specific parameters of the dry peridotite solidus of Katz et al. [38], such that Ty =
1358.85 + 132.9P - 5.1P? is higher than the Duncan et al. [21] Mars solidus at corresponding
pressures (T = 1361.15 + 120.2 P — 4.877 P?): for example, by 45 K at 4 GPa (see Figure
4.1). (The Duncan et al. [21] solidus is a piece-wise quadratic fit to the results of high pressure
experiments done on the simplified Dreibus and Wanke [20] composition of Bertka and Fei
[8]. The relevant segment is the first one, valid at pressures up to 10 GPa.) Therefore, in
order to be more consistent with Mars, I use the Duncan et al. [21] solidus in place of the
Katz et al. [38] dry peridotite solidus. Unsurprisingly, this slightly increases the amount of
melting, and allows melt production to continue for longer with the Martian mantle. We do

not have a similar liquidus for Mars, so I retain that of Katz et al. [38].
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The lherzolite liquidus is used to account for the exhaustion of clinopyroxene (cpx) in the
solid phase, that is the point at which all cpx goes into the melt, or starts crystallizing from

it. This occurs once the melt fraction reaches a value X,;—out given by

My

chxfout(P) = R—(-P>
cpx

(4.4)

where M, is the modal fraction of c¢px in the solid, and R, is the melting reaction coeffi-

cient of cpx, which is empirically fit as a linear function of pressure

cha: =79+ TIP (45)

Up to the exhaustion of clinopyroxene, the melt fraction X, is calculated, using the solidus

and the lherzolite liquidus temperatures, as

B
X (T, P) = (TlhT(P—) CCIT(PZ 213)) (4.6)

lig

From this it follows that, at a given P, there is a temperature of clinopyroxene exhaution

T epz—out SuCh that

Tcpm—out(P) = Tsol(P> + cha:—out(P)l/B : (jjllh(P) - Tsol(P)) (47)

iq

At temperatures above T, Where orthopyroxene (opx)-and/or in theory olivine-are the
main phases being melted (or crystallized), the melt fraction, now X,,, , is calculated using

the actual liquidus temperature and Tcpp—ous as



66 CHAPTER 4. THE MANTLE MELTING ALGORITHM

T - Tcpm—out(P> g
)

Kopa (T, P) = Xepw—out(P) + (1 = Xepw—our(P)) (

The melt fraction by mass obtained from this modified Katz et al. [38] method is then

converted to a fraction by volume according to the equation

Xool = - Ps (4.9)
pm (Xmass - 1) —"_ ps

where X, is the melt fraction by volume, X,,.ss is the melt fraction by mass, p, is the
solid mantle density (3500 kg m™ for my Boussinesq models), and rho,, is the melt density
(3000kgm™?). From here on in this text, the melt fraction X used shall be the volume

fraction, unless otherwise noted.

4.3 Melt Production

Melt production computations must consider not only the portion of a region that is molten
(melt fraction) at a given time (which I get from Equations 4.6, 4.8, and 4.9), but also the
movement of the mantle material through the melting region. Based on equation B1 in the
second appendix of Watson and McKenzie [101], M, the instantaneous amount of melt per
unit of mantle material produced per unit time, is the material derivative of the equilibrium

melt fraction X.

. DX 0X
M — —

—E—E"f—u-VX (4.10)



4.3. MeLt ProDUCTION 67

Using the chain rule, M can be written in terms of the partial derivatives of the melt fraction
with respect to temperature and pressure. This is why having an analytically differentiable

melt fraction parameterization is very helpful.

. DX 0XDT 0XDP 0X (0T 0X (0P
M=y =or ot TorDT ot (a*“w) T op (E*“'VP) (4.11)
Assuming 0P /0t is zero, this becomes
. 0X (0T 0X
Further assuming that pressure is hydrostatic, then
. 0X (0T 0X _

where u, is the radial component of velocity, p is the radial profile of density (a constant and
uniform 3500 kgm~— for my models in Chapter 3), and g is the magnitude of gravitational
acceleration. The volume of melt produced is calculated by integrating M over the element
volumes using Gaussian quadrature (through calling a function that is part of the standard

CitcomS code).

Any geodynamic code will already compute the term %—r‘tp +u - VT for the energy equation,

but we still need to compute the partial derivatives g—)T( and g—);. The Katz et al. [38] param-

eterization makes this analytical and straightforward in principal-if somewhat convoluted

in regard to the algebra and number of terms, particularly for melt fractions above the ex-
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haustion of clinopyroxene. Fortunately, the expanded forms of these partial derivatives can

be found in Appendix C of Dannberg and Heister [19].

For melt fractions below the exhaustion of clinopyroxene, these derivatives are

B—1
0X pe(T, P) T — T,(P) 1
o (lei;(P) - TSOZ<P>> “ T (P) = Tl P) 414
and
0X ope(T, P) T — T (P) o
or "\ TP - Tu(P)
airllzh P sol
X (%) (Tsol(P) - T) + aTa—Igp) (T - T‘llzI;<P)>) <415)

1
(P) — Tou(P))’

x (Tlh

lig

Above the exhaustion of clinopyroxene, these derivatives are

00Xy (T, P
% = B(l - chm—out) (

1
X
Ezq(P) - Tcpx—out(P)

T - Tcpac—out(P) et
P)

ﬂzq<P) - Tcpz—out( (416)

and
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achaﬂ(Ta P) _ dXCpﬂU_OUt(P)
opr N dP

L ( T — Toprow(P) )5
Tig(P) — Tepo—out(P)

T — Topoour(P) )5‘1
Tig(P) — Tepo—out(P)
Lepaont (T, ot — Tiig) + (“ff;q + chg“;;O“t) (Topo—out — T)
(T{(P) - Te(P))*

liq

+ 6(1 - chm—out) < (417)

4.4 Latent Heat

With specific enthalpy of fusion AH,,.; = TAS,,, entropy of fusion AS,,, and equilibrium

melt fraction X, the latent heating rate Qe per unit volume due to melting (or crystalliza-

tion) is
Qmelt = ﬁAHmM (418)
Therefore
o0X DT 0X
=pAH,—— — pAH,,—p 4.1
Qmelt 1Y m 8T Dt P maP Pguy, ( 9)

The energy equation used by CitcomS, but with the added term @, is
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_ DT Yon RO i
pcpﬁ (1 + 2F(1 — F)ﬁ—a Z(T —+ To)) = pCpl{V2T
— pagu, Di(T + Tp) <1 +2I'(1 — F)Mib> (4.20)
dph Ra

Di
+ = +PH + Quen
Ra

where cp is the specific heat capacity, and the terms involving the dissipation number Di
or the phase function I' are part of the latent heat of the solid-solid phase transitions (e.g.,
olivine to wadsleyite) in compressible convection, which are explained in more detail in
Christensen and Yuen [17]. The phase function I' is the fraction (between 0 and 1) of the
heavier solid phase; 7, is the Clapeyron slope of the solid phase change; d,, is the depth of

the phase change; Rb is the chemical Rayleigh number; and T is the surface temperature.

5pph
= Ra——— 4.21
Rb Rapoao Ve (4.21)

where dp,, (part of Rb) is the density change associated with the phase transition.

pi = Qogtto (4.22)
Cp
1 s
r=- <1 + tanh < >) (4.23)
2 PYWph
T = pg(1 — 71— dpn) — Ypu(T — Tpn) (4.24)

where 1 is the radial coordinate and T}, is the temperature of the phase change.
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At first, it appeared incorporating latent heat into the energy equation residual in the code
could be done by calculating @,,.; and adding it to the RHS, as is done with radiogenic
heating pH. However, this never worked in practice, and the code always crashed as sig-
nificant melting or crystallization occured. This tends to happen as heads of rising plumes
reach the base of the lithosphere. The failures generally occurred between 100 and 1000 Myr

into the model run.

A major problem was that the temperature derivative (for which we are calculating the
residual) is part of Qe So, instead we want to isolate the DT/ Dt term on the left hand side,
analogous to how CitcomS already handles the latent heat of solid-solid phase transitions
when doing compressible flow. First, we substitute Q¢ with its expanded form in equation

(4.19).

o

Di(T + To)) = pc,k VT
dph a

DT

b
— pagu, Di(T + Tp) (1 +20(1 — F)MR—>
dpn Ra (4.25)

Di

— 4+ pH
+ Ta +p

X DT X

_AHm__ —p m__ T

PR Dy T PRIt

The temperature portion of Qe (i.e., pAH,,(0X /OT)(DT/Dt)) can join the temperature
portion of the transition zone latent heating on the left hand side, leaving the pressure

portion —ﬁAng—)Igﬁgur on the RHS.
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DT Y2 Rb 504 ~
— (1421 —-D)-2—Di(T + T, — AH,, = 2T
- Dt ( " ( )dph Ra Z( " 0) ( Cp 8T>) pcp,iv
— pagu, Di(T + Tp) (1 +20(1 - T)22h Rb) (4.26)
dph Ra

Di 0X
— + pH — pAH,,—pgu,
+ Ra +p P ap P

Then, dividing both sides through by the part of the left hand side in parentheses gives

B DT _ pep,k V2T
" Dt (14200 - T) 2 RDAT + Ty) - (LAHASY))

dpn Ra
pagu, Di(T + Tp) (1 4or(1— r)ﬁ%)
(14+20(1 = D)2 DT + Ty) - (LAH, %))
Di —
i e +pH
(14200 - D) E2DIT + Ty) - (LAH, %))

_ 89X DP
PAH Y55 Br

<1+2p(1_1“)7 RbD@(T—i—To)_( Angé())

(4.27)

+

Assuming incompressible flow (Boussinesq approximation), and in effect ignoring the solid

phase transitions, this would simplify to

DT pcp/fV T + pH — p*AH,, %X gu,

P D 1 LAH,ZX

(4.28)

where the portion of latent heating contributed by the temperature derivative of the melt

fraction is in the denominator, and the pressure derivative portion is in the numerator.
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However, this simplification is not technically correct, as consideration of any latent heat re-
quires considering compressible flow, rather than a purely Boussinesq approximation. There-
fore, it is acceptable, even technically appropriate, that given the models in Chapter 3 use
the Boussinesq approximation, they do not consider latent heat of melting. That is irre-
spective of the question of whether or not switching to fully compressible flow, or somewhat
more simply an extended Boussinesq approximation, (either of which would allow for the

consideration of latent heat of melting) would affect the results of Chapter 3.

4.5 Extended Boussinesq Approximation Models

4.5.1 Methods

All models in Chapter 3 consider incompressible flow, or more precisely the Boussinesq

approximation, where the energy equation is like Equation 4.28, but with AH,, = 0.

DT
ﬁcpﬁ = pe,k V2T + pH (4.29)

Under the extended Boussinesq approximation (EBA), we consider terms in the energy

equation with the dissipation number Di, the dimensionless number given by.

aglL

Di = (4.30)

Cp

where « is the thermal expansivity, g is the gravitational acceleration, L is the length scale,
and cp is the heat capacity. L is typically taken to be the mantle thickness, but like with the

Rayleigh number, CitcomS uses the planetary radius as the length scale. In effect, the energy
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equation again becomes that given by Equation 4.28, and we can consider the effects of latent
heating. (If Di is taken to be zero, the energy equation simplifies back to the Boussinesq
energy equation.) For Earth, calculated according to Equation 4.30, Di is between 0.25 and
0.8 [47], or 0.56-1.8 if rescaled according to CitcomS. For Mars, using the values in Chapter
3 Table 3.1 (=2 x 107°, g=3.72ms2, cp=1250J kg ' K), Di is lower, and would be 0.09
according to the traditional mantle thickness L (1559 km.), and 0.2 using the CitcomS radial
(3389.5 km) scaling. Therefore, compressibility should have a smaller effect in the Martian

mantle than in Earth’s.

To begin testing the effect of compressibility on temperature and melting within a Mars-like
mantle, I ran models with four different Di: 0.0, 0.1, 0.25, and 0.5. Di=0.0 is a Boussinesq
control case; the other three values are the actual EBA cases. These models use the same
parameters as the models in Chapter 3, specifically those with low activation energy and an
initial CMB temperature of 1.0 x AT = 1720 K. The difference is that these new models
don’t include crustal enrichment, and don’t necessarily use the decaying heating. (This
configuration was selected to minimize additional code development, while still minimizing
the run time.) While the cases with Di>0 do consider compressible heating (viscous and
adiabatic heating, and the latent heat of solid phase transitions) I have not yet included the

latent heat of melting (or freezing).

First, I ran the four different Di cases with a constant non-dimensional radiogenic heating
of Q=25, equivalent to 4.09 x 107'2Jkg '), which is close to the present-day value for
Mars based on Dreibus and Wanke [20], if crustal enrichment is not considered. Next, I
repeated these four cases, except with decaying heating as in Chapter 3, that is with the
initial value based on the back-projected Dreibus and Wanke [20] composition. For these
cases, the initial radiogenic Q is 144 (2.36 x 10~* Jkg™ '), and only reaches near 25 close to

present-day. While lower activation energy and CMB temperature models run faster than
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the otherwise equivalent models with high activation energy or a warmer CMB, the lack of
crustal enrichment in these cases leads to more mantle heating, and so these models are still
quite slow to run. As a result, I do not yet have the full runs to present-day for these four

cases. The currently available results only go out 1.6-1.7 Gyr instead of the full 4.5 Gyr.

4.5.2 Preliminary Results

The results to date are summed up in the plots of Figure 4.2. For the radiogenic Q=25
set of models, varying Di has at most a modest effect on the mantle temperature. Of note,
while increasing Di leads to a slightly warmer, more slowly cooling mantle as a whole, it
has the opposite effect on the upper mantle temperature, particularly in the "melting zone”
at 200-300 km depth. This small decrease in temperature has a significant impact on melt
production, with cumulative melt for Di=0.5 approximately an order of magnitude less than
for Di=0.0. In stark contrast, the effect of increasing Di on temperature and melt for the
decaying heating (initially Q=144) cases is negligible, at least so far as they have reached.

The curves plot indistinguishably atop one another.

4.5.3 Discussion and Initial Conclusions

For the decaying radiogenic heating cases, the radiogenic heating starts out much higher than
for the Q=25 cases, and would only reach that low level near present-day. Consequently,
overall heating in the decaying QQ cases is more dominated by radiogenic heating, as opposed
to compressible heating. When Q is low, the magnitude of the overall heating is lower, and

the effects of relatively small differences in compressible heating show up.

The decaying radiogenic heating results so far cover the time period when Tharsis should

form. Thus, I do not expect switching to compressible convection should, by itself, have
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a major effect on the ability to produce Tharsis. It should also be noted again that, for
expediency, the low activation energy was used. The higher activation energy cases, which
I found in Chapter 3 to produce temperatures and melting more consistent with Mars, cool
more slowly. Therefore, the impact of a higher Di on melt may be smaller when I run with
higher activation energy. Another point is that Mars’” Di is relatively low, and as calculated
for CitcomS (Di=0.2) would fall roughly midway between the Di=0.1 and 0.25 curves, rather
than the extreme of Di=0.5. As the models approach present-day, the radiogenic heat will
decrease such that compressible effect may become more influential. The compressible upper
mantle will eventually cool more quickly than the incompressible case, and this could have
significant impacts on late stage melting. Nevertheless, as the results of Chapter 3 show, it
is actually not difficult to produce very small amounts of melt in the cool Martian mantle
of today (as shown by our high activation energy cases consistent with Huang et al. [34]),
and this is even possible for some of the significantly colder geotherms produced by our low
activation energy cases. So a modest acceleration of mantle cooling in the late Amazonian
as a result of compressible effects should not be a concern. Indeed, if a hotter early mantle
is needed to produce Tharsis, as my work in Chapter 3 suggests, this late cooling should be
helpful in still matching the present geotherm constraint from Huang et al. [34], as well as

in explaining the rapid decline in volcanic activity in the Amazonian.

One caveat to the initial conclusion that compressible convection should not significantly
impact early melt production is that these initial compressible/EBA models do not consider
crustal HPE enrichment. Crustal enrichment reduces the radiogenic heating with the mantle
and, as the results of Chapter 3 show, leads to less overall heating, faster cooling, and a great
deal less melt. This impact will be most significant for the 15x enrichment cases, which for
a b0 km thick crust, start out with radiogenic heating approximately 0.24 times the no

enrichment case, or Q=35. For 10x and 5x enrichment—which are more favorable for meeting



4.5. EXTENDED BOUSSINESQ APPROXIMATION MODELS 77

the melting constraints—this factor increases to 0.51 (Q=73) and 0.78 (Q=112), respectively,
so the effect of compressible heating on early melt (if any) should be subdued in cases of low
to moderate crustal enrichment. Second, the effect of latent heat of melting remains to be
tested. If I consider, as in Chapter 3, that only ~ 10% of the melt in the mantle is extracted,
most of the rest must in the long term freeze and release its latent heat of fusion into the
mantle, so the overall cooling contribution of latent heat of melting may be much lower than
the total melt production suggests. Third, I have yet to test fully compressible convection,
and there exists the potential for this to have a more significant impact. Yet, the results so
far with the EBA suggest that the negative effects on matching Mars’ melting history are
limited, and slightly faster cooling from compressible convection in an initially hotter mantle
than modeled in Chapter 3 may even be helpful in finding a model that can both produce

Tharsis early on and satisfy InSight constraints for the present-day mantle temperature.
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Figure 4.1: Comparison of the Katz et al. [38] dry solidus with the Duncan et al. [21] solidus,

which are both parameterized with respect to pressure (in GPa). Approximate corresponding
depths and the Katz et al. [38] liquidus are also included.
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Figure 4.2: Comparisons of temperature and cumulative melt production, varying the dis-
putation number (Di), for the Boussinesq approximation (Di=0.0) and extended Boussi-
nesq approximation (EBA) models. The plots in the left column are for a constant non-
dimensional radiogenic heating of Q=25 (4.09 x 1072 Jkg '), which is close to the present-
day value. The plots in the right column use the decaying heating based on the back-
projected Dreibus and Wanke [20] composition, the same as the models in Chapter 3: initial
Q=144 (2.36 x 10" Jkg™'). 240 km depth is near the middle of the melting depth range
(e.g., Figure 4.1). For the decaying, higher radiogenic heating models, varying Di has a
negligible effect on temperature and melt, and the four curves are indistinct.



Chapter 5

Looking Forward

The most immediate avenue of further research for me will be completing the compressible
convection and latent heat modeling. As I infer at the end of Chapter 4, a hotter ini-
tial condition in combination with slightly faster cooling of an HPE-depleted mantle with
compressible convection. Concurrent with this work and as I suggest in the conclusions of
Chapter 3, I can try adjusting the radial viscosity models for the high activation energy,
10x enrichment cases to see if this can bring the geoid more in line with Zuber and Smith
[110]. Within the code, I haven’t actually done anything with the melt other than assume a
fraction of it gets extracted, so this another area to explore. With the melting fully working,
there is room to consider applying the melting calculations to other rocky bodies such as

Venus or the Moon, tweaking the solidi and liquidi as appropriate.

NASA and ESA are working on the actual return mission, while NASA’s Mars 2020 rover
(Perseverance) collects and caches the samples. (At the time of writing, expected budget
overruns and and politics are making the mission’s future more uncertain.) The most recent
Planetary Science and Astrobiology Decadal Survey identified Mars Sample Return as a
priority. While not necessarily as immediately relevant to geodynamics as InSight, direct
laboratory access to Mars samples (other than SNC meteorites) would revolutionize the
study of Mars. The volcanic rock samples collected by Perseverance could provide new and
useful insights into Mars’ interior composition and geodynamic history. The return to the

Moon with Artemis and associated missions, both crewed and uncrewed, and the eventual
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landing of humans on Mars, should further expand the reach of geophysical methods to study
other worlds. (How relatively simple setting up a heat flow probe might be with—yes, the

really hard part of-actual people on the ground!)

Implementing the cooling core boundary condition using the old 1D model of core cooling
got me thinking about the complexities of fluid dynamics, heat flow, and melting/freezing
in the core, and not just the mantle. These layers are but parts of the whole planet, and
processes in one affect the other. Ideally, future advances in computing and knowledge of
the physic sand chemistry of planetary interiors will allow the creation of fully integrated

models of planets, or at least Earth, that consider all of the layers coupled together.

Thinking more broadly about applying geodynamic modeling and geophysics in general, the
new data gleaned by missions like InSight, and to some extent almost any planetary mission,
are quite useful for constraining models of planetary interiors. Yet, at least for Mars and
Earth, the amount of data and the body of modeling done can at times feel over constraining.
Other planetary bodies such as Venus or the outer planet moons would offer a change of
pace and allow some more space for new modeling and speculation. There will be many
opportunities to investigate other, less-studied planetary bodies in our solar system. Psyche
will soon be launching to visit its namesake metallic asteroid—perhaps the home of extinct
metallic volcanoes. In a little over a year, Europa Clipper will be heading to Jupiter and
many informative flybys of its own namesake icy moon. The Dragonfly helicopter will follow
Clipper to the outer solar system, and land and fly on Saturn’s large moon Titan, carrying
on the pioneering geophysical legacy of InSight with the first seismometer on a body other
than Earth, the Moon, or Mars. VERITAS and EnVision should—eventually—orbit Venus
and greatly broaden and deepen the state of knowledge of that largely hidden planet. Going

even further abroad in space, I would by no means be the first to consider exoplanets, but
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this would offer a fresher, if more theoretical, direction in geodynamics. Super-Earths in

particular are notable for being a common type of planet absent from our own solar system.

Returning once again to the InSight mission, it was a privilege and rewarding experience to
be able to attend the science team meetings, learn about the inner workings of planetary
science missions from the science team perspective, share my research, and meet and interact
with other scientists on the team. I hope that in the future I have the opportunity to join
and contribute to one or more of the missions mentioned above or some future, as yet to be

proposed or selected, mission.
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Appendix A

A More Realistic Dichotomy

Another major addition I made to CitcomS is the ability to include a dichotomy in crustal
or lithospheric thickness. In the modeling in Chapter 3, I only use a simple hemispheric,
equatorial dichotomy boundary. However, there is also not the option to define an arbitrary
dichotomy using spherical harmonic coefficients, which can be read in from a file. This
dichotomy is defined rheologically, with the viscosity of the portion of the spherical shell
(up to a specified depth, or step thickness) assigned to the southern highlands being set
to the maximum value. Alternatively, the dichotomy depth can be variable, determined
by the same spherical harmonic coefficients. This allows arbitrary dichotomy cases to be
considered, including a simple degree-1 dichotomy with the boundary at the equator and a

more realistic dichotomy boundary derived from shape and gravity measurements.

The method of Andrews-Hanna et al. [4], from Banerdt [6], is employed to recover the pre-
Tharsis dichotomy boundary. The model of Banerdt [6], as illustrated in Figure A.1, assumes
total crustal thickness can be divided into a uniform crustal plate thickness, topography,
and an isostatic root. Some of the topography is supported by flexure and some by isostacy.
Given assumptions for the values of the mantle density, crustal density, and the thickness
and elastic properties of the lithosphere, a linear matrix equation can be set up to solve
for the unknown isostatic root thickness and flexural displacement. Root thickness, flexural
displacement, and topography are represented as spherical harmonic coefficients. A a matrix

equation is solved for each coefficients in order to produce a spatially varying flexure and

84



85

isostatic root thickness based (in part) on the spatially varying topography. This method was
used by Andrews-Hanna et al. [4] to derive the pre-Tharsis crustal thickness by assuming that
the very early forming crustal dichotomy is supported primarily by isostacy, while the Tharsis
rise is supported primarily by flexure. The region of positive isostatic root thickness would
therefore coincide with the southern highlands. An example of my pre-Tharsis dichotomy,

to spherical harmonic degree 40, is shown in Figure A.2.
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Figure A.1: Schematic based on the one in Banerdt [6]), where p. is crustal density, dc
is the isostatic root thickness, w is the downward displacement due to flexure, C is the
uniform crustal plate thickness, p,, is mantle density, dp is the mantle density anomaly, M
is the thickness of mantle density anomaly, H is the surface topography, and L is the elastic
lithosphere thickness. H, w, dp and dc are represented by spherical harmonic coefficients, so
they can vary across the planet.

90°E 120 150°€ 180° 150°W 120w 20°W 60°W 30°w

Figure A.2: Pre-Tharsis dichotomy to spherical harmonic degree 40, using the method of
Andrews-Hanna et al. [4] and Banerdt [6]. Tharsis would be centered around 100°W near
the equator. The northward extension of the southern highlands east of Tharsis, around
60°W, is Tempe Terra. The large "hole” in the southern highlands in the lower left (75°E,
45°5) is associated with the Hellas basin, and the smaller one in the lower right (40°W, 50°S)
is the Argyre basin. Both of these are large and ancient impact basins.
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