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ABSTRACT

I present investigations of the formation and degradation of volcanic landforms asso-

ciated with fissure eruptions on Mars and Earth. A theme of my research is the use

remote sensing data to investigate the morphology of landforms and active processes

on Mars and the Earth.

The morphologies of sinuous channels in Late Amazonian volcanic terrain on

Mars invite comparisons to channels formed by lava or water on Earth. I tested

channel formation hypotheses by lava or water by conducting detailed geomorpho-

logical mapping in a region adjacent to the base of Olympus Mons. We interpreted

the channels and associated fossae to be formed by alternating episodes of dike-fed

fissure eruptions and groundwater release due to subsurface heating by sill emplace-

ment. This alternating sequence of dike and sill emplacement, and associated surface

eruptions of lava and water, is evidence of a complex, distributed volcanic system

influenced by the tectonic stresses exerted by Olympus Mons as it continued to grow

through the Amazonian Period.

In a novel field study of the 2014–2015 Holuhraun fissure eruption vents in north-

ern Iceland, I created a topographic time series to measure the degradation of a large

spatter rampart over the first five years post-eruption. I investigated the effects of

spatter deposition on the styles and rates of erosion and found two distinct modes of

topographic changes. The interior walls of the vent undergo discrete rockfall events,

while the exterior slopes decrease in elevation overall, but show minimal evidence

of gravitational sliding of unconsolidated scoria. The results of this study have im-

plications for current vent landform evolution models, which predict slope changes

by diffusive processes only. I propose instead a conceptual model that incorporates

the probability distribution of rockfalls on the interior and diffusive processes on the

exterior to better describe the earliest stages of vent erosion.
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I also present an analysis of the quality, precision, and accuracy of digital ter-

rain models generated with stereo images from the Mars-orbiting High Resolution

Imaging Science Experiment (HiRISE) camera, specifically applied to the measure-

ment of active processes with time series of orthorectified images and digital terrain

models.
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CHAPTER 1

Introduction

Volcanism occurs, or has occurred, on nearly all they rocky planets and moons in

our Solar System. The style of volcanic activity at the surface is linked to the

composition of the mantle, crust, and volatiles contained in the magma. We use

observations, measurements, and models of active and ancient volcanic processes

on Earth to interpret volcanic features observed on other planetary surfaces. Such

observations are used to infer the thermal evolution of other planetary bodies in

the Solar System, as volcanism is both driven by internal thermal conditions, and

is a mechanism to transport heat from the interior to the surface. Fissure eruptions

are one type of eruption that are often associated with rift zones, where tensional

forces pull apart the lithosphere, allowing magma to ascend to the surface through

dikes and sills. Fissure eruptions can produce extensive lava flows (flood basalts),

lava channels, and spatter ramparts (Swanson et al., 1975; Lipman and Banks, 1987;

Thordarson and Self, 1993; Jaeger et al., 2010; Muirhead et al., 2014).

1.1 Fissure eruptions, source to surface

Magma moves upward through the mantle and crust due to a pressure differential

that allows the melt to be be buoyant (Lister and Kerr, 1991). Igneous dikes and sills

are planar magma bodies that transport molten material through the crust. Dikes

are often described as sheet-like, and tend to be steeply dipping or vertical, whereas

sills have a more horizontal inclination (Pollard and Johnson, 1973; Gonnermann

and Taisne, 2015). Dikes and sills may connect in more complicated orientations to

form magma feeder systems (e.g., Thomson and Hutton, 2004). Magma propagation

through the mantle requires excess pressure of a partial melt to exceed neutral

bouyancy (Lister and Kerr, 1991). For a dike or sill to advance through brittle
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crust, the pressure at the tip must exceed the lithostatic stress of the surrounding

rock (Rubin, 1993). Existing zones of weakness, such as along bedding planes, can

allow sills to advance (Richardson et al., 2015).

The distribution and orientation of dikes and sills provide important information

about crustal structure and stress orientations. This information may be evident in

topographic signatures at the surface such as grabens or uplift (Pollard and Johnson,

1973; Mastin and Pollard, 1988; Rubin and Pollard, 1988; Kolzenburg et al., 2021),

or inferred from theoretical or experimental models (Koide and Bhattacharji, 1975;

Pollard et al., 1983; Galland, 2012; Klimczak, 2014; Bazargan and Gudmundsson,

2019; Williams et al., 2022) The products of volcanic fissure eruptions, such as

lava flows, channels and vent edifices, are sometimes the main line of evidence from

which to make inferences about the magma composition, rheology, and source region,

particularly in a planetary context where in situ observations are not possible (e.g.,

Wilson and Head, 1994; Head and Wilson, 1989).

An outstanding question in planetary science is the duration of volcanic activity

on other rocky bodies in the Solar System, as this tells about the thermal evolu-

tion of the planet’s interior. Volcanic features in the Elysium and Tharsis Volcanic

Provinces on Mars suggest that widely distributed monogenetic volcanism has oc-

curred up through the Late Amazonian Period (Jaeger et al., 2010; Basilevsky et al.,

2006; Hargitai and Gulick, 2018; Hamilton et al., 2018; Voigt and Hamilton, 2018;

Richardson et al., 2021), which has implications for not only the thermal history

of the interior of Mars, but also for potential habitability and for the transport of

volatiles to the Martian atmosphere (e.g., Craddock and Greeley, 2009).

The ages of features on other planetary surfaces is a key question to the timing of

geologic activity. In the case of Late Amazonian volcanic plains on Mars, channel-

bearing units can be dated using crater size–frequency distributions (Basilevsky

et al., 2006), but the areal extents of channels within those units are often too

small to acquire robust crater counting statistics. Crater counts may also include

secondary craters, causing the ages to be overestimated (Hargitai and Gulick, 2017,

2018). The degradation state of landforms, such as channels and vents, can be used
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as a qualitative indicator of relative age. To be meaningful for age determinatino,

the rates and modes of degradation should be quantified by landform evolution

models, adapting the parameter space to the planetary environmental conditions

(e.g., Fassett and Thomson, 2014; Golombek et al., 2014).

1.1.1 Vent edifices associated with fissure eruptions

A fissure eruption initiates as a line of fire fountains along the rupture, eventually

focusing on one or more vents (Swanson et al., 1979; Bruce and Huppert, 1989;

Thordarson and Self, 1993; Jones et al., 2017; Pedersen et al., 2017; Neal et al.,

2019). Often classified as Hawaiian or Strombolian style eruptions, fire fountaining

produces near-vent deposits of lapilli and spatter blocks and bombs (Head and

Wilson, 1989; Parfitt and Wilson, 2009). The type of pyroclastic deposit is controlled

by the magma gas content and the effusion rate of the eruption (Head and Wilson,

1989). The construction of vent-proximal edifices depends on the cooling rate of

clasts entrained in the eruption column and the deposition rate (Capaccioni and

Cuccoli, 2005; Parfitt and Wilson, 2009).

Pyroclastic material that is small enough to be lofted in the eruption column

may be dispersed and deposited over a wide area, whereas clasts that are too large

to be lofted in the heated gas of the eruption column generally follow a ballistic

trajectory, accumulating around the vent to build up a cone or rampart (Wilson and

Head, 1994; Parfitt and Wilson, 2009). Clasts that remain molten upon deposition

can merge to form a clastogenic flow, feeding channels and flows (Sumner, 1998;

Valentine and Gregg, 2008). Pyroclastic material ejected on a ballistic trajectory

builds up around the vent, forming a deposit that is more or less conical around a

central crater (Segerstrom, 1956; McGetchin et al., 1974; Riedel et al., 2003). This

type of vent edifice is referred to in general as a scoria cone, although the geometry

can vary from a simple truncated cone to less symmetric shapes such as a gullied or

horseshoe shape, or a rampart composed of a row of craters (Fig. 1.1; Bemis and

Ferencz, 2017).

Scoria cones (also called cinder cones) are considered one of the most common
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Figure 1.1: Simplified types of scoria cone morphology variations from an ideal,
radially symmetric truncated cone, to a rampart made up of a row of coalesced
cones. After Bemis and Ferencz (2017).

volcanic constructs on Earth (Wood, 1980b). The morphometry of degraded sco-

ria cones is widely used to estimate the age of volcanic fields and the recurrence

rate of volcanic activity (Porter, 1972; Settle, 1979; Wood, 1980b,a; Hasenaka and

Carmichael, 1985; Dohrenwend et al., 1986; Büchner and Tietz, 2012; Kereszturi

et al., 2012; de’ Michieli Vitturi and Arrowsmith, 2013; Mcguire et al., 2014). Mor-

phometric parameters include the cone height, summit crater diameter, base diam-

eter, summit crater depth, and exterior slope angle (Porter, 1972; Wood, 1980b).

These morphometric parameters evolve as the crater weathers over time via grav-

itational sliding of material from upper slopes to the base of the cone, gradually

decreasing the cone height and exterior slope angle while increasing the base diam-

eter. Spatter cones or ramparts form as fragmented lava accumulates around the

vent or fissure while still hot enough to be deformable and stick together, or aggluti-

nate (Head and Wilson, 1989; Sumner et al., 2005). Spatter ramparts are typically

considered to be small (a few meters high) (Parcheta et al., 2012), and easily eroded

(Swanson et al., 1975).

Models of cone shape evolution therefore typically are based on solving the diffu-

sion equation, leading to estimates of degradation state (Pelletier and Cline, 2007).

On Earth, models can be calibrated to cinder cone fields in various environments,

with the resulting age estimates validated against radiometric dates (Pelletier and

Cline, 2007; Bemis et al., 2011; Büchner and Tietz, 2012; Mcguire et al., 2014). Key
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assumptions used in scoria cone degradataion models include the initial morphology

and a homogeneous composition of unconsolidated material (Wood, 1980a; Hooper

and Sheridan, 1998; Pelletier and Cline, 2007; de’ Michieli Vitturi and Arrowsmith,

2013). Models currently in use do not take into consideration the effects of aggluti-

nated spatter deposits, although they are acknowledged to be a common component

of scoria cones (Porter, 1972; Dohrenwend et al., 1986; Kereszturi et al., 2012). The

idealized cinder cone does not represent the spectrum of possible vent edifice mor-

phologies and constructions, which may include spatter or be of an asymmetric

shape (Porter, 1972; Dohrenwend et al., 1986; Fodor and Nemeth, 2015; Bemis and

Ferencz, 2017).

The study of volcanic vents on Earth and other planets is of interest as vent

morphology can be used to infer eruption dynamics (Brož and Hauber, 2012; Rader

and Geist, 2015). However, if the edifice is not an ideal, radially symmetric cinder

cone, which often it is not (Bemis and Ferencz, 2017; Richardson et al., 2021), then

there is a need for more information to assess the degradation state, and to be able

to infer what the initial morphology may have been.

1.1.2 Fissure-fed lava channels

Fissure eruptions are associated with lavas of basaltic composition, and can gen-

erate large flow fields (Swanson et al., 1975; Thordarson and Self, 1993; Muirhead

et al., 2014; Pedersen et al., 2017; Neal et al., 2019). Lava channels often become

established in fissure-fed lava flows, efficiently transporting lava from the vents to

the toe of flow units. Lava channels can form by construction of a perched path-

way between leveed margins (Hulme, 1973; Lipman and Banks, 1987; Harris et al.,

2009), or by thermo-mechanical erosion—given sustained turbulent flow of very hot,

low viscosity lava (Huppert and Sparks, 1985; Jarvis, 1995). Flow features that

resemble those of fluvial channels may also exist in channels formed by flowing lava,

leading to ambiguity in interpretations of the fluid responsible for forming channels

on other planets. For example, teardrop-shaped features, also known as ‘streamlined

islands,’ observed in Martian channels have been interpreted as evidence of aqueous
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erosion (Mouginis-Mark, 1990; Plescia, 1993; Berman and Hartmann, 2002; Burr,

2005; Keske et al., 2015; Vijayan and Sinha, 2017), but they can also occur in a

purely volcanic context (Garry et al., 2007; Bleacher et al., 2015).

Very low-viscosity lavas have been suggested to be responsible for carving large

outflow channels on Mars (Leverington, 2004, 2011, 2019), sinuous rilles observed on

the Moon (Hurwitz et al., 2012), and possibly channels on Jupiter’s moon, Io (Schenk

and Williams, 2004). Turbulent flow of low-viscosity lava can incise channels via

thermo-mechanical erosion (Huppert and Sparks, 1985; Jarvis, 1995; Williams et al.,

1998). Channels formed by turbulent lavas would put rheological constraints on

lava composition and magma source regions. For example, turbulently flowing lava

implies high eruption temperatures and low-viscosity flow consistent with ultramafic

composition, such as komatiites (Huppert et al., 1984), or deeply sourced lavas (Head

and Wilson, 2017).

Constructional lava channels

Channels can form within lava flows as the surface solidifies from the margins inward,

confining the movement of molten lava (e.g., Lipman and Banks, 1987). Molten lava

is often described as having a Bingham rheology, which requires that it achieve a

critical thickness before it will begin to deform under the influence of gravity and

flow downslope (Hulme, 1974). If differential shear stresses across the width of the

flow are large enough, the surface may be disrupted through a combination of viscous

tearing and auto-brecciation. The disrupted material may then be transported to

the flow front and lateral margins, contributing to the construction of lava levees

through a combination of accretion and rubble avalanches. Lava channels can form

within a broad range of lava flow types, including both ‘a‘ā and pāhoehoe (Cashman

et al., 1999; Bailey et al., 2006; Baloga and Glaze, 2008; Glaze et al., 2009; Harris

et al., 2009), as well as transitional lavas (Thordarson and Self, 1993; Hamilton,

2019; Voigt et al., 2021).

Lava channels rarely flow at full capacity. Variations in flow depth—due to

changes in effusion rate at the vent, and/or the temporary build-up and release of
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lava stored within the transport system—commonly cause the channelized lava to

overtop its confining levees and produce a series of overbank flows (Lipman and

Banks, 1987; Moore, 1987; Bailey et al., 2006; Harris et al., 2009).

The sinuosity of lava channels can be reduced by the auto-erosion of inner curve

of the wall material (Lipman and Banks, 1987). Rafted material, either from channel

wall material or from vent edifices, can be transported down-channel by the flowing

molten lava as so-called ‘lava boats,’ or become grounded in the channel. Such

rafted material may form a blockage within a narrowing of the channel, which can

cause ponding up-flow and the development of overbank flows (Lipman and Banks,

1987; Harris et al., 2009).

Overbank flows tend to be thin and short-lived, but are important contributors to

the overall thickness of lava levees. Levees can be very distinctive when constructed

upon a broad plain, but if the flow is confined by topography, levees may be subtle

and difficult to detect in remote sensing data (e.g., Baker et al., 2015, Fig. 19).

This situation commonly occurs in association with large flood basalt eruptions,

which produce broad sheet-like flow lobes that can inundate large areas to produce

structures that more closely resemble vast lava lakes than traditional lava flows

(Thordarson and Self, 1993; Self et al., 1996; Self and Keszthelyi, 1998). If the

flow breaches a confining barrier and drains out, then molten lava pathways can be

evacuated to produce channel-like depressions, which may appear to incise into the

initial topography even though they are the result of a two-stage process involving

initial construction followed by partial drainage (Patrick and Orr, 2012; Hamilton,

2019). At the end of an eruption, the exposed depth of a channel, or collapsed

lava tube, can vary widely depending on the extent to which the lava pathway has

drained (Harris et al., 2009).

Erosional lava channels

Lava flowing in channels also has the potential to erode the substrate via thermo-

mechanical processes (Hulme, 1973; Huppert and Sparks, 1985; Williams et al., 1998,

2000a, 2005; Baloga et al., 1995; Jarvis, 1995; Williams et al., 2000b, 2001). Thermal
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erosion requires sustained high-temperature, low-viscosity lava flowing turbulently

over a substrate with a lower melting temperature (Huppert et al., 1984; Huppert

and Sparks, 1985), whereas mechanical erosion by lava requires a weaker, or poorly

consolidated substrate, and high flow velocities, which typically occur on steep slopes

(Greeley et al., 1998; Gallant et al., 2020). Evidence for lava erosion on Earth is

found in exposures of Precambrian komatiites and in association with some basaltic

lava tubes (Greeley et al., 1998; Kauahikaua et al., 1998). Erosion in lava tubes does

not necessarily require turbulent lava flow, but does require sustained and insulated

laminar flow, and may also be promoted by mechanical abrasion due to the collapse

and transport of wall and ceiling material (Kauahikaua et al., 1998). Lava erosion

in channels has a characteristic keyhole shaped cross-sectional profile formed by

downcutting and lateral undercutting of the banks (Fig. 1.2; Huppert and Sparks

(1985); Jarvis (1995)). In general, thermal erosion alone is a very inefficient process

that requires the lava to have very high temperatures (at, or near, its liquidus),

and long-duration eruptive events, and more commonly includes a combination of

thermo-mechanical erosion. Both conditions should apply for thermal erosion to

play a tangible role.

Identification of channels formed by thermo-mechanical erosion is therefore im-

portant for inferring lava eruption parameters, but even a channel that appears to

be deeply incised may have been formed by other mechanisms. For instance, lava

tends to preferentially occupy topographic lows and therefore the apparent excess

depth of a lava channel may be related to excess accommodation space at that lo-

cality (Baker et al., 2015). Thus, while it is often assumed that deep lava channels

are indicative of thermo-mechanical erosion of the substrate, this is not necessar-

ily the case, which necessitates careful examination of lava channel morphology to

discriminate between alternative formation mechanisms.
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Figure 1.2: Conceptual diagram of lava erosion associated with open channels, based
on field and experimental observations (after Huppert and Sparks (1985) and Jarvis
(1995). (a) Longitudinal profile of lava erosion near the vent. (b) Cross-sectional
profile of lava eroding an open channel. Note the downcutting and lateral expansion.
Dashed lines show initial surfaces. Black lines indicate substrate, red lines indicate
lava.

1.2 High-resolution topography

Topographic data are foundational products for terrestrial and planetary geologic

and morphologic investigations (Laura and Beyer, 2021), and are a key component

of the research presented in each of the projects covered in this thesis. At a global

level, topography provides a reference for surface elevation. At the regional to

local scale, higher resolution data are critical for working out relationships between

units, local slopes, and morphologic details that are diagnostic of different processes.

For field studies on Earth, topographic studies are carried out with local geodetic

reference networks, which relies on the global positioning system (GPS) for absolute

position data at high accuracy. Addressing the precision, accuracy and quality of

the topographic data I used in my analyses, both planetary and terrestrial, is a key

part of my research. Understanding the data quality is critical to being able to

analyze results and establish confidence levels in what is measurable (resolveable).

By actually generating the topographic models that I used, as well as performing

the analysis on them, I explore the reliability of the data, errors that accumulate at

each processing step, and the ultimate resolution that could be achieved with each

product.

In Chapter 2, I created topographic models using data from two instruments

on the Mars Reconnaissance Orbiter (MRO; Zurek and Smrekar, 2007). Geometric
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stereo pairs acquired on different orbits from the High Resolution Imaging Science

Experiment (HiRISE; McEwen et al., 2007) and the Context Camera (CTX; Malin

et al., 2007) provided the source images I used to generate digital terrain models

(DTMs) at 1–2 m and ∼20 m scale, respectively. Data from the Mars Orbiter Laser

Altimeter (MOLA; Smith et al., 2001) provided the global reference for analyses of

volcanic units in Chapters 2 and for the creation of high resolution DTMs described

in 4. The key data product I used for measuring landform changes in Chapter 3

relies on high resolution topography derived from a combination of aerial stereo

images and ground-based light detection and ranging (LiDAR) scans.

In Chapter 4, I present the current state of understanding of the resolution,

precision, and accuracy of the HiIRSE DTMs, specifically as they are applied to

the study of active surface processes on Mars. In my terrestrial field work, I used

ground-based light detection and ranging (LiDAR) data to create a 3D model of

a fresh volcanic vent in Iceland. The same principles of data quality, precision,

and error analysis are applied to time series using topographic models derived from

optical stereophotogrammetry as to those from LiDAR.

1.3 Organization of this dissertation

The study of fissure eruptions on Earth, both contemporary and ancient, provides

insight into the processes controlling similar activity on Mars and other planetary

bodies. My research addresses the question of the possible magma source region re-

lated to young volcanism on Mars by constraining lava composition with morphology

and rheological modeling (Chapter 2). To address the gap in the current landform

evolution models of cinder cone morphology, I performed a novel study measuring

of the initial stages of erosion of a vent edifice at a recent fissure eruption in Iceland

(Chapter 3). My research relies on a foundational knowledge of high-resolution to-

pography generated from orbital data from Mars (Chapter 4 and from ground-based

LiDAR acquired at a terrestrial analog site. The chapters of this dissertation are

assembled from papers that have been published, submitted, or are being prepared
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for submission to a peer-reviewed journal.

Chapter 2 has been published in Icarus, vol. 374, as Sutton, S. S., Hamil-

ton, C. W., Cataldo, V., Williams, D. A., Bleacher, J. E. (2022) Sinuous channels

east of Olympus Mons, Mars: Implications for volcanic, hydrological, and tectonic

processes. Icarus, doi:10.1016/j.icarus.2021.114798. In this work I analyzed the

morphology of channels and other volcanic and tectonic landforms in the Late Ama-

zonian volcanic plains east of Olympus Mons to test whether the sinuous channels

were formed by flowing lava, overland flow of water, or some combination of both

processes. To evaluate these hypotheses, I created detailed geomorphological and

facies maps at two sites containing channels and fossae representative of features

in the region. In addition, I performed a flow analysis on the regional topography

and mapped the superposition of the features in the vicinity of our detailed study

sites to derive a relative chronology of the geology of the region. The mapping was

performed on high resolution topographic models that I created using images from

HiRISE and CTX data. To evaulate whether channel formation by lava erosion

was a possibility, I calculated the potential for lava to achieve turbulent flow within

our two study sites. Based on the morphological characteristics of the channels, we

classified them into three types, and attributed each type to either volcanic (contruc-

tion lava channel formation) or aqueous processes. Similarly, we classified the fossae

associated with the channels into two types, interpreted to be surface fractures as-

sociated with dike emplacement, or surface fractures due to sill emplacement. Type

1 and Type 2 channels are associated with Type L fossae and fissure-fed effusive

eruptions of lava. In contrast, Type 3 channels are co-located with Type A fossae,

and are likely due to outbursts of groundwater possibly related to sill emplacement.

We attribute the formation and distribution of channels and fossae throughout the

plains east of Olympus Mons to be a consequence of the region’s evolving states of

stress, which are predominantly influenced by the gravitational loading of Olympus

Mons.

Chapter 3 is being prepared for submission to a journal for peer review. This re-

search is primarily based on fieldwork conducted at the main vent of the 2014–2015
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Holuhraun fissure eruption in northern Iceland. The vent at Holuhraun, dubbed

Baugur, represents a landform that has not been well-studied. I conducted topo-

graphic surveys of the vent during the summers of 2015, 2016, 2018 and 2019 along

with a team of other researchers from various institutions including the University

of Arizona and the NASA Goddard Space Flight Center. We collected high resolu-

tion Light Detection and Ranging (LiDAR) data of the vent edifice and proximal

channel during each field campaign. The goal of this project is to measure the

degradation of the vent edifice over the five years immediately following the end

of the eruption. The LiDAR data, combined with topography derived from aerial

optical photogrammetry acquired by others on our team, provide an unprecedented

record of the changes in 3D as the vent eroded. I processed and analyzed the Li-

DAR data, combined with the aerial topography, to quantify topographic changes

over the five-year period. These data help fill a gap in our understanding of the

initial morphology and modes of degradation of vent edifices, specifically those that

are primarily composed of spatter. In this work, I studied the effects of spatter

deposition on the erosion processes and considered how the observed processes at

a fresh spatter rampart fit into the current models of cinder cone degradation. I

propose a new approach to understanding the initial stages of the degradation of a

spatter-rich vent construct, incorporating a hybrid model that describes the proba-

bility distribution of episodic rockfalls on the interior of the vent and minimal rates

of diffusion on the exterior slopes.

Chapter 4 is in review in the journal Remote Sensing as Sutton, S. S., Chojnacki,

M., McEwen, A. S., et al., Revealing active Mars with HiRISE digital terrain models.

This work focuses on studies of active surface processes that have been made possible

by the availability of high resolution topography and orthorectified images from the

High Resolution Imaging Science Experiment (HiRISE) operating on board the Mars

Reconnaissaince Orbiter (MRO) since 2006. This paper describes methods that I

have developed with the HiRISE team that have contributed to the creation of

precisely registered images and topography. These data provide the necessary detail

to accurately measure dune and ripple migration on Mars, polar processes, and other
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active geological processes such as gully formation and recurring slope lineae (RSL).

This paper provides updated information on the quality and precision of the HiRISE

topographic data that is critical to be able to correctly interpret observed changes

occurring on the surface of Mars. In it I provide examples of change detection

studies along with new analysis to demonstrate the capabilities and limitations of

the data.

Chapter 5 provides a summary of the research presented. I discuss questions

raised by each chapter and propose possible further investigations and observations

that could be used to address these questions.



26

CHAPTER 2

Sinuous channels east of Olympus Mons, Mars: Implications for volcanic,

hydrological, and tectonic processes

2.1 Introduction

Late Amazonian (∼3.0 Ga to present; Hartmann and Neukum, 2001) volcanic plains

in the Tharsis Volcanic Province contain sinuous channels that have been attributed

to flows of lava (Garry et al., 2007; Bleacher et al., 2017), water (Mouginis-Mark,

1990; Basilevsky et al., 2006; Murray et al., 2010), or a combination of both volcanic

and aqueous processes (Hargitai and Gulick, 2018). These channels are tens to hun-

dreds of meters wide and up to hundreds of kilometers long (Mouginis-Mark, 1990;

Hamilton et al., 2014; Hargitai and Gulick, 2018). This study focuses on sinuous

channels located within young volcanic plains located between the eastern margin of

the Olympus Mons escarpment and surrounding aureole material. Determining the

origin of these channels is important for understanding the role of geologically recent

volcanic, hydrological, and tectonic activity within the Tharsis Volcanic Province

of Mars. A volcanic origin of the channels has implications for the eruption style

and lava rheology, which can inform our understanding of magma sources and the

volcano–tectonic environment of Olympus Mons. In contrast, if the channels were

formed by aqueous flow, then it would raise questions about the origin of water or

ice at low latitudes on Mars during the geologically recent past.

The goals of this work are to: (1) document the characteristics of channels and

associated flow units within two well-preserved type localities that are representative

This chapter has been published as Sutton, S. S., Hamilton, C. W., Cataldo, V., et al. 2022,

Icarus, 374, doi:10.1016/j.icarus.2021.114798.
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of the region as a whole; (2) determine the type of fluid(s) (i.e., lava and/or water)

that formed the sinuous channels using a combination of geomorphological analysis

and numerical modeling; (3) quantify the relative sequence of geologic activity within

and between these two localities to determine the relationships between different

channel and fossae types; (4) determine the spatial distribution of sinuous channels

and fossae within Late Amazonian volcanic plains adjacent to the eastern margin

of Olympus Mons; and (5) synthesize these results to develop an improved geologic

history of the region by quantifying the roles of lava and/or water in the process of

sinuous channel formation, and assessing the relationship between tectonic processes

and the release of these fluids.

To address these goals, we mapped the regional distribution of major geologic

units within the plains adjacent to the eastern Olympus Mons basal scarp, and

documented the location of channels, fossae, and flow sources in the plains-forming

unit described by Tanaka et al. (2014) as Late Amazonian volcanics (lAv). Our

contextual region of interest spans an area within 11.0–23.0◦ N and 228.0–238.5◦

E (Fig. 2.1). To determine the origin of the sinuous channels as the products

of effusive eruptions of lava and/or aqueous floods, we conducted a facies-based

examination at two study sites that contain channel and fossae morphologies that are

representative of features found throughout the contextual region of interest. Our

study sites are designated as the NW and SE regions, centered on 232.5◦ E, 18.0◦ N,

and 233.3◦ E, 17.3◦ N, respectively (Fig. 2.1.b). Landforms within these two type

localities are particularly well-preserved because they lie on a northeast–southwest

trending topographic rise, which acted as a subtle drainage divide that diverted more

southerly flows to the south, thereby minimizing burial by later deposits directly to

the north, where our focused study locations are located (Fig. 2.1.b).

Early studies of the sinuous channels used Viking Orbiter images with pixel scales

of 25–210 m/pixel—the best image data available at the time—to characterize chan-

nel types and infer their origins, but the resolution of the data was insufficient to

resolve diagnostic features (e.g., Mouginis-Mark, 1990). A lack of sufficiently high

resolution topography also hindered morphometric analysis of the sinuous channels.
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Our high-resolution topographic mapping is enabled by the availability of targeted

stereo image data from the High Resolution Imaging Science Experiment (HiRISE;

McEwen et al., 2007) and Context Camera (CTX; Malin et al., 2007), both onboard

the Mars Reconnaissance Orbiter (MRO ; Zurek and Smrekar, 2007). Using these

data, we relate the results of our morphologic analyses to the characteristics of terres-

trial channelized lava flows and fluvially-incised bedrock channels, and evaluate the

potential for lava to have eroded the channels. Our regional geologic mapping and

analysis of the chronostratigraphic relationships of the fossae and channel-bearing

flow units also provide constraints on the relative timing of volcanic, fluvial, and

tectonic processes within the Late Amazonian units east of Olympus Mons.

Figure 2.1: (a) Context map showing Mars Orbiter Laser Altimetry (MOLA; Smith
et al., 2001) 128 pixel/degree global topography draped over MOLA shaded relief.
Illumination is from the upper left. Elevation values are in meters relative to the
MOLA datum. Black rectangles outline the regions of interest (ROIs) to the east
of Olympus Mons. (b) Regional context ROI. The NW and SE regions (small black
rectangles) are on an area of higher elevation that acts as a subtle drainage divide,
the approximate axis of which is indicated by the white dashed line.
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2.2 Background

2.2.1 Geologic setting and the tectonic and structural influence of Olympus Mons

Olympus Mons, a shield volcano with a basal diameter of ∼600 km, rises >26 km

above the surrounding plains, and >21 km above the Mars datum (Smith et al.,

2001). Its mass affects the lithosphere, including processes of magmatic ascent

and the tectonics within the adjacent volcanic plains region (Carr, 1974; Wilson

et al., 2001; McGovern et al., 2002; Chadwick et al., 2015). The bulk of Olympus

Mons formed by the end of the Hesperian, but it has continued to grow until at

least ∼200 Ma (Chadwick et al., 2015; Isherwood et al., 2013), and perhaps as

recently as ∼2 Ma (Neukum et al., 2004; Bleacher et al., 2007b; Werner, 2009).

Olympus Mons exerts sufficient stress on the lithosphere to have created a flexural

moat around the edifice that has been infilled with younger lava flows to form

volcanic plains (McGovern et al., 2002; Isherwood et al., 2013; Chadwick et al.,

2015). Plains material embays the more ancient aureole deposits, which are dissected

terrains that extend in concentric lobes around Olympus Mons (Morris, 1982). The

aureole deposits are most prominent to the north and west of Olympus Mons, but

isolated outcrops exist within the plains to the east of the basal scarp. The plains

extend to the southeast up to the heavily tectonized Ulysses Fossae, designated

as Late Hesperian volcanic terrain (Tanaka et al., 2014). The plains themselves

are composed of lobate flows, each of which are tens of meters thick and contain

sinuous channels that are crossed by tectonic features such as graben, faults, and

pit chains (Mouginis-Mark, 1990; Dohm et al., 2008; Tanaka et al., 2014; Hargitai

and Gulick, 2018). These features may indicate extensional tectonic stresses, graben

formation associated with dike intrusions, or the presence of partially collapsed lava

tubes (Plescia, 1991; Banerdt et al., 1992; Ernst et al., 2001; Wilson and Head,

2002; Schultz et al., 2004; Wyrick et al., 2004; Golombek et al., 2010b; Wyrick and

Smart, 2009). Wrinkle ridges are present near the eastern basal scarp, and may have

formed due to compressional loading by Olympus Mons and subsequent faulting

(Basilevsky et al., 2006). Crater size–frequency relationships for the plains adjacent



30

to the eastern basal scarp suggest an age range of 30 Ma to 145 Ma (Basilevsky

et al., 2006), model ages for the small shields within the volcanic field unit are <200

Ma (Hauber et al., 2011; Hargitai and Gulick, 2018), and crater-derived ages for

the sinuous channels and adjacent units range from 69 Ma to 189 Ma (Hargitai and

Gulick, 2018).

2.2.2 Debate surrounding the origin of Martian channels

Channels occur on Mars in many sizes and in a variety of geologic contexts (Sharp

and Malin, 1975; Carr, 1979; Baker, 1982; Baker et al., 2015). Large valley networks,

which are made up of channels that are typically a few kilometers wide, but can

be up to thousands of kilometers long, superficially resemble terrestrial drainage

networks, occur primarily within the southern highlands, and formed during the

Noachian and perhaps into the Hesperian Period (Carr, 2007). They are generally

attributed to a climate that could have supported sustained or episodic flow of liquid

water on the surface (Sagan et al., 1973; Pieri, 1980; Fanale et al., 1992; Craddock

and Howard, 2002; Howard et al., 2005; Baker et al., 2015). Another important

category of Martian channels are the large outflow channels which formed during

the Late Noachian through the Late Amazonian Epochs. Outflow channels range

from one to hundreds of kilometers wide, can be over two kilometers deep (Sharp and

Malin, 1975; Carr, 2007; Wilson et al., 2009a), and are thought to have been formed

by the catastrophic release of water (Baker, 1978; Carr, 1996; Ivanov and Head,

2001). They have many features in common with terrestrial flood landscapes such

as the Channeled Scablands in eastern Washington State, including low sinuosity,

streamlined features, cataracts, and channel floor striae (Baker, 1973; Baker and

Milton, 1974; Baker, 1982). Alternative formation processes for the outflow channels

have been proposed such as glacial erosion (Lucchitta, 2001; Kite and Hindmarsh,

2007) or volcanic activity (Leverington, 2004, 2011, 2019). Much of the debate

regarding the fluvial versus volcanic origin of channels on Mars has focused on

these major outflow channels. Studies of outflow channels such as Athabasca Valles

(Jaeger et al., 2007, 2008, 2010; Ryan and Christensen, 2012), Kasei Valles (Dundas
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and Keszthelyi, 2014; Dundas et al., 2018b), and Marte Vallis (Morgan et al., 2013;

Voigt and Hamilton, 2018) suggest a process of outflow channel formation involving

at least two stages, with older aqueously-carved outflow channels being modified by

younger lava flows.

Unlike the large valley networks and outflow channels described above, the sin-

uous channels that are the focus of this paper are hundreds of meters up to a few

kilometers wide, extend for tens to hundreds of kilometers, and formed during the

Late Amazonian throughout the Tharsis Volcanic Province (Mouginis-Mark, 1990;

Mouginis-Mark and Christensen, 2005; Basilevsky et al., 2006; Bleacher et al., 2007a;

Hamilton et al., 2014; Bleacher et al., 2017; Hargitai and Gulick, 2018). In many

locations, sinuous channels appear to emanate from, or are co-located with fossae.

The sinuous channels within the plains to the east of Olympus Mons are typically

8–40 m deep (Mouginis-Mark, 1990; Pupysheva et al., 2006) and exhibit diverse

morphologies that fall into three general categories: (1) narrow (50–400 m wide)

single-stemmed sinuous channels; (2) intermediate-width (400–1500 m) channels

exhibiting complex anabranching networks with streamlined islands and terraces;

and (3) broad (1500 m up to 4 km wide) channels located adjacent to linear fossae

and fracture networks (Hamilton et al., 2014; Hargitai and Gulick, 2018).

The formation of sinuous channels in the volcanic plains in Tharsis has been at-

tributed to lava (Mouginis-Mark and Christensen, 2005; Garry et al., 2007; Bleacher

et al., 2017), aqueous flows (Mouginis-Mark, 1990; Mouginis-Mark and Christensen,

2005; Basilevsky et al., 2006), or a combination of both volcanic and aqueous pro-

cesses (Hargitai and Gulick, 2018). Previous work on sinuous channels near Olympus

Mons assumed that a fluid (either lava or water) formed the channel based on ap-

parent similarity to terrestrial channels. Leveed banks, lobate flows along channel

margins, and quasi-streamlined islands with irregular margins have been cited as

evidence for lava channels (Mouginis-Mark, 1990; Mouginis-Mark and Christensen,

2005; Hargitai and Gulick, 2018), whereas incised topography, sinuosity, braided ge-

ometries, and streamlined features within channel beds have been cited as evidence

of fluvial morphology (Gulick and Baker, 1990; Mouginis-Mark, 1990; Plescia, 2003;



32

Mouginis-Mark and Christensen, 2005; Basilevsky et al., 2006; Murray et al., 2010;

Hargitai and Gulick, 2018). These fluvial-like morphologies may indicate an origin

related to the overland flow of water (Mouginis-Mark, 1990; Mouginis-Mark and

Christensen, 2005; Basilevsky et al., 2006). However, similar landforms are some-

times found within lava channels (e.g., Lipman and Banks, 1987; Bailey et al., 2006;

Harris et al., 2009; Bleacher et al., 2015); therefore, the presence of these landforms

may not be uniquely diagnostic of fluvial activity.

The two-stage process noted above for outflow channels, where older aqueous

channels are overprinted by younger lava flows, could also apply to the sinuous

channels found within Tharsis (Basilevsky et al., 2006; Bleacher et al., 2007a). Al-

ternatively, sinuous channels could have formed by aqueous flows that occupied

existing lava channels and subsequently modified their morphology through erosion

(Hargitai and Gulick, 2018). Resolving the question of whether the channels were

formed by liquid water or by lava flows is relevant to understanding the timing of

storage and release of subsurface water and ongoing magmatic and tectonic activity

during the Late Amazonian Epoch.

2.3 Data and Methods

2.3.1 Topographic data

The primary data sets used in this study were HiRISE images at 0.25 or 0.50 m/pixel,

and CTX images at 6 m/pixel. Topographic data were derived from HiRISE and

CTX stereo pairs. Regional elevation data were obtained from the Mars Global Sur-

veyor Mars Orbiter Laser Altimeter (MOLA) global Mission Experiment Gridded

Data Record (MEGDR) at 128 pixel/degree (Smith et al., 2001). An uncontrolled

CTX mosaic spanning most of the area encompassed by 11.0–23.0◦ N and 228.0–

238.5◦ E was created at 6 m/pixel using the Planetary Image Locator Tool (PILOT;

Bailen et al., 2013) and Projection on the Web (POW; Hare et al., 2013) tools.

We created five Digital Terrain Models (DTMs) from HiRISE stereo pairs in the

NW region, and two in the SE region (Table 2.1; Figs. 2.2, 2.3) using the digital
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Figure 2.2: Digital Terrain Model (DTM) coverage within the two detailed study
sites (black rectangles). Ochre polygons are CTX-derived DTM footprints. Red
polygons are mosaicked HiRISE-derived DTM footprints. The base map is MOLA
shaded relief, with illumination from the left.

photogrammetry software SOCET SET from BAE Systems, following the general

methods described in (Kirk et al., 2008). The HiRISE DTMs were generated at

a ground sample distance (GSD) of 1 or 2 m, depending on the pixel scale of the

source images. The estimated vertical precision of the HiRISE DTMs is typically

better than the horizontal accuracy, and is on the order of tens of centimeters (Kirk

et al., 2008; Sutton et al., 2015b). Two CTX DTMs were created at GSDs of 20 and

24 m covering the NW and SE regions, respectively.
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Both the HiRISE and the CTX stereo pairs were controlled to MOLA Precision

Experiment Data Records (PEDRs; Smith et al., 2001), using an iterative process.

First, one HiRISE stereo pair was tied to the MOLA PEDR data, then the corre-

sponding CTX stereo pair was controlled to the HiRISE pair. Following this, any

overlapping HiRISE stereo pairs were tied to the adjacent HiRISE stereo pair to form

a seamless mosaic. Finally, areas in the CTX stereo pair outside of the HiRISE cov-

erage were tied to MOLA elevations. The average elevation difference between the

HiRISE DTMs in the NW region and the MOLA PEDRs is −4.88 m, with a stan-

dard deviation of 7.72 m for the western DTM mosaic, and an average difference of

0.90 m with a standard deviation of 2.27 m for the eastern DTM mosaic. In the SE

region, the HiRISE DTMs have a mean elevation difference from the MOLA PEDRs

of 1.99 m with a standard deviation of 10.31 m. A mean elevation difference near

0 m and a low standard deviation (≤5 m) indicates an optimal fit of the HiRISE

stereo pairs to the MOLA PEDRs, despite the vast difference in horizontal spatial

resolution. Larger mean absolute values indicate a trade-off between achieving a

nearly seamless fit across the mosaicked HiRISE DTMs and fitting to the MOLA

data. Larger standard deviations are attributable to areas of more rugged terrain,

where the large MOLA spot size (168 m; Smith et al., 2001) averages what may

actually be considerable variation over the same area in the 1 or 2 m HiRISE DTM

GSD.

2.3.2 Mapping

To perform the mapping, all images and DTMs were brought into the Envi-

ronmental Systems Research Institute (ESRI) ArcMap (v. 10.5+), along with

geographical information system (GIS) basemaps provided by the U.S. Geolog-

ical Survey Astrogeology Science Center (ftp://pdsimage2.wr.usgs.gov/pub/

pigpen/mars/Global_GIS_Mars), including MOLA MEGDR topography at 128

pixel/degree (∼463 m/pixel) and Mars Odyssey Thermal Emission Imaging Sys-

tem (THEMIS; Christensen et al., 2004) daytime infrared global mosaic (v. 12)

at 100 m/pixel (Edwards et al., 2011). The CTX mosaic was generated from

ftp://pdsimage2.wr.usgs.gov/pub/pigpen/mars/Global_GIS_Mars
ftp://pdsimage2.wr.usgs.gov/pub/pigpen/mars/Global_GIS_Mars
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Figure 2.3: Topographic datasets over the NW region (a) and the SE region (b),
outlined in Fig. 2.2. Both show HiRISE superimposed over CTX, superimposed
over MOLA.

map projected images downloaded from POW using the custom ArcMap plugin,

Raster Riser (https://astrogeology.usgs.gov/facilities/mrctr/gis-tools).

The geologic and structure mapping was performed on the CTX mosaic, with a

base mosaic of THEMIS daytime infrared mosaic filling in small gaps in the CTX

coverage.

Geologic mapping and topographic analysis

Within the contextual region of interest (11.0–23.0◦ N, 228.0–238.5◦ E; Fig. 2.1.b),

we mapped four geologic units following the conventions of the Mars global geologic

map of Tanaka et al. (2014): Late Hesperian volcanics (lHv), Aureole apron deposits

(Aa), the Olympus Mons Amazonian volcanic edifice (Ave), and the Late Amazonian

volcanic plains (lAv). Although our geologic map is not intended to redefine these

units, the increased level of detail enabled by the higher resolution data provides

better context for understanding the locations and distribution of the landforms of

https://astrogeology.usgs.gov/facilities/mrctr/gis-tools
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Table 2.1: HiRISE and CTX stereo pairs used for DTMs and orthoimages used
in facies mapping. Ground Sample Distance (GSD) indicates the horizontal grid
spacing of the DTM.
Region Data Stereo Pair Image Pixel DTM

Source Image IDs Scale (m) GSD (m)
NW HiRISE ESP_033685_1980 0.50 2ESP_034041_1980 0.50
NW HiRISE ESP_045395_1980 0.50 2ESP_015817_1980 0.25
NW HiRISE ESP_029426_1980 0.50 2ESP_029716_1980 0.50
NW HiRISE ESP_025905_1980 0.25 1ESP_026327_1980 0.25
NW HiRISE ESP_048243_1980 0.25 1ESP_048454_1980 0.25
NW CTX D06_029716_1797_XN_18N127W 6.0 20D06_029426_1980_XN_18N127W 6.0
SE HiRISE ESP_036098_1975 0.50 2ESP_036375_1975 0.50
SE HiRISE ESP_046107_1975 0.25 1ESP_046252_1975 0.25
SE CTX F01_036098_1970_XN_17N126W 6.0 24F01_036375_1970_NX_17N126W 6.0

interest throughout the lAv, and their interaction with the Aa and lHv units.

Structures were mapped within the Late Amazonian volcanic plains (lAv), Late

Hesperian volcanics (lHv), and within the aureole deposits (Aa). We excluded the

Olympus Mons edifice (Ave) from our structure mapping as it is not part of the

plains-forming unit. Structures such as channels, fossae, and flow sources were

mapped on the CTX mosaic at 1:15,000 digitizing scale. The lengths of channels

and fossae were mapped as polylines, with no indication of width or direction. Flow

sources were mapped as points indicating low volcanic vents or shields.

We performed a flow direction analysis on the MOLA MEGDR topography

clipped to the extent of the Late Amazonian volcanic plains unit (lAv) within our

geologic map. Using the ArcMap Flow Direction tool, which employs the D8 algo-

rithm of Jenson and Domingue (1988), we determined the topographic gradient for
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each MOLA pixel. We then classified the resulting flow direction map to show flows

trending towards the north, east, south, and west.

Chronostratigraphic mapping

We identified the major flow unit boundaries and fossae within the area encompass-

ing both the NW and SE regions (17.0◦ N–19.5◦ N and 231.3◦ E–233.6◦ E) using

the CTX base mosaic at 1:200,000 digitizing scale. Flow units are defined as exten-

sive areas of relatively flat surface units with continuous lobate boundaries that are

higher-standing than adjacent units. The purpose of the chronostratigraphic map

is to establish the relative stratigraphy of the NW and SE regions.

Geomorphological and facies mapping

The purpose of our geomorphological maps of the NW and SE regions is to inves-

tigate the channel and fossae systems within their respective lithological units. We

mapped the NW and SE regions at 1:10,000 digitizing scale on HiRISE data and

1:15,000 digitizing scale on CTX data primarily using the orthorectified stereo im-

ages, and the HiRISE and CTX DTMs (Table 2.1). These detailed maps of the NW

and SE regions inherit the units and features in the chronostratigraphic mapping

(Sec. 2.3.2), but include additional units relevant to each area. Features include

structures such as channels, fossae, vents, and flow boundaries. Channels, fossae,

vents, and flows are mapped as polygons. Contacts between units are mapped as

either “Certain" or “Approximate." Facies are surfaces within a single lithologic or

stratigraphic unit that have distinct textural or morphological attributes that relate

to differences in emplacement processes (e.g., Németh and Palmer, 2019).

We consider a channel to be any negative relief, sinuous flow feature that is

bounded by higher-standing parallel margins. Channels are mapped along the high-

est elevation parts of their margins. Channel floors and banks are treated according

to the characteristics specific to each region, as described in Sections 2.4.4 and 2.4.4.

Channel Islands are isolated high-standing blocks within a channel bed that may
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be streamlined or partially streamlined.

Fossae are mapped along their rims, which are generally not raised and often

drop sharply. Fissures are distinct from Fossae in that they are shallower with less

sharply defined or somewhat raised margins, and are clearly associated with flow

material and/or channels.

Flow units are mapped along their lobate margins. Within a single flow unit,

facies are mapped as Overbank Flow, Lobate Flow, and Undifferentiated Flow. Over-

bank Flows have short runout lengths (10s to ∼200 m), and are associated with levee

formation along the margins of channels (Hulme, 1973; Lipman and Banks, 1987).

Lobate Flows are flow units that emanate from channels or are adjacent to channel

margins. They may have a broad horizontal extent from hundreds of meters up to

tens of kilometers. They are generally flat, but may have a rugged surface texture,

and terminate in lobate margins. If a flow unit cannot be definitively connected to

a channel or source region, or is stratigraphically separate from the channels and

flow units in the study regions, it is designated as Undifferentiated Flow.

Vents are localized channel source regions, which tend to be quasi-circular and

focused on a section of a linear fossa or fissure. Vent Terraces are successively lower

levels with symmetric profiles in cross section on either side of the fossa.

The entire region, except for steeply sloping channel and fossae walls, is mantled

by dust (Ruff and Christensen, 2002), which partially infills fossae and channel floors

and subdues flow unit surface textures. However, we did not map aeolian deposits

or bedforms.

2.3.3 Calculations of lava flow regimes

We tested the erosive potential of lava by exploring rheological parameters that

are consistent with the physical boundary conditions set by the topography and

morphology of the channels and associated flow units. Given that effective thermo-

mechanical erosion in an open channel typically requires, and is enhanced by, tur-

bulent lava flow (e.g., Hulme, 1982; Huppert, 1989), we determined the flow regime

(laminar or turbulent) by calculating mean flow velocity within a channel and the
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corresponding Reynolds number (Re). Based on experimental studies, field observa-

tions, and theoretical work, we consider 500 < Re < 2000 to span the approximate

transition region from laminar to turbulent flow, with fully turbulent flow occurring

at Re ≥ 2000 (Jeffreys, 1925; Bird et al., 1960; Booth and Self, 1973; Huppert and

Sparks, 1985; Heslop et al., 1989; Williams et al., 1998; Wilson et al., 2001; Jaeger

et al., 2010; Lev and James, 2014). We calculate Re as

Re = ρuh/η, (2.1)

where ρ is the density of the fluid [kg/m3], u is flow velocity [m/s], h is a character-

istic length scale [m] (i.e., flow depth), and η is the dynamic viscosity of the fluid

[Pa·s]. Eqn. (2.1) shows that Re is proportional to flow depth, h, and is inversely

proportional to viscosity, η (Reynolds, 1883). To complete the calculation of Re we

also need to estimate velocity, u.

Although the Jeffreys (1925) equations were originally derived to model the flow

of water, they may also be used to estimate u for lava flowing in a channel, in

both laminar and turbulent regimes assuming the lava behaved as a Newtonian or

Bingham fluid (Moore, 1987; Jaeger et al., 2010; Lev and James, 2014; Cataldo

et al., 2015). For lava flowing within a rectangular channel on an inclined plane,

mean flow velocity within a laminar regime (uL) is given by

uL =
ρg sin θh2

3η
, (2.2)

where g is the acceleration due to gravity [m/s2], θ is the angle of inclination of the

substrate [radians], and h is the flow thickness (i.e., channel depth) [m]. In contrast,

within the turbulent regime, the expression for mean velocity (uT ) is

uT =

(
gh sin θ

Cf

)1/2

, (2.3)

where ρ and η are now implicitly described by skin friction (Cf ), which is a factor

that depends on Re (Jaeger et al., 2010, and references therein) as follows:

Cf =
1

32

(
log6.15

(
2Re+ 800

41

)0.92
)−2

. (2.4)
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Cf is only applicable to the calculation of u in the turbulent regime. To calculate

Re in the transitional and turbulent flow regimes, we performed an iterative sequence

of Cf (Re) and Eqn. (3) followed by (1).

We used a range of realistic viscosity and density values for mafic lava, based on

the known composition of Martian basalts (McSween et al., 2004; Filiberto et al.,

2010; Hamilton and Ruff, 2012; Sehlke and Whittington, 2016), and data from ter-

restrial basaltic eruptions (e.g., Booth and Self, 1973; Murase and McBirney, 1973;

Pinkerton and Sparks, 1978; Lipman and Banks, 1987; Heslop et al., 1989). Effects

of viscosity, density, channel depth, and slope are discussed in sequence below.

Viscosity. Viscosity can range over many orders of magnitude depending on

magma composition, gas content, temperature, crystal fraction, and shear strain

rate (e.g., Table 17.2 in Harris and Rowland, 2015). During an eruption, magma and

lava viscosities change substantially as the flow cools. Therefore, selecting a single

value for viscosity can only describe the instantaneous conditions of a lava flow at a

given point. Lava viscosity typically increases by orders of magnitude with distance

from the vent as the flow’s temperature decreases and crystal content increases

(e.g., Lipman and Banks, 1987). We therefore used viscosity values appropriate for

near-vent environments to test whether the lava initially flowed turbulently. The

viscosities of Hawaiian basaltic lavas have been estimated to range from ∼100 to

1400 Pa·s near the vent (Lipman and Banks, 1987; Heslop et al., 1989; Harris and

Allen, 2008). Calculated viscosity for picritic basalts sampled in Gusev crater, Mars

(McSween et al., 2004; Filiberto et al., 2010), provide a value of 2.3 Pa·s (Williams

et al., 2005). Greeley et al. (2005) modeled the viscosity for Gusev basalts at an

eruption temperature of 1270 ◦C to be 2.8 Pa·s. Furthermore, they estimated that

viscosity would increase to 50 Pa·s with increasing crystal content up to 25% by

volume, and that the addition of bubbles would increase the viscosity even more

(Greeley et al., 2005). Gusev basalt samples contain vesicles and vugs, as well as

crystal contents of 9–25% by volume (McSween et al., 2004). We therefore used a

value of 50 Pa·s as a physically realistic value for the low-viscosity case. The viscosity

of Hawaiian lava has been estimated to increase to 105 Pa·s down-channel (Lipman
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and Banks, 1987). For the higher viscosity value, we chose 2000 Pa·s which is within

the range of measured values of basaltic fissure eruptions on Etna (1700 Pa·s; c.f.
Lev et al., 2012) and Hawaii (2000 Pa·s; Moore, 1987), at eruption temperatures of

up to 1140 ◦C. Between our low (50 Pa·s) and high (2000 Pa·s) bounds, we chose 500
Pa·s as a preferred value for viscosity, corresponding to an eruption temperature of

1200 ◦C (Booth and Self, 1973; Moore, 1987; Calvari and Pinkerton, 1999). These

values were chosen to encompass a reasonable range of viscosities for Martian lavas.

Density. Unlike viscosity, lava density does not vary over orders of magnitude,

and therefore does not have as large an effect on the model results. Lava density

is assumed to be the bulk density of melt, including liquid, crystals, and gases.

Typical bulk densities for basaltic lavas on Earth range around 2500 kg/m3 (Calvari

and Pinkerton, 1999). At the vent, the rapid exsolution of volatiles can cause a

high bubble content, yielding initially lower density values (<1000 kg/m3; Moore

(1987); Heslop et al. (1989)), but typical densities of lava are in the 2200–2500

kg/m3 range (Moore, 1987; Calvari and Pinkerton, 1999). Tholeitic lavas tend to

have higher densities, up to ∼2820 kg/m3 (Huppert and Sparks, 1985; Williams

et al., 1998). For Mars, the calculated density of Gusev Adirondack basalt is 1600

kg/m3 (McSween et al., 2004). In our calculations, we therefore chose 1600 kg/m3

as our low density value, as well as for our preferred value. For the high density

case, we chose 2800 kg/m3.

Channel depths. Channel depths were measured using the HiRISE- and CTX-

derived DTMs (Sec. 2.2). These high-resolution topographic products enabled us to

constrain possible flow depths to model flow velocities and consider the potential for

substrate erosion. Measured channel depth, h, was considered a minimum bound for

flow depth, assuming that at some point bank-full flow occurred, and that there is

some undrained solidified lava remaining in the channel floor. The thickness of the

undrained, solidified lava cannot be measured with certainty, however we assume

that it represents a small proportion of the total channel depth. This assumption is

more likely to be true near the channel source regions, which is where we measured

channel depths to be consistent with the other parameters describing the near-vent
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lava flow regime.

Slope. The inclination of the substrate, θ, is the topographic slope as measured

from the MOLA gridded data. It is not possible to measure the topography before

the emplacement of the channel-bearing units. However, elevations within the lAv

unit has relatively low variation over long distances. Slopes were measured as the

average inclination across the areas spanned by the flow units in the NW and SE

regions in the gridded MOLA topography.

2.4 Results

2.4.1 Regional geologic and feature maps

We mapped four geologic units after Tanaka et al. (2014): Late Hesperian volcanics

(lHv), Aureole apron deposits (Aa), the Olympus Mons Amazonian volcanic edifice

(Ave), and the Late Amazonian volcanic plains (lAv) (Fig. 2.4.a). Ulysses Fossae

(lHv) is the oldest unit, and is an elevated area bounding the adjacent volcanic

plains to the east and southeast. The contact between the lHv and lAv is clearly

identifiable where the younger volcanic plains unit embays Ulysses Fossae. The

lAv material embays the Aa deposits, which are exposed as heavily dissected and

isolated outcrops.

Within the contextual mapping region, we identified 32 volcanic vents, 23 small

shield volcanoes, and hundreds of channels and fossae. At the regional scale (Fig.

2.4.a), our map shows general trends in the spatial distribution of features and their

relationships to the topography and geologic units. For example, vents and small

shields cluster in the area that corresponds to higher topography within the volcanic

plains. Fossae, channels, and vents all occur within Aa deposits as well as the lAv.

Shields occur most frequently to the southwest of the drainage divide (dashed line

in Figs. 2.1.b, 2.5). No shields or vents are found within the lHv unit. The few

channels that do occur within lHv are found only near the contact with the lAv unit.

Vents are identified as roughly circular or elongated depressions that source flow

units and/or channels, but have minimal positive relief (Fig. 2.4.b). Shields are
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characterized by a low, conical rise with flows radiating from a summit depression

or crater (Fig. 2.4.c). The summit craters are typically elongate rather than circular.

The bases of the small shields are buried by plains-forming lava flows (Fig. 2.4.c).

The small shields do not obviously source channels, or if there are channels, they

may be below the CTX image resolution.

Fossae are deep, narrow, negative-relief structures with parallel edges and

steeply-sloping inner walls. They may be linear, with discontinuous, en echelon seg-

ments, or they may have arcuate, branched segments (Fig. 2.4.d). Fossae within the

lAv unit appear to trend primarily northwest–southeast. Several of the northwest–

southeast trending fossae cross the lAv and continue through the lHv unit. Fossae

segments range from 0.55–342.45 km long (N = 614, excluding those within the

lHv), with a mean value of 10.92 km and a standard deviation of 18.85 km.

Channels occur throughout the plains, and generally parallel the topographic

gradient, in agreement with our flow map (Fig. 2.5). Channels vary in morphology,

length, and branching patterns (Fig. 2.4.e). Channel segments range in length from

0.57–121.29 km (N = 398), with a mean value of 14.23 km and a standard deviation

of 16.85 km. Few channels originate within the lHv unit, and those that do are

found near the contact with the lAv unit. In many locations, channels, fossae, and

vents are interconnected, branching, or crosscutting. Source regions for channels

and flow units throughout the mapping region are not visible in all locations due to

burial by the numerous flow units that make up the volcanic plains.

2.4.2 Regional topographic analysis

The surface of the volcanic plains has a slope<1◦, with elevations varying by only few

hundred meters over hundreds of kilometers. However subtle, changes in elevation

exert a control on trends in flow direction (Isherwood et al., 2013). The flow direction

analysis map, derived from the MOLA 128 pixel/degree global gridded topography,

confirms the presence of a northwest–southeast trending rise located within the

volcanic plains (Fig. 2.5). This rise diverts flows and channels systems to the north

and south within the flexural moat around the base of Olympus Mons. The NW
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Figure 2.4: (a) Volcanic and structural features found throughout the Amazonian
Volcanic Plains (lAv) and Ulysses Fossae (lHv) units. Geologic units are based on
Tanaka et al. (2014). Black boxes outline NW and SE study regions. Base map
is MOLA shaded relief. Examples of mapped features shown in panels: (b) vent,
16.25◦ N, 232.46◦ E; (c) shield, 15.42◦ N, 236.52◦ E; (d) fossae, 16.15◦ N, 234.27◦ E;
(e) channels, 12.81◦ N, 231.12◦ E. Images in b–e are CTX, and are all north up.

and SE regions are located near the crest of this drainage divide.
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Figure 2.5: Flow direction map derived from the gridded MOLA topography showing
down-dip directions within the lAv unit (Fig. 2.4.a). Colors indicate flow direction,
with yellow and orange denoting flows to the west and south, and blue and green
denoting flows to the north and east, respectively. The NW and SE study regions
are outlined in black boxes. The black dashed line indicates the approximate axis
of the topographic rise that forms a drainage divide (cf. Fig. 2.1). Gray areas
show MOLA shaded relief with illumination from the west. Local slope directions
are shown only for the lAv unit, and are displayed with opaque colors that do not
include any contribution from the shaded relief map.

2.4.3 Relative stratigraphy and chronology of the NW and SE regions

We determined the relative stratigraphic relationships within the NW and SE regions

based on contacts and the superposition of lobate flow units and fossae. Within the

plains, flow units are designated as Units 1 through 5, with fossae designated by

lower-case Roman numerals i–viii (Fig. 2.6). Unit 1 flows are overprinted by Units

2, 3, and 4. Unit 5 does not contact Unit 1, but superposes Units 3 and 4. Therefore

the undifferentiated flows that comprise Unit 1 are relatively older than the other
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flow units in the area. Small, low shield volcanoes that are present mostly in the

central portion of the contextual region of interest (Fig. 2.4.a) are surrounded by

north-trending flow units in both Unit 1 and Unit 2 flows. Although there is no

mappable connection between the small shield volcanoes within Unit 2 and those

within Unit 1, we infer that the small shields are older than Unit 1, and therefore

older than any of the flow units mapped. Unit 2 is mapped in detail within the

SE region (Sec. 2.4.4). Fossae i are the vents of the two small shields within

Unit 2. Fossae ii–iv crosscut the flow units that make up Unit 2. The details of

the crosscutting relationships within Unit 2 are discussed in Section 2.5.3. Material

sourced from Fossae v buries a portion of Fossae iv that extends into Unit 3. Fossae

vi appears to be the source of the flows in Unit 4. Unit 4 overlies Unit 3, and is the

flow and channel system mapped in detail in the NW region (Sec. 2.4.4). Fossae

viii sources the flows in Unit 5, the youngest flow unit shown in Fig. 2.6. The

two disconnected sections of Unit 5 are designated as the same unit because their

relative stratigraphy is ambiguous—both overlie Unit 3. Fossae vii transect Units

1, 3, and a section of Unit 5, and are the only fossae that span both the NW and

SE regions.

2.4.4 Geomorphological and facies maps

Our detailed mapping focuses on two stratigraphically distinct units within the NW

and SE regions that each contain prominent systems of channels and fossae. Within

the NW region, we mapped Unit 4, and in the SE region, we mapped Unit 2. The

major units are Channels, Flows, Fossae, and Vents, with each category subdivided

into sub-units based on our observations.

NW region

The NW region contains systems of channels, lobate flows, and linear fossae (Fig.

2.7). The north of Unit 4 is buried by flows that source from Fossae viii within

Unit 5. Portions of Unit 5 flows overlie the Unit 4 channels (Fig. 2.8.a). The



47

Figure 2.6: Map of stratigraphic relationships of the NW and SE Regions (black
rectangles) and surrounding area. Fossae are identified as events in the Correlation of
Map Units (CoMU), with the lower bounds corresponding to the youngest flow unit
crosscut. Crosscutting or superposition relationships between fossae are indicated
by dashed lines in the CoMU. Arrows indicate approximate flow direction within
each unit. Inset area shows details within the SE region. The sequence of flow units
illustrates the trend in this area that flows become younger to the north. Inset map
is shown draped over the Murray Lab CTX global mosaic v.beta01 (Dickson et al.,
2018).

southern edge of Unit 4 is approximate, because it interfingers with flows from Unit

3. To the east, Unit 4 flows clearly overlap those of Unit 3. The channels and flows

that make up Unit 4 originate along a ∼21 km segment of Fossae vi, and extend

to the west well beyond the mapped NW region area to the base of Olympus Mons.

However, the majority of the channels occur within the mapped region. All flows

and channels within Unit 4 flowed to the west and northwest, following the regional

slope of ∼0.68◦, down towards Olympus Mons.

Channels. In the NW region, Channel Floor units are mapped at three relative
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Figure 2.7: Facies map of Unit 4 within the NW region highlighting channels and
flow units. Channel floors are mapped at three levels. Channel Floor Level 1 in-
dicates a nested channel within a wider, shallower channel. Channel Floor Level 2
is above the lowest nested level. Channel Floor Level 3 indicates hanging channels,
which remain as terraced levels along channel reaches. Vent units source channels.
Lobate Flows are present along the parallel margins of channels. Undifferentiated
Flows make up the rest of Unit 4. Black boxes indicate details shown in Fig. 2.8.
Individual channel subsystems are labeled I–IV from relatively older to younger.
The base map is CTX (Murray Lab CTX global mosaic v.beta01).

levels. Channel Floor Level 1 is the lowest relative level within the whole system

of channels. Channel Floor Level 2 contains the majority of channel floor units.

Channel Floor Level 3 describes channel floor sections that are elevated and adjacent

to Channel Floor Level 2. They may represent an earlier stage of flow that was wider

and shallower than the final form, or a previous channel path that was overprinted by
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a later channel. We labeled individual channel subsytems as I–IV from relatively

older to younger based on the superposition of lobate flows and the topographic

relationships near the channel sources (Fig. 2.7).

At least three major channels (I, II, III ) originate from a broad, flat area rimmed

with steep, irregular margins that spans the eastern end of Fossae vi. The southern

rim of the fossa in this source region is 20 m lower than the northern rim, perhaps

indicating at least two stages of channel flow (Fig. 2.8.b). Where still exposed, the

termini of channels in the NW region are steep-walled alcoves bounded by leveed

margins and Overbank Flows (Fig. 2.8.c). All of the channel margins in this region

are irregular and not smooth (Fig. 2.8.d). Several of the channels contain blocky

Channel Islands within their beds that are roughly streamlined, with elevated mar-

gins that are also irregular and not smooth (Fig. 2.8.e). Channel floors in the NW

region are generally elevated above adjacent topography beyond the raised channel

margins (Fig. 2.9). The margins of the nested channel within IV, mapped as Chan-

nel Floor Level 1, are built up of narrow Overbank Flows, and the source of the inner

channel is level with Vent Terrace Level 2 (Fig. 2.8.f). The easternmost channel

(the easternmost branch of I ) trends north from its source for ∼20 km until it is

diverted to the west, possibly by topographic control.

Flows. Overbank Flows bound the outer and inner margins of all the channel

floor levels. Lobate Flows generally parallel both sides of the channels in this re-

gion. Outbreak flows adjacent to channels are evident at several locations, but their

points of channel overflow have been buried by subsequent Overbank Flows (Fig.

2.8.d). The interior of the NW region contains Undifferentiated Flows, which are

not obviously associated with any specific channel system. Overbank Flow margins

can be narrow and sharply defined topographically (Fig. 2.8.c), or more spread-out

areas flanking the channel (Fig. 2.8.d). Small overlapping flows build up the mar-

gins along the channel, decreasing in elevation over a few to tens of meters away

from the channel. Margins of Channel Islands are built up of Overbank Flows (Fig.

2.8.e). Their rims are commensurate with, or lower than the the heights of the adja-

cent channel banks. The Channel Islands decrease in height towards their interiors,
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which are higher than the surrounding channel floor.

Fossae. Fossae in the NW region are predominantly linear, with segments offset

in an en echelon manner. There is no evidence of lateral offset along the fossae rims,

indicating no lateral movement at least since the time the flows were emplaced. The

linear fossae segments in the NW region are typically ∼200 m wide and tens of

meters deep. The floors of the fossae are flat or U-shaped, and are covered with

aeolian deposits. Talus slopes have formed in some places at the base of steep, blocky

layered material visible within the exposed sides of the fossae, below the rims. The

layer thicknesses are challenging to measure due to the observation angle, shadows,

overhangs, and the layer blocks being at the limits of the resolution of the HiRISE

data. The uppermost flow unit exposures were measured along the southern edge

of the channel-sourcing segment of Fossae vi, resulting in an average layer thickness

of 7 m. This surface is mantled in a dust layer that may be up to 2 m thick.

Vents. There are two vents along Fossae vi that source channels. The western-

most vent displays three distinct terrace levels. Vent terrace margins often show

evidence of levee formation and overbank flows (Fig. 2.8.f).

SE region

The major features of the SE region comprise broad and narrow anabranching sin-

uous channels, two small shield volcanoes, several linear fossae trending northwest–

southeast, and a large branched fossae systems (Fig. 2.10). Fissures and fossae of

different types intersect the flows and channels in the region. The crosscutting and

overprinting relationships are more complex in the SE region than in the NW region,

requiring modifications and additions to some of the unit definitions. Unlike the NW

region, the SE region channels do not source from a single fossae system. Therefore,

each distinct channel system is identified as Channel System 1–4, based on their lo-

cations and crosscutting relationships. Except for the flows that are approximately

radial to the shield vents (Fossae i), the paleoflow direction in this region is pre-

dominantly towards the northwest. This flow directionality is consistent with the

regional slope, which is <<1◦.
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Figure 2.8: Details of NW region facies map (Fig. 2.7). Map units and contacts
are shown over HiRISE orthorectified images. The larger, transparent white arrows
indicate inferred flow direction. North is toward the top of the page in all panels.
(a) A lobate flow (white arrow) from Unit 5 overlaps the channel floor along the
northern edge of Unit 4. (b) The southern rim of the fossa (white arrow) is 20 m
lower than the northern rim (black arrow). (c) A section of channel ends at a walled
alcove (black arrows). (d) Several outbreak flows (white arrows) and Overbank Flows
(black arrows). (e) Channel Islands display raised margins, built up of Overbank
Flows (black arrows). (f) The inner channel Channel Floor Level 1 has leveed
margins, built up by Overbank Flows (black arrows). Its vent-proximal floor (white
arrow) is topographically level with Vent Terrace Level 2.

Channels. Channel System 1 consists of narrow, mostly single-stemmed chan-

nels. The sources of these channels have been cut by the formation of Fossae ii.

The margins are parallel, and have a more or less constant width, and are bounded
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Figure 2.9: NW region topographic profiles extracted from the 2 m GSD HiRISE
mosaic DTM shown overlaid on the CTX image mosaic (vertical exaggeration ∼6×).
Profile plots are normalized to show relative elevations. Black arrows indicate chan-
nel levees. Profiles A–A’, B–B’, C–C’, D–D’, and E–E’ show pronounced levees and
channel floor levels that are at or above adjacent topography on at least one side
of the channel. Profile B–B’ shows a narrowing of the channel, pronounced levees,
and a perched channel floor. The right-most arrow on profile F–F’ indicates the
outer levee of an earlier phase of channel formation. The four left-most arrows on
profile F–F’ are the inner levees of the latter stages of flow, which terminated in the
narrower, incised channel that sources from the level of Vent Terrace Level 3.

by lobate flows. Both channels in this system are crosscut by Channel System 4.

Channel System 2 sources from a shallow fissure just outside of the source region

for Channel System 4. This short channel is shallow, with leveed edges, and rough

margins. It is truncated by Channel System 4. Channel System 3 contains three

separate channels, and is morphologically similar to Channel System 2. These chan-

nels originate from shallow fissures and fissure vents. Their margins are rough and

irregular, with levees along the larger of the individual channels. The channels be-

come narrow before terminating within the Undifferentiated Flow unit. Channel

System 4 originates from a theater-headed region as a multi-stemmed, multi-level

set of channels. The branches of this channel system coalesce to form one broad

stem that contains streamlined features and has margins that are generally smooth
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Figure 2.10: Facies map of Unit 2 in the SE region. Channels are mapped as
Channel System 1–4, which places them in chronological order based on crosscutting
relationships. Channel System 1 and 4 have Eroded Banks mapped at two levels.
Details of the source region for Channel System 4 are shown in Fig. 2.14. Fossae
are labeled with small Roman numerals as in Fig. 2.6. Map is draped over CTX
(Murray Lab CTX mosaic v.beta01).

with gradual slopes. The highest levels of bank rims exhibit blocky edges above the

smoothly eroded layered banks (Fig. 2.11.a,b). Two levels of these gently sloping

channel margins are mapped as Eroded Banks. Channel margins mapped as Eroded

Banks have a layered appearance at some exposures. The margins of Channel Sys-

tem 4 are markedly smooth in plan view, and do not exhibit levees. Channel profiles

in System 4 are asymmetric, with shallow sloping banks on the insides of bends and

steep banks on the outsides. The margins of large Channel Islands within the main
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streambed of Channel System 4 are mostly smooth and eroded, with minimal evi-

dence of Overbank Flows. Levees are only visible along the highest elevation channel

margins. The main channel of System 4 extends nearly 30 km before it is buried by

Unit 3 flows.

Figure 2.11: Details from the SE region (Fig. 2.10) displayed on HiRISE DTMs
and orthoimages. Each elevation color ramp is set to emphasize local topography.
All panels are north up. (a) Detail of System 4 showing eroded, layered banks and
longitudinal grooves in the channel floor. (b) Detail of System 4 showing blocky
channel margins due to plucking, and eroded bank layers. (c) Fossae crosscutting
streamlined features. (d) Tip of a branch of Fossae ii showing a blunt end extending
to a narrow crack.

Flows. The flows, both Lobate Flows and Undifferentiated Flows, completely sur-

round and embay the small shields. A broad unit of Undifferentiated Flow extends

northward, embaying outcrops of aureole deposits. The surface of the Lobate Flow
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units immediately adjacent to the banks of the largest channel system is smooth

and uncratered, with a subtle polygonal texture. Overbank Flows are less promi-

nent here than in the NW region, although they are apparent on some portions of

the margins of the large channel islands. Overbank Flows and leveed margins are

apparent along the margins of the larger of the fissure-fed channels, but are less

well-developed along the shorter segments of the channels with rough irregular mar-

gins. Subdued expressions of levees are visible along Channel Systems 1 and 4, but

the margins of lower level channels are markedly Eroded Banks.

Fossae. Fossae i are the elongate summit vents of the two low shields in the SE

region. Fossae ii are composed of two sections of branched segments that crosscut

Units 1 and 2, Shield 2 and its summit vents, and numerous channels. Fossae ii are

10s of meters to ∼200 m deep at the widest point, with interior wall slope dips rang-

ing from 70◦ to sub-vertical. Segments of this fossae crosscut streamlined features at

the head of Channel System 4 (Fig. 2.11.c). Streamlined features do not continue on

both sides of the fossa segment, indicating mass wasting and downdropped material

into the trough rather than lateral or purely extensional movement. Other fossae in

this region are linear, with en echelon segments, trending northwest–southeast (Fos-

sae iv and vii). Fossae iii are shallower, intersecting fissures that source Channel

System 3. Segments have blunt, rounded ends (Fig. 2.11.c), or rounded ends ex-

tending to a narrow crack (Fig. 2.11.d). Fossae iii margins do not exhibit Overbank

Flows. The expression of Fossae iii is visible, but appears eroded where it extends

across the bed of Channel System 4. As it extends to the northeast, the fissure is

buried beneath a flow unit parallel to the right bank of Channel System 4. Fossae

iv segments crosscut Units 3 and 2, Shield 1, Fossae iii, and Channel Systems 1, 3,

and 4. Fossae vii crosses both the NW and SE regions.

2.4.5 Lava flow calculations

Based on the values for viscosity and density described in Section 2.3.3, we desig-

nated five rheological cases to test for potentially turbulent lava flow (Table 2.2).

We calculated the Reynolds number (Eqn. 2.1) for the five cases for each of the
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Table 2.2: Inputs for viscosity (η) and density (ρ) parameters in Eqns. (2.1–2.3)
for five rheological scenarios. 1Greeley et al. (2005), 2Moore (1987), 3Booth and
Self (1973); Moore (1987); Calvari and Pinkerton (1999), 4McSween et al. (2004),
5Huppert and Sparks (1985); Williams et al. (1998).

Test Cases η (Pa·s) ρ (kg/m3)
Low-viscosity, low-density 501 16004
Low-viscosity, high-density 501 28005
High-viscosity, low-density 20002 16004
High-viscosity, high-density 20002 28005
Preferred values 5003 16004

two regional slope conditions, θ in Eqns. (2.2) and (2.3)—0.68◦ for the NW region,

and 0.01◦ for the SE region—as a function of flow thickness, or channel depth (Fig.

2.12). We used a value of 3.71 m/s2 for the surface gravity for Mars (Kieffer et al.,

1992). Maximum flow depth was estimated by measuring distal flow thickness, or by

measuring flow thickness as it appears from the floor of the ponded area in the NW

region to the top of the leveed margins, for example. In the SE region, maximum

flow depths were measured from channel depths. In the NW region, the channels

are typically 12–14 m deep near their sources. The maximum flow depth of 36 m

assumes fully molten sheet flow if measuring from the fossae edge to the top of the

leveed margin surrounding the ponded area in the NW region. In the SE region,

the narrow channels are 6–14 m deep, while the broad channel system reaches a

maximum depth of 20 m, nearest the source region.

We calculated the Reynolds number as a function of a range of flow depths

(1–100 m) that could encompass the channel depths expected in our study regions

(Fig. 2.12). The laminar flow cases (using Eqn. 2.2) are plotted within the range of

applicable Reynolds number values up to the threshold from laminar to transitional

flow regime at Re = 500. Likewise, the turbulent flow cases (using Eqn. 2.3) are

only plotted above the transition boundary (Re > 500) and into the fully turbulent

flow regime (Re ≥ 2000). For the turbulent flow velocities, we performed an iterative

calculation of Cf (Eqn. 2.4) as a function of Re, which was then used as an input

to calculate uT (Eqn. 2.3), which in turn was input into the calculation of Re(h)
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Figure 2.12: Reynolds number (Re) as a function of flow thickness (i.e. channel
depth) from Equations (2.1–2.4), plotted in semi-log space. Turbulent flow is de-
noted as Re ≥ 2000 (red shaded area), with a transition zone at 500 < Re < 2000
(clear area), and laminar flow for Re ≤ 500 (blue shaded area). The five cases tested
are for low and high values for viscosity and density (black lines) and our preferred
values for viscosity and density (red lines) (Table 2.2). Vertical gray shaded regions
indicate the range of channel depths measured in both the NW and SE regions.
(Left) Re using a slope of 0.68◦ in the NW region. (Right) Re for the slope of 0.01◦
in the SE region. None of the test cases achieve turbulent flow within the range of
channel depths in the SE region.

(Eqn. 2.1). The value of Re at the next increment of h was then used to iterate the

value of Cf and so on.

Results for the NW region show that fully turbulent flow could only have been

reached within the range of measured channel depths for the low-viscosity cases.

Fully turbulent flow could not have been achieved for the high-viscosity cases until

flow depths were at least 58 m in the NW region. For the preferred values of viscosity

(500 Pa·s) and density (1600 kg/m3), only transitional flow could have been achieved

within the range of channel depths in the NW region. The preferred values case in

the NW region does not reach fully turbulent flow until flow depths are >40 m. In

the SE region, fully turbulent flow was not achieved for any of the cases within the

range of measured channel depths. Only the low-viscosity cases make it into the fully

turbulent regime in the SE region, and only at depths greater than the measured

channel depths. Turbulent flow is not reached at depths <100 m for either the

preferred values case nor for the high-viscosity cases in the SE region. Regardless
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of density, lava of any viscosity ≤50 Pa·s could therefore reach fully turbulent flow

at channel depths measured in the NW region. In the SE region, fully turbulent

flow would only be possible for viscosities ≤50 Pa·s and the high-density case (2800

kg/m3). Viscosity values >2000 would not be likely to ever reach turbulent flow in

either region unless flow thicknesses were many times greater than those measured.

These calculations show that for reasonable rheological parameters, turbulent lava

flow (i.e., lava flows with the most potential to erode) would be least likely in the SE

region, although this is where the signatures of erosive morphology are prevalent.

2.5 Interpretation

We first classify channels within the NW and SE study regions into types based on

their observed morphologies. Within the NW and SE regions we classify the chan-

nels into three distinct types. For each of the three types, we present interpretations

based on our observations that are expected to result from different processes. These

three channel types (as well as other channel morphologies not described here) are

found throughout the larger contextual region (Fig. 2.4). Fossae types are similarly

classified based on their morphologies. We classified fossae into two categories based

primarily on their appearance in planform: Type L (linear) and Type A (arcuate,

branched). Using established relationships between fissure morphologies and sub-

surface processes, we infer the origin of the fossae types in our two study regions.

Based on our channel and fossae type classifications, interpretations of their ori-

gins, and the observed stratigraphic sequence of the landforms, we reconstruct a

geological history for the region (Sec. 2.5.3).

2.5.1 Channel types

Channel Type 1

Type 1 channels have low sinuosity—1.05 in the NW region (N = 1), and from 1.03

to 1.25 (mean 1.10, N = 3) in the SE region (Channel System 1 )—and are generally

single stem (i.e., non-branching). They exhibit steep banks that remain parallel and
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approximately the same width down the length of the channel, and are rectangular

in cross-section (Fig. 2.13.a). Their margins display levees and multiple overbank

flows. Type 1 channels are present in both the NW and SE regions, although in

the SE region the levees are less pronounced. We propose that the Type 1 channels

in the SE region may have originally had similar morphology to that of the Type

1 channel in the NW region, but have been eroded by subsequent fluid flow. We

revisit this idea in the discussion of Type 3 channels (Sec. 2.5.1).

We interpret Type 1 channels as consistent with the morphology of constructional

lava channels. The sinuosity of lava channels can be reduced by auto-erosion along

the inner curve of the wall material (Lipman and Banks, 1987). This process is seen

in the blocks removed from the channel walls and rafted out into the channel bed

(Fig. 2.13.a). The diagnostic features of the Type 1 channels—levees and overbank

flows—are interpreted to be the result of variations in flow depth due to changes in

effusion rate at the vent (Lipman and Banks, 1987; Moore, 1987; Bailey et al., 2006;

Harris et al., 2009). The characteristic apparent incision of the Type 1 channels

may be understood as an effect of the lava flow being confined by high-standing

topography (e.g., Fig. 19 in Baker et al., 2015). Partial drainage of lava due to

the breach of an obstruction may also cause a channel to appear to incise into

the surrounding topography (Jurado-Chichay et al., 1996; Patrick and Orr, 2012;

Hamilton, 2019).

An alternative explanation for Type 1 channels is that they are the result of lava

erosion. Lava flowing in channels has the potential to erode the substrate via thermo-

mechanical processes (Hulme, 1973; Huppert and Sparks, 1985; Williams et al., 1998,

2000a, 2005; Baloga et al., 1995; Jarvis, 1995; Williams et al., 2000b, 2001), but ther-

mal erosion typically requires sustained high-temperature, low-viscosity lava flowing

turbulently over a substrate with a lower melting temperature (Huppert et al., 1984;

Huppert and Sparks, 1985). Mechanical erosion by lava has been observed where

high flow velocities occurred on steep slopes on or near the vent, over weaker, or

poorly consolidated substrate, such as pyroclastic deposits (Greeley et al., 1998;

Ferlito and Siewert, 2006; Gallant et al., 2020). Although we cannot rule out lava
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flowing over a weaker substrate, the near-vent slopes are very low, making this sce-

nario less likely. Lava tube erosion does not necessarily require turbulent flow, but

it does require sustained flux, and may also be aided by mechanical abrasion at

the base and sides of the active flow as well as collapse and transport of wall and

ceiling material (Kauahikaua et al., 1998). Type 1 channels do not exhibit evidence

of being collapsed lava tubes, such as rimless depressions with rounded margins, or

discontinuous pit chains (e.g., Bleacher et al., 2007b). Additionally, the lava path-

ways do not exhibit keyhole shaped cross-sectional profiles, which are characteristic

of the downcutting and lateral bank undercutting observed in lava-eroded channels

on Earth (Huppert and Sparks, 1985; Jarvis, 1995). Our Reynolds number calcu-

lations do not support the potential for turbulent flow in these channels, except in

the cases of very low viscosity lavas (Fig. 2.12).

Channel Type 2

Type 2 channels are wider than Type 1 channels relative to their depths. The

sinuosity of Type 2 channels in the NW region ranges from 1.06 to 1.23 (mean 1.14,

N = 5), whereas in the SE region the sinuosity of the much shorter Type 2 channels

ranges from 1.03 to 1.08 (mean 1.05, N = 4). In plan view, Type 2 channels

are characterized by straight stretches, sharp bends, and short stretches of tight

curves. Although Type 2 channels have wide source regions and become narrower

and shallower towards their termini, they exhibit variability in their widths along

the lengths of the channels. Their cross-sectional profiles are rectangular, with

flat floors and steep banks. Type 2 channel margins display leveed edges built of

multiple overbank flows, and are rugged and irregular in texture. The floors of Type

2 channels are elevated above surrounding topography (Fig. 2.13.b). Within Type

2 channel beds there may be islands, which also display leveed margins, overbank

flows, and have irregular to roughly streamlined shapes. Type 2 channels commonly

exhibit hanging channels that branch from, and in some cases reconnect to, the main

stem of the channel. Type 2 channels are present in both regions, but in the SE

region, they are less well developed and shorter than those in the NW region. The
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channels in the NW region are predominantly Type 2. In the SE region, Channel

Systems 2 and 3 are of Channel Type 2.

Type 2 channels are also interpreted to be constructional lava channels. They

display leveed margins that are constructed of multiple overbank flows (Lipman and

Banks, 1987; Harris et al., 2009), as well as islands that are may have been rafted

blocks of channel levee or vent material (Sparks et al., 1976; Lipman and Banks,

1987; Glaze et al., 2009). A characteristic of Type 2 channels that differentiates

them from Type 1 is that the floors of Type 2 channels are perched, rather than

downcutting below the level of the surrounding topography. Perched channels are

also a defining characteristic of constructional lava channels (Lipman and Banks,

1987; Patrick et al., 2011). Although we interpret channels of Type 1 and Type 2 as

both being constructional lava channels, their morphologies are distinct enough to

warrant separating them into two classes. Their morphologic differences could be

indicative of different lava rheologies or eruption characteristics.

Channel Type 3

Type 3 channels are present in the SE region (Channel System 4 ). A Type 3 channel

is anabranching, with the sinuosity of each branch ranging from 1.08 to 1.12 (mean

1.10, N = 3), and is generally very wide relative to its depth. Type 3 channel beds

are down-cutting, having elevations lower than that of surrounding topography.

Cross-sectional profiles of Type 3 channels are asymmetric, with shallowly sloping

inner banks and steep slopes on the outer curving banks (Fig. 2.13.c). Margins

of Type 3 channels do not display prominent levees; rather, they are smooth with

stepped banks. Some of the highest elevation portions of the banks exhibit a blocky,

ragged edge. Teardrop-shaped features are present near the channel source, within

the channel branches, and within channel beds. Portions of the channel floor exhibit

lineations parallel to the direction of paleoflow.

We interpret Type 3 channels to be the result of fluvial erosion. The Type 3

channels in the SE region originate from a broad, theater-headed region, which is

a signature of groundwater origin (Irwin et al., 2014). Profiles across the Type 3
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channel floors are flat in straight reaches, and asymmetric in curving reaches (Fig.

2.13.c), where the floors along the outer portions of curves are deeper, consistent

with fluvial streambed profiles (Wohl, 1993) and cutbank erosion (Bridge, 1977).

The presence of longitudinal grooves along a section of the channel floor where it

narrows (Fig. 2.11.a) points to erosion by an energetic flood over a bedrock substrate

(Baker, 1973; Baker and Milton, 1974; Baker, 1978).

Levees are evident, but degraded, at higher elevations near the channel source,

but are nonexistent at lower bank levels. The degraded appearance of levees leads

us to interpret the channels as having been originally volcanic, likely of Channel

Type 1, that were subsequently occupied and eroded by an aqueous flood (Fig.

2.14). We hypothesize that the earliest flood stage would have overtopped the

initial channel banks. The broad flood at that stage would have been shallow and

therefore less energetic. As the channels became more deeply incised, later flood

stages would have been focused in the deeper, but narrower reaches. Shallowly

sloping, exposed layers along the banks resulted from erosion of layered lava flows

comprising the bedrock (e.g., Mouginis-Mark and Christensen, 2005). Portions of

the Type 3 channel banks are blocky, but rather than being due to overflow buildup,

they indicate the removal of material, leaving a low-relief margin with a ragged edge

(Fig. 2.11.a). This blocky margin is consistent with energetic aqueous flow at a

high flood stage plucking or quarrying blocks from the rocky substrate (Baker, 1973;

Hancock et al., 1998; Whipple et al., 2000). The presence of streamlined features

within the Type 3 channels favors a fluvial rather than volcanic interpretation even

though similar landforms can exist in both regimes (Burr et al., 2002; Bleacher

et al., 2015; Voigt and Hamilton, 2018), because the lack of leveed edges around the

streamlined features and the shallow, stepped margins indicate erosion of layered

bedrock rather than construction as in the volcanic channel-forming process.

We propose that the Type 3 channels resulted from erosion due to a release

of water from the subsurface. Based on the difficulty of achieving turbulent lava

flow in the SE region (Sec. 2.4.5), as well as morphologies that are inconsistent

with lava erosion, it is unlikely that lava was the fluid involved in forming Type
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3 channels. Initial floodwater volumes could have rapidly exceeded the carrying

capacity of the paleochannels, overtopping their banks and forming anastamosing

patterns apparent in the theater-headed source region (Fig. 2.14). Initially dilute

flows would have entrained surface dust and regolith, increasing the fluid density and

viscosity to potentially become a concentrated or hyperconcentrated flow (Hessel,

2006). The morphologic evidence (e.g., grooves, deep channels, plucking, layered

exposures along banks, streamlined islands) indicates that the flow developed into

an energetic flood with a high erosive potential similar to a lahar (Baker, 1973;

Fagents and Baloga, 2006; Doyle et al., 2011). If the sediment load within the flood

reached a sufficient concentration to transition into a debris flow then interactions

with bedrock substrate of layered lava flows could have enhanced lateral expansion of

channels through bank undercutting (Doyle et al., 2011). Subsequent downcutting

of channels would have been facilitated by processes consistent with debris flows

over bedrock, such as plucking and corrasion, as has been noted in the Channeled

Scablands in the basaltic plains of Washington State (Baker, 1973, 1978). Should the

substrate of layered lava flows be interspersed with poorly consolidated sedimentary

layers such as dust, regolith, or pyroclastic deposits or ash, this process would only

be enhanced.

2.5.2 Fossae Types

Fossae Type L

Type L fossae are linear, and are composed of offset, en echelon segments. They

occur throughout both the NW and SE regions, are generally parallel to each other,

and trend northwest–southeast. The margins of Type L fossae are level with the

adjacent terrain, or slightly higher, dropping to steep interior slopes (in some cases

sub-vertical), with rectangular cross-sectional profiles. Talus at the base of the walls

and aeolian bedforms on the floors superficially modify the profiles of the fossae. In

areas where lava flows are associated with Type L fossae, flow material is visible

extending away from the margins. Fossae iv, v, vi, vii, and viii in Fig. 2.6 are of
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Figure 2.13: Channel types and cross-sectional profiles. (a) Channel Type 1 nested
within a wider, shallower Channel Type 2 in NW region. Both types have symmet-
rical profiles with leveed margins. Channel Type 1 is narrow and displays generally
parallel banks. (b) Channel Type 2 example in NW region, showing well-developed
levees and overbank flows. (c) Channel Type 3 in SE region. Both the shallower,
narrower branch as well as the main wider stem display asymmetric cross-sectional
profiles and cut bank erosion along the outer banks. Parallel, linear grooves are
visible on the floor of the widest channel reach. Basemaps are HiRISE DTMs over
HiRISE images. The color ramp is set to maximize the range of elevation values
present in each scene. Profiles are vertically exaggerated.

Type L. Type L fossae are the only type present in the NW Region, and are the

sources of channels there. In the SE Region, the channels are crosscut by the Type

L fossae. A Type L fossae system spans both the NW and SE regions (Fossae vii

in Fig. 2.6), exhibiting a subtle topographic uplift along its length that appears to

have effectively diverted flow units and channels towards the northwest.

Type L fossae are interpreted to be the result of tensional fracturing of the surface

due to sub-vertical dike emplacement. Material has evidently erupted from Type L

fossae in many, but not all locations. The edges of some portions of Type L fossae

appear to have collapsed, as the rims are flat and drop abruptly to steep walls,

exposing blocky or layered material consistent with stacked lava flow units. Subtle
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Figure 2.14: Profile A–A’ across the source region of the main channel system in the
SE region. Units are the same as Fig. 2.10. At the far left is Channel System 2, an
uneroded channel originating at a shallow fissure and crosscut by Channel System
4. Note one segment of Channel System 1 at the bottom, which is truncated by
the theater-headed source region of Channel System 4. Potential flood stages are
consistent with degraded levees at higher elevations, where presumably the flood
depth was shallower and less energetic. Later flood stages deepened the channels
and formed the Eroded Banks. Vertical exaggeration of the profile is ∼18×.

vertical displacement along the edges of fossae is expected due to the volumetric

intrusion of magma (Rubin, 1992), but the topographic signal of such displacement

may not be resolved at the scale of the DTMs, or such uplift may be buried under

adjacent volcanic deposits where eruptive activity occurred. Many of the Type L
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fossae have vents associated with them, from which lava flows and channels emanate.

Vents are localized eruption sites commonly associated with fissure eruptions (Bruce

and Huppert, 1989; Thordarson and Self, 1993; Jones et al., 2017, and others). The

combination of adjacent eruptive deposits and channels, with the apparent lack

of built-up edifices, such as prominent cones or spatter ramparts along the Type

L fossae, could indicate lava drainback and subsequent collapse along the fossae

margins. Eruption along a fissure, or at a focused location such as a vent, lowers

the magma pressure within the dike, which can result in subsidence. Drainback

due to decreased magma pressure may explain the morphology of, for example, the

Type L fossae in the NW region, which terminates in a vent, but which also displays

collapse along the rims of the fossae. The en echelon segments observed that make

up the Type L fossae are entirely consistent with dike intrusion. Furthermore, they

provide an indication of the stress state within the upper crust. The rotation of

the segments off the trend of the continuous portion of the dike indicates that the

orientation of the dike is oblique to the direction of least compressive stress, σ3
(Delaney and Pollard, 1981; Pollard et al., 1982; Gudmundsson, 1984).

Fossae Type A

Type A fossae are composed of arcuate, or branched, curvilinear segments that form

connected systems of steep-sided troughs intersecting at oblique angles. The surface

around the large branched section of Fossae ii, near Channel System 4, displays a

slightly updomed topography. Branches or segments terminate at rounded ends or

narrow cracks. Segment widths range from 200 m up to 1 km. The depth of the

large Type A fossae system ii range from 120 m to 270 m at the widest section (∼1

km across), while the terminal branches are shallower and narrower. Sections of wall

material are down-dropped at the widest part of Fossae ii, indicating post-formation

mass wasting processes. Type A fossae are present in the SE region, but not in the

NW region. The fossae systems designated ii and iii (Fig. 2.6) are of Type A.

We interpret the Type A fossae geometry to be due to sill emplacement at some

depth in the shallow crust that does not necessarily lead to the eruption of lava. In
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the SE region, the large Type A fossae system is spatially coincident with flow fea-

tures and channels, but the margins of the fossae appear to cut off channels rather

than being the point of origin, as in the NW region Type L fossae. The fracture

pattern of the Type A fossae is branched, but also focused on a central point, away

from which the branches and segments decrease in width and length (Koide and

Bhattacharji, 1975). The decrease of width and depth measurements of the fossae

towards the outer branches, as well as the updomed topography associated with fos-

sae system ii, are consistent with the modeled stress states and predicted fracture

patterns above a lens-shaped sill (Mathieu et al., 2008). The region immediately

around the largest Type A fossae in the SE region is topographically uplifted, par-

ticularly along the rims of the fossae branches (Fig. 2.3). A sill inflating to form an

updoming lens-shaped intrusion, or laccolith, in the upper crust would be expected

to produce such an updoming (Pollard and Johnson, 1973; Pollard and Holzhausen,

1979). Adjacent fossae also display a branching pattern, but are more rectilinear

rather than arcuate. However, they may reflect a transition from sill to dike magma

emplacement in the subsurface. We do not investigate this relationship here, but

note that the subsurface forms of magma emplacement are not purely binary, and

that transitional geometries of magma emplacement may be responsible for varia-

tions in the strict Type L and Type A classification scheme (e.g., cone or inclined

sheet dikes; Phillips, 1974; Thomson and Hutton, 2004).

In addition to our interpretation of Type A fossae as fracturing due to sill intru-

sion, we hypothesize that the magma that intruded into the crust beneath the large,

channel-sourcing fossae in the SE region provided a heat source that melted buried

ice between the depth of the emplaced sill and the surface (Wilson and Head, 1994;

Wilson and Mouginis-Mark, 2003; Hamilton et al., 2018). The melted ice erupted

at the surface, forming the Type 3 channels in the SE region. The margins of the

Type A fossae are sharply defined, dropping steeply to deep troughs with flat floors.

Collapse features below the rims of the Type A fossae such as wall collapse and talus

slopes are visible, possibly indicating a widening of the fossae after initial formation.

Collapse of material into any void space created by the release of groundwater could
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further enhance the deepening and widening of the Type A fossae.

2.5.3 Relative chronology

The relative formation sequence within each region informs the interpretation of

the origin of the channels and fossae. The relative chronology in both regions was

inferred from crosscutting relationships, superposition of adjacent lobate flows, and

topographic relationships. In Section 2.4.3 we demonstrated that units in the SE

region are older than those in the NW region, primarily due to the burial of Unit

2 by Unit 3 deposits (Fig. 2.6). In the following sections, we look in detail at

the formation of features and units across the SE and NW regions, from oldest to

youngest. Section 2.5.3 examines the features within Unit 2 in the SE region, and

then follows the sequence of units as they become younger towards the NW region.

In Section 2.5.3, we look in detail at the sequence of fossae and channel formation

within Unit 4. Ultimately, we are constructing a relative geologic history of the

area encompassing the NW and SE regions to address the goal of understanding

the structural influences within the contextual region of the Olympus Mons flexural

moat and how they have evolved.

SE region

Unit 2 comprises a complex arrangement of fossae, plains-forming units, and

channel-forming units, implying a multifaceted geologic history. Two small lava

shields (Shields 1 and 2 ) are surrounded by the flows that make up Unit 2, and

therefore predate the emplacement of Unit 2. As was determined in Section 2.4.3,

these small shields, and others in the vicinity are older than any of the flow units

in the region. Subunits of Unit 2 are identified in Figure 2.15 by number and letter

in order of decreasing relative age: 2.a being the oldest, and 2.f being the youngest

of the plains- and channel-forming units within Unit 2. Likewise for the fossae, i is

the oldest and vii is the youngest shown. Flows from Shield 2 onlap those of Shield

1, indicating that Shield 2 is relatively younger than Shield 1. Both shields have
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elongated multi-segment summit craters, Fossae i.1 and i.2, which source radial

flows.

The plains-forming unit 2.a extends to the northwest, onlapping the eastern

sides of Shield 1 and Shield 2. Unit 2.a is a plains-forming unit that contains Type

1 channels. The plains-forming units, 2.b and 2.c, flowed from south to northwest,

embaying the western flanks of the two shield volcanoes, as well as the western side

of flow unit 2.a. A plains-forming unit, 2.d flowed from an area to the south, outside

of the SE region, towards the northwest around the eastern edge of 2.a, occupying

what may have been a topographic low between the earlier flow units and Fossae vii

to the northeast. The margins along Fossae vii are slightly elevated, implying that

the formation of this rise likely preceded the formation of the flows and channels in

Unit 2, as they run parallel to the fossae. However, the fissure segments that make

up Fossae vii likely opened after the emplacement of Unit 2.e as they crosscut

flows in that plains-forming unit. Fossae vii, being of Type L, is interpreted to have

formed above a dike (Mastin and Pollard, 1988; Rubin and Pollard, 1988), which

intruded, but did not rupture the surface, prior to the formation of Unit 2 flows.

The source of 2.d is buried by the extensive plains-forming unit 2.e that flows south

to north, onlapping unit 2.a along the southeast side. An arcuate fissure (Fossae

iii) sources Type 2 channels within 2.c, which also flow towards the northwest. A

segment of Fossae iii intersects 2.a and the channel-forming unit 2.f, extending

across to the right bank where it is buried under flows of the 2.d unit. The erosion

that expanded the depression initiated within the channel and along the direction of

paleoflow indicates that the fissure predates the channel-forming 2.f event, as well

as the 2.d flow.

Erupted water occupied Type 1 and/or Type 2 channels that may have existed

within what is now designated as unit 2.f, entraining regolith and sediment, eroding

the channels, and resulting in Type 3 channel morphology (Fig. 2.14). Any evi-

dence of spring morphology was erased as the Type A fossae margins subsequently

collapsed into the subsurface void space, expanding the width of the fossae segments.

The margins of the Type A fossae in the SE region widened due to mass wasting,
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crosscutting streamlined forms within the channels and removing source regions of

channels in unit 2.a.

Fossae iv is a Type L fossae system that crosscuts the major flow units and

channels in Unit 2, extending to the southeast and to the northwest into Unit 3.

This fossae system is parallel to fossae vii and other Type L fossae in the region,

and is collinear with fossae v and vi. The superposition of the Type L fossae over

the Type A fossae in the SE region indicates that sill intrusion occurred prior to the

dike formation in the SE region.

To summarize the sequence of events in the SE region—the low shields are the

oldest exposed features, as they are completely surrounded by the plains-forming

Unit 1 and the plains- and channel-forming Unit 2. The source regions of the Type 1

channels are lost, but the Type 2 channels clearly originate from shallow fissures and

vents associated with Fossae iii and a segment of Fossae iv. Sill intrusion provided a

heat source that melted ground ice that was presumably situated between the depth

of the sill and the surface, releasing an aqueous flow at the surface that widened and

expanded the existing volcanic channels. After the aqueous eruption and erosion

ceased, the Type A fossae continued to expand and subside, neatly crosscutting

streamlined features in the channels and any source regions of channels that may

have been proximal to the vent region of Shield 2. The aqueous flow created the

Type 3 channel system and adjacent deposits associated with Unit 2.d. Subsurface

magmatic movement transitioned later to dike intrusion that created Fossae iv and

vii, which are aligned with the Type L fossae systems that extend into the NW

region.

NW region

The channels, flows, and fossae mapped within Unit 4 can be considered to all be

of one eruptive system. To understand the evolution of this system we determined

the relative formation of the channels within Unit 4 based on the overlapping of ad-

jacent lobate flows associated with each channel subsystem. There are four channel

subsystems in the NW region, each extending for tens of kilometers, identified by
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Figure 2.15: SE region relative timing of emplacement of sub-units within Unit 2
and fossae formation. Shield calderas and fossae are labeled with small Roman nu-
merals indicating relative age from oldest to youngest. Arrows indicate general flow
direction. Major flow units surround the older small shields. Sub-units 2.a, 2.c,
and 2.f are the channel-bearing flow units. Basemap is the CTX mosaic. Fossae
are identified as events in the Correlation of Map Units, with the lower bounds of
the timing based on the youngest flow unit crosscut. Crosscutting or superposi-
tion relationships between fossae are indicated by dashed lines. The upper bounds
of the timing for events ii, iv, and vii are unconstrained by crosscutting and/or
superposition relationships.

Roman numerals I –IV, indicating the approximate order of their formation (Fig.

2.7). Unlabeled channels within Unit 4 are presumed to have preceded those labeled

I –IV, because their sources and termini have been buried by subsequent flows. The

individual segments of the multi-branched channel subsystem I, which are the east-

ernmost channels, may have not all formed simultaneously, but are interconnected

enough to be considered one chronologic time step. A subtle topographic rise that
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is associated with Fossae vii and viii to the north must have existed at the time

that the NW region flows formed, because the channels that make up susbsystem

I are deflected from their northward trend to flow northwest parallel to the fossae.

However, flows from Fossae viii clearly intrude into channel subsystem I in two

locations (Fig. 2.8.a) providing evidence that Unit 5 is younger than Unit 4.

The crisp edges, minimal levees or adjacent volcanic deposits, and talus buildup

within the fossae all suggest that Fossae vi continued to widen after the eruption

activity that formed channel subsystem I ceased. Widening of the fossa directed

subsequent erupted material to channels II and III, which drained to the west, along

both sides of the fissure. This can be seen in the 20 m elevation difference along the

stretch of Fossae vi that crosscuts the large ponded region (Fig. 2.8.f). Therefore,

the ponded area that fed channel subsystem I must have been solidified before the

development of channels II and III.

The final stage of the eruption was the formation of a distinctly quasi-circular

and terraced vent at the western end of the fossa, which sourced channel subsystem

IV. Channel subsystem III may have originally continued beyond the present loca-

tion of the vent that sourced channel subsystem IV, following the same approximate

path as IV. However, the vent sourcing channel subsystem IV completely truncates

channel subsystem III, making the relationship of the wider Type 2 portion of chan-

nel subsystem IV to that of III difficult to ascertain. As the overall trend in the

NW region shows channels becoming relatively younger from the east towards the

west, the latter stages of the eruption may have progressed along the fossae as it

opened up due to magma movement.

From the stratigraphic relationships illustrated in Fig. 2.6, we infer that the SE

region is older than the NW region. Stratigraphic and crosscutting relationships

of the units spanning the area encompassing both the NW and SE regions and in

the adjacent vicinity confirm that the flows become younger as they progress to the

north. The overall history of the area encompassing the NW and SE regions is of an

ongoing, distributed, monogenetic style of volcanism. The magma source transitions

from small shield-forming, to dike formation, to sill formation, then back to dike
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formation. Dike formation is the source of surface fissure eruptions along some, but

not all, Type L fossae. Sill formation may not have led directly to eruptions in all

cases, but could have provided a heat source to melt subsurface ice, causing flooding

that formed the Type 3 channels in the SE region.

2.6 Discussion

In this section, we further explore the implications of channel and fossae type inter-

pretations in terms of the broader volcano–tectonic setting of the region, including

the effects of Olympus Mons on observed patterns of geological activity and poten-

tial sources of magma and water. To better constrain the volcano–tectonic evolution

of the Late Amazonian volcanic plains east of Olympus Mons, we investigated the

features within the plains at three scales: regionally, locally, and in detail at the NW

and SE regions. Through topographic and morphologic analyses, detailed mapping,

and analysis of chronostratigraphic relationships of the fossae, channels, and flow

units, we show that alternating episodes of volcanic and aqueous activity have oc-

curred.

2.6.1 Regionally distributed volcanism

The regional topography (Fig. 2.1) illustrates that the volcanic plains east of Olym-

pus Mons are generally smooth, except for the outcrops of aureole deposits, and

that the lava infills the area between the eastern basal scarp and the heavily frac-

tured Ulysses Fossae. The notable variation in the generally flat plains topography

is the topographic rise that divides the flows to the north and south (Fig. 2.5). The

majority of the linear fossae have a northwest–southeast trend (Fig. 2.4). A few of

these fossae are continuous across both the Late Amazonian plains unit and the Late

Hesperian Ulysses Fossae unit. This implies that processes that formed the fossae

have been occurring in this region from the Hesperian into the Late Amazonian.

Vents, fossae, and channels also occur within the aureole deposit outcrops, possibly

indicating that the aureole deposits do not inhibit subsurface magma activity or
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significantly influence the communication of tectonic stresses.

The other notable feature within the plains unit at the regional scale is a cluster

of small shields located near the topographic rise that divides the plains (Fig. 2.4).

Our contextual stratigraphic map (Fig. 2.6) shows that the shields are older than

the flow units that make up the plains surface. Volcanic vents are also clustered

in the same area as the small shields, but their distribution extends beyond the

area where most of the shields are located. These younger volcanic vents source

the channels and many of the flow units that make up the plains. Because we

observe no evidence of shield flows overlying plains flows, we infer that the style

of volcanic activity within the plains at some point shifted from distributed shield-

building, which produced a regionally extensive vent field, to more localized fissure-

fed volcanism that generated larger lava flows. The presence of the older shield field

and the younger vents, concentrated in an area covering ∼ 5 × 104 km2, points to a

long-lived and widely distributed magma source region.

2.6.2 Magma sources

Lava composition and rheology, as inferred from morphology, can provide constraints

on possible magma sources (Wilson and Head, 1994). The lava channels could theo-

retically be erosional under certain conditions, such as ultramafic lavas that erupted

at or near liquidus (i.e., with a low percentage of crystals and low bubble content),

and flowed turbulently. Ultramafic magmas would presumably have been sourced

from deeper in the mantle (Balta and McSween, 2013), but it is unlikely that any of

the lava channels in our study regions were formed by extensive thermo-mechanical

lava erosion based on two main lines of evidence. Our calculated Reynolds numbers

would only allow for fully turbulent flow in the SE region (where erosional mor-

phology is observed in the Type 3 channels) at channel depths of >20 m under the

most favorable conditions (i.e., for the low-viscosity, high-density case). However,

this flow depth is deeper than any observed channels in that region, and the mor-

phologies are inconsistent with erosion by lava (Huppert and Sparks, 1985; Jarvis,

1995). In the NW region, turbulent flow may have been possible within the range
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of observed channel depths, but only for the low-viscosity cases (Fig. 2.12). Signifi-

cant erosion has been observed in lava tubes on Earth, without involving turbulent

flow (Kauahikaua et al., 1998), but the morphologies of the channels observed in

the NW and SE regions do not resemble collapsed lava tubes, though lava tubes

exist elsewhere in Tharsis (Bleacher et al., 2007b). We therefore interpret that the

morphologies of the Type 1 and 2 channels in the NW region are inconsistent with

significant thermo-mechanical erosion, and instead propose that they are consis-

tent with constructional processes typical of the formation of leveed basaltic lava

channels, which are common in Hawaii and Iceland, and elsewhere on Earth (e.g.,

Lipman and Banks, 1987; Thordarson and Self, 1993; Guilbaud et al., 2005; Harris

et al., 2009).

Our results suggest that Type 1 and 2 channels formed in association with

mafic magmas. We cannot fully exlude the possibility that the eruptions involved

ultramafic magmas that underwent a period of cooling in a pond prior to forming

higher viscosity flows (Wilson and Head, 1994), but only the channels fed from the

eastern end of the fossae in the NW region appear to be associated with a vent-

proximal pond. Analysis of spectral reflectance of Amazonian rocks exposed in the

upper layers of Valles Marineris, and in less dusty regions of the Tharsis and Elysium

Volcanic Provinces, supports a basaltic composition for geologically recent eruption

products on Mars (Viviano-Beck et al., 2017; Viviano et al., 2019). Therefore, if the

eruptions were basaltic, then it is unlikely that they sourced directly from the deep

mantle, and the magma may have had a complicated ascent process (cf. Balta and

McSween, 2013).

2.6.3 Influences of Olympus Mons and Ulysses Fossae

Our observations, along with consideration of the stress state in the crust due to the

loading by Olympus Mons, can provide constraints on the potential source regions

of magmas. As Olympus Mons grew, its load increased, forming a flexural moat

that has filled to an estimated depth of at least 2 km (Isherwood et al., 2013) and

potentially up to 5 km (Musiol et al., 2016). The surface of the moat is composed
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of numerous overlapping lava flows (Tanaka et al., 2014), so we presume that at

least the upper portion of the infilling material includes layered volcanic deposits.

Although the majority of Olympus Mons was formed by 2.5 Ga (Isherwood et al.,

2013), the edifice has continued to grow during the Amazonian, albeit at a lower

eruption rate by several orders of magnitude (Isherwood et al., 2013; Chadwick et al.,

2015).

The growth of Olympus Mons produced downward stress on the lithosphere

at the center of the edifice, transitioning to horizontal compressive stresses near

the basal scarp (McGovern and Solomon, 1993; Musiol et al., 2016) (Fig. 2.16).

Evidence of horizontal compressive stress can be seen in circumferential wrinkle

ridges—thought to have been formed by low-angle thrust faulting—below the eastern

basal scarp of Olympus Mons (Basilevsky et al., 2006). One of these wrinkle ridges

uplifted and deformed channels with modelled ages, based on crater counts, of ∼25–

40 Mya (Basilevsky et al., 2006). This points to continued compressional strain

within the past few tens of millions of years.

Throughout the growth of Olympus Mons, the orientation of the least com-

pressive stress within the flexural moat may have alternately favored sill or dike

formation, depending on whether the direction of least compressive stress was ver-

tical to, or concentric to, Olympus Mons (Fig. 2.17). After strain release due to

radial normal or strike-slip faulting, dike emplacement is favored until additional

loading develops compression again, favoring sill emplacement. The stress regime

cycle we propose schematically (Fig. 2.17) is a simplification, and it should not be

assumed that the the entire flexural moat would be under the same stresses at all

times. In our study areas, we provide evidence of at least one cycle of dike–sill–dike

activity, as indicated by the superposition of units and the crosscutting relation-

ships of fossae and channels (Fig. 2.6). The relative ages of each unit show that

two episodes of Type L fossae and channelized lava flows, formed by dike-fed fissure

eruptions, bracket an episode of Type A fossae formation and associated fluvial chan-

nel formation, related to sill emplacement. Fossae and flow units become younger

towards the northwest of our study region (Fig. 2.6), implying that the most recent
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Figure 2.16: Cartoon showing a perspective cutaway view of the effect of the loading
of Olympus Mons on the crust, causing downward flexure, a concentric moat, and
beyond that a flexural bulge. Unit colors and outlines are modified from the global
geologic map of Tanaka et al., (2014). Note the location of the NW and SE study
sites between the diverging surface flows (large yellow arrows), within the Late
Amazonian volcanic unit that infills the flexural moat. White arrows indicate stress
directions related to the loading of the volcanic edifice.

evidence of the local stress state favored dike formation. The process appears to be

ongoing, as fossae and channels are clearly present in the Late Amazonian terrain,

as well as extending into the adjacent Hesperian-aged Ulysses Fossae. The presence

of fossae and channels in the Late Amazonian volcanic plains points to a widely

distributed magma source region feeding dikes and sills that alternately released

eruptions of sheet flows (dikes) (e.g., Muirhead et al., 2014), or provided localized

heat sources (sills) that could have released melted subsurface ice at the surface,

causing hyperconcentrated aqueous flows.
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2.6.4 Magma–water interactions

The fossae and channels are surface expressions of the processes that control move-

ment of magma and water through the crust to the surface. We interpret some of the

fossae as surface expressions of dikes and sills. The implication of this interpretation

is that magma ascended through the crust throughout the volcanic plains via dikes

and sills, and at some locations sourced fissure eruptions. Musiol et al. (2016) show

in their modeling of the evolving stress states as Olympus Mons grew that concentric

fracturing of the crust could reach 20 km depth, and that extensional faulting could

extend to 5 km deep within the moat-filling material. Fracturing within the upper

10 km of the crust could access pore-filling water (Clifford, 1993). Sills emplaced

within 10 km below the surface, may transfer sufficient heat into the crust to melt

ground ice (Squyres et al., 1987; Wilson and Head, 1994), with the depth of melted

ice deposits being constrained by the depth of magma injection and the extent of

the local cryosphere and available pore space (Clifford et al., 2010). In general, the

release of melted excess ice above a sill would be expected to leave a topographic

depression at the surface (Squyres et al., 1987). However, for the water to reach

the surface, sufficient overpressure is needed (Manga, 2004). Dike emplacement in

Tharsis and Elysium has been shown to cause compressional stresses that pressurize

local aquifers to the point where water can erupt onto the surface and form channels

(Hanna and Phillips, 2006). Similar intrusive events may have contributed to the

eruption of water in our study area, leading to the formation of aqueously carved

channels within the predominantly volcanic terrain east of Olympus Mons.

2.7 Conclusions

Our detailed facies mapping, morphological characterization, and rheological model-

ing provides information about the formation of the sinuous channels east of Olym-

pus Mons. We created a 6 m/pixel CTX image mosaic spanning 2.5 × 105 km2 of

the area east of Olympus Mons bounded by 11.0–23.0◦ N and 228.0–238.5◦ E on

which we mapped geologic units and features. This area encompasses the eastern
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Figure 2.17: Cartoon of alternating regional stress states. Detail of Fig. (2.16) at
the location of the NW and SE study sites (white squares). The view in perspective
is from Olympus Mons looking east. The directions of the three principal stresses
(σ1 > σ2 > σ3), are indicated by the red, green, and blue arrows, respectively.

basal scarp of Olympus Mons, the flexural moat infilled by volcanic deposits, aureole

deposits, and a portion of Ulysses Fossae. Our mapping within the Late Amazonian

volcanic plains unit (lAv) showed the presence of hundreds of channels and fossae,

23 small shield volcanoes, and 32 volcanic vents (Fig. 2.4). Channels and flows are

found throughout the lAv unit, and generally follow the topographic gradient. The

small shields and volcanic vents are clustered near the topographic rise that runs

northwest–southeast through the central portion of the volcanic plains unit between

Olympus Mons and Ulysses Fossae.

Within the lAv unit, we mapped two study sites in detail (the NW region cen-

tered on 232.5◦ E, 18.0◦ N, and the SE region centered on 233.3◦ E, 17.3◦ N).

Each of these regions contain representative channel and fossae systems. We cre-

ated high-resolution DTMs using HiRISE and CTX stereo pairs targeted in the NW

and SE regions. The DTMs (HiRISE at 1 and 2 m GSD, and CTX at 20 and 24

m GSD) enabled detailed facies mapping of the channels, fossae, and flow units.

Based on their morphologic characteristics, we classified the channels into three

types (Channel Type 1, 2, and 3 ), and the fossae into two types (Fossae Type L and

A). Channel Type 1 and Type 2 display constructional characteristics consistent

with volcanic origin, including rough and irregular margins with leveed banks, rec-

tilinear cross-sectional profiles, and marginal lobate flows. Diagnostic morphologies
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of Type 3 channels include cut bank erosion, smooth, shallow banks, and stream-

lined features. Channel Type 3 morphology is consistent with aqueous erosion by a

hyperconcentrated debris flow or lahar.

Fossae Type L are deeply incised linear graben or troughs with en echelon

segments. Fossae Type A have arcuate segments that form steep-sided branched

troughs. Only fossae of Type L are present in the NW region. In the SE region,

both types are present. We interpret that Fossae Type L are parallel to, and are

the surface expressions of dike intrusion. In the NW region, lava flows and chan-

nels source from a 21 km-long section of Type L fossae with at least two terraced

vent structures sourcing flows. Both types of fossae are observed in the SE region.

Type A fossae geometry may be due to topographic updoming and surface fractur-

ing resulting from the emplacement of sills. Aqueous erosion of channels co-located

with the Type A fossae system in the SE region imply groundwater release. Sill

formation could have provided a sufficient heat source to initiate melting of buried

ice deposits. Type L fossae cross the Late Hesperian unit and the Late Amazonian

volcanic plains, implying a regional tectonic stress regime that is influenced by both

Olympus Mons and Ulysses Fossae.

We investigated the potential of lava to have been the fluid responsible for the

formation of the sinuous channels via thermo-mechanical erosion by calculating

whether lava could have reached turbulent flow in the NW and SE regions. The

results of these calculations (Fig. 2.12) showed that fully turbulent flow would only

have been possible in the low-viscosity cases in the NW region, and in no case at

channel depths within the ranges observed in the SE region. Although it is possible

that lavas in these regions could have been low-viscosity, ultra-mafic composition,

the morphology of the flows and channels in the NW region is consistent with con-

structional processes observed in channelized basalt flows (Lipman and Banks, 1987;

Harris et al., 2009). Additionally, we observed no evidence of morphologies that are

consistent with an origin by thermo-mechanical erosion (Jarvis, 1995; Huppert and

Sparks, 1985).

From our mapping of the superposition of flow units and fossae, we ascertained
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the relative sequence of geologic activity in the area encompassing our two focused

study sites. We identified five major flow units and eight fossae systems spanning

the NW and SE regions and vicinity (Fig. 2.6). Activity generally becomes younger

to the north–northwest. The SE region records a history of an alternating cycle of

volcanic and aqueous flow episodes, corresponding to intrusions of magma in dikes or

sills. In the NW region, only evidence of volcanic activity is observed, corresponding

to volcanic fissure eruptions.

Our investigation of two morphologically distinct channel and fossae systems

shows that magmatic activity has occurred within the past 200 Ma (Basilevsky

et al., 2006; Hargitai and Gulick, 2018), and has interacted with subsurface water

or ice resulting in transient aqueous floods. The analyses presented here provide

constraints on the roles and timing of fluvial and volcanic processes in the formation

of channels in young Martian terrain, which is significant for understanding the

evolution of the interior, surface, and climate during the Late Amazonian.
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CHAPTER 3

Degradation of the 2014–2015 Holuhraun vent-proximal edifice

3.1 Introduction

Vent-proximal edifices, such as cinder or spatter cones, are characteristic of mono-

genetic eruptions. Models of cinder and spatter cone erosion, which are used to

estimate ages of volcanic activity and periods of recurrence (Wood, 1980b,a) rely

on assumptions about the initial morphology and processes of degradation (Dohren-

wend et al., 1986; Pelletier and Cline, 2007; Kereszturi et al., 2012; Vitturi and

Arrowsmith, 2013). Direct measurements of the earliest stages of volcanic vent

degradation have rarely been captured (Bemis and Ferencz, 2017). Moreover, the

effects of spatter are not accounted for in the most widely used morphometric mod-

els of volcanic vent edifice erosion (e.g., Porter, 1972; Hooper and Sheridan, 1998;

Wood, 1980b; Pelletier and Cline, 2007). To quantify the modes and rates of degra-

dation of a vent-proximal edifice, we created a time series of topographic changes

over a five year period starting from the initial emplacement of a large spatter ram-

part in Iceland. We also correlate the locations, types, and rates of topographic

changes with lithologic facies to relate factors involved in vent edifice construction

to its subsequent degradation, specifically those factors that can be determined from

a remote sensing dataset.

Cinder cones (also called scoria cones), as well as spatter cones and spatter

ramparts, tend to form in association with fissure eruptions at a single vent or

at a few focal points along a fissure (Fodor and Nemeth, 2015). The morphology

of such edifices is determined by the physical characteristics of the eruption, the

types of pyroclastic materials erupted, and the pre-existing topography (Kereszturi

et al., 2012). Interspersed deposition of cinder and spatter affects the slope stability

of the edifice, and subsequently a non-homogeneous structure may not follow the
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assumed degradation (Wood, 1980a; Dohrenwend et al., 1986). Understanding how

the initial stages of spatter rampart degradation occur can inform our understanding

of volcanic fissure vent morphology and models of spatter cone/rampart degradation

(Kereszturi et al., 2012; Fodor and Nemeth, 2015).

The Holuhraun basaltic fissure eruption (August 28, 2014–February 27, 2015)

occurred in the northern highlands of Iceland, providing a unique opportunity to

study the early stages of degradation of a large spatter rampart. The eruption de-

posited 1.44 km3 bulk volume of lava (or 1.2 km3 dense rock equivalent; Bonny et al.,

2018) in a flow-field that extended 18 km from the vent, covering 84 km2 (Hoskulds-

son et al., 2016; Pedersen et al., 2017). A large spatter rampart formed along the

main vent which was the source for the majority of the lava emplaced during the

six-month eruption (Pedersen et al., 2017; Witt et al., 2018). We conducted ter-

restrial laser scanning (TLS) and unmanned aircraft systems (UAS) surveys of the

vent region in 2015, 2016, 2018 and 2019. These surveys form a time series of high-

resolution topography, allowing precise measurement of changes that occurred from

six months to five years post-eruption. Rates and styles of erosion are quantified in

change maps derived from the topographic time series. We investigate factors in-

trinsic to the edifice construction—including agglutination, degree of welding, slope

stability, and lava cooling and compaction—rather than factors that affect long-term

landform evolution (thousands to millions of years), such as climate and environ-

ment (Dohrenwend et al., 1986). Understanding how vent-proximal edifices degrade

within the first few years after emplacement can be applied to hazard assessment of

spatter cones or ramparts by highlighting conditions associated with slope failure.

3.1.1 Spatter rampart construction

Spatter is a pyroclastic deposit composed of lava clots that are hot enough to still be

deformable upon impact (Head and Wilson, 1989; Parfitt and Wilson, 2009; Sumner

et al., 2005)). Spatter clasts agglutinate when the outer surfaces are cooled enough

to form a skin, but still hot enough to be plastic, and the interiors are hot enough

to be deformable (Sumner et al., 2005; Parfitt and Wilson, 2009). However, if the
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accumulation rate is rapid enough, material will undergo compactional welding as

heat is retained within the deposited material, allowing the boundaries between

individual clasts to merge to the point where they are indistinguishable (Sumner

et al., 2005).

Spatter that is deposited around a vent or fissure can form a spatter cone or

rampart. The term “rampart” refers to an elongated form, rather than having a

circular base as in an idealized conical structure. The morphology of volcanic vent

edifices is more of a continuum than distinct classes (Bemis and Ferencz, 2017); the

term “cone” is sometimes used to describe a vent edifice regardless of its aspect ratio.

Eruption characteristics such as lava discharge rate, magma gas content, and pre-

existing topography can affect the final geometry of the pyroclastic deposit (e.g.,

Cas and Wright, 2012; Kereszturi et al., 2012). Low (a few meters high) spatter

ramparts may form parallel to a fissure vent (Moore et al., 1980; Parcheta et al.,

2012; Valentine et al., 2017). Larger ramparts achieve their final form when closely

spaced cones coalesce during the early stages of an eruption (e.g., Witt et al., 2018).

Although cinder cones are regarded as one of the most common volcanic features

on Earth (Wood, 1980b), many such edifices are constructed of interbedded spatter

and cinders, or are capped with a layer of spatter on the interior of the summit crater

(Dohrenwend et al., 1986; Holm, 1987; Head and Wilson, 1989; Riedel et al., 2003).

Models of cinder cone degradation do not take into account a non-homogeneous

emplacement of pyroclastic deposits that yield in different zones of material coher-

ence. Spatter deposits form erosion resistant horizons on the rims and inner crater

walls, or interbedded with scoria and cinder within the sides of the cone (Fodor

and Nemeth, 2015), which in turn affects the subsequent erosion of the vent edifice

(Kereszturi et al., 2012). While there have been many studies that deal with the

morphometry of cinder cones (e.g., Segerstrom, 1956; Settle, 1979; Wood, 1980b,a;

Dohrenwend et al., 1986; Pelletier and Cline, 2007; Fornaciai et al., 2010; Bemis

et al., 2011; Kereszturi et al., 2012; Mcguire et al., 2014), few have addressed the

erosion of spatter-rich vent-proximal edifices, or the effects of spatter on the erosion

of vent-proximal edifices. Scoria is pervious to rain and meltwater until the surface
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is modified by sedimentary deposits of ash or soil and vegetation can hold water en-

couraging the formation of gullies (Segerstrom, 1956; Wood, 1980b; Mcguire et al.,

2014). Spatter cones, when noted, are described as either by being breached and

collapsing during the active eruptions rafting cone material away (Holm, 1987; Sum-

ner, 1998), or as being quickly eroded after the cessation of the eruption (Swanson

et al., 1975). We hypothesize that spatter cones/ramparts erode at different rates

than cinder cones that are primarily composed of unconsolidated material. We test

this hypothesis at Holuhraun by performing high resolution repeat topographic sur-

veys of the main vent over the first five years post-eruption, measuring the changes

in detail from year to year, and by correlating surface changes with topographic

features and lithologic units.

3.1.2 Holuhraun eruption history

The Holuhraun eruption occurred within the Northern Volcanic Zone in Iceland

(Gudmundsson et al., 2014; Sigmundsson et al., 2015). Increased seismic activity

was detected on August 16, 2014, originating from the Bárðarbunga caldera be-

neath the Vatnajökull ice cap (Gudmundsson et al., 2014; Sigmundsson et al., 2015;

Hoskuldsson et al., 2016). Seismic data show the path of dike intrusion moved south-

east from Bardarbunga, then turned to the northeast travelling a total distance of

48 km over two weeks before erupting at the surface just north of the Dyngjajökull

glacier (Fig. 3.1; Gudmundsson et al., 2014; Hjartardóttir et al., 2015; Hoskuldsson

et al., 2016; Pedersen et al., 2017). Holuhraun erupted onto the Dyngjusandur plain

that carries glacial meltwater in braided streams to feed the Jökulsá á Fjöllum river

(Bonny et al., 2018; Bonnefoy et al., 2019). Lava fountains erupted along a ∼2-km

long fissure that formed coincident with a line of cones from a previous eruption, also

called Holuhraun, that occurred during the 1860’s (Hartley and Thordarson, 2013;

Sigmundsson et al., 2015). Within the first week of the eruption, lava fountaining

focused along the fissure to form several cone structures (Witt et al., 2018).

The largest of these, called Baugur, is an elongated structure that maintained a

lava lake that fed the bulk of the Holuhraun flow field (Eibl et al., 2017; Pedersen
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et al., 2017; Witt et al., 2018). Baugur is made up of at least three cones that

coalesced along the fissure, forming a rampart with a length of 500 m within the

first several days of the eruption, and ultimately growing to ∼50 m high (Witt et al.,

2018).

Figure 3.1: (a) Overview of Holuhraun geologic and geographic context. Outline of
Holuhraun lava flow extent (red area) with location of the Baugur vent indicated
by yellow rectangle. Base map is a shaded relief image of pre-eruption topography
(Arctic 5 m DEM). (b) Topographic map of Baugur derived from 20 cm unmanned
aerial system (UAS) data (Section 3.2.2).

3.2 Data and Methods

3.2.1 Time series of LiDAR surveys

Four terrestrial laser scan (TLS) surveys were collected over five years, during the

summers of 2015, 2016, 2018, and 2019. Each survey consisted of overlapping 360◦

scans from a tripod-mounted Riegl VZ-400 laser scanner with a horizontal range

of 400 m. TLS surveys were generated from individual light detection and ranging

(LiDAR) scans geolocated using a Trimble R8 Global Navigation Satellite System

(GNSS) base station positioned along the rim of the vent and a matching R8 rover
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that was mounted on top of the Riegl scanner. GNSS receivers communicated dur-

ing data acquisition with a real-time kinematic (RTK) survey, resulting in internal

horizontal positioning accuracy of 0.06–1.40 cm. Individual scans collected data in

a cylindrical grid pattern defined by a horizontal extent of 360o, a vertical extent

of 100◦ (30◦–130◦ from vertical), and an angular separation of laser shots of either

0.02◦ or 0.04◦, resulting in a ∼4 or ∼7 cm point spacing at 100 m range, respec-

tively. Scan positions within the study area were placed approximately every 50 to

70 m to acquire overlapping coverage and to minimize obscurations due to rugged

topography.

Overlapping scans taken of the interior of the vent, within the vent-proximal

channel, and of the exterior of the eastern portion of the vent-proximal edifice com-

prise each year’s laser survey (Fig. 3.2). Point clouds from each scan position were

registered to each other to correct for position errors using a least squares matcher

on plane patches derived from the point cloud (Riegl USA, Riscan Pro Multi-Station

Adjustment; MSA). Plane patch data is created by filtering the point cloud and re-

stricting the range of points to those within 200 m of the scan position. The filtering

reduces noise, and restricting the range removes possible spurious points or lower

precision points from the local position solution. Scan registration offsets are min-

imized using an iterative closest point (ICP) algorithm (Rusinkiewicz and Levoy,

2001; Ullrich et al., 2003). The resulting error of these corrections is described by

the standard deviation of the least squares solution for alignment of all scans for a

given year. Registration uncertainty (MSA error standard deviation) ranges from

9–12 mm (Table 3.1). In addition to the statistical values derived from MSA, the

quality of the solution was validated by visually inspecting the point cloud in areas

of overlap in order to ensure that the adjustment computed by the software was

physically meaningful and correct. Finally, the scans were combined into a single

point cloud, filtered from the native point density to 2-cm spacing, exported in

LAS format, and georeferenced to the UTM Zone 28N (WGS 84 datum) coordinate

system (PDAL Contributors, 2020).
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3.2.2 Aerial topography

To expand photographic and topographic coverage of Baugur and provide indepen-

dent topographic data of the study area, the fissure vent and surrounding region

were surveyed in 2016, 2018, and 2019, with a Trimble UX5-HP fixed-wing un-

manned aircraft system (UAS; Cosyn and Miller, 2013). A Sony α7R digital camera

with a 15 mm lens acquired images at 1–4 cm/pixel from 90–120 m above ground

level. Images were precisely georeferenced with post-processed differential global

positioning system (dGPS) data collected from the on-board GPS unit, inertial

measurement unit (IMU), and base station receiver. The aerial images, acquired at

a nominal pixel scale of 4 cm, were bundle adjusted in the Trimble Business Center

photogrammetry module to generate a 20 cm/pixel digital elevation model (DEM)

and 4 cm orthoimage mosaics covering the vent region.

Table 3.1: Precision of LiDAR point clouds by year. Multi-station adjustment
(MSA) within Riegl RiScan Pro. The uncertainty reported from MSA is the stan-
dard deviation of the root-mean-square error after the final iteration of scan adjust-
ments.

Survey Dates Number of Scans Relative Uncertainty (m)
August 21–26, 2015 28 0.017
July 28–August 3, 2016 30 0.009
August 2–9, 2018 12 0.012
July 29–August 1, 2019 10 0.017

3.2.3 Elevation data synthesis

Both topographic datasets were combined into point cloud for each year where both

TLS and UAS data were collected (2016, 2018, 2019), thus encompassing the vent

region with at decimeter or better resolution (Fig. 3.2). Topographic dataset merg-

ing was performed in CloudCompare v2.11 (GPL software, 2020), a free and open

source point cloud processing software. For each year, TLS point clouds were im-

ported into CloudCompare and UAS DEMs were imported as point clouds, where
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each raster pixel defined a vertex in Cartesian space. The cloud-to-cloud (C2C)

comparison tool was used to perform a rigid transformation of the UAS data to

align it to the TLS point cloud. An initial run of C2C provided preliminary infor-

mation about areas where actual topographic changes had likely occurred. The TLS

and UAS point clouds were then segmented to avoid incorporating real topographic

changes in the C2C measurement. The transformation matrix resulting from com-

paring the areas that experienced the least changes was applied to the entire UAS

point cloud to bring it into alignment with the TLS point cloud. The UAS and TLS

point clouds were then merged by adding topographic vertices from the aligned UAS

point cloud to the TLS point clouds if no TLS vertices were within 10 cm (i.e., half

of the UAS gridded dataset spatial resolution). This addition preserved all TLS

vertices, extended coverage beyond the TLS surveys, and filled in data gaps with

the aligned UAS points.

Final TLS-UAS merged point clouds were given minor rotation and translation

adjustments to geographically co-register all point clouds and enable analysis of

year-over-year topographic changes within the study area. The merged point cloud

for 2016 was registered to the 2015 TLS point cloud by default, as the 2016 TLS

was registered to the 2015 TLS point cloud, which spans the vent interior and part

of the eastern exterior and main channel (Fig. 3.2,a). As the extent of the UAS

coverage is much greater, later point clouds required minor shifts to achieve a relative

adjustment for 2018 and 2019 to match the 2016 merged data. The steps to achieve

the fine registration of the multi-year time series went as follows:

1. An initial point cloud-to-point cloud measurement was made to identify areas

of minimal change. A large enough area was selected such that any system-

atic offset would be addressed without creating a transformation that would

attempt to fit areas of actual changes. Such areas include talus-free sections

of the floor of Baugur, and the lava flow outside of the exterior slopes of the

rampart.

2. The CloudCompare Fine Registration routine was applied to the subset area
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of minimal changes to adjust each year relative to 2016. The output transfor-

mation matrix was then applied to the entire point cloud, to register it with

respect to 2016. The transformation was restricted to translation and rota-

tion in the X, Y (horizontal), and Z (vertical) axes. Scale changes were not

permitted.

3. The point cloud-to-point cloud tool was run again on the entire point cloud

area to assess the quality of the adjustment.

3.2.4 Difference quantification

Topographic changes in the study area over time were identified by comparing pro-

cessed point clouds from each year using the CloudCompare plugin Multiscale Model

to Model Cloud Comparison (M3C2; Lague et al., 2013). M3C2 has been success-

fully used to measure topographic changes at landslides (Lague et al., 2013; James

et al., 2017; Williams et al., 2019) and within volcanic vents (Hanagan et al., 2020).

This method has several advantages over other point cloud differencing tools. For

example, where the few remaining spatial coverage gaps exist in one of the two

point clouds being compared, no data is returned in the M3C2 difference map,

rather than producing a result through interpolation. For this analysis, elevation

differences between the point clouds were calculated in the vertical, or +Z, direction.

Additionally, M3C2 outputs the standard deviation elevation change between point

clouds at the filter diameter set by the user. We used the M3C2 uncertainty to filter

points at high uncertainty/low density, which mostly corresponded to overhangs and

sub-vertical faces where poor UAS coverage provided ambiguous topography. The

linear filter preserved the density of the points with low uncertainty, and assigned a

low weighting (filtered out) points with high uncertainty.

In this case, detectable topographic changes were expected to be at or below the

scale of the meter-sized boulders found throughout the vent interior. Differences

were calculated on a subset of the point cloud (“core points”) at an effective ground

sample spacing of 10 cm. This value was chosen to minimize measuring scan position
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Figure 3.2: Point cloud density by year (colored areas) overlaid on a shaded relief
map from the 2018 UAS-derived DTM (grayscale). Colors represent the number of
points/m3 on a logarithmic scale. (a) 2015 coverage included TLS data only. (b)
2016 merged UAS and TLS data. UAS point data is generated from a raster at
a grid spacing of ∼20 cm. Data gaps are clear, displaying the underlying shaded
relief. (c) 2018 merged UAS-TLS point clouds, with one small data gap. (d) 2019
merged UAS-TLS data, with the UAS point grid spacing at ∼12 cm.

differences rather than actual topographic change. Distances between the two point

clouds were measured within a diameter of 1 m, with normal vectors being computed
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for every core point with a maximum depth search column of 20 m. The resulting

difference maps were projected onto the former and latter years’ topography to

produce two difference maps for each pair. For example, the M3C2 differences

projected onto the 2015 topography retained the initial topography before successive

mass wasting events, so the slopes of the “before” state could be calculated. Point

intensity was also retained on the prior point cloud. The M3C2 differences for

projected onto the latter year’s topography allowed the post-change slopes to be

calculated.

Changes measured in M3C2 were compared to elevation and slope. Calcula-

tion of topographic slope was performed on the point clouds within CloudCompare

by calculating normals using planar fits with a 1 m diameter, oriented in the +Z

direction. Slope was then assigned in degrees (0◦–90◦) to each point as a scalar

value.

After vertical changes were calculated with the M3C2 workflow above, the areal

footprints of all points were calculated by producing Voronoi diagrams of each study

year’s point cloud. Voronoi diagrams (Voronoi, 1907) are used to calculate tessel-

lated polygonal cells centered on points in 2D (or 3D in this case) space. The area of

each Voronoi polygon was calculated and assigned to a co-located point in a python

routine and PDAL. As virtually all points are assigned scalar values containing

vertical elevation change and the area of the corresponding polygonal footprint, cal-

culating volume change at each point was performed through a trivial multiplication

of elevation change and footprint area.

3.3 Results

3.3.1 Elevation change time series

The elevation difference maps output from the M3C2 algorithm provide an overview

of the areas where material has been removed or deposited (Fig. 3.3). Each timestep

illustrates the main characteristics of the patterns of mass movement, which are

that discrete rockfalls dominate the erosion within the rampart interior, while more
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evenly distributed changes of smaller magnitude occur on the exterior slopes. Neg-

ative elevation change along the rim and exterior of the rampart qualitatively ap-

pears greatest in the 2016–2018 comparison map; however, that map encompasses

the cumulative differences over two years. The cumulative change map from 2015–

2019 captures all changes that can be measured where only LiDAR coverage exists.

Cumulative changes across the entire structure and surroundings are seen in the

2016–2019 map. The 2015–2019 map shows the changes for the maximum time

span, although coverage is limited to the LiDAR-only data available in 2015.

An overall decrease in elevation is visible on both the east (where LiDAR and

UAS coverage both exist in 2016–2019) and on the west exterior slopes (which only

was covered in the UAS data). Areas outside of the vent (captured in the 2016,

2018, and 2019 UAS data) show no significant change. The floor of the vent also

shows an overall (2015–2019) negative elevation change of up to –0.36 ±0.04 m that

is not apparent in the surrounding areas adjacent to the vent. The trend in negative

elevation change along the vent floor is largest at the southern end and decreases

towards the northern end and channel outlet. Cumulative elevation change on the

exterior slopes range up from –1.5 ±0.04 m to 0.27 ±0.04 m. The largest magnitude

elevation changes are observed as discrete patches along the interior vent walls,

likely due to rockfalls and corresponding talus deposition. The largest magnitude

elevation changes (over the 2015–2019 time span) occur within these rockfalls, and

range from –10.92 m to 9.73 ±0.04 m.

3.3.2 Volume change analysis

We extracted summary volume changes (derived from the elevation change maps)

for each time step difference map over the area encompassing Baugur, exclusive of

the channel. The segmented subareas allow the data to be normalized to the same

coverage, and are analyzed in two segments: (1) the exterior slopes only, and (2)

the interior walls and floor (Fig. 3.3).

The sum of volume changes from each segmented area shows that the magnitude

of the total negative change decreases on average from year to year (Fig. 3.4,a).
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Figure 3.3: Topographic changes in the Z (vertical) direction. (a,b,c) Year-to-year
changes (note b spans two years). (d) Total cumulative change over 2015–2019,
which includes TLS coverage only. (e) Cumulative change over 2016–2019, which
includes merged UAS and TLS coverage. Maps are shown stretched to the same
color ramp, saturated at ±2 m, with each map’s minimum and maximum change
indicated. Blue indicates negative elevation change; red indicates a positive elevation
change. White indicates no change. Change maps are overlaid on merged point
clouds from 2018 and 2019 (shown in dark gray) artificially shaded to indicate relief.
(f) Outlines of the vent exterior and interior areas drawn on the 2018 orthoimage
mosaic, indicating the subset areas analyzed in Figs. 3.4 and 3.5.

The magnitude of the negative changes is larger than that of the positive changes.

The magnitude of positive volume change, however, does not show a clear trend.

It decreases slightly over the 2016–2018 timestep, but increases in the 2018–2019

timestep. The contribution of the interior and exterior negative volume changes is

nearly equal in 2018–2019, unlink in other years.

To account for the lower spatial coverage in the 2015–2016 change map, the
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sum of volume changes at each timestep was normalized by the area of the point

clouds within each segment (Fig. 3.4,b). Normalized values show similar trends—

the positive changes are several times lower than the negative changes, the negative

changes decrease in magnitude over time, and positive changes increase in the 2018–

2019 timestep. Normalized volume changes show a greater volume loss from the

exterior slopes from 2015–2016, decreasing to slightly less than that of the volume

loss over the interior slopes during 2016–2018. Deposition on the exterior slopes is

consistently lower than on interior slopes.

Figure 3.4: Average volume change per year for the interior and exterior portions
of Baugur, showing the larger magnitude of negative change compared to positive
change, and the decreasing trend in negative change from year to year. Also note
the magnitude of changes are larger on the vent interior than on the exterior. Height
of stacked bars represent the total negative or positive volume change. (a) Total
change (m3yr−1). (b) Volume changes normalized by sub-area (interior or exterior).
The magnitude of the normalized change can be interpreted as average elevation
change per year.

Volume changes, derived from the elevation change maps, show trends with

topographic slope and elevation (Fig. 3.5). The exterior slopes show most deposition

occurs on slopes <40◦. The largest negative and positive volume changes on the vent

exterior occur over the 20◦–40◦ slopes. This is expected since the range of slope

angles on the exterior is predominantly within that range. The negative volume

change is greater on the exterior slopes during 2015–2016, decreasing during the
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2016–2018 period, and then maintaining approximately the same average rate of

change during 2018–2019. The positive volume change on the exterior slopes is

greatest in 2018–2019, particularly on slopes from 20◦–40◦. The interior of the vent

shows a volume change distribution that is strongly negative at higher slopes with

greater positive change on lower slopes. The greatest positive change in the interior

is in the 30◦–40◦ bin in all years.

3.3.3 Exterior

Over the cumulative time span (2015–2019), the elevation on the exterior slopes

shows a decrease at the upper portion of the rampart of >1 m compared to a total

deposition at the base of the exterior slope of <0.2 m over the course of the study

(Fig. 3.6). Volume changes on the exterior slopes correlate strongly with elevation,

and are greatest during the first timestep (2015–2016; Fig. 3.5.b,e). The correlation

with slope (Fig. 3.5.b,f) for the exterior is more symmetrical with the peak negative

and positive changes occurring in the 30◦–40◦ range. This correlation reflects the

topography, as the majority of the area of the exterior slopes is in the range of

20◦–50◦.

The exterior slopes have exposures of spatter along the rim and upper portion of

the rampart, which is not likely to be easily mobilized by wind, nor by gravitational

sliding. The slope along the exterior upper ∼1/3 of the rampart is ∼45◦, which is

steeper than the static angle of repose for unconsolidated granular material, and is

the minimum for cohesive material (Beakawi Al-Hashemi and Baghabra Al-Amoudi,

2018, and references therein), implying that the material composing the upper por-

tion is coherent. Interbedded spatter and scoria in the middle section grade from a

slope of ∼34◦ down to ∼30◦ towards the base which is mostly composed of scoria

(Fig. 3.7).
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Figure 3.5: Average volume change per timestep, binned by elevation (a,c,e,g) and
slope (b,d,f,h). Volume calculations have been shifted by the mean elevation change
for each timestep. Volume changes for 2016-2018 represent averages per year over
the 2-year timestep. On the interior walls, mass movement generally moves from
the higher to lower slopes. Exterior changes correlate more strongly with elevation.
Exterior (a,b,e,f) and Interior (c,d,g,h) sub-areas refer to the outlined areas in Fig.
3.3. (a,b,c,d) Total volumes. (e,f,g,h) Normalized by the area in each sub-area.
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Figure 3.6: Mean change in elevation vs. elevation binned in 5-m increments. Ele-
vation change values from the 2019–2015 difference map, over the eastern exterior
slopes from the rim to the base. The elevation change is negative over nearly the
entire slope area, with a slight positive change near the base. The change per bin de-
creases with elevation, exhibiting a concave-down curve, indicating a greater loss in
volume over the (vertically) thickest part of the edifice. Error bars are the standard
deviation of elevation values within each bin.

3.3.4 Interior

We identified rockfalls as discrete patches of negative change in the vent interior

portion of each change map point cloud. An area of negative change was considered

a rockfall if it corresponded to a positive change area below. The UAS-derived

orthomosaics from 2016, 2018 and 2019 were used to confirm rockfall identification.

Each group of points was segmented in CloudCompare and outlined with a convex

hull around a best-fit plane to a group of 3D points for display on the facies map

(Section 3.3.5). The corresponding areas of deposition below rockfalls tend to be

diffuse, with less distinct boundaries.

Rockfalls generally initiate at higher elevations and oversteepened slopes (Fig.

3.5b,d). These areas are composed of welded spatter deposited during the later

stages of vent construction (Witt et al., 2018). Most of the upper interior slopes



99

Figure 3.7: Eastern exterior slope of Baugur, looking towards the southwest. Note
the upper portion, consisting primarily of spatter, is more coherent and has an
average slope that is higher than the angle of repose for unconsolidated granular
material. The lower slope, which is a mixture of scoria and spatter, has an average
angle closer to that of the angle of repose. Photo credit Lis Gallant.

have been affected by rockfalls, and can recur at the same location. The volumes

for all mapped rockfalls range from 0.1 m3 to 1,918.9 m3 (Table 3.2). Volumes likely

include multiple events as the process is clearly ongoing, but the temporal resolution

is low (Barlow et al., 2012).

The material released from each rockfall event is redistributed on talus slopes

that build up on top of the lava ledges and ramps along the interior walls of the vent

(Fig. 3.8). Minimal amounts of material from rockfalls have reached the vent floor.

Patches of light-toned mineralization are often visible where wall material has been

removed by rockfall events. Exposed wall material remains oversteepened, leaving

it prone to future failure. Minimal amounts of material from rockfalls have been

deposited on the vent floor.

3.3.5 Correlation with lithologic facies

We mapped vent facies based on the orthomosaic from the 2018 UAS data pro-

duced at 0.04 m/pixel (Fig. 3.9). Units were determined by interpreting the images

and by delineating areas based on slope and roughness properties derived from the
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Table 3.2: Rockfall mapped volume statistics from each change map. Note that the
number and volumes of the 2016–2018 interval spans two years.

Timestep No. of Rockfalls Min. Vol. (m3) Max. Vol. (m3) Mean Std. Dev.
2015–2016 169 0.49 1,918.9 42.1 167.6
2016–2018 174 0.09 648.7 28.9 75.6
2018–2019 130 0.23 112.9 9.6 18.8

Figure 3.8: Field photo from 2018, looking from inside Baugur towards the south-
western interior wall, compared to the same view of the 2016–2018 change map
point cloud projected onto 2018 topography. Elevation change colors are saturated
at ±2 m. Blue indicates negative change (rockfalls). Red indicates positive change
(talus). White indicates no change.

2018 topographic model. Agglutinated Spatter corresponds to areas of higher rough-

ness and steeper slopes (∼36◦–50◦). Agglutinated Spatter occurs along the rim and

upper slopes of the vent. Transitional Spatter is interbedded scoria and spatter

and makes up the majority of the middle section of the outer slopes. The slopes

of the Transitional Spatter unit range from ∼30◦–36◦. The base of the exterior is
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mapped as Scoria; the slope angles in the scoria unit are at or near the angle of

repose for unconsolidated granular material (∼25◦–30◦; Beakawi Al-Hashemi and

Baghabra Al-Amoudi, 2018). The Talus unit represents rubbly piles of reddish un-

consolidated material and primarily occurs along the inner walls of Baugur below

the Agglutinated Spatter unit. The Talus unit does not extend to the floor of the

vent. Talus piles and rockfalls are a unit that has formed since the end of eruptive

activity and are a product of vent degradation. The Collapsed Lava unit is composed

of dark gray slabs of the lava crust that remained after the lava drained through

the northern channel. Flat-lying units adjacent of the base of the vent are mapped

as Scoria Mantle. Remnant channels are mapped as Rubbly Pahoehoe (Keszthelyi

et al., 2004).

The 3D polygons are projected onto the 2D facies map. Some polygons from the

same timestep may appear to overlap, but the points within each area was extracted

independently and do not overlap. The apparent overlap is an artifact of the convex

hull fit to the extracted points.

Rockfalls correlate strongly with the Agglutinated Spatter unit in the facies map.

The facies mapping and rockfall mapping were conducted independently, which

strengthens the correlation of rockfalls with the Agglutinated Spatter unit. The

polygons from multiple years overlap, showing that rockfalls can recur in the same

location. The large majority of talus from the rockfalls has accumulated on the

ledges along the interior walls, which thus far has prevented burial and infilling of

the vent floor.

3.4 Discussion

Observations of Baugur eroding over five years reveal that exterior slopes and the

interior walls degrade by quite different processes. One of the most notable results of

the difference quantification maps is that volume is not conserved (i.e., the negative

topographic changes are greater than the positive topographic changes). To separate

the signal due to mass wasting from negative topographic changes from other causes,
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Figure 3.9: Map of rockfalls and facies units showing clear correlation between
year-to-year rockfalls and Agglutinated Spatter unit. Facies units are draped over
the shaded relief derived from the 2018 UAS topographic model. Rockfalls are
indicated by polygons colored-coded by timestep.

we first balanced the positive and negative total changes to assume equal mass

balance. Ostensibly, the remainder would represent negative elevation changes due

to non-mass wasting processes.

Negative elevation (volume) changes that are not compensated by equivalent

positive elevation (volume) changes could be due to physical processes such as ae-

olian removal, cooling contraction, compaction, subsidence, or artifacts in the data
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processing. Aeolian removal of unconsolidated scoria is highly likely in the environ-

ment of northern Iceland, but is not measurable in our datasets. We have adjusted

for uncertainty within our topographic data to a minimum level by only measuring

changes larger than the estimated errors. The resulting percentage of the negative

changes not balanced by positive volume change is 90.6% for 2015–2016, 84.5% for

2016–2018, and 38.3% for 2018–2019 (Table 3.3).

Table 3.3: Estimated negative topographic change (volume and percentage of neg-
ative change) for each timestep, above uncertainty levels. Year-to-year registration
uncertainty of merged TLS and UAS point clouds is reported as the standard devi-
ation of ∆Z values in non-changing areas.

Timestep Estimated Total ∆V<0 Total ∆V>0 Excess ∆V<0 Excess ∆V
Unc. (m) (m3yr−1) (m3yr−1) (m3yr−1) (%)

2015–2016 0.07 –26,011 2,454 –23,557 90.6
2016–2018 0.06 –12,049 1,870 –10,179 84.5
2018–2019 0.09 –5,580 3,445 –2,135 38.3

It is not possible to measure all of the potential contributing factors to the

excess negative topographic change with the datasets presented here. However, the

following sections discuss possible explanations for factors that could contribute to

the excess negative volume change, such as data processing artifacts (Section 3.4.1),

subsidence (Section 3.4.2) and cooling contraction (Section 3.4.3). In Section 3.4.4,

we synthesize the observable erosion processes and discuss how they fit into current

landform evolution models for volcanic vent edifices. Section 3.4.5 deals with the

implications of this study for future monitoring of this and other similar landforms.

3.4.1 Data uncertainty

One possible source of the apparent mass imbalance is error in the data registration.

If the larger negative signal was solely due to the merging of the LiDAR and UAS

data sets, however, it would be unlikely to appear in the western slopes of the

exterior, which were not sampled in the LiDAR surveys. The negative signal does,
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in fact, appear on both the east and west-facing slopes. The flat-lying terrain

surrounding the vent, which was mostly covered only by the UAS data, does not

display a strong negative signal; those areas tend to have a mean difference in the

M3C2 difference maps that is slightly positive (∼0.01 m). Minor photogrammetric

artifacts do appear in the surrounding terrain, but their contribution is accounted for

in the error level measured for each difference map (Table 3.3). Other artifacts that

result from the difference quantification actually overcount positive value volume

changes, particularly at oversteepened slopes of overhangs where the M3C2 search

depth parameter unavoidably overshoots the intended reference surface. The choice

of the M3C2 parameters, particularly the depth search parameter, was a tradeoff

between being able to accurately capture the largest negative changes on steep slopes

and inadvertently counting complex surfaces as positive changes (Section 3.2.4).

3.4.2 Graben subsidence

Baugur is situated along the western fault line bounding the graben that formed

during the initial days of the Holuhraun eruption (Hjartardóttir et al., 2015; Kolzen-

burg et al., 2021). Subsidence due to drainback along the dike as the eruption ceased

might seem like a candidate factor in the overall lowering of Baugur, particularly

as the floor of the vent also shows a lowering relative to the surrounding lava flow

units. The graben formation above the dike that sourced the Holuhraun flow was

marked by an elevation drop of ∼3–4 m between parallel fault lines. This drop oc-

curred during the initial stages of the eruption, and thereafter displayed no further

significant lowering in repeat surveys up to the summer of 2019 (Kolzenburg et al.,

2021). Ongoing graben subsidence therefore seems an unlikely to be a major can-

didate contributing factor to the negative elevation change observed over the entire

edifice at Baugur. Apparent subsidence of the edifice could be due to other causes,

such as compaction due to settling, and/or cooling contraction.
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3.4.3 Cooling contraction

Cooling of volcanic materials can lead to cracking as the material cools and contracts.

In studies of the cooling contraction of lava flows (Wittmann et al., 2017) and

pyroclastic deposits (Whelley et al., 2012), thermal contraction was modeled to

derive rates of subsidence. To investigate potential amounts of volume loss at Baugur

due to cooling contraction, we apply the concept to volumetric change and compare

the estimates to our difference measurements.

The change in volume for an unconstrained material can be expressed estimated

to first order simply by multiplying the initial volume, V, by a factor describing

the material’s response to thermal changes, α, and the change in temperature, dT

(Turcotte and Schubert, 2014, p. 204).

dV = V × α× dT (3.1)

For basalt, we use the value of 5.4×10−6 K−1 for α (after Berest and Vouille,

1988). If the rock is highly cracked or undergoes a large and rapid change in temper-

ature, this value can be lower by a factor of ∼2 (Richter and Simmons, 1974). The

maximum initial temperature for lava would be the liquidus temperature, although

most lavas are not erupted at liquidus, nor are pyroclastic materials likely to be

at liquidus temperature upon deposition. At Holuhraun, the eruption temperature

was measured at 1195 ◦C (Kolzenburg et al., 2017). When completely cooled, the

solidified lava would be at the ambient temperature. Although the surface was cool

enough to walk on at least as early as six months after the end of the eruption, ongo-

ing fumarolic activity implies that subsurface temperatures in at least some portions

of Baugur were at least 100 ◦C as late as 2019. We therefore use an approximate

temperature change of dT = –1000◦. Realistically, the temperature of the scoria

and spatter upon deposition was very likely lower than the measured eruption tem-

perature, implying dT should be considered a maximum, which provides an upper

limit to the estimated contraction due to cooling.

As we are interested in estimating to an order of magnitude what the potential
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contribution of cooling might be, we need only multiply the α and dT values in Eqn.

3.1 to get a factor that describes a percentage change. We find that the estimated

change due to cooling contraction is 0.64%, which would correspond to 0.32 m for

a 50 m high edifice. This compares reasonably well with the average decrease in

elevation of a few tens of centimeters over the rampart (Fig. 3.6), but given that

this estimate is a maximum, other mechanisms must be involved.

Cooling may also lead to the development of fine-scale contraction joints that

weaken steep welded spatter, thereby enhancing gravitational instability and increas-

ing the likelihood of rockfalls. Compaction may occur due to settling as material

contracts and cracks or degasses (Whelley et al., 2012).

3.4.4 Synthesis of landform evolution

Landform evolution models used in studies of cinder cones assume that diffusion

is the predominant degradation process (e.g., Wood, 1980a; Pelletier and Cline,

2007). Diffusion of unconsolidated material from higher to lower elevations by the

gradual mass movement downslope is nonlinearly related to slope angle (Pelletier and

Cline, 2007). Diffusive processes would be expected to show a signature of balanced

positive change (deposition) as non-cohesive material moves from higher to lower

elevations. Some loss of volume may be expected due to aeolian removal. Fornaciai

et al. Fornaciai et al. (2010) noted a deficit in the volume of deposited material of

up to 75% of the volume eroded from the upper exterior slopes of Etnean cinder

cones, which they attributed to wide dispersal by wind erosion. We observe that the

process of diffusion is hindered by the presence of spatter deposits, generated during

the latter stages of the eruption when the lava lake was full (Witt et al., 2018).

Rockfalls on the interior convert consolidated (welded) pyroclastic deposits to

unconsolidated material. Measured vertically, the magnitude of topographic change

from year to year is on the order of meters, with cumulative change from 2015–

2019 up to 11 m in some areas (e.g., rockfall patches). As the wall material is

removed, the rim has retreated horizontally and vertically by ∼1.5 m in places

(Fig. 3.10,a). This progression of slope changes along the interior walls show where
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large rockfalls occurred between 2015 and 2016, with smaller rockfalls occurring in

subsequent years. Talus accumulates below the rim, approaching the angle of repose

for unconsolidated material. The upper wall retreats horizontally, but maintains an

oversteepened slope. The exterior slopes display elevation loss that is greater at the

rim, decreasing towards the base, with minimal depostion at the base due to the

downslope movement of unconsolidated material.

Downslope movement of talus in the vent interior may progress in a two-stage

process such that initial deposition occurs onto the ledges until the accommodation

space is infilled by angle of repose talus, at which point alluvial material can advance

further and begin infilling the crater floor. However, we have not observed any

significant accumulation of material on the floor of the vent during the five years

after the eruption. A longer study is needed to determine whether enough mass will

be removed from the interior walls to bury the ledges and infill the floor of the vent.

Over a longer time span, the cumulative effects of interior rockfalls may resemble a

more diffusive process (Fig. 3.10,b).

We propose that a hybrid model would better describe the observed modes of

degradation the earliest stages of evolution of spatter cones/rampart better than

current models used to describe the long-term degradation of cinder cones.

3.4.5 Implications for future work

The largest source of uncertainty in our time series data is the result of performing

relative registration of each year’s merged point cloud, based on best fits to areas

assumed to be unchanging. Future campaigns would benefit from using ground con-

trol points tied to a geodetic survey network. The uncertainty values (Table 3.3)

should therefore be considered minimum estimates of the error in the change maps.

The merging of the aerial UAS with the ground-based LiDAR topography did pro-

vide useful information for validation of the robustness of the relative registration.

Specifically, topography that showed the same trends in elevation changes in adja-

cent surfaces that were uniquely covered by UAS or LiDAR lent confidence that the

signal was due to physical processes, and not the result of data artifacts.
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Figure 3.10: (a) Topographic profiles from A–A’ and B–B’ indicated on inset
overview of change map from 2016–2019. (b) Hypothetical morphological evolu-
tion of the spatter rampart over N years based on the observed changes on the
interior and exterior slopes within the first five years after the eruption ended.

Other remote sensing datasets, such as calibrated thermal data, ideally coordi-

nated in time with topographic surveys, would help constrain calculations of sub-

sidence, contraction, and also degradation due to thermal/hydrothermal alteration

and weakening of material. Although measurements of regional seismicity are avail-

able, is difficult to correlate with individual rockfalls without near simultaneous

monitoring. Near-continuous photographic monitoring of the vent, synchronized

with seismic data, would be required to conclusively associate seismicity with unique

rockfall events. More frequent monitoring would provide more accurate rockfall size-

frequency information (Marc and Hovius, 2015), but less frequent aerial photogram-

metric or LiDAR topographic surveys (e.g., every ∼2–5 years) would be sufficient
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to monitor the degradation of similar features over decades (Fornaciai et al., 2010).

Repeat surveys at a cadence that follows a function based on the estimated degra-

dation would be logistically reasonable (i.e., yearly for the first few years, followed

by repeat surveys at longer intervals thereafter).

3.5 Conclusion

We documented the initial stages of degradation of the primary vent (Baugur) of

the 2014–2015 Holuhraun eruption in northern Iceland, finding that up to 27,540 m3

of material was eroded from the interior walls and 28,147 m3 was removed from the

exterior slopes, for a total volume loss of 55,687 m3 over the period from 2015–2019.

Positive volume change (deposition) in the vent interior was 8,004 m3, and on the

exterior 1,636 m3 was deposited for a total of 9,640 m3. Volume changes are a result

of two distinct styles of erosion. Material in the interior of the vent is removed from

oversteepened slopes by discrete rockfalls, burying the ledges below in talus. Mini-

mal material had accumulated on the floor of the vent five years after the cessation of

the eruption. Diffusive processes are qualitatively evident in the topographic change

maps, but measurements are below the estimated level of uncertainty. Material is

hindered from eroding from the rim and upper portions of the exterior slopes by a

capping rim of cohesive spatter deposits and interbedded spatter and cinders. We

estimate that bulk contraction due to cooling could contribute to a maximum of a

few tens of centimeters of contraction, assuming that the deposits were emplaced

near eruption temperature. However, given that the bulk of Baugar is composed of

scoria that would have been emplaced well below the eruption temperature of the

mamga, cooling contraction alone cannot fully explain the observed negative vol-

ume changes and other mechanisms (e.g., compaction-induced settling of the edifice

and/or aeolian transport and deflation) are required.

Potential hazards at Baugur are primarily the risks to visitors (tourists, re-

searchers, park staff) hiking in and around the vent area. Rockfalls inside the vent

are the greatest hazard that we identified in the data presented here. The difference
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maps show clearly that rockfall events occurred each year, and can reoccur at pre-

vious rockfall locations. Areas of steep slopes are prone to gravitational instability,

particularly as the contacts between welded spatter clasts degrade due to a combi-

nation of factors including weathering, fumarolic activity, and settling. The areas

with the highest erosion rates are correlated with the highest elevations (i.e., along

the interior and exterior of the rim). Talus slopes appear to be stable and less prone

to further mass wasting.

Our observations confirm that spatter deposition has a strong effect on the rates

and styles of degradation of a fissure vent edifice, which do not conform to the

expected model of cinder cone erosion (Pelletier and Cline, 2007). The initial mor-

phology of the vent edifice can be altered rapidly in the first few years after the erup-

tion, particularly at the rim and interior walls. We propose a conceptual landform

evolution model that combines the stochastic rocksliding processes on the interior,

diffusive gravitational sliding on the portions of exterior slopes where unconsolidated

scoria exists, and also incorporates cooling and compaction over the entire edifice to

better describe the observed modes of degradation the earliest stages of evolution

of spatter ramparts, or spatter-rich scoria cones.
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CHAPTER 4

Revealing active Mars with HiRISE digital terrain models

4.1 Introduction

The ability to image the surface of Mars repeatedly with the High Resolution Imag-

ing Science Experiment (HiRISE), onboard the Mars Reconnaissance Orbiter (MRO;

Zurek and Smrekar, 2007), opened a new era of discoveries about the planet’s geol-

ogy, seasonal processes, and surface–atmosphere interaction. HiRISE observations,

at ∼30 cm/px from MRO’s nominal 300 km orbital altitude, have revealed in un-

precedented detail that some areas of the surface of Mars are active landscapes

(Diniega et al., 2021; Dundas et al., 2021). High resolution digital terrain models

(DTMs) generated from HiRISE stereo pairs provide one of the key data products

used to support studies of active surface processes on Mars. The ability of MRO to

point repeatedly at a target allows the creation of a time series of images, orthorec-

tified to a corresponding DTM, enabling pixel-scale evaluation of surface changes in

three dimensions. The high spatial resolution of HiRISE, combined with the dura-

tion of the MRO mission, has allowed for details of the surface at decimeter scale

to be observed over many Mars seasons and years (8 Mars years, or 15 Earth years,

as of this writing). Examples of key observations made using HiRISE data include

migrating dunes and sand ripples (Bridges et al., 2012a,b, 2013; Vaz and Silvestro,

2014; Chojnacki et al., 2017), polar avalanches (Russell et al., 2008; Hansen et al.,

2013) and block falls (Fanara et al., 2020), gully activity (e.g., Diniega et al., 2010;

Dundas et al., 2010; Kolb et al., 2010; Conway et al., 2019), the evolution of fresh

This chapter is in review as Sutton, S. S., Chojnacki, M., McEwen, A. S., et al. in the journal

Remote Sensing.
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impact craters (Dundas et al., 2014; Daubar et al., 2016), expanding carbon dioxide

ice pits (Thomas et al., 2009; Becerra et al., 2015), new spider-like channel networks,

known as araneiforms (Portyankina et al., 2017), and recurring slope lineae (RSL;

McEwen et al., 2011; Ojha et al., 2014).

The goal of this work is to provide readers with an understanding of the pro-

cesses used to generate HiRISE DTMs and orthoimages that are publicly available

via the Planetary Data System (PDS). We also discuss their resolution, accuracy,

and precision, with an emphasis on products created specifically for monitoring

active landforms. Several institutions affiliated with the HiRISE team have collab-

orated on methods for DTM production. For instance, the U.S. Geological Survey

(USGS) Astrogeology Science Center pioneered the development of scripts, meth-

ods, and training (Kirk et al., 2008, 2009), built on a combination of the commercial

photogrammetric software SOCET Set v5.6.0 ( c©BAE Systems; Miller and Walker,

1993, 1995; BAE Systems, 2011) with pre- and post-processing largely performed

using the freely available Integrated Software for Imagers and Spectrometers v.3+

(ISIS; Sides et al., 2017). The photogrammetry lab at the HiRISE Operations Cen-

ter (HiROC), based at the University of Arizona, employs the methods developed

at the USGS, and has implemented additional techniques and tools, many of which

are described here.

In this paper, we focus on the ISIS/SOCET Set workflow, which is the

method used at HiROC and at the USGS, and is the primary method used

to produce HiRISE DTMs and orthoimages that have officially been made

available to the public through the PDS as well as via the HiRISE website

(https://www.uahirise.org/dtm/). Section 4.1.1 provides an overview of the HiRISE

instrument characteristics. Section 4.1.2 briefly describes the stereo planning pro-

cess. Section 4.2 describes the end-to-end process required to create HiRISE DTMs

and orthoimages. The quality, accuracy, and precision of the DTMs are also dis-

cussed to help users understand the limits of resolvable features and possible sources

of error. Section 4.3 highlights some of the major science results involving active

changes on the surface that have been made possible by the availability of the

https://www.uahirise.org/dtm/
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HiRISE DTMs and orthoimages. Section 4.4 discusses the relevance of this work to

other geologic processes, co-analyses with other instruments, use of these data for

visualization and public outreach, as well as support for landed exploration. Sec-

tion 4.5 summarizes the major points of the paper and concludes with implications

for the continuation of the study of active processes on Mars.

4.1.1 HiRISE Instrument Characteristics

MRO launched August 12, 2005, and has been in operation at Mars since March

2006 (Zurek and Smrekar, 2007). HiRISE (McEwen et al., 2007) is a nadir-pointing

camera with a 0.5 m diameter primary mirror that images in pushbroom mode.

The focal plane consists of a staggered array of fourteen charge-coupled devices

(CCDs). The active area of each CCD detector is 2,048 px wide (in the cross-

track direction) by 128 px long (in the along-track direction). This allows for time

delay integration (TDI) in the along-track direction, of up to 128 stages, thereby

increasing the signal-to-noise ratio (SNR) and dynamic range of HiRISE images

(Dorn et al., 2004). The swath width is spanned by ten detectors offset on the focal

plane such that each detector overlaps the adjacent ones in the cross-track direction

by ∼48 px (Figure 4.1). Thus, a HiRISE image can be up to 20,048 px across, and

of arbitrary length (with a footprint size of ∼6 km wide by up to ∼120 km long),

depending on imaging mode, memory allocation, and thermal constraints. Each

CCD has two channels (e.g., RED0_1 and RED0_0) that are read out individually.

The ten CCDs, named RED0–RED9, collect visible light in the 550–850 nm range.

The central ∼20% of the full swath is covered by four CCDs positioned above and

below the RED detectors so that they overlap two RED CCDs in the along-track

direction, providing three-color imaging. Two of the central CCDs collect light in

the visible blue-green range (400–600 nm), while the other two collect non-visible

light in the near-infrared range (800–1,000 nm). The four “color” CCDs—named

BG12, BG13, IR10, and IR11—provide enhanced information about the surface

composition (Delamere et al., 2010). The staggered layout of the CCDs also allows

for the measurement of surface features observed at different times in the overlapping
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portions of the image strips, which is used for the correction of spacecraft jitter in

HiRISE images.

Figure 4.1: HiRISE focal plane layout schematic projected onto the ground for a
nadir imaging scenario (not to scale). Inset illustrates stereo imaging, where MRO
rolls perpendicular to the along-track direction to point HiRISE at the target on
different orbits. Emission angles are θ1 and θ2, shown here as opposite side roll
angles.

HiRISE has an instantaneous field of view (IFOV) of 1 µrad, resulting in a

nominal 30 cm pixel scale and a 6 km swath width from MRO’s ∼300 km altitude
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orbit (McEwen et al., 2007). One of 14 CCD detector electronics (RED9) on HiRISE

failed in 2011; fortunately, RED9 is at the edge of the 10 RED CCDs, so the images

became 10% narrower, reducing the footprint width of a typical HiRISE image from

6 km to 5.4 km rather than creating a gap in the middle of the images (McEwen,

2018a). Actual pixel scale and image width can vary slightly depending on off-

nadir pointing, terrain elevation, and position in the elliptical orbit. Pixel scale

also depends on the binning mode used. HiRISE can bin CCD pixels on-chip, for

various modes such as bin1 (no binning); bin2, corresponding to ∼60 cm/px; bin4,

corresponding to ∼120 cm/px; and other binning modes that are rarely or never

used. The most common imaging modes incorporate bin1 and bin2 (McEwen et al.,

2010). Color CCDs (BG and IR) are usually binned to increase SNR to better than

100:1. In the downlink processing pipelines, the image data from binned CCDs

are then enlarged by the appropriate factor to match that of the lowest binning

mode, typically that used for the RED CCDs. Binning and the number of TDI

lines (128, 64, 32, or 8) are two of the parameters adjusted during planning for each

HiRISE image to avoid saturation and to optimize SNR, spatial resolution, spatial

coverage, and data volume. Some imaging modes include setting the central RED

CCDs (RED3/4–RED6) at bin1, while the others (RED0–2, RED7–9, BG11–12,

and IR10–11) are set at bin2 or bin4.

As of December 2021, HiRISE has covered 0.4% of the surface of Mars with

unique stereo coverage, comprising 6,931 stereo pairs. HiRISE has also covered

∼2.6% of the surface uniquely, excluding targeted repeat images for monitoring

changes and for stereo targets.

4.1.2 MRO/HiRISE Stereo Planning

HiRISE is unable to point independently of the spacecraft, so to acquire stereo image

pairs, MRO must roll off-nadir by up to 30◦ to target the same surface feature on

different orbits (Figure 4.1; Zurek and Smrekar, 2007). The near-polar orbit means

that the nominal revisit time can be up to 17 days, depending on latitude. Other

operational constraints such as roll limits, temperature and memory limits, as well
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as competing science targets, mean that the second image of a stereo pair is not

typically acquired at the first opportunity. Difficulty in achieving the minimum

revisit time presents a challenge for acquiring stereo pairs, as the optimal situation

is to have as little change as possible in illumination angles and surface features

between images. MRO’s orbit is Sun-synchronous, passing over the daylit equatorial

region nominally at 15:00 ±15 min. local mean solar time (LMST). However, the

orbit was migrated during 2020 to 15:40 LMST to coordinate with the entry, descent

and landing of NASA’s Perseverance rover, returning to ∼15:10 LMST by the end of

2021. Although MRO observes all parts of the daylit surface at approximately the

same LMST (except for descending orbits in the polar regions), the subsolar latitude

changes by 50◦ from summer to winter solstice, so it is inevitable that shadows will

move during the period between revisits. There can also be albedo differences due

to dust movement or frost changes, as well as changing atmospheric dust or hazes.

The HiRISE operations team developed an internal planning tool, HiRISE Stereo

Effect Analysis Software (HiSEAS), to assess the quality of planned potential stereo

pairs based on predicted illumination angles, solar azimuth difference, shadow tip

difference, and convergence angle (cf. Becker et al., 2015). MRO observations are

planned in two-week cycles; during the course of each cycle, there are often several

candidate orbits for a second image of any given stereo pair. HiSEAS identifies

which orbits match the illumination conditions of the first image (i.e., incidence

angles 30◦–60◦, and within 10◦ of each other) and those orbits that provide an

acceptable convergence angle. An acceptable convergence angle is ∼15◦–30◦, with

a larger angle being better for flatter topography, and a smaller angle being more

desirable for rougher or steeper topography to minimize potential obscuration of

surfaces. Observations can then be planned on both orbits to acquire a stereo pair

within one two-week planning cycle, referred to at HiROC as a Stereo Pair Orbits

Restricted to a Cycle (SPORC). Stereo pairs acquired as a SPORC or SPORC-

like pairs (acquired within two weeks, if not within the same planning cycle) are

optimal for DTM production as they have similar illumination angles and minimal

expected differences in surface features/albedo, and therefore minimize the need
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for interactive editing. In practice, acquiring SPORC pairs is challenging, except

in polar regions (where the center of the target is poleward of ±65◦ latitude and

MRO overflights are more frequent). Outside of SPORCs or SPORC-like pairs,

the second half of a stereo pair is planned for a later time when the illumination

conditions closely match those of the first image. Second half stereo images may be

acquired when the subsolar latitude is similar within the same Mars year, or one

or more Mars years later. If the illumination angles are within specifications for

such delayed second half stereos, this strategy works well in areas where minimal

morphologic and albedo changes have occurred.

4.2 Materials and Methods

In this section, we describe the methods used by the HiRISE team to create DTMs

with an emphasis on the techniques specific to generating data to be used for change

detection. We use the term “digital terrain model” (DTM) rather than “digital

surface model” (DSM), and we do not make a distinction in this paper between

DTM and “digital elevation model” (DEM). A HiRISE DTM describes elevation

in a raster image format, with each pixel assigned a 32-bit signed, floating point

value representing elevation in meters relative to the areoid (Martian geoid), to be

consistent with the global topography derived from the Mars Orbiter Laser Altimeter

(MOLA; Smith et al., 2001). HiRISE DTM pixels represent elevation values at

evenly spaced “posts.” The DTM pixel size is also referred to as the ground sample

distance (GSD).

In addition to topography, orthorectified images (orthoimages) are the other ma-

jor data product resulting from DTM production. Orthoimages are projected or-

thographically onto the DTM. This process removes the perspective of the original

viewing geometry, reducing the effects of topography on feature visibility. Orthorec-

tification is crucial for accurate photogrammetry, for measuring surface changes at

the pixel level, and for correlation of image and topographic features. Besides or-

thorectifying the source stereo images, a time series of orthoimages, which were
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acquired at different viewing geometries and illumination angles, enables precise

change detection studies across multiple seasons and years.

4.2.1 Creation of DTMs using ISIS and SOCET Set workflow

The processing chain starts by preprocessing HiRISE images in ISIS to calibrate and

convert them to the formats and generate metadata expected by SOCET Set v5.6.0

(Kirk et al., 2008). Photogrammetric processing occurs within SOCET Set through

a combination of automated and interactive steps. The majority of interactive steps

take place during the bundle adjustment stage, referred to in SOCET Set as Multi-

Sensor Triangulation (MST). Following MST, the DTM is created in the terrain

extraction stage, which is largely automated. The files are then exported from

SOCET Set for post-processing in ISIS to convert back to planetary coordinates and

map projections in standard formats. The final step is validation of the products

and archiving with the PDS. Each of these stages is described briefly below with an

emphasis on how the quality of the final product is affected (Figure 4.2).

Preprocessing

Processing of HiRISE data begins with the engineering data records (EDRs; Eliason

et al., 2012), which contain the raw image data downlinked from MRO. Each EDR

is one of two channels that comprise each CCD. The ISIS application hi2isis ingests

the raw channel data into the native ISIS image file format, referred to as an image

cube. Each channel is then run through hical, which performs radiometric calibration

(Becker et al., 2021). The radiometric calibration step corrects each detector column

for gain, offset, and dark current, and converts the pixel values to units of reflected

irradiance over solar flux (I/F). The channels are joined to create one image cube

for each CCD using histitch. Additional steps performed by the downlink and

image processing pipelines at HiROC reduce noise and balance the brightness across

overlapping regions of adjacent CCDs. Radiometric calibration artifacts generally

affect an entire channel or CCD. Variations in electronic noise across channels or



119

Figure 4.2: Simplified flowchart of DTM and orthoimage workflow. Numbers corre-
spond to subsections in Section 4.2.1. There are circumstances when this workflow
would be modified, or iterated on more than once or twice, but the decision path
and steps are essentially those followed at the HiRISE Operations Center (HiROC).

CCDs can subtly affect the quality of the DTM.

After radiometric calibration, precision geometric calibration is performed to re-

move distortion across the focal plane due to the optical curvature of the beam,

remove the CCD offsets, and optionally correct for spacecraft jitter. All three of

these corrections are accomplished by the HiPrecision subsystem at HiROC (Sut-

ton et al., 2019). HiPrecision has two processing branches: one to correct for the

nominal optical distortion and CCD offsets (HiNoproj), and the other, HiRISE

Jitter-Analyzed CK (HiJACK), to apply an additional correction to images that

have increased spacecraft jitter

HiRISE is subject to image distortions by high-frequency jitter due to its push-
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broom mode of image acquisition and is more sensitive to the effect than other

cameras because of its small IFOV. Although jitter distortions in individual HiRISE

bands are typically invisible to the naked eye, they cause misregistration of the BG

and IR bands to the RED overlapping CCD images resulting in obvious color fring-

ing. Similarly, jitter distortions cause poor stereo image correlation. In the color

processing pipelines at HiROC, the IR and BG bands are transformed to match

the RED band, producing accurately registered 3-band color images. However, this

relative correction does not remove the jitter from the RED data, which are the

source images in HiRISE DTM production. The combined effects of jitter in one or

both images in a stereo pair can cause artifacts in DTMs where the stereo correla-

tion algorithm fails or where the elevation values are misestimated. Such artifacts

are discussed in more detail in Section 4.2.3. Efforts are made to mitigate jitter in

HiRISE images as much as possible by enforcing high-stability mode on MRO (pause

motions of the solar arrays and Mars Climate Sounder; McCleese et al., 2007) during

stereo image acquisition, and by performing image correction on the ground when

necessary. Images with >0.5 px mean jitter magnitude are typically improved after

jitter correction; however, not all jitter frequencies may be removed (Figure 4.3).

The ISIS program noproj projects each CCD image strip into an idealized camera

model space. The “ideal” HiRISE camera model is a 20,000 px wide single-detector

pushbroom camera, with the boresight at the center of the image, and CCD offsets

removed (Kirk et al., 2008). The noproj -corrected images for each CCD are then

mosaicked to produce a full-swath width, non-map projected image in the RED

band. The pixel values within the noproj mosaic are converted from 16-bit to 8-bit

digital number (DN) values and exported from ISIS cubes to a raw image format.

The pushbroom sensor model plugin developed by the USGS for SOCET Set is a

rigorous physical model based on geometric optics. The camera position and attitude

are modeled as continuous functions of time by being broken into a fixed part that

is interpolated through an arbitrary number of values supplied when the image is

imported, and an adjustable part that is represented by a low-order polynomial

(order 2 for position, 3 for Euler angles). The generic model includes the possibility
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Figure 4.3: Plots of pixel offsets in the sample, or cross-track (top), and line, or
along-track (bottom) directions, measured in the overlapping region of the RED4
and RED5 CCDs over the length of observation ESP_049009_1520. Before jitter
correction (purple), pixel offsets show an amplitude of up to 4 px. After correction
(light blue), offset amplitudes are reduced to ∼0.5 px in both the sample and line
directions.

of radial optical distortion, but the pre-processing in ISIS corrects such distortions

in the images, so this capability in SOCET is not used.

For image import with initial position and pointing information, SOCET Set

requires the image metadata in a text file format which is generated by socetlines-

cankeywords (i.e., “SOCET linescan keywords”). The keywords required by SOCET

Set include the camera parameters, image information, and information about the

spacecraft trajectory and pointing obtained from the Spacecraft Planet Instrument

C-matrix Events (SPICE) kernels (Acton, 1996).

Additional data are prepared for the project setup in SOCET Set, such as global

reference topography, geographic coordinates, and approximate elevation values.
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Laser altimetry from MOLA is obtained over a padded region centered on the tar-

geted HiRISE stereo pair and padded by 0.5◦ in latitude and longitude. Crossover-

corrected MOLA Precision Experiment Data Records (PEDRs; Smith et al., 2001

are the primary data set used to provide absolute spatial control. The MOLA global

DTM, or Mission Experiment Gridded Data Record (MEGDR), which is interpo-

lated from the crossover-corrected global PEDR data, is also extracted and clipped

to the same region and exported as an ASCII (plain text) format file. All of the pre-

processing occurs in the Unix environment. The raw images, keywords files, MOLA

PEDR and MEGDR files, and the project location information are then transferred

to a workstation running the Windows operating system for import and processing

in SOCET Set.

Bundle adjustment

Bundle adjustment, which is performed with the Multi-Sensor Triangulation (MST)

tool in SOCET Set, is the process of controlling the images to each other and

to a reference elevation data set. The inputs are image-to-image feature correspon-

dences (“tie points”) and usually image-to-ground correspondences (“control points”).

SOCET Set provides tools for measuring these inputs interactively via Interactive

Point Measurement (IPM) and by automated matching (Automatic Point Measure-

ment, APM). The outputs are revised estimates of camera position and pointing

parameters that minimize mismatches at the points in a least-squares sense, as well

as the ground coordinates of the tie points. The quality of the solution largely

determines the absolute accuracy of the DTM, and influences how well the stereo

matcher can extract elevation values from the stereo images, which affects internal

precision. We set image control precedence (i.e., “left eye” and “right eye” which

can be set arbitrarily in IPM) by selecting the image with the lower emission angle

(nadir-most) to be the control, as it should have the least amount of distortion or

obscuration due to topography. MST weighting of exterior orientation parameters

serve to: (a) weight position adjustments at roughly the level of uncertainty asso-

ciated with the reconstructed trajectory (Konopliv et al., 2011, 2016); (b) weight
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angular adjustments to allow changes in the ground coordinates of pixels compara-

ble to those resulting from the allowed position adjustments, or the uncertainty in

attitude reconstruction (if that is known), whichever is larger; and (c) weight the

higher order (velocity and acceleration) parameters so that they allow variations of

the same magnitude over the period of time elapsed in acquiring the image. The un-

certainty requirements for MRO in the reconstructed spacecraft position and camera

pointing are 100 m along-track, 40 m cross-track, and 1.5 m radially (Menon et al.,

2017).

A relative adjustment is performed first to tie the stereo images together, which

removes any along-track offset resulting from camera pointing uncertainty. A mini-

mum of 16 evenly distributed tie points are created with either IPM or APM. The

solution is considered acceptable if the root mean square (RMS) error is <0.7 px,

and is typically <0.5 px, but because of the prevalence of along-track jitter, the

residuals in the line (along-track) direction are often higher than desired. Residuals

in the sample (cross-track) direction are expected to be <<0.1 px. The implementa-

tion of jitter correction and SPORC targeting has resulted in RMS values typically

in the 0.1–0.3 px range for a HiRISE stereo pair.

Preliminary elevation control is provided for one or two of the tie points to

bring the model into approximate agreement with the MOLA topography. After

solving, if the RMS and line and sample errors are deemed acceptable, the solution

is saved. The effect of saving a solution is to update the position and orientation

parameters in the support files for the images, resulting in an improved stereo model.

The improved model can be seen in the viewer when the images are reloaded. At

this stage, no image resampling has yet been performed; the model exists in the

mathematical sense, not as a digital terrain file.

Terrain extraction

Once a relative solution with an acceptably low RMS (<0.7 px) is achieved, includ-

ing preliminary elevation control, an initial terrain model is generated. The goal

of generating this initial model is to measure the quality of the fit to MOLA and
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to evaluate the preliminary topography, not necessarily to produce the final DTM.

The algorithm used by SOCET Set for terrain extraction is called Next Generation

Automatic Terrain Extraction (NGATE; Zhang et al., 2007). An optional step af-

ter running NGATE is to run the Adaptive Automatic Terrain Extraction (AATE;

Zhang et al., 2006) algorithm with a one-pass strategy. Using AATE essentially pro-

vides a moderate smoothing of the characteristically blocky texture of the NGATE

product, which improves the accuracy of slope estimates over short baselines while

having little impact on the elevation values (Henriksen et al., 2017; Kirk et al., 2021).

Running AATE is considered an optional step because in some cases it can worsen

interpolation artifacts (e.g., Kirk et al., 2008), and can also introduce tiling lines.

Simply smoothing the output of NGATE with a lowpass filter is a viable, and faster

alternative to smoothing with AATE (Kirk et al., 2021).

After NGATE finishes successfully, the terrain quality is examined for major

blunders or artifacts. This qualitative check is most easily accomplished by opening

the file in the Interactive Terrain Edit (ITE) application and rendering it as a shaded

relief image. Terrain files can be visualized in ITE either as vector graphics (e.g.,

as contours or dots), or as a raster file in the form of a shaded relief image. The

shaded relief image is generated as a grayscale image to provide information at a

glance about the surface texture of the terrain model. Artifacts or failures of the

stereo correlation are readily visible in the shaded relief image, especially if the

illumination direction is set in such a way as to accentuate artifacts such as CCD

seams. Once identified, some artifacts can be edited if they are relatively small, and

in areas of scientific interest (Section 4.2.1). Many artifacts (such as those due to

jitter) are systematic, occurring throughout the DTM (Figure 4.4a,b,f,g). Error in

the line direction interferes with image matching and thus causes noisy terrain, or

larger artifacts such as the “boxes” of noisy interpolation (Figure 4.4a,b). These can

sometimes be improved by manually measuring additional tie points in those areas.

Error in the sample direction causes misestimation of elevation. Periodically varying

error in the sample direction is a signature of uncorrected spacecraft jitter, which

produces ripples in the DTM, parallel to the cross-track direction (Figure 4.4f).



125

Faceted textures result from interpolation over bland, shadowed, or low-contrast

areas in the images (Figure 4.4c). The stereo correlator often fails over dark dunes

with ripples (Figure 4.4d). Areas of failed stereo correlation are interpolated over

deeply shadowed terrain, or areas where surfaces are obscured in one of the stereo

images due to the observation geometry (Figure 4.4e). If it is unclear whether a

feature is real or an artifact, the DTM should be validated by comparing it to the

source stereo images.

Figure 4.4: Examples of typical artifacts found in HiRISE DTMs, shown in ter-
rain shaded relief maps, which emphasize the surface texture of the model. In
all panels illumination is from upper left, with north oriented to the top of the
page. Arrows indicate artifacts. (a) Tiling “boxes" typical of NGATE, and linear
artifacts along CCD seams (DTEPC_009689_2645_010084_2645). (b) Isolated
noisy boxes possibly due to jitter (DTEEC_057321_1220_057453_1220_A01).
(c) Triangular facets in an area of deep shadows in the stereo images
(DTEPC_041121_0985_041029_0985_A01). (d) Areas of failed stereo correla-
tion over dark dunes with ripples that were active between the acquisition of
the two stereo images (DTEEC_050438_1890_051071_1890_A01). (e) Large
triangular facets due to deeply shadowed areas with differing shadow bound-
aries, as well as an obscured surface in one image due to viewing geometry
(DTEEC_069071_2020_063847_2020_A01). (f) Ripple pattern characteristic
of jitter in the cross-track direction (DTEEC_039216_1835_039849_1835_A01).
(g) Linear features along CCD seam boundaries due to along-track jitter
(DTEED_063209_1800_063420_1800_A01). (h) Artifacts typical of those that
occur where dark shadow boundaries shifted between stereo image acquisitions
(DTEEC_002486_1860_001985_1860_U01).
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The preliminary model is used to assess the fit to MOLA, with the goal of ob-

taining a transformation that minimizes differences between the HiRISE DTM and

the MOLA PEDR elevation values. Within SOCET Set, the quality of the fit to

MOLA can be assessed by eye in the image viewer, but a coarse sampling of the ele-

vation differences may not reveal patterns of misfit in the registration. The built-in

SOCET Set command line tool, dtm_compare, generates a difference map between

two DTMs. In the HiRISE case we use dtm_compare to measure the elevation

differences between HiRISE and the MOLA gridded data (or between two HiRISE

DTMs, Section 4.2.2), which as noted may contain interpolation artifacts, or miss

features entirely that are present in the images. For polar DTMs, dtm_compare is

useful as the high orbit-track density of MOLA at higher latitudes reduces inter-

polation errors in the gridded data. However the gridded data contain some noise

due to the variability in MOLA orbits over many seasons and Mars years (Neumann

et al., 2001).

Although SOCET Set allows for manual adjustment of geographic control points

in IPM, the goal is to remove subjectivity from this process as much as possible and

to fit the HiRISE stereo pair to the MOLA data in a rigorous and objective (as

well as automated and efficient) way. One method is to use the pc_align routine,

which is distributed with Ames Stereo Pipeline (Appendix B). The pc_align tool

uses an Iterative Closest Point (ICP) algorithm to match a dense point cloud to

a sparse point cloud, which is appropriate to the HiRISE-to-MOLA models. The

resulting transform can be used to update the position of the images in SOCET Set.

As an alternative to using ASP, the HiROC team developed a Windows command

line tool called autoTriangulation (Kilgallon et al., 2015), which is freely available

(Table 4.2). The autoTriangulation tool is used by the HiROC team on all non-polar

DTMs, providing there is at least some MOLA PEDR coverage. In the rare cases

where there are no MOLA PEDR data within the HiRISE stereo coverage, CTX

stereo images may serve as an intermediate resolution control. This situation is

more likely to occur at lower latitudes, where MOLA tracks are more widely spaced

due to the near-polar orbit of MGS. If CTX stereo is not available, a best effort
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fit to the MEGDR (gridded) topography may be sufficient, although there may be

large interpolation artifacts in the MOLA data. In this situation, autoTriangulation

is not applicable.

The inputs required for autoTriangulation are the terrain model from NGATE

exported as a GeoTIFF (raster format with geospatial information), the MST so-

lution report file, and the 3D altimetry point file. AutoTriangulation measures the

initial fit to MOLA (difference of the elevation values for each MOLA PEDR, aver-

aged over the MOLA footprint, and the elevation of the corresponding location in

the DTM), and then iterates through a series of translations and rotations to mini-

mize the elevation differences, subject to statistical filtering that is weighted based

on thresholds for the mean and standard deviation of the errors for each MOLA

orbit. The outputs of autoTriangulation are a map of the initial fit and the pre-

dicted solution (Figure 4.5), a map of the input ground points and their translated

locations, a map of the weightings assigned to each MOLA orbit, and a text file

report of the translated ground point coordinates. The polar DTMs exported as a

GeoTIFF from SOCET Set do not contain the correct map information and there-

fore cannot be compared to the MOLA data in the version of autoTriangulation

currently available. Polar DTMs are controlled manually to MOLA data, or are

produced as models with relative elevation values.

An acceptable predicted solution from autoTriangulation has a mean elevation

difference near zero, and a standard deviation of less than 5 m. To apply the pre-

dicted coordinate transformation, another program bundled with autoTriangulation

(importCoords2GPF.py) updates the coordinates of all the tie points within SOCET

Set. Although the points are all moved in the X, Y, and Z directions, it is not prac-

tical, nor necessary, to set all of the existing tie points to be XYZ-control points

in IPM. The operator chooses one or two points to convert to XYZ-control (one

point translates, two points translate and rotate the model), and converts an even

distribution of the remaining tie points to Z-control. The weighting accuracies for

the control points are set to 5 m, as the solution is self-consistent, and the expected

accuracy is within 5 m. An additional required step to apply this “absolute” solution
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Figure 4.5: Error maps output from autoTriangulation. Dots represent the difference
in elevation in meters between individual MOLA PEDRs and the corresponding lo-
cation in the HiRISE DTM (not rendered). Dots are color-coded in 5-m increments,
with yellow indicating the desired error range of 0 to ±5 m. Horizontal and vertical
axes are longitude and latitude, respectively. The left panels (“Actual Error”) show
the measured differences in elevation between MOLA and the HiRISE model. The
right panels (“Predicted Error”) show the elevation differences after translation and
rotation of the HiRISE model within autoTriangulation to achieve a minimum RMS
error: (a) Actual error after the initial (relative +Z-control) solution from SOCET
Set, and the corresponding predicted error from autoTriangulation. (b) Error maps
after applying the transformation from autoTriangulation to the control points in
SOCET Set and generating a new DTM. The actual error and the predicted error
now agree closely, and the actual error is within the expected range. At this point,
the solution is considered acceptable and the MST step is completed. Error maps
shown for DTEEC_005161_1720_016237_1720_A01.
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is to allow both images to now adjust. The original support files for the stereo im-

ages are reloaded (prior to any solution), and the Solve step is performed. Solving

is performed on the original (unadjusted) support files to ensure that the solution

is applied to the original position state. The solution results will include X, Y, and

Z errors in units of meters, in addition to the RMS error, if there are two or more

XYZ-control points.

We expect the errors controlling HiRISE to MOLA to be within 100 m in the X

and Y directions and to be within 5 m in the Z direction, based on the differences

in spatial resolution between MOLA and HiRISE. These values are consistent with

an analysis of overlapping HiRISE DTMs controlled individually for landing site

assessment, which found the absolute positional accuracies to be 50–100 m in X and

Y and 10–20 m in the Z direction (Golombek et al., 2012a). In practice, the errors

are typically much lower than that, on the order of a few meters. The error in X,

Y, and Z reported after applying a solution from autoTriangulation is typically low,

as the translation is rigid and applied across all points. The images are reloaded to

apply the updated solution, and the fit to MOLA PEDRs is assessed visually in the

Image Viewer.

If the updated solution actualized in SOCET Set corresponds to the predicted so-

lution from autoTriangulation, then a second NGATE run is performed (Figure 4.2).

Generally, the initial relative solution should be close enough to the correct location

that autoTriangulation optimizes the transformation in one step, and the solution

within SOCET Set achieves the same result. However, since autoTriangulation ap-

plies a rigid translation and/or rotation of the DTM and is not constrained by fitting

to the parameters in MST, the implementation of the transformation may not be

in agreement after solving in SOCET Set. In that case, the process of adjustment

is repeated by either manually placing or adjusting Z- or XYZ-control points, or by

using autoTriangulation to predict and implement a new solution, until a satisfac-

tory fit to MOLA is achieved. In the best case, this process takes two iterations,

but in practice it may take multiple attempts through MST to get an acceptable

result. In any case, the absolute control solution is considered to be successful when
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the actual difference and the predicted difference reported by autoTriangulation are

similar and within the expected accuracy range (e.g., Figure 4.5b). A solution with

a low RMS value and a good fit to MOLA will result in better DTM quality, as

the model is more physically realistic. At this point, the triangulation step is com-

plete. The NGATE result is then evaluated to determine if editing is necessary. The

shaded relief image is the easiest way to identify at a glance areas that might require

editing.

Editing

The capability to perform interactive editing on the DTM is one of the advantages of

using SOCET Set, but it is also time consuming, and requires a high degree of skill by

the operator. It also can introduce a degree of interpretation by the human operator

that may or may not be acceptable depending on the artifacts, their location, and

the intended use of the DTM. It is therefore desirable to keep editing to a minimum,

and to clearly denote for the end user the locations of any manual editing. Some

artifacts (particularly spikes or pits due to shadow edge differences between stereo

images) in the DTM can cause distortions in the orthoimages, particularly in off-

nadir images, which negates the ability to measure changes in surface features.

Edits to improve the model in and around areas of scientific interest are carried

out cautiously, and only if the surface can be reliably identified in both images by

the operator. A common situation that requires editing is over dark dunes, where

the stereo correlator often fails due to the surface being smooth and low contrast.

Precise measurements of changes in aeolian bedforms is an area of active research

with HiRISE images, and so editing of terrain over dunes is often necessary.

SOCET Set’s Interactive Terrain Editing (ITE) tools include a geomorphic editor

(interpolates across lines and curves), various area editing algorithms, and a post

editor. The geomorphic tool is useful in specific situations such as along the interior

of crater walls, where a line can be drawn along a path of relatively constant slope.

The most commonly used tools for HiRISE are the area editor algorithms “first order

interpolation” and the Triangulated Irregular Network (TIN) editor. The TIN editor
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tool extracts the posts within a polygon specified by the operator, converting them

from gridded posts to a TIN, which can then be edited by manipulating the vertices

of the triangles. The TIN editor is used extensively in editing terrain over dunes.

After edits are complete, the TIN within the boundary is transformed back into

gridded posts. First order interpolation is used to smooth areas within a polygon

drawn by the operator and is most useful removing small spikes or pits. It can also

be effective in deeply shadowed areas, but the larger the polygon, the more likely

additional cosmetic effects will be introduced that may or may not be acceptable.

The post editor is the least used, as a typical HiRISE DTM contains millions of

posts, and editing them one at a time is inefficient, even over a small area. Edited

areas in HiRISE DTMs should be noted and analyzed with caution. The edits are

typically carried out manually, and therefore introduce some level of subjectivity

into the representation of the topography.

Every post in the gridded DTM is assigned a Figure of Merit (FOM) value en-

coding the correlation quality, whether a post has been manually edited, or whether

it has been automatically interpolated or otherwise failed. SOCET Set FOM values

range from 1–99 and are mapped into eight classes (Table 4.3). The classification

scheme is based on a balance between what information could be the most useful to

the user, and how the quality information is encoded in SOCET Set. HiRISE FOM

maps are generated at the full scale of the corresponding DTM and display classified

FOM values draped over a shaded relief image. The FOM maps are created in the

JPEG2000 format at full scale and are released as PDS "Extras," which are ancillary

files intended to assist in browsing or visualizing the standard data products (Sutton

et al., 2015a). The full-scale product allows the end user to determine the suitabil-

ity of any area of the DTM for analysis by being able to overlay the FOM with

the images and the DTM. Areas designated Manually Edited/Interpolated should

be evaluated compared to the images and the DTM to determine if the edits accu-

rately reflect the topography. Low Correlation and Suspicious areas are typically

due to low contrast, bland, or noisy areas in the images. They should also be evalu-

ated before performing any analysis to judge how well the stereo correlator captured
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the topography. Deep shadows in the stereo images result in no reliable elevation

data and are designated as Shadowed in the FOM map. Such areas are rare in

HiRISE DTMs, but an example of one DTM with a large, shadowed area is shown

in Figure 4.6. Data gaps in one or both of the stereo images are indicated as No

Data. Areas of Good Correlation are reliable and accurately reflect the topography,

within the error limits of the DTM.

Figure 4.6: Example of a Figure of Merit (FOM) map, legend, and orthoimage.
North is up and illumination is from the upper left in all images. (a) FOM map
showing the classified map including deeply shadowed areas, which resulted in no
reliable elevation data. (b) One of the corresponding orthoimages from the stereo
pair. (a.1) Detail of shadowed crater in the FOM map. (b.1) Detail of orthoimage
illustrating deeply shadowed portion of the small crater that resulted in the "Shad-
owed" classification in the FOM. (a.2) Detail of FOM map showing areas of Low
Correlation, Suspicious, and Manually Edited areas. (b.2) Corresponding area in
the image to illustrate that the low correlation FOM values likely arose from the
featureless, bland, low-contrast surface.
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Orthorectification

Orthorectification is a projection of images onto a DTM, which effectively removes

the perspective due to the original observation geometry. The image pixels undergo a

transformation and interpolation to place the viewpoint in the vertical direction (and

from infinite distance) over every pixel of the terrain model. Prior to this step, the

images have not undergone any transformations within SOCET Set. The boundary

of the DTM defines the boundary of the orthorectified stereo pair. We use the DTM

boundary to define the extent of additional (non-stereo) images orthorectified to the

stereo model, regardless of their actual coverage. This may result in null pixels where

the DTM exists, but there is no image coverage. In practice, the consistent image

dimensions and data extents facilitate time-series analysis.

HiRISE orthoimages are typically produced at two scales: one that matches the

scale of the DTM, and one at the native map projected pixel scale of the source

image. For example, if the DTM has a GSD of 1 m, and the source image is 25 cm,

then two versions of the orthoimage are produced: one at 1 m/px, and one at 25

cm/px. The two versions of each orthoimage are produced for the convenience of the

end user. It is beneficial to have the highest resolution orthoimages when performing

change detection analysis or detailed mapping. The higher resolution version of the

orthoimage is also intended to be comparable to the corresponding reduced data

record (RDR). However, the orthoimages undergo at least two resamplings, and

therefore may appear slightly smoother than the corresponding RDR. The smaller

file size of the lower resolution orthoimage is a convenience for use in geospatial

applications along with the corresponding DTM.

The color (BG and IR) images are not used in the terrain generation, but when

possible, these images are orthorectified to create 3-band (IR, RED, and BG) or-

thoimages, also in two resolutions. The color strips are preprocessed through the

radiometric calibration and CCD stitching and balancing steps in the HiROC pro-

cessing pipelines. Jitter correction for the color data is performed in a relative sense,

where the color images are shifted row by row to match the jitter distortions mea-



134

sured between the BG/IR and corresponding RED CCDs. Each band is imported

into SOCET Set, and in the same step the updated solution parameters achieved in

MST using the full RED swath are applied automatically. Each band is orthorec-

tified individually and then exported and stacked in post-processing to produce a

3-band color image, similar to the IRB HiRISE Color RDR product (Delamere et al.,

2010; Eliason et al., 2012).

Post-processing and data archiving

The DTM and orthoimages are exported from SOCET Set using the programs

dem2isis3 and ortho2isis3, both developed by the USGS and built against the

SOCET Set binary. These export routines convert the files from the internal SOCET

Set rasters to a RAW image format and generate an associated shell script to be run

on the Unix processing cluster. The shell script contains the ISIS commands that

will reproject from the map definition native to SOCET Set to the ISIS cube for-

mat with planetary mapping definitions. The DTM and its FOM map are exported

together with one shell script that converts both files. Each orthoimage is exported

with a corresponding shell script file.

The ISIS cubes are resampled once to remap them to square pixels at the project

center latitude. SOCET Set accommodates pixels that may have different sample

and line resolutions, but ISIS (v3+) can only accommodate square pixels. This

requires a slight reduction factor during the transformation, which results in the

actual GSD of the DTM being some value near to, but not exactly, 1 or 2 m,

for the equirectangular map projection. The same reduction factor is used for the

orthoimages, which provides a consistent resolution for all files in the project. The

DTM and orthoimages are projected onto a spherical shape model of Mars, with a

radius defined as the radius of the Mars ellipsoid at the center latitude of the DTM

(Eliason et al., 2012).

The ISIS cubes are then converted to standard PDS version 3 (PDS3) formats.

The DTM is converted to a 32-bit floating point uncompressed raster with an em-

bedded label (.IMG file extension). Pixel values correspond to elevation in m (i.e., 1
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DN = 1 m). The orthoimages are archived as 8-bit losslessly compressed JPEG2000

(.JP2 file extension) with embedded GeoTIFF tagging, and detached labels (.LBL

text files). The PDS3 formats, map definitions, keywords, and labels are as similar

as possible to those used for the HiRISE RDRs (Eliason et al., 2012).

Ancillary files are produced to enable quick visualization of the data, described as

“Extras” or browse images (Figure 4.7). Each version is provided as a reduced, lossy-

compressed (.jpg) image with annotations for the product ID, image credit, and scale

bar, and non-annotated browse and thumbnail images. DTMs are not inherently

images, and therefore must be displayed in different ways to visualize the elevation

data. The “Extras” products for a HiRISE DTM and associated orthoimages include

reduced size JPEG format images of the DTM as a grayscale image, as a shaded relief

image, and as shaded relief with colorized altimetry. The FOM map is considered an

Extra product, but is produced as a JP2 at full scale, with the FOM classes color-

coded and overlaid on the shaded relief image. Browse images are produced for the

lower resolution version of the orthoimages. A README text file accompanies each

project, describing the source data, GSD, producer, quality metrics, notes, FOM

value classification, and naming convention.

The HiRISE team releases data to the PDS on a monthly cadence. DTMs and

orthoimages produced for the HiRISE team are released the month following their

completion. HiROC also archives DTMs produced at other institutions with the

PDS, as long as they follow the ISIS/SOCET Set workflow. Deviations from the

workflow, such as not controlling the model to MOLA, can be accommodated, and

are noted in the accompanying README text file. Approximately two thirds of

the HiRISE DTMs currently available in the PDS were produced at HiROC, with

one third produced by seven other institutions. As of December 2021, 834 DTMs

and 2,732 unique orthoimages have been released to the PDS and are available to

the public via the PDS and at https://www.uahirise.org/dtm/ (Figure 4.8). The

HiRISE catalog is available in PDS3 format. Plans to deliver PDS4 compatible

products alongside the existing PDS3 products are currently in development.

https://www.uahirise.org/dtm/
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Figure 4.7: PDS “Extras,” or browse product examples for
DTEEC_052299_2150_052510_2150. All images shown at same scale with
north up, illumination from the upper left. (a) Colorized altimetry draped over
shaded relief with legend from annotated version. (b) Shaded relief map. (c)
Grayscale elevation. (d) FOM map, the only Extra made at full scale in JPEG2000
format with a detached legend. (e) Orthoimage of one half of the stereo pair,
ESP_052299_2150. (f) Corresponding enhanced color (near-infrared, red and
blue-green, IRB) orthoimage.

4.2.2 Tying in additional images and DTM mosaicking

Change detection studies are facilitated by orthorectifying multiple images acquired

at different times over a target where a DTM exists. The additional images need

not be constrained to the lighting and geometric requirements of a stereo observa-

tion. Indeed, variable illumination and observation geometry may be unavoidable to
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Figure 4.8: Global map of HiRISE DTM locations available in the PDS (and at
www.uahirise.org) as of December 2021. The symbol size corresponds to the number
of unique observations orthorectified to each DTM, not the footprint of the DTMs,
which are too small to be distinct at this scale. The smallest circles represent
a DTM (or a typical stereo pair; i.e., two orthoimages). Larger circles represent
monitoring sites, with labels indicating the number of orthoimages for sites with
the most images. The base map is the global MOLA shaded relief topography, in
equirectangular projection, positive east longitude 0◦–360◦.

monitor seasonal processes. The preprocessing approach is the same (Section 4.2.1),

except there is no need to analyze MOLA data. Jitter correction is not as widely

applied to additional (non-stereo) images, as they will not be used for terrain extrac-

tion, and we want to minimize the number of times the image pixels are transformed

and interpolated. Jitter correction does transform the images; therefore, it is not

applied unless the jitter is of a large enough amplitude (>1 px) that might negatively

affect change detection studies. At this time, color orthoimages are not produced

for jitter-corrected images on a regular basis.

Additional images and their corresponding keywords files are imported into a

new or existing project in SOCET Set in the same way as the stereo pair. The

extra images may be controlled at the same time as the stereo pair, or they may be

added later. It is more straightforward to control the stereo pair first, separately, in

order to achieve the best solution and generate the DTM. The addition of multiple

https://uahirise.org/dtm
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images does not change the original stereo solution. The procedure for tying in the

additional images is performed manually. The RMS error from a solution in MST

that includes multiple images may be higher than for a single stereo pair, but it

is more important to achieve the best visual results rather than the smallest RMS

value. To achieve the desired total RMS error of <0.7 px, any points with high

(>1.0 px) line or sample errors are identified and remeasured manually until their

errors are brought down sufficiently.

After solving and reloading the images, the quality of the fit is assessed in the

stereo monitor by checking the vertical offset between the stereo pair and the ad-

ditional images. The stereo pair used to generate the DTM is held fixed during

this process. Each additional image is allowed to adjust until the vertical offsets

between it and the stereo pair are <1 m. Horizontally shifted pixels result from

vertical offsets, because differences in the stereo viewer equate to differing parallax

between the image pairs. Special emphasis is placed on achieving as good a fit as

possible in areas of scientific interest. In these areas, additional tie points may be

added to improve the fit. After MST is completed for all additional images, they

are orthorectified to the DTM generated from the stereo pair used for control.

Multiple DTMs for volumetric change detection

The goal of generating multiple DTMs over a given target is to measure topographic

changes (i.e., volumetric changes). The procedures for controlling multiple stereo

pairs to create multi-temporal DTMs of the same target is essentially the same as

that for tying in additional images for orthorectification. It can be preferable to con-

trol stereo pairs for multi-temporal DTM generation simultaneously (Sutton et al.,

2015b), using stereo pairs acquired at similar seasons for similar illumination. This

allows all the images to adjust together to achieve the optimal solution. However, in

many cases, the DTM already exists, and new stereo images are tied to the existing

model, holding the original stereo pair fixed. The new stereo pair is treated as any

other set of additional images in all steps, except jitter correction may be applied

for the sake of improving terrain quality. In the situation where a DTM already
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exists, the MST setup is performed by holding the original stereo pair fixed and

allowing both images in the new stereo pair to adjust relative to the original pair.

The locations of existing tie points and control points are measured on the new

images. Thus, in the case where one or more new stereo pairs are being tied to an

existing model, the original HiRISE DTM is used as the elevation reference rather

than MOLA data, with elevation reference points used in non-changing areas.

Before running NGATE with the new stereo pair, the solution is validated by

measuring the elevation differences between the two models, particularly in the

parts of the scene that contain non-changing surfaces. Differences are spot checked,

with particular emphasis in areas that will be the focus of analysis. The process of

adjusting tie and control points, solving, and checking differences is iterated until

the difference between the two models is on the order of 1 m or better for a 1 m

GSD DTM (likewise ≤2 m for a 2 m GSD DTM). It is not always possible to find

abundant locations with non-changing surfaces throughout the scene (e.g., within

dune fields or on steep slopes), so extra care is taken to reduce systematic errors, such

as tilt, and to minimize elevation differences in areas of specific scientific interest.

After a successful solution is reached, a new terrain model is generated in NGATE.

The SOCET Set built-in command line tool dtm_compare is used to generate a

difference map between the two HiRISE DTMs.

Mosaicking of stereo pairs for regional topography

The extent of HiRISE DTMs and orthoimage coverage can be increased by acquiring

overlapping and adjacent stereo pairs that can be controlled together in one project

to create a mosaicked DTM. Each stereo pair is controlled relatively with an even

distribution of tie points. Additional tie points are added in overlapping areas

to tie overlapping stereo pairs to each other. During this process, one image in

one of the stereo pairs is held fixed for the relative solution. New tie points are

created along seams between overlapping pairs. Once all pairs are controlled in

a relative sense, all images are allowed to adjust in the absolute sense, with the

addition of XYZ-control points. Tie points in overlapping areas (4-way tie points)
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are remeasured until the seam has <1 m elevation difference for bin1 pairs, and <2

m for bin2. Each stereo pair is run through NGATE individually, and then merged

using SOCET Set’s Terrain Extraction Merge tool. Seams are again checked visually

in the merged shaded relief image. The merged DTM is exported for assessment in

autoTriangulation so that a best fit to MOLA can be assessed for the whole mosaic.

In some cases, newly acquired stereo pairs are added to an existing project. In

these situations, the existing stereo pair is held fixed, and adjacent pairs are tied in,

adding Z-control in the new pairs where necessary using MOLA data. Orthoimages

are generated for each stereo pair using their respective DTMs. Each stereo model is

exported separately and post-processed individually for release as standard products

to the PDS.

4.2.3 Quality metrics and sources of error

An understanding of the quality of a DTM in terms of its vertical precision and hor-

izontal resolution (e.g., Kirk et al., 2021) is necessary to constrain the error in any

quantitative analysis. Absolute positional accuracy is also important for some ap-

plications though not for others. These quality metrics are especially important for

understanding the limits of what can be resolved in sequences of orthorectified im-

ages for time series analysis, or for measuring volumetric changes in multi-temporal

DTMs over the same target. Many factors affect the quality of a stereo DTM.

These include the viewing geometry, imaging modes, time elapsed between stereo

images, season of acquisition, dynamic range, atmospheric conditions, image noise

or SNR, spacecraft jitter, and the availability and quality of geodetic control. Some

of these factors can be measured directly, while others are estimated, or assessed

qualitatively.

Precision, accuracy, and resolution

Quality is measured in both the relative and absolute sense, that is, in terms of

precision and accuracy. Vertical precision describes how well distances, elevations,
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and slopes within the DTM can be measured in a relative sense, while accuracy

reflects how well the model is controlled to the global topography in an absolute

sense. In addition, the user needs to know the effective horizontal resolution of the

DTM, to be able to assess the minimum size feature that can be confidently resolved,

both horizontally and vertically. Localized errors or blunders viewable in the FOM

map are also important to identify to inform the end user what areas within the

DTM should be avoided or used with caution.

Vertical precision can be thought of as the relative error (or standard deviation)

of the individual elevation values within a DTM. Vertical precision can be predicted

based on observation geometry if the reliability of image matching is known, or it

can be assessed statistically by comparing the DTM to a known (high) precision

reference (Kirk et al., 2021). Estimated vertical precision (EP) is related to the

observation geometry and the pixel scale of the stereo images as well as the precision

of image matching (ρ) as follows (Kirk et al., 2003).

EP = ρ×GSDimage/(parallax/height) (4.1)

The rule of thumb that the matching error (ρ) is∼0.2 px has a long history extending

back at least to (Cook et al., 1996). A range of studies in which vertical errors were

quantified by other approaches and Equation 4.1 was used to calculate ρ yielded

estimates in the range of 0.2–0.3 px (e.g., Kirk et al., 2003, 2008). The actual

RMS error reported by MST in SOCET Set (typically <0.5 px) provides another

estimate of ρ. GSDimage is the pixel scale on the ground in meters. Parallax is

the baseline distance between the camera positions, and height is the average height

of the spacecraft above the ground. The parallax/height value can be calculated

with knowledge of the spacecraft position at each observation (Becker et al., 2015).

If both emission angles are relatively small (tens of degrees), parallax/height can

be approximated by taking the tangent of the convergence angle between the stereo

observations. A further simplification, applicable to HiRISE, is obtained when the

stereo look directions lie in the same vertical plane. The sum of the tangents of the

emission angles equals parallax/height to a close approximation when (as for most
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HiRISE pairs) the two images in the stereo pair were taken from opposite sides of the

target (Figure 4.1.1). If both images are taken from the same side of the target, the

difference of the emission angles is used instead. The direction of off-nadir roll can

be inferred from the incidence, emission, and phase angles, which are available in

the HiRISE RDR labels. If the phase angle is greater than the incidence angle, then

MRO rolled to the west, otherwise it rolled to the east (although this relationship

breaks down at high latitudes). The use of the tangent of the stereo convergence

angle, or emission angles, to approximate parallax/height does not hold at latitudes

poleward of ±80◦ due to the orbits crossing at oblique angles; in these cases, the full

three-dimensional formula (Becker et al., 2015; Simioni et al., 2021) must be used.

For HiRISE DTMs, the estimated vertical precision (EP) is typically better than

the GSD, and is on the order of a few tens of cm for a 1 m DTM, or ∼1 m for a 2

m DTM.

The GSD of the DTM, which can be chosen freely as a processing parameter,

sets a hard lower bound on the horizontal resolution of the DTM. It is therefore

important to choose a GSD small enough to oversample the true resolution of the

DTM that results from the image properties and details of the matching process.

As long as this is done, the choice of DTM GSD has a minimal effect on DTM

quality, and a convenient (consistent across multiple DTMs and “round”) value can

be selected. A longstanding rule of thumb is that the DTM GSD should be roughly 3

to 5 times the image GSD. Because DTMs are produced by matching local patterns

of pixels between images, and these patterns cannot be much smaller than three

pixels across, the true resolution is unlikely to be smaller than this. (Kirk et al.,

2021) recently showed that the horizontal resolution of many Mars DTMs (including

examples made with SOCET Set) is in fact larger, typically 10 to 20 image pixels,

so the 3–5 px rule could be considered optimistic. The HiRISE team follows the

convention of setting the DTM GSD at 1 m for bin1 images (which is ∼3 times the

nominal pixel scale of 0.30 m for bin1 images, or 4 times the mapped pixel scale

of 0.25 m) and 2 m for bin2 images (McEwen et al., 2007). HiRISE stereo pairs

are sometimes acquired in mixed bin modes. Mixed bin modes may occur within
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a single image, such as when the RED CCDs in the center of the swath are set to

bin1 and the outer CCDs are set to bin2, or within a stereo pair, when one half of

the stereo pair is a bin1 image, and the other is a bin2 image. For mixed bin mode

stereo pairs, the choice is typically made in favor of the coarser resolution image.

The actual GSD of equatorial and mid-latitude (between ±65◦ latitude) HiRISE

DTMs is often very close to, but not exactly, 1 or 2 m due to the resampling of non-

square pixels that takes place during the reprojection from non-square pixels output

from SOCET Set to square pixels required by ISIS. The DTM and orthoimages PDS

labels provide the exact GSD value in the MAP_SCALE keyword. HiRISE DTMs

poleward of ±65◦ use polar stereographic map projection and are not resampled

during post-processing. Therefore, the GSD of polar HiRISE DTMs is exactly 1 m

or 2 m.

When comparing two or more HiRISE DTMs to measure volumetric changes in

topography, the magnitude of any measured changes must be statistically significant

given the vertical precision of the model, as well as being horizontally resolvable.

Other sources of error must also be considered, such as local matching errors, jitter,

or absolute alignment errors that limit what changes can be reliably detected. For

example, areas with interpolated data or poor quality correlation should be avoided

for analysis. Manually edited areas viewable in FOM maps (Fig. 6) should be as-

sessed as noted in Section 4.2.1. As discussed in Section 4.2.3, jitter can introduce

systematic distortions that should also be accounted for. Ultimately, any topo-

graphic changes that are detected should be validated against the highest resolution

orthoimages.

Horizontal and vertical accuracies are measured relative to the ground control,

which are the MOLA PEDRs. The absolute horizontal accuracy of HiRISE DTMs

is therefore constrained by the spot size of an individual MOLA laser shot, which

is ∼100 m (Smith et al., 2001; Neumann et al., 2001), but may be functionally

somewhat better where multiple orbit tracks cross over each other. The absolute

vertical accuracy of HiRISE DTMs tied to MOLA includes the HiRISE EP as well as

the uncertainty in the MOLA data. MOLA vertical precision is on the order of 1 cm
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(Smith et al., 2001), but uncertainties in spacecraft position result in uncertainties

in the absolute vertical accuracy of 1.3 m, even after crossover correction (Neumann

et al., 2001). If the laser shot footprint and HiRISE GSD were comparable, the

vertical accuracy would be tightly constrained. However, the large horizontal scale

difference between HiRISE and MOLA results in larger uncertainties in elevation

values. The output of autoTriangulation reports the mean and standard deviation

of the vertical differences between the (non-polar) HiRISE DTM and the MOLA

PEDRs (Figure 4.5). Of 392 HiRISE DTMs measured with autoTriangulation, the

average mean difference from MOLA is –0.38 m, with an average standard deviation

of 5.88 m. HiRISE DTMs at latitudes poleward of±87◦ are not controlled to MOLA,

and therefore elevations in those models should be considered relative.

Qualitative methods are also useful for assessing the quality of HiRISE DTMs.

The accuracy of a DTM can be assessed by rendering it as a shaded relief image.

The shaded relief image does not convey elevation information, but rather illustrates

the surface texture of the DTM, and the qualitative shape of the topography. For

example, shadows in one of the stereo images can be compared to those in a shaded

relief image generated from a DTM (given that the chosen software simulates shad-

ows in a realistic manner) using the illumination angles (sun elevation and azimuth)

that precisely match those of the corresponding HiRISE image (Figure 4.9). Low

elevation illumination angles in a shaded relief image emphasize the surface texture

and any artifacts due to poor stereo correlation, manual editing, or jitter. Rendering

the contours of the DTM over orthoimages, which can be performed in a variety

of GIS platforms, is another technique for validating that the surface features are

accurately rendered in the topography (e.g., Heipke et al., 2007). Care should be

taken to use appropriate contour intervals depending on the DTM GSD and local

topography.

Jitter

The geometric distortions caused by spacecraft jitter in HiRISE images are of rel-

atively high frequencies, which implies that they should not have a large effect
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Figure 4.9: Perspective view of a detail of the orthoimage (a) draped over a 3D
rendering of the DTM (DTEPC_009689_2645_010084_2645_A01). The shadows
in the shaded relief map (b), created with simulated illumination angles matching
those of the source image closely resemble the shadows in the image, providing a
qualitative measure of the DTM resolution. X and Y values are distance (m). Z
values are elevation (m).

on the absolute accuracy of the DTMs; low frequency, long-wavelength distortions

would have a larger effect on the shape of the model. One effect of uncorrected,

high-frequency jitter is that it tends to drive up the RMS error of the solution as

measured in SOCET Set MST. Local misalignment of the images in the along-track

direction (perpendicular to the stereo baseline) results in poor correlation in the

area-based matcher in NGATE, leading to noisy terrain quality or artifacts such

as the square patches of noisy terrain (Figure 4.4). The staggered configuration of

CCDs on the HiRISE focal plane produces mismatches due to jitter where the image

strips overlap. These seams, parallel to the orbit path, show up as linear features of

an abrupt elevation change of ∼1–2 m in the DTMs. It is not feasible to manually

edit such artifacts, because the elevation error that is responsible for them is nearly

constant across the width of each CCD strip. Jitter that is particularly pronounced

or uncorrected in the cross-track direction causes elevation mis-estimation, which

results in parallel ripple patterns that may not be obvious until they reach several
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meters in amplitude. This ripple pattern can be visible in a single DTM, particu-

larly if the background topography is relatively smooth (e.g., Mattson et al., 2012).

However, correcting for jitter has been shown to improve the overall quality of the

terrain model, which improves the precision as well as the accuracy of the DTM.

Jitter can complicate DTM to DTM comparisons for volumetric change detec-

tion. The effects of jitter in one DTM can be compounded when differencing two

DTMs (Sutton et al., 2015b). In one case where two stereo pairs were controlled

simultaneously, and all images were dejittered via HiJACK, despite the high fre-

quency jitter magnitude being reduced to ∼0.5 px in each image, longer wavelength

distortions are apparent in the map comparing the elevation differences between the

two DTMs (Figure 4.10). A key signature of jitter-induced distortions is that the

differences correspond to the geometry of the HiRISE imaging system, and not to

topographic features in the scene. Any measurements of possible volume changes

must consider potential error due to jitter effects in the error budget. In other words,

the detected changes must be larger than the amplitude of jitter-induced distortions,

as well as the EP of the individual DTMs.

Jitter correction is applied selectively to repeat HiRISE observations acquired

over a target intended to be used in a series of orthoimages. In general, we avoid ap-

plying jitter correction to such additional images over a DTM for two reasons. The

first reason is that because the images are not intended to be used for terrain extrac-

tion, jitter may not have an appreciably negative effect on the orthoimage. Secondly,

the goal of conducting a time series analysis with a sequence of orthoimages is to

take advantage of the full resolution of the HiRISE data. Jitter correction introduces

additional pixel transformations which could degrade such analysis. However, if the

jitter amplitude in a given HiRISE observation is large enough to make controlling

it to the stereo pair problematic, then it can be processed through HiPrecision.

Another cost of applying jitter correction to images that will be orthorectified is

that the corresponding color data will not be used; color orthoimages are usually

not produced for images that have been jitter corrected in HiPrecision. The color

registration achieved in the standard processing pipelines (relative correction) is still
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Figure 4.10: Lyot crater central peak (50.4◦ N, 29.3◦ E) dif-
ference of DTMs DTEEC_008823_2310_009245_2310_A01 and
DTEEC_027376_2310_027297_2310_A01 displayed over the shaded relief
map, illuminated from upper left. The difference map and profile show long-
wavelength differences, ranging within ±2 m amplitude, due to low-frequency jitter
in one or both models. The shaded relief map is shown on the right without the
difference map overlay, for clarity.
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somewhat better than the color registration achieved when the color images are pro-

cessed through HiPrecision and stacked with the RED images (Sutton et al., 2019).

This is likely due to HiPrecision being unable to resolve all potential frequencies of

jitter in a given observation.

Noise, and its effect on slope maps

In some scientific applications, as well as landing site selection and surface opera-

tions planning, the absolute elevation measurements themselves are less important

than their first derivative, which provides estimates of local slope angle and as-

pect. For example, the interpretation of enigmatic features called recurring slope

lineae (RSL; Section 4.3.1) depends critically on how the growth of these features

responds to slope angle and to what extent particular slope aspects favor their for-

mation. Despite the high precision of HiRISE DTMs (Section 4.2.3), low-amplitude

but short-wavelength noise characteristic of NGATE (Figure 4.9b) has an outsized

effect on these first-derivative calculations. It is important to note that the error is

not like a normal distribution of random noise applied to individual pixels. There

may be systematic corrugations or patterns, or localized characteristic pits or spikes

at a scale of a few meters. The relevance of identifying systematic artifacts is to

understand the scales at which reliable slope estimates can be derived.

Slopes are substantially overestimated at the shortest baseline in the NGATE

product (Kirk et al., 2021). This effect was mitigated in a study of RSL at Tivat

crater by applying a two-step smoothing procedure to the 1 m/px DTM (Schaefer

et al., 2019). In the first step, they downsampled the DTM to 2 m/px using bicubic

interpolation. In the second step, they applied a circular mean filter with 10 px

(20 m) diameter to the downsampled DTM. This procedure removed a washboard-

like noise in the HiRISE DTM, with ∼2 m amplitude and ∼8–10 m wavelength.

In an earlier RSL study, (Dundas et al., 2017) calculated RSL slopes over 20 m

baselines and took the median of five overlapping profiles. RSL slopes were generally

consistent between (Dundas et al., 2017) and (Schaefer et al., 2019).

More recently, Kirk et al., 2021 showed that smoothing DTMs reduces errors but
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worsens resolution for Mars DTMs produced with a variety of software. Smoothing

using one AATE pass in SOCET Set, or a 5 × 5 lowpass filter, can produce near-

optimal results. Even so, slopes are consistently overestimated by ∼ 1◦. Even

so, slopes are consistently overestimated by ∼ 1◦ (Kirk et al., 2021). Such an

overestimate would have a larger relative effect on analysis of smooth terrains, but for

landing site hazard characterization, a conservative estimation of slopes is preferable

to an underestimation. Therefore, the optimal combination is to perform a modest

amount of smoothing along with measuring slopes over a baseline that is somewhat

larger than the effective resolution of the DTM (Kirk et al., 2021).

Based on these studies, and on tests over a variety of DTMs of various surface

types, a standardized slope map is in development at HiROC for release as a PDS

Extra. The slope map will display a range of slope increments in degrees, taken

over baselines of ∼9 m for a 1m DTM. A possible set of ranges may include 0◦–5◦

(smooth), 5◦–15◦ and 15◦–25◦ for assessing exploration hazards, 25◦–35◦ for slopes

within the angle of repose for unconsolidated granular material, and everything

steeper than 35◦ (Figure 4.11).

4.3 Change detection studies

The capability to resolve meter-scale features in HiRISE images, and repeated imag-

ing over the same target, has enabled unambiguous observations of surface changes

on Mars. HiRISE DTMs are the best and often only way to get accurate slope

and height estimates at high resolution from existing Mars datasets. Many types of

surface changes have been observed by comparing HiRISE RDRs acquired at differ-

ent times (e.g., (Hansen et al., 2011, 2013; Dundas et al., 2012, 2019; Banks et al.,

2018). Although many sites can be qualitatively assessed using the RDRs, image

registration is time consuming and differences in observation geometry and arbitrary

registration of the images make visual comparisons challenging, especially on steep

slopes. The RDRs are map projected onto a smoothed version of the MOLA global

shape model (Eliason et al., 2012), which can only provide correction for large-scale
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Figure 4.11: Example slope map derived from a DTM of Tivat crater (45.9◦ S,
9.54◦ N, DTEEC_012991_1335_013624_1335_A02) overlaid on the orthoimage
ESP_013624_1335, demonstrating the effects of multi-step smoothing and down-
sampling to minimize intrinsic noise in HiRISE DTMs. Recurring slope lineae (RSL)
in Tivat crater were shown by (Schaefer et al., 2019) to originate in areas of steep
(>35◦) rocky slopes (white oval) and to terminate on slopes within the range of the
angle of repose for unconsolidated granular material (black oval).

topographic features resolved by MOLA.

However, the qualitative identification of surface changes provides a starting

point for selecting a smaller number of sites to focus on targeting with stereo pairs

and additional images to generate one or more DTMs and the corresponding time

series of orthorectified images (McEwen et al., 2011; Bridges et al., 2012b; Dundas

et al., 2014, 2018a; Ojha et al., 2014; Chojnacki et al., 2016). These products,

although time-consuming to produce, are necessary to make accurate and precise

measurements of surface and volumetric changes on Mars. In the following sections,

(Sections 4.3.1–4.3.4) we highlight studies of four types of surface processes that

benefited from utilizing HiRISE DTMs and orthoimages to measure changes in a

variety of landforms.
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4.3.1 Recurring Slope Lineae

Recurring slope lineae (RSL) are linear markings on steep Martian slopes that are

dark relative to their surroundings and that fade and then reappear in multiple Mars

years (McEwen et al., 2011). They typically appear below bedrock outcrops and

grow downslope over several months, usually when local temperatures are seasonally

high (McEwen et al., 2011, 2013; Ojha et al., 2014; Stillman et al., 2016). Individual

lineae are typically up to a few meters wide and can reach lengths of <1 km before

growth ceases and they fade (McEwen et al., 2013). HiRISE images have confirmed

repetition of this growth and fading cycle over multiple years at 86 sites (Stillman

et al., 2017; Stillman and Grimm, 2018). The fundamental question is whether RSL

are wet, perhaps trickles of liquid water or brine, or dry, such as grain flows of dust

and/or sand (McEwen et al., 2011, 2013, 2021; Dundas et al., 2017; Schaefer et al.,

2019; Millot et al., 2021). If RSL are wet, the contemporary presence of liquid water

at or near the surface would have significant implications for habitability, resources

for human exploration, and our understanding of the Martian hydrosphere (Grimm

et al., 2017; McEwen, 2018b).

HiRISE is the only orbital imager that can resolve RSL that are on the order of

a few meters wide; its stereo-derived products were instrumental in the discovery of

RSL and have been essential to numerous RSL investigations. Several studies have

used time series of orthoimages to characterize RSL growth rates and evaluate their

compatibility with wet and dry models (Grimm et al., 2014; Levy, 2012; Schaefer

et al., 2019; Stillman et al., 2014, 2016, 2020; Chojnacki et al., 2016). Dundas

et al. (2017) used DTMs at ten sites to demonstrate that RSL terminate at slope

angles similar to those of dune slipfaces, consistent with grain flow models. In

similar analyses, Tebolt et al. (2020) and Stillman et al. (2020) measured greater

variability in terminal slope angles, but it is unclear to what extent noise intrinsic

to the DTMs used may contribute to that variability (Section 4.2.3). Also, some

measurements by Tebolt et al. (2020) may not correspond to actual RSL (Dundas,

2020). Analysis of HiRISE topography revealed that many RSL originate near local
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topographic highs, unlikely locations for groundwater infiltration (Chojnacki et al.,

2016). Using a DTM, Schmidt et al. (2017) modeled the effects of a proposed dry

RSL mechanism (a Knudsen pump) that is sensitive to both slope angle and aspect.

Schaefer et al. (2019) used a DTM to identify paired locations near and far from RSL

with similar slope angles and aspects. Comparison of these locations in a time series

of orthoimages revealed that RSL at the study site faded in two consecutive years

because their surroundings darkened, not because the RSL themselves brightened.

Such fading is most easily explained by widespread removal of bright dust, suggesting

that RSL are likewise a dry phenomenon (Schaefer et al., 2019).

Monitoring of several key RSL locations has revealed episodic slumping of slope

material (Chojnacki et al., 2016; Ojha et al., 2017). These new slumps are larger

in extent than nearby RSL, and deposit lobes with visible topographic expression,

although the amount of relief is as yet below the resolution of HiRISE DTMs. Similar

to RSL, the slumps are relatively darker than adjacent material and fade quickly.

Mapping of newly observed and existing slumps on HiRISE DTMs shows that slumps

initiate downslope of RSL, but where slopes still measure 25◦–30◦, and terminate

where slopes decrease to 10◦–20◦ (Ojha et al., 2017).

4.3.2 Aeolian studies

As potentially active landforms, dunes and other bedforms are frequently targeted

by HiRISE for both monitoring and stereo imaging. The first Mars aeolian study

to extensively utilize a HiRISE DTM was Bridges et al. (2012b), which quantified

the migration rates, heights, and fluxes of sand dunes in Nili Patera (Figure 4.12).

Critically, the geometrically corrected stereo orthoimages and DTM provided a con-

sistent framework which could be input into the Co-registration of Optically Sensed

Images and Correlation (COSI-Corr) tool suite (Leprince et al., 2007). The tool

suite allows raw images to be registered to the stereo orthoimage using ground

control points, which are to be optimized by the software allowing bedrock misregis-

tration to be reduced down to less than a HiRISE pixel Ayoub et al. (2014); Roback

et al. (2022). COSI-Corr was then used to generate a dense vectorial map of ripple



153

displacements using annual or seasonal (non-stereo) images (Bridges et al., 2012b;

Ayoub et al., 2014). Collectively these measurements showed that Nili Patera dunes

were migrating near steady state and with sediment fluxes much lower than typical

terrestrial examples. COSI-Corr allows sand ripple migration to be quantified with

a precision of ∼1/3 of a HiRISE pixel (∼8 cm) using precise registration and cross-

correlation between images (Bridges et al., 2012b). Additional studies using HiRISE

DTMs, orthoimages, and seasonal images have further applied COSI-Corr ’s auto-

matic co-registration to examine seasonal trends in ripple migration, and indirectly,

local winds (Ayoub et al., 2014; Chojnacki et al., 2021; Roback et al., 2022).

In certain locations with extremely active aeolian systems, dunes may have mi-

grated beyond their original positions in early mission stereo pairs and DTMs. This

may cause distortions if much later images are orthorectified over the original topog-

raphy. For example, dunes could have migrated tens of meters during the multiple

Mars years since acquiring the stereo pair for the DTM, resulting in steep slipfaces

being projected over flat ground. In these cases, it is recommended that a new stereo

pair be acquired with minimal time between acquisition of stereo halves to generate

a DTM that accurately represents the current position of the dunes. Volumetric

measurements of dunes, or of dune movement, are most reliable in locations where

bedrock is exposed in the interdune areas.

More broadly, investigations using HiRISE DTMs have provided insight into

Martian bedform morphology and dynamics. Active bedform heights, migration

rates, and sand fluxes each span two to three orders of magnitude across Mars

(Bridges et al., 2013, 2017; Chojnacki et al., 2015, 2017, 2018, 2019; Runyon et al.,

2017; Banks et al., 2018). Heights of migrating sand dunes vary widely (2–120 m

tall), but most are 15–25 m tall. Global studies show that average dune migration

rates converge around 0.5 m/yr (±0.4 m yr−1), dune crest fluxes average 7.8 ±6.4

m3m−1yr−1, and the highest flux for an individual dune is 35 m3m−1yr−1 (Chojnacki

et al., 2019), where yr=1 Earth year for all rates. Sand fluxes often are quite variable

across a given dune field, where fluxes are lowest near the downwind portions of the

field due to turbulence in the boundary layer related to local topography (Bridges
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Figure 4.12: Dune migration in Nili Patera (8.70◦ N, 67.35◦ E) over three Mars
years. The upper (solid lines) and lower (dashed lines) edges of stoss slopes traced on
orthoimages ESP_017762_1890 (orange lines) and ESP_043779_1980 (red lines).
For clarity, only the later image is shown (ESP_043779_1980). Small, white arrows
indicate direction of bedform movement.

et al., 2012b; Runyon et al., 2017).

Bright bedforms termed megaripples, or small Transverse Aeolian Ridges

(TARs), were generally thought to be static relics of past climates. Silvestro et al.

(2020) used long-baseline (4–5 Mars years) orthoimage pairs to show that TARs in

Nili Fossae and within McLaughlin crater, with spacings of ∼1–35 m and heights

of 0.8–2 m, are active today. More recently a systematic survey using long-baseline

(4–7 Mars years) orthoimages found highly active megaripples at numerous loca-

tions within the north polar erg (Chojnacki et al., 2021), challenging the previously

held view that these landforms were last active during a past climate period with

a thicker atmosphere (Golombek et al., 2010a; Balme et al., 2008; Berman et al.,

2011, 2018).
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4.3.3 Polar features

Changes in polar features on Mars occur on both seasonal and inter-annual time

scales. With the long duration of MRO’s mission, it is possible to use DTMs to

quantify the effects and rates of seasonal processes and start to examine inter-annual

variations on and near the polar ice deposits. We look at two types of features: south

polar araneiforms (spider-like landforms) and small craters occurring in the north

polar layered deposits.

South polar araneiforms. Radially branching networks that coalesce on a cen-

tral depression have been dubbed “spiders” or araneiforms (Piqueux et al., 2003).

HiRISE observations of araneiforms across multiple seasons and years support the

idea that dendritic channels are excavated by sublimation flows that become active

beneath the seasonal transparent CO2 ice (Kieffer, 2007; Portyankina et al., 2010).

The scale of the seasonal features associated with araneiforms (fans, blotches, ice

cracks) approaches the limits of the spatial resolution of HiRISE images, and the

topographical data most relevant to studies of these seasonal polar phenomena come

from HiRISE. DTMs are useful for the study of seasonal activity in more than one

way. The most direct benefit is an improvement in the ability to directly compare

observations from different local times, days, seasons and Mars years with the help

of orthoimages, which remove ambiguities in image-to-image comparisons due to

geometric distortions. At one site, informally named Inca City (81.4◦ S, 295.6◦ E),

a monitoring campaign resulted in a series of 25 orthoimages spanning 5 Mars years.

The Inca City time series has been analyzed for evidence of changes, growth, and

measurable excavation of araneiforms. The time series orthoimages can be used

to precisely measure meter-scale seasonal changes of frost and dust surface cover,

which may indicate where volumetric changes are potentially occurring. Addition-

ally, HiRISE DTMs provide important morphological measurements, such as slope

and volume, which can be used to model the seasonal activity on the meter-scale

level.

We demonstrate an analysis of two DTMs featuring araneiforms that were pro-
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duced from stereo pairs taken during frost-free seasons in Mars Year (MY) (Piqueux

et al., 2015) 30 and MY 32. The majority of systematic error seen in the difference

map is due to jitter which appears as discontinuities at CCD boundaries (Fig. 13.a).

The vertical precision of the DTMs places limits on the detection of real surface

changes from erosion or other causes. EP is defined as the standard deviation of an

individual height measurement in a DTM (Section 4.2.3), so the standard deviation

of a height difference measurement equals the root summed square (RSS) of the EP

values from both DTMs. The error distributions are only approximately Gaussian,

so it is not possible to set exact bounds for statistical significance, but for a local-

ized height difference to be considered significant it would have to be greater than

a few times the standard deviation. At the location illustrated in Figure 4.13b, we

compare the DTM differences to ±1 and 2 times the RSS EP, plotted about the

local mean difference. In this case, all the differences between the DTMs fall within

±2 RSS EP, and most fall within ±1 RSS EP, indicating that they probably do

not represent actual topographical changes in the araneiform. The use of the RSS

EP illustrated here should be taken as a possible guideline, not as a strict rule. In

particular, suspected topographical differences should be correlated with the geo-

morphic features seen in the images, regardless of where they fall within the RSS

EP range.

Small north polar craters. Small craters found on the North Polar Layered De-

posits (NPLD) are sites where preferential accumulation of water ice may occur

in the shadowed crater interiors (e.g., Ingersoll et al., 1992). If this is the case,

then these craters are test sites where we can observe whether accumulation has

occurred and therefore place constraints on realistic conditions useful for examining

the hypothesis that the NPLD is gaining (or losing) mass. Constraining the cur-

rent mass balance of water ice on Mars is a critical question to understanding the

current climate and the recent history of surface water ice deposits on Mars (e.g.,

Smith et al., 2020) and references therein). Of the fewer than 100 known small

(<200 m diameter) NPLD craters (Banks et al., 2010; Landis et al., 2016), about 20

have bright deposits in their centers that persist through the north polar summer.
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Figure 4.13: (a) Co-registered DTMs at the site dubbed Inca City (81.4◦S, 295.8◦E),
with overlapping area in color showing the difference map. Overall, the eleva-
tion differences are within ±1 m, indicating a satisfactory alignment of the two
stereo models. Black arrows indicate interpolation artifacts due to dark shadows
where the stereo correlator failed (e.g., Figure 4.4c). (b) Detail of orthophoto
ESP_041121_0985, located at the small black square in (a), showing an araneiform
with no apparent changes between MY 30 and MY 32. Profile A–A’ is shown from
both DTMs. Locally, the differences between the two models are <1 m, with a mean
difference of –0.39 m. Gray shaded regions on the difference plot illustrate ±1 and
2 × RSS EP of both DTMs about the local mean difference.

These presumably water ice lenses offer the opportunity to measure changes in ice

accumulation within craters that could be extrapolated to the surrounding surface.

Volume changes in the ice lenses must be calculated from multiple years of

HiRISE images to distinguish long-term interannual variability from inter-seasonal

variations due to events such as planet-encircling dust storms. Previous studies es-
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timated ∼5 Mars years would be required to detect significant topographic changes,

while a longer temporal baseline (i.e., a Martian decade) would allow the overall

trend to be disentangled from interannual variability (Landis et al., 2016). To ac-

curately map changes in the ice lens of a given crater, images taken each Mars year

at approximately the same time of year (solar longitude) are orthorectified to a

DTM generated from an earlier stereo pair (Figure 4.14). Volume changes within

the crater, measured from the DTM and follow-up images, are inputs to a model of

ice accumulation or ablation conditions (Landis et al., 2021).

Figure 4.14: Study of ice accumulation changes at a 60 m diameter crater
on the north polar residual cap, 85.6◦N, 58.4◦E. Each image was taken dur-
ing northern summer when seasonal frost was minimal, allowing for the pre-
cise measurement of changes in the persistent ice. Images are orthorectified to
DTEPC_044872_2655_044728_2655_A01. Illumination is from the lower right in
all frames. A relative contrast stretch has been applied to each image.

4.3.4 Gullies

Research on Martian gullies primarily deals with questions about their origin and

present-day activity (Conway et al., 2019). Because of their similarity to gullies

carved by flowing liquid water on Earth, initial hypotheses were focused on resolv-

ing the problem of how to explain the presence of liquid water when the environ-

mental conditions on Mars should not allow it (Malin and Edgett, 2000; Costard

et al., 2002). Monitoring with the Mars Orbiter Camera (MOC; Malin et al., 1992),

Context Camera (CTX; Malin et al., 2007) also on MRO, and HiRISE has shown

that gullies are currently active, and that the driving process of present-day activity

most likely involves the sublimation of CO2 frost and ice (Dundas et al., 2010, 2012;

Diniega et al., 2013; Pasquon et al., 2019; Raack et al., 2015, 2020). The earliest
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changes observed were attributed to liquid water (Malin et al., 2006); however, Pel-

letier et al. (2008) used a HiRISE DTM to conduct flow modeling, which showed that

the shape of one bright deposit was consistent with entirely dry flow. de Haas et al.

(2019) modeled three new flows in gullies within Hale crater using a HiRISE DTM

produced with methods similar to those described here and in Kirk et al. (2008) and

found that they were consistent with either wet or CO2-gas fluidized flow. HiRISE

DTMs have also played an important role in determining the 3D shapes of gullies

and comparing them to those on Earth as a baseline for understanding the potential

underlying processes (Pelletier et al., 2008; Kolb et al., 2010; Conway et al., 2011;

Conway and Balme, 2016; de Haas et al., 2019). Shadowing in gullies and changes

in shadow position between stereo images cause artifacts in DTMs, often requiring

manual editing (Sutton et al., 2015b). Although the volumetric changes in gullies

within craters have not yet been resolvable in HiRISE DTMs, the DTMs support

the production of orthoimages which allow the surficial changes between images to

be measured accurately (Figure 4.15).

In contrast to most gullies that are located on crater walls, gullies on dunes

are active nearly every Mars year with broad-scale changes (Dundas et al., 2012,

2015), suggesting their duration of activity is probably several hundreds of Mars

years rather than the potential age of several millions of Mars years for gullies

incised into rocky slopes (Reiss et al., 2004; Schon et al., 2009; de Haas et al., 2019).

As with other gullies, dune gullies are thought to be activated by the sublimation

of CO2 ice, with springtime heating bringing the downslope movement of up to a

few hundred cubic meters of sand within individual features (Diniega et al., 2010;

Dundas et al., 2012; Pasquon et al., 2019; Sylvest et al., 2019). While a few DTMs

have been generated of very large dunes, such as a megabarchan dune in Kaiser

crater (Figure 4.16) and the dense transverse dune field in Matara crater, in general,

DTM generation over dark dunes can be problematic due to their low contrast and

fine-scale changes over time.
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Figure 4.15: Gully activity in Gasa crater (35.74◦S, 129.42◦E) observed in HiRISE
IRB images separated by nearly one Mars year. The color makes the changes more
obvious. However, the mass movement is not resolvable in topographic data even
though small topographic changes are visible. Both images are orthorectified to
DTEEC_021584_1440_022217_1440_A01. North is to the top of the page, illu-
mination from upper left.

4.4 Discussion

The ability of MRO and HiRISE to continue to acquire stereo and monitoring image

sequences over progressively longer temporal baselines will increase the potential for

understanding the rates of activity and evolving geologic processes. As highlighted

in Section 4.3, some types of surface activity are readily observed by HiRISE as

changes taking place over short time spans. Other types of surface activity on Mars

may be occurring but have not been detected either due to a lack of sufficient stereo

and/or repeated observations, or because the rate of activity is slower than what
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Figure 4.16: DTM (DTEED_016907_1330_016973_1330_U01) and orthoimage
(ESP_016907_1330_RED_D_01_ORTHO, illumination from upper left) featur-
ing a megabarchan dune in Kaiser crater (46.74◦S, 20.15◦E). The west-facing slipface
of the dune has many annually active gullies.

has been resolvable with orbital images. Examples of these active processes may

include glacial movement or periglacial activity (Head et al., 2005; Sori et al., 2016,

2017), changes at other icy deposits such as polar scarps (Fanara et al., 2020) and

mid-latitude ground ice exposures (Dundas et al., 2018a), mass wasting to estimate

erosion rates (Thomas et al., 2020) or evidence of seismicity from rock falls (Roberts

et al., 2012; Grindrod et al., 2018).

Methods and techniques developed for HiRISE-focused change detection studies

can be extended to collaborative studies using other MRO data. However, ob-

served surface changes tend to be best resolved in the HiRISE image sequences.

The larger spatial coverage of CTX stereo is sometimes used to connect the HiRISE

stereo images to the MOLA PEDR data. Other instruments on MRO, such as

the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM; Murchie

et al., 2007), can be fused with HiRISE DTMs to correlate compositional infor-

mation with stratigraphic contacts, layer thicknesses, and orientations (e.g., Wray
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et al., 2008, 2011; Weitz et al., 2010, 2011, 2012; Okubo, 2010; Tirsch et al., 2018;

Tornabene et al., 2018; Bishop et al., 2020). Combined Shallow Radar (SHARAD;

Seu et al., 2007) and HiRISE studies have investigated the possibility of correlat-

ing stratigraphic layered exposures in HiRISE DTMs to SHARAD reflectors within

the north polar layered deposits (Christian et al., 2013; Becerra et al., 2016, 2017,

2020). Bramson et al. (2015) correlated terraced crater morphology measured with

HiRISE DTMs with SHARAD detections of subsurface reflectors to determine the

presence of widespread deposits of excess ice (i.e., ice that is more than pore-filling)

in Arcadia Planitia.

Photometric studies are another area that requires the precise orthorectification

of images taken at a variety of illumination and phase angles. Topographic and

atmospheric correction is required to derive photometric properties of the surface

and measure the surface albedo accurately. HiRISE DTMs provide the geometric

correction in the orthoimages, but arriving at an absolute atmospheric correction

depends on having coordinated observations of the atmospheric properties. A scene-

dependent relative correction can be done by subtracting the brightness in a true

shadowed area, if present. CRISM, which is boresight aligned with HiRISE, can

provide useful data for atmospheric correction for HiRISE, but only for coordinated

(simultaneous) observations, which are not available for most images (Fernando

et al., 2015).

Coordinated analyses with the Colour and Stereo Surface Imaging System (CaS-

SIS; Thomas et al., 2017) instrument on the European Space Agency’s Trace Gas

Orbiter (TGO; Vago et al., 2015) could expand the potential for photometric mod-

eling of Mars’ surface (Munaretto et al., 2021) since TGO can image through all

times-of-day. From the nominal 400 km altitude orbit of TGO, CaSSIS achieves

a pixel scale of 4.6 m/px, which is smaller than that of CTX (5–6 m/px), but

not as small as HiRISE (0.3 m/px). CaSSIS also has full swath width color filters

that overlap the HiRISE bandpasses and an additional near infrared band (Thomas

et al., 2017). The ability to acquire images at a wider range of illumination angles

due to TGO having a non-Sun-synchronous orbit, comparable spatial resolution,
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and overlapping bandpasses make CaSSIS a complementary experiment to HiRISE

investigations of surface activity, including RSL (Munaretto et al., 2020) and the

structure of polar layered deposits (Becerra et al., 2019). HiRISE DTMs also pro-

vide a valuable reference data set for development of the CaSSIS DTM pipeline (Re

et al., 2019; Simioni et al., 2021).

MRO and HiRISE data have been crucial for the science characterization and

engineering assessment, mission planning, and visualization of potential exploration

sites. Although landing site characterization with HiRISE data is described in detail

in other places (Kirk et al., 2003, 2008; Golombek et al., 2012b; Fergason et al.,

2017; Golombek et al., 2017), it is worth mentioning here as many of the methods

described in this paper have benefitted from the need to seamlessly merge multiple

overlapping HiRISE DTMs with each other and with topographic data from other

instruments, as well as from the methods of quality assessment developed for landing

site characterization. HiRISE images and DTMs have proven critical for assessing

hazards such as boulders (e.g., Golombek et al., 2008; Kirk et al., 2008) and steep

slopes (e.g., Fergason et al., 2017). HiRISE DTMs have also been used as reference

datasets in the development and testing of innovative exploration technologies such

as terrain relative navigation, which was successfully demonstrated by NASA’s Mars

2020 Perseverance rover (Fergason et al., 2019, 2020; Cheng et al., 2021).

Since becoming available in the PDS, HiRISE DTMs have been included in more

than 800 refereed publications, with the number of papers generally increasing each

year (Fig. 4.17). Not all of the HiRISE DTMs used in these publications were

derived using the methods described here. NASA Ames Research Center developed

the Ames Stereo Pipeline (ASP) for use with stereo data from planetary as well as

Earth-orbiting satellites (Beyer et al., 2018). ASP is a widely used tool for producing

HiRISE DTMs and has the advantages that the software is free (Table 4.2), and

the process is non-interactive and does not require extensive specialized training

or hardware. One challenge with ASP is that orthorectifying additional images to

an existing DTM requires a workflow outside of the standard automated process

to create a DTM from a stereo pair. Moreover, interactive editing is not currently
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supported in ASP. While ASP is a powerful tool that makes DTM creation accessible

to more researchers, some projects may require capabilities that only currently exist

in SOCET Set. The increasing availability of these high-value products represents

a benefit to the planetary science and engineering community. The availability of

HiRISE DTMs and orthoimages in the PDS also provides opportunities for public

engagement and visualization of the surface of Mars.

Figure 4.17: (a) Estimated number of refereed articles per year that use HiRISE
DTMs based on a full text query of the Astrophysics Data System. (b) Cumulative
number of HiRISE DTMs in the PDS per year.

4.5 Conclusions

HiRISE images and stereo-derived topography provide the highest resolution data

currently available from Mars orbit, and they have enabled wide ranging discoveries

about present-day geologic activity on the surface of Mars. HiRISE DTMs, created

at 1 and 2-m horizontal post spacing and an estimated vertical precision of tens

of cm and ∼1 m, respectively, enable precise geological measurements, assessment

of candidate landing sites, and visualization of landscapes on Mars. In this paper

we described the methods used to create HiRISE DTMs and orthoimages, as well

as sources of error, with the intention of providing users an understanding of the

potential, and limitations, of the data. The effective resolution of any single HiRISE

DTM depends on many factors including image quality, spacecraft jitter, and ob-

servation geometry, and should be assessed locally, particularly for understanding

https://ui.adsabs.harvard.edu
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artifacts that may affect short-baseline slopes. Systematic differences may exist be-

tween multi-temporal HiRISE DTMs, despite careful methods used to control them

to a common reference. The user is therefore cautioned to consider the precision and

accuracy of the individual DTMs, and to assess their local quality when measuring

potential topographic changes.

The methods described here have been developed and refined over many years

through collaborative efforts across multiple institutions. The ISIS/SOCET Set

workflow is not the only process available to create HiRISE DTMs, but it was used

for all the DTMs that have been made available in the PDS archive. Although the

resolution, quality, and accuracy of HiRISE DTMs are unprecedented in planetary

data sets, the difficulty of the workflow described here presents a tradeoff between

interactive and automated processes in terms of time and quality. This tradeoff

has resulted in only a fraction of the thousands of acquired HiRISE stereo pairs

being made into high quality DTMs so far, which has restricted studies of active

processes to relatively few sites. Future development efforts by the HiRISE team

will be focused on automating the orthorectification procedure as much as possible,

particularly for sequences of monitoring images over existing stereo targets. As of

2021, MRO has continued to operate for more than sixteen years, and has ample

fuel for more than ten additional years of operations. However, there are multiple

risks to both the spacecraft and the instruments as they age. As HiRISE ages,

degradation of the instrument may lead to the need to acquire more binned images

in future years, which may reduce the opportunities to make the highest resolution

(1 m GSD) DTMs. The importance of maintaining the continuity of monitoring

active processes on Mars with high-resolution orbital cameras is analogous to the

need for long-term continuous Earth satellite imaging for studies of global ecological

systems (e.g., Landsat; Wulder et al., 2008). Not only do these data expand our

understanding of active surface processes on Mars, but they are also necessary to

support current and future exploration.
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Table 4.1: Abbreviations used in this chapter

AATE Adaptive Automatic Terrain Extraction
APM Automatic Point Measurement
ASP Ames Stereo Pipeline
BG Blue-green
CCD Charge-Coupled Device
CK Camera Kernel
CTX Context Camera
DEM Digital Elevation Model
DTM Digital Terrain Model
EDR Engineering Data Record
EP Estimated Vertical Precision
GSD Ground Sample Distance
HiRISE High Resolution Imaging Science Experiment
HiROC HiRISE Operations Center
HiSEAS HiRISE Stereo Effect Analysis Software
ICP Iterative Closest Point
IFOV Instantaneous Field of View
IPM Interactive Point Measurement
IR (Near-)Infrared
ISIS Integrated Software for Imagers and Spectrometers
ITE Interactive Terrain Edit
LMST Local Mean Solar Time
MEGDR Mission Experiment Gridded Data Record
MOLA Mars Orbiter Laser Altimeter
MRO Mars Reconnaissance Orbiter
MST Multi-Sensor Triangulation
MY Mars Year
NAIF Navigation and Ancillary Information Facility
NGATE Next Generation Automatic Terrain Extraction
PEDR Precision Experiment Data Record
RDR Reduced Data Record
RMS Root Mean Square
RSS Residual Sum of Squares
SOCET Set Soft Copy Exploitation Tool Set
SPICE Spacecraft Planet Instrument C-matrix Events
SPORC Stereo Pair Orbits Restricted to a Cycle
TDI Time Delay Integration
TIN Triangulated Irregular Network
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Table 4.2: List of programs referred to in the text, with URLs if available.

Software/Application URL (if applicable)
Ames Stereo Pipeline doi.org/10.5281/zenodo.598174
pc_align stereopipeline.readthedocs.io/en/latest/tools/pc_align.html
ISIS doi.org/10.5281/zenodo.2563341
hi2isis
hical
histitch
noproj
socetlinescankeywords
SOCET Set
dtm_compare (SOCET Set internal command line program)
HiROC
HiSEAS (code maintained internally by HiROC)
autoTriangulation www.uahirise.org/tools/at/

Table 4.3: FOM values output from SOCET Set ranging from 1–99, with the corre-
sponding classified map color and description. This information is also included in
the corresponding README text file in the PDS Extras directory for each DTM.

SOCET Set values FOM Map Color Category Description
1 Black No data, outside boundary
2 Dark blue Shadow (if designated as such)

3, 5–20, 28, 31–39 Orange Suspicious (edge, corner, did not correlate,
other bad value, derived from seed DTM)

4, 30 Red Interpolated/extrapolated
(e.g. from neighbor pixels)

21 Pink Saturated (in source images)
22–27, 29 Cyan Manually edited/interpolated or smoothed
40–59 Yellow Low end of good correlation range
60–99 Sea Green Good correlation

https://doi.org/10.5281/zenodo.598174
https://stereopipeline.readthedocs.io/en/latest/tools/pc_align.html
https://doi.org/10.5281/zenodo.2563341
https://www.uahirise.org/tools/at/
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CHAPTER 5

Conclusions

The three projects presented in this dissertation comprise a body of research that

investigates volcanic features on Earth and Mars using a variety of topographic

data sets, field observations, and analytical techniques. Each project raises further

questions. I propose possible directions the research could follow based on the results

so far, and discuss the results presented in the preceeding chapters in the broader

context of planetary volcanology.

5.1 Modeling subsurface magma intrusions and ice deposits

A key finding presented in Chapter 2 is that fossae surface geometry corresponds to

either dike or sill intrusion, and either volcanic channels or aqueously-eroded chan-

nels, respectively. A natural follow-on study to Chapter 2, for example, would be to

extend the classification of fossae and channels to the greater flexural moat region

around Olympus Mons. Certain channel-bearing flow units adjacent to Olympus

Mons have been estimated to have surface (crater retention) ages ranging from 250

Ma (Chadwick et al., 2015) to within 20–40 Ma (Basilevsky et al., 2006; Hargi-

tai and Gulick, 2018). A more spatially extensive analysis of the relative ages of

the channel-bearing flows within Amazonian volcanic plains units, combined with

the channel and fossae classification presented in Chapter 2, could be compared to

the ongoing growth of Olympus Mons as proposed by Isherwood et al. (2013) and

Chadwick et al. (2015).

Another implication of the attribution of Type L and Type A fossae to dike and

sill intrusion is the potential to use the surface fossae geometry and topography

to estimate the depths to emplacement and sizes of magmatic intrusions (if not

associated with a surface eruption) (Pollard et al., 1983; Mastin and Pollard, 1988;
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Rubin and Pollard, 1988; Klimczak, 2014). Tectonic faulting combined with dike

intrusion have been shown to produce distinct surface deformation that relates to

the dike geometry (Rubin and Pollard, 1988; Schultz et al., 2004). MOLA PEDR

data that transects fossae can be used to measure the topographic signature over

the required distances to detect the diagnostic features (Figure 5.1). High resolution

topography derived from HiRISE stereo pairs, or from the Colour and Stereo Surface

Imaging System (CaSSIS; Thomas et al., 2017), would complement the MOLA

data by providing geologic context associated with any eruptive products or fossae

degradation.

Figure 5.1: MOLA profiles compared to model of surface deformation due to dike
intrusion only (heavy red line), normal faulting only (heavy black line), or by a
combination of dike intrusion and normal faulting (thinner black line). Modified
from Schultz et al. (2004).

The presence of subsurface ice deposits, particularly at equatorial latitudes, is

relevant to past habitable environments. The geometry of the Type A fossae could

be used to model the depth to sills/laccoliths (Pollard and Johnson, 1973; Pollard

and Holzhausen, 1979; Mathieu et al., 2008; Jozwiak et al., 2012). Combining esti-

mated depths to magmatic intrusions with estimated depths to ice deposits would

be a necessary step to model the potential of the heat from sills to melt buried ice.

Therefore, mapping the fossae and associated channels by type in the Late Amazo-

nian volcanic units could provide more information about the spatial distribution of

buried ice.
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5.2 Interpretation of vent morphology

In Chapter 3, high resolution topography was used to measure the detailed degrada-

tion of a large spatter rampart during the first five years post-eruption. The results

show that spatter-rich vent edifices degrade differently than cinder cones, especially

in the time period immediately after the eruption ceases. An extended survey of

Baugur at Holuhraun would allow for more robust erosion rate predictions. The

initial observations at Baugur should be tested by applying similar studies to more

spatter vents at recent eruptions. Some outstanding questions about the processes

affecting degradation of spatter ramparts are related to cooling and compaction.

Thermal data would help answer questions regarding cooling rates and how temper-

ature variability over the edifice might influence topographic changes. If the data

were available, a correlative study of changes (settling or mass wasting events) could

also quantify the contribution of seismicity on settling or mass wasting events.

One of the key implications of understanding the way spatter ramparts degrade

is applying that information to inferring the initial morphology of the edifice. This

would be particularly important when using spatter vent morphology to interpret

the style and effusion rate of an eruption that was not observed (Parcheta et al.,

2012; Rader and Geist, 2015; Rader et al., 2018). Being able to more accurately

constrain the eruption dynamics associated with fissure vents relates to the larger

question of identifying trends in magma production, storage, and release. On Mars,

fissure vent distribution and morphology has been used to infer eruption dynamics

and lava rheology as inputs to constraining magma source regions (Hauber et al.,

2009; Wilson et al., 2009b; Bleacher et al., 2009; Richardson et al., 2021). The under-

standing of the evolving styles of volcanic eruptions on a planetary surface relates to

understanding the thermal evolution of the interior, as the magma sources indicate

the depths at which partial melt occurs, crustal thickness, or possible mantle plumes

(e.g., Wilson and Head, 1994; Head and Wilson, 1989; Davies, 2003; Schumacher and

Breuer, 2007; Head and Wilson, 2017).
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5.3 Topographic models for change detection

Many questions that relate to planetary surfaces rely on accurate topographic data.

The morphological analyses I conducted in this dissertation could not have been

done without the availability of high-resolution image and topographic data. As

the image data return from planetary missions increases in resolution, spatial and

temporal coverage, it will become possible to observe active processes on a variety

of planetary bodies. Ongoing surface processes on Mars will continue to be a topic

of study (Chapter 4). New observations of potential active volcanism on Venus or

Io will certainly be a goal of future missions. These studies will require precise

photogrammetric and topographic products and repeat observations.
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