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focus of this review paper: volcanic processes. Volcanic studies using TIR data include active monitoring of flows
and plumes on Earth and mapping the compositional and thermophysical diversity on Mars. Furthermore, recent

??g:g;ﬁ'rlfmed advances in high-resolution, low-cost, ground and laboratory TIR instrumentation now help to augment the or-
Volcanism bital data through a synergistic approach to data analysis and validation. Field and laboratory studies also serve as
Lava flows terrestrially-focused analogues that provide important insights to interpret the geologic processes that have op-
Discharge rate erated on other planetary surfaces including Mars. This review expands upon our invited talk of the same title at
ASTER the 2014 Geological Society of America Meeting to include several case studies designed to give the reader an
THEMIS overview of how TIR data can be applied to volcanic processes on Earth and Mars. These case studies highlight

prior work by the authors presented at past meetings, but which have not been published elsewhere. The exam-
ples were chosen specifically to identify the TIR data similarities between the two planets, and include analyses of
volcanic surfaces to (1) derive composition and texture using TIR spectra (Earth and Mars); (2) analyze mantled
flows with thermophysical data (Earth and Mars); (3) estimate lava discharge rate using TIR-derived tempera-
ture (Earth with application to Mars); and (4) model flow dynamics based on geomorphic measurements
(Mars). Because of our focus on the TIR, we do not attempt to document other remote sensing wavelength re-
gions nor even every volcanic study using TIR data. As TIR instruments have improved over time along similar
trajectories, the higher spatial and spectral resolutions provide the ability to examine volcanic processes in
more quantitative ways, despite the fact that no TIR instrument has ever been designed solely to study volcanic
phenomena. Whether these trends continue for both planets will depend on the design of new TIR technologies,
the data they produce, and the science that results from the data.
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1. Introduction 2. Background

The session, Remote Sensing of Volcanoes in the Solar System, at the
2014 Geological Society of America Meeting in Vancouver, Canada fo-
cused on “advances in the understanding of volcanoes on Earth and
other planets enabled by advances in remote sensing technology”. Our
opening talk was designed both to give an introduction to the remain-
der of the session as well as to highlight the topic of orbital remote sens-
ing of Martian volcanism with specific attention to terrestrial analog
studies that use similar datasets. We chose to further focus on the ther-
mal infrared (TIR) region of the electromagnetic spectrum because of its
importance in active volcanic processes on Earth and its prevalence as a
data source from satellites in orbit around both planets. For example,
Earth-based TIR data have been modeled to derive the eruption
rate and progression of active flows, to monitor hazards from active
lava domes, and to map the compositional/textural diversity of pyro-
clastic flows (e.g., Wright et al., 2008; Ramsey et al., 2012a; Krippner
and Ramsey, 2013). Near real-time monitoring of the time-averaged
discharge rate (TADR) combined with accurate models of the terrain
and lava cooling have been applied to predict the flow length with
reasonable accuracy (e.g., Favalli et al., 2005; Del Negro et al., 2008).
That methodology can be inverted for Mars to infer the eruption
conditions responsible for a given flow. TIR data have also been
used to derive thermal inertia, a measure of a material's resistance to
temperature change (e.g., Palluconi and Kieffer, 1981; Fergason et al.,
2006; Price et al., 2013). Such an approach is now being applied to
decouple dust/ash mantling from the underlying lava in an attempt
to probe its composition, for example (e.g., Ramsey et al., 2012b;
Price et al., 2016).

This review paper is a logical extension of the original talk with
expanded case studies that now review the similarities and differences
both in volcanism and TIR remote sensing data for Earth and Mars. In
Section 3, we present case studies that highlight common applications
of TIR data to volcanic processes that have occurred on both
planets: (1) compositional and textural analysis of lava surfaces;
(2) thermophysical response of volcanic terrains; (3) temperature ex-
traction and eruption rate determination; and (4) lava flow propagation
modeling. These examples also reflect the expertise and background of
the authors.

Even by narrowing the focus to the TIR region, we clearly are not
able to review all prior research within such a large topic as the remote
sensing of volcanic processes on Earth and Mars. There are obvious
omissions in the chosen case studies, such as the detection and quanti-
fication of SO, and silicate ash in active plumes on Earth (e.g., Watson
et al., 2004; Prata, 2009; Prata and Bernardo, 2009); near real-time
hot spot detection on Earth (e.g., Dean et al., 1998; Tramutoli, 1998;
Wright et al., 2004); the global distribution of igneous/volcanic minerals
on Mars (e.g., Bandfield et al., 2000; Hamilton et al., 2003; Koeppen and
Hamilton, 2008); chemical alteration of glassy surfaces on Earth and
Mars (e.g., Crisp et al., 1990; Kraft et al., 2003; Michalski et al., 2005);
and ground-based TIR studies on Earth and Mars (e.g., Christensen
et al., 2004; Patrick, 2007; Ramsey and Harris, 2013). Interested readers
are directed to the works cited here and the lists of references contained
therein for more detail.

2.1. TIR remote sensing: Earth/Mars

The TIR region is generally defined as the wavelengths between 5
and 20 um (2000 and 500 cm™ ') for Earth, which is commonly expand-
ed from 5 to 50 um (2000 to 200 cm™!) for Mars. These regions are
nearly entirely available for surface analysis on Mars with the exception
of approximately 12.5 to 16.5 um (800 to 606 cm™ '), which is obscured
by atmospheric CO,. In contrast, the larger amounts of H,0, O3 and CO,
in the Earth's atmosphere limit the TIR region to a much narrower range
of approximately 8.1-9.3 um and 10.1-12.2 um (1235-1075 cm™ ' and
990-820 cm™ ') for surface analysis. The mid-infrared (MIR) region (3
to 5 um, 3333 to 2000 cm ™ !) is also available on Earth and commonly
preferred for detection of higher temperature lavas. The MIR is also
highly sensitive to the presence of sulfates and carbonates, which are
of interest for Mars exploration. However, accurate temperature deter-
mination and spectral identification in this wavelength region are more
difficult as the emitted radiance is particularly sensitive to surface
roughness. Furthermore, the surface temperature is much colder and
the daytime data have the added complication of contamination by a
solar reflected component, both of which lessen the amount of emitted
energy reaching the instrument. Although we do show high-spatial res-
olution image examples of the Earth in the visible/near infrared (VIS-
NIR) regions, we do not use these data explicitly for the case study anal-
yses. Similarly, although the SWIR spectral region is used to extract the
highest temperatures of lavas found on Earth, which produce maximum
emission in this wavelength region following Wein's approximation
(Harris, 2013), we do not use it for our case studies in this review,
choosing to keep the focus on the TIR region.

2.1.1. Sensors and resolution

For the Earth, TIR data are used primarily for monitoring new and
ongoing volcanic activity and subsequent hazard mitigation over
young surfaces (e.g., Harris et al., 2002, 2005; Vicari et al., 2009). For
such active surfaces, temporal resolution is initially the preference
over spectral or spatial resolution in order to support quicker hazard re-
sponse and mitigation efforts (e.g., Ganci et al., 2011; Gouhier et al.,
2011; Vicari et al., 2011). Nearly all sensors in this high temporal
resolution class were developed for non-volcanic ground and
atmospheric observations and have spatial resolutions greater than
1 km/pixel (Table 1). However, with the increased availability of sensors
with improved spatial and spectral resolution in the TIR, new volcanic
applications using TIR data have evolved (e.g., Ramsey and Fink, 1999;
Vaughan et al., 2005; Ramsey, 2015).

For Mars, compositional and thermophysical mapping is important
to enable reconstruction of past event histories (e.g., Christensen,
1986; Bandfield et al., 2000; Rogers and Christensen, 2007). Therefore,
improved spectral and spatial resolutions rather than temporal are the
primary drivers in sensor development. As with this development tra-
jectory on Earth, Mars sensors have generally improved in spatial and
spectral resolution with each new generation (Table 1). For example, re-
peat orbits to extract the best-data from “pixel stacking” and synergistic
use of sensors with high spectral/low spatial and low spectral/high
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Select list of relevant thermal infrared orbital sensors that have been used for imaging of volcanic surfaces on Earth and Mars. Acronyms here that are not defined in the text include the:
Geostationary Operational Environmental Satellite (GOES), Spinning Enhanced Visible and Infrared Imager (SEVIRI), Visible Infrared Imaging Radiometer Suite (VIIRS), Advanced Very

High Resolution Radiometer (AVHRR), Infrared Thermal Mapper (IRTM).

Sensor Wavelength IR spectral channels Spatial resolution Temporal
(um) (km) resolution

Earth GOES 10-12 2 4 1 image/15 min

SEVIRI 8-12 3 3 1 image/15 min

MODIS/VIIRS 8-12 3 1 1image/6 h

AVHRR 10-12 2 1.1 1image/4-6 h

TIRS 10-12 2 0.1 1 image/16 d

ASTER 8-12 5 0.09 1image/2-16d
Mars IRTM 6-30 5 4 n/a

TES 6-50 143 3 n/a

THEMIS 6-13 9 0.1 n/a

Mini-TES 6-50 167 Variable n/a

spatial resolution generate integrated datasets to allow ever improving
understanding of the volcanic history of Mars (e.g., Chicarro et al., 1989;
Bandfield et al., 2004; Christensen et al., 2005).

2.1.2. Basic atmospheric considerations

Within the TIR wavelength region, we need to make corrections for
the emissive and absorptive properties of the atmosphere as well as sur-
face reflection and scattering at shorter wavelengths (Harris, 2013).
Further contamination by gases, aerosols and particles emitted by an ac-
tive eruptive vent only serves to complicate the situation. This is not a
problem encountered on Mars, which neither has active volcanic cen-
ters nor thick atmospheric water vapor plumes that hinder surface
emitted radiance. However, Mars does have the complications of thin
water-ice clouds and silicate dust aerosols. Atmospheric dust on Mars
is ubiquitous in the atmosphere and even during periods of the lowest
dust loading, the magnitude of its effect on the spectral data is as large
as that of any spectral signal from the surface (Conrath, 1975; Smith
et al., 2000). Correction of atmospheric emission, absorption and scat-
tering in the TIR is a large issue for both planets, being primarily a gas
absorption problem on Earth and an aerosol absorption problem on
Mars.

Detection of TIR emitted energy from the surface also known as the
“at-surface radiance” is similar for both Earth and Mars. The energy, de-
scribed by the Plank equation (L(\,T)) for an isothermal surface, is func-
tion of the surface kinetic temperature (Ts), the wavelength of emission
(N\) and the wavelength-dependent emissivity (€, ) terms:
L\, T)=&xB(\, Ts) = sx{ (c, .)\—5>/( exp(cz/)\T)—l)} 1)
where, ¢; = 3.74 x 107 '* Wm? and ¢, = 0.0144 mK. The radiance de-
tected by the instrument also known as the “at-sensor radiance” is the
at-surface radiance modified by the emission/scattering from the atmo-
sphere, which can complicate extraction of accurate surface tempera-
ture and/or emissivity (Harris, 2013). Regardless of the planet, the
atmosphere imparts indirect and direct effects, including the
wavelength-dependent transmission (T»(0)), the down-welling radi-
ance emitted by the atmosphere and reflected by the surface (Li*) and
up-welling radiance emitted by the atmosphere directly to the sensor
(LV):

L\ (6)

=Tn(0)-[EAB(N, Ts) +7x (0))-(1—&x) Lt 1! @)

The down-welling and up-welling terms can generally be assumed
to be blackbody in nature (¢ = 1.0 at all wavelengths), and for a cold at-
mosphere (compared to a warmer surface), these terms are negligible.
This generally would be the case for Mars, although atmospheric emis-
sion is an explicit constant that is removed during atmospheric correc-
tion. On Earth, however, which has a warmer atmosphere and
surfaces with deeper emissivity features, the down-welling energy,
which has the effect of muting the depth of the surface spectrum, can

be a significant component of the at-sensor radiance. Within the gener-
ally “clear” atmospheric windows, the transmission term is also com-
monly assumed to be close to or at 1.0. This assumption can fail,
however, on Mars where silicate dust obscures the surface and thereby
lowers 7 (0). Therefore, some assumption or apriori knowledge of the
atmosphere at the time of data acquisition is critical for accurate surface
measurements, particularly in the case of low-temperature surfaces
where the atmosphere contributes a proportionally larger effect.

2.1.3. Surface emission
The penetration depth of the at-surface TIR radiance from any plan-
etary surface is only sensitive to the uppermost surface layer, varying
from approximately 10 to 100 um for spectroscopy to decimeters for
thermophysical analysis. This emitted radiance at temperatures above
0 K (—273 °C) is described by the Planck equation (Eq. (1)). The total
energy increases with surface temperature and the wavelength of the
peak emission shifts to shorter wavelengths with this increase. This
shift is approximated by Wien's displacement law:
m = 2898 nm K/T(K) (3)
in which N, is the wavelength of peak emission and T is the tempera-
ture of the surface in K. Having the capability to detect emission near
the peak wavelength region is especially important where observing
thermally-mixed pixels containing some fraction of hot material with
the remainder being at the background temperature. Accurate separa-
tion of these fractions at widely-varying temperatures is much easier
in the wavelength region where the Planck curve is rapidly changing
(i.e., near the peak emission). For example, a surface at 1273 K
(1000 °C) and one at 298 K (25 °C) will both have generally flat Planck
curves in the TIR region; meaning that a mixture of the two will produce
a similarly flat curve, which makes thermal deconvolution problematic.
On Earth, active volcanic systems can have temperatures that range
from approximately 373 K (100 °C,) (e.g., fumaroles) through 1473 K
(1200 °C) (e.g., molten lava), so that N\, ranges between 7.8 and
2.0 um (see Harris, 2013). For Mars, where surface temperatures range
between approximately 133 K (—140 °C) and 308 K (35 °C) (see
Table 2), N, ranges between 9.4 and 22 pum. Therefore, detectors that

Table 2
Planet-scale parameters for Mars.

Distance from the sun 1.52 AU

Day length 1.03 Earth days

Year length 1.88 Earth years

Mass 6.4 x 10*° kg

Density 3.9 g/cm®

Radius 3390 km (0.55 times Earth)
Surface temperature 130-308 K

Gravity 3.8 m/s? (0.38 times Earth)
Surface pressure 0.07 bar
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operate solely in the TIR wavelength region are more common for Mars.
For Earth, although the average surface temperatures result in peak
emission in the TIR region, detection of the maximum emission from ac-
tive volcanic surfaces commonly requires detectors in the MIR and
SWIR regions (see Electronic Supplement 1 of Harris, 2013). The surface
radiance in these regions can therefore also contain a solar reflected
component that complicates accurate analyses for daytime scenes. As
we move into the TIR, this reflectance term declines, making it more
straight-forward to retrieve surface brightness temperature at any
time of the day. Despite these differences, data in the TIR region are
being acquired for both planets and have been beneficial for studies of

active, cooling and older lavas on Earth (e.g., Harris, 2013) as well as
the volcanic surfaces of Mars (e.g., Christensen et al., 2005; Edwards
et al,, 2008).

2.1.4. Emissivity

A surface is considered an ideal radiator (i.e., blackbody) if it absorbs
completely and reemits all input radiation in the wavelength region
under consideration. However, nearly all natural materials and surfaces
do not behave as blackbodies, having predictable wavelength-
dependent variability in their emission spectra (Fig. 1). To describe
this variability, the Planck equation is modified by the wavelength-

Wavelength (um)

ity (offsetfor clarity)

issiv

Em

Quartz
(framework)

Montmorillonite
(sheet)

Amphibole
(double chain)

Augite
(single chain)

Forsterite
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Silicate glass
(amorphous)

1400 1200 1000 800

Wavenumber (1/cm)

Fig. 1. Emissivity spectra of several common silicate minerals representing the different silicate classes and their structural order. The spectra (and to some degree the spectral classes) are
distinguished by the position and morphology of the primary emissivity feature in the 8-12 pm (1250-833 cm™ ') region. These spectra are chosen to show a range of common minerals
rather than those most common in igneous rocks on either Earth or Mars. Note the relative lack of narrow-band features in the amorphous high-silica glass spectrum compared to the
crystalline minerals. Spectra are resampled to 4 cm ™! (from 2 cm™!) to reduce high-frequency noise not related to the mineralogy. Each vertical tick mark represents 0.1 emissivity

units and no normalization has been performed on the spectra.
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dependent emissivity term, €(N\). In its simplest form, the emissivity is
the ratio between the measured spectral radiance (L(\,T)) at a given
wavelength to that of the blackbody radiance (Lgg(\,T)) at the same
temperature and wavelength:

g(\) =L\, T)/Les (N, T) 4)

On Earth and Mars most surfaces either behave as grey bodies (a
constant emissivity less than 1.0) or selective radiators (emissivity
varies with wavelength). Earth-based studies have shown that emissiv-
ity varies predictably with surface composition, lava vesicularity, degree
of crystallinity and the micron-scale surface roughness (e.g., Salisbury
and D'Aria, 1992; Ramsey and Fink, 1999; Byrnes et al., 2004; Carter
et al., 2009). Furthermore, an emitting surface comprised of fine-
grained particles can also affect the emissivity due to scattering and dif-
fraction effects (Moersch and Christensen, 1995; Ramsey and
Christensen, 1998; Hapke, 2012). Emissivity variations for coarser-
grained surfaces are due primarily to either surface roughness or com-
positional variability. TIR data show that uniform temperature, low al-
bedo volcanic surfaces on Mars are dominantly basalt (Bandfield,
2009; Ramsey and Crown, 2010). Most low-albedo regions on Mars
are rarely bedrock, however, with thermal inertia revealing that many
are mantled with a silt to sand sized regolith (e.g., Fergason et al.,
2006; Rogers and Christensen, 2007). The dominant exception are sur-
faces that lie in high-albedo (brighter) regions and are therefore cov-
ered by some amount of fine-grained air fall dust or eolian mantling.
These bright regions are estimated to have millimeters to meters of
dust, which results in a blackbody emitting surface due to the scattering
of the fine-grained dust particles (Christensen, 1986; Ramsey and
Christensen, 1998; Johnson et al., 2002). Therefore, these regions are
commonly excluded in TIR compositional studies of the martian surface.
One could argue that from the TIR perspective, clouds, water bodies and
vegetation have a similar masking effect on Earth.

2.2. Volcanism: Earth versus Mars

Volcanism has been a primary geologic process on both Earth and
Mars throughout their geologic histories. Similarities as well as funda-
mental differences in the styles, scale, composition, and tectonic con-
trols have been recognized (e.g., Keszthelyi et al., 2000). The most
common composition for both planets is basalt, although Earth has a
much greater compositional variety in its erupted products. The impli-
cation is that there is a prevalence of relatively low viscosity lava on
Mars relative to the wider range of lava types and rheologies observed
on Earth. There are clear exceptions to this commonality and we high-
light some of those in the subsequent case studies. However, the volume
of erupted lava over their histories makes both Earth and Mars basaltic
planets in a general sense. One of the obvious differences is the current
presence of active volcanism on Earth as compared to Mars. Therefore,
the toolkit of techniques developed for TIR remote sensing on Earth
has evolved to include an emphasis on high-temperature studies, active
lava flow modeling, and hot-spot detection. On Mars, the techniques
focus more on compositional and thermophysical differentiation of ig-
neous surfaces, particularly in the low-albedo regions of the planet
(e.g., Rogers and Christensen, 2007; Koeppen and Hamilton, 2008;
Edwards et al., 2008).

The history of terrestrial TIR data analysis and diversity of terrestrial
volcanism provide a foundation to interpret volcanic processes that
have operated on Mars in the past. Models developed to derive compo-
sition or the flux rate of active lava flows on Earth can be adapted for
older, solidified flows on Mars, for example. We discuss basic similari-
ties and differences in volcanism between Earth and Mars in the follow-
ing sections. We also refer the reader to a number of useful treatments
of volcanism on Mars that have been compiled over the years and
updated as new spacecraft observations were acquired. These
include catalogues of Martian volcanic features and consideration of

Martian eruption processes (Carr, 1973; Greeley and Spudis, 1981;
Mouginis-Mark et al., 1992; Hodges and Moore, 1994; Wilson and
Head, 1994; Greeley et al., 2000; Plescia, 2004; Zimbelman et al.,
2015). In addition, the series of datasets that have provided extensive
aerial coverage of the Martian surface have allowed geologic maps to
be produced of volcanic landforms at various scales and document
their morphologic characteristics, relationships to the surrounding
landscape, and stratigraphic and chronologic constraints (see Greeley,
2007 for review). Recent and ongoing analyses in this area have relied
predominantly on the Thermal Emission Imaging System (THEMIS)
TIR mosaic for global, regional, and local studies, which is yet another
use of TIR data (e.g., Crown and Greeley, 2007; Platz and Michael,
2011; Bleacher et al., 2013; Garry et al., 2014; Tanaka et al., 2014;
Crown, 2015; Gregg et al,, 2015).

2.2.1. Volcanic similarities: Earth versus Mars

Mars exhibits an array of extrusive volcanic features similar to that of
the Earth, and their formation processes have been interpreted based on
morphology and the modeled eruption conditions that formed these
morphologies (Fig. 2). Volcanic landforms on Mars include lava flows/
fields, lava channels/tubes, flood basalts, volcanic craters, cinder cones,
shields, calderas, dikes, and pyroclastic deposits for which Earth-
analogs abound (e.g., Keszthelyi et al., 2000; Mouginis-Mark et al.,
2007). There is also evidence for lava-ice and lava-water interactions
on Mars, generating features for which terrestrial examples such as
rootless cones/pseudocraters, tuyas, and lava deltas are found
(e.g., Fagents et al., 2002; Skilling, 2002; Hamilton et al., 2010). Mars is
similar to Earth in density, composition, formation processes and sur-
face modifications (Greeley, 2007). Therefore, one would expect similar
processes and styles of volcanism (Carr et al., 1980; McGetchin et al.,
1981). Key properties of Mars as a whole, especially those important
for processing and modeling thermal infrared data are given in Table 2.

2.2.2. Volcanic differences: Earth versus Mars

Despite their similarities in some respects, there are also some major
differences in volcanism on Mars and Earth. From the earliest days of
Mars exploration, the volcanic products were observed to be orders of
magnitude larger than common analogs on Earth (Carr et al., 1980;
McGetchin et al., 1981; Cattermole, 1996; Frankel, 1996; Greeley,
2007). For example, Martian lava flows are up to 500 km long and sum-
mit calderas have dimensions of 80 x 65 km by 2.5 km deep. The scale
differences also lead to proposed eruption rates that are many orders
of magnitude larger than those encountered on Earth (e.g., Crisp and
Baloga, 1990). Regardless, higher volumes of magma were stored in,
and withdrawn from, Martian shields in comparison to Earth shield vol-
canoes. The enormous shield volcanoes are the most prominent volca-
nic landforms on Mars and seem to, along with extensive flow fields
and volcanic plains, dominate the volcanic history of the planet
(Greeley, 2007). Large scale explosive volcanism also may have played
a significant role early in Martian history, creating the expansive, low-
relief highland paterae and also perhaps accumulating to form the Me-
dusae Fossae Formation (e.g., Scott and Tanaka, 1982; Greeley and
Crown, 1990; Crown and Greeley, 1993; Mandt et al., 2008). Bandfield
et al. (2013) used morphological and thermophysical properties along
with comparisons to other planetary analogs to conclude that most of
the older surfaces on Mars are dominated by fine-grained material
(sand and smaller particle sizes) that are weakly indurated. The younger
surfaces, on the other hand, appear to be dominated by blocky lava
flows with higher thermal inertia. A logical hypothesis offered for this
disparity is that of an early wet mantle that eventually became
volatile-depleted without replenishment from plate tectonic activity.

The second fundamental difference between the two planets is the
presence of active plate tectonics on Earth. It results in a planet-wide
distribution of volcanic centers with volcanism located around plate
boundaries and at static hot spots. Furthermore, motion of the plates
over the static hot spots commonly results in chains of low-profile
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basaltic shields, such as the Hawaiian-Emperor chain or large outpour-
ings of flood basalts throughout Earth's history. The same tectonic pro-
cesses also lead to a much larger compositional diversity on the Earth,
with basalt dominating hot spot and spreading center volcanism,
whereas more evolved lavas (i.e., andesites, dacites and rhyolites) are
common at subduction zones and island arc settings (McGetchin et al.,
1981; Francis and Wood, 1982).

No conclusive signs of plate boundaries or subduction are found on
Mars, suggesting neither plate motions nor plate tectonics in the
strictest sense (McGetchin et al., 1981). TIR data from the Thermal Emis-
sion Spectrometer (TES) instrument did differentiate compositions be-
tween the northern lowlands and southern highlands, with the former
closer to the bulk composition of andesite and the latter to that of basalt;
however, no tectono-volcanic origin was implied. Later TIR studies sug-
gested that the higher-silica terrane may be the result of chemical

aqueous alteration that produced a silica-rich alteration product
(e.g., Wyatt and McSween, 2002; Michalski et al., 2005). More recent
TIR studies have shown there are at least nine different globally abun-
dant compositions, some of which can only be understood as resulting
from variations in original mineralogy (e.g., Rogers et al., 2007; Rogers
and Hamilton, 2015). Rather than the tectonic-influenced volcanism
on Earth, hot spot volcanism above mantle plumes below a static crust
dominated Mars in the past, along with volcanism in response to litho-
spheric fracturing and impact events (McGetchin et al., 1981). The lack
of plate tectonics results in a relative compositional homogeneity across
the surface Mars. However, smaller-scale igneous compositional diver-
sity has been noted mainly through analysis of data from the various
Mars rover missions. Rieder et al. (1997), for example, found that the
soil at the Pathfinder landing site was more similar to terrestrial andes-
ites (Table 3), whereas McSween et al. (2006) used thermal emission

Fig. 2. Comparison of “typical” basaltic lava flows on Earth and Mars. (A) Digital Globe image acquired on 16 Feb. 2012 of Piton de la Fournaise volcano on Reunion Island. Image was
archived in Google Earth and modified to show the lava flow formed during the 14 Oct. 2010 eruption (white box). The box also indicates the area shown in (B). (B) ASTER night time
TIR data acquired on 19 Oct. 2010 overlain on the Digital Globe image for context. Each TIR pixel is 90 m. (C) Context (CTX) Camera visible image (Image ID
D09_030863_1574_XN_225116W) centered at 243.27E, 22.42S showing two relatively unmodified (higher albedo) flows in the Arsia Mons southern flow field. (D) Same image as
(C) overlain by the THEMIS day IR 100 m (v. 12) global mosaic (Edwards et al., 2011). The daytime IR pixels of the flows are cooler (i.e., higher thermal inertia) than the surrounding
lava plains and therefore presumed to be less mantled by lower thermal inertia airfall dust (i.e., younger in exposure age).
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Fig. 2 (continued).

spectra from the Mars Exploration Rover to identify three classes of al-
kaline igneous rocks in the Columbia Hills of Gusev crater. Hamilton
et al. (2003) compared TES-derived surface compositions with TIR
data of martian meteorites and found few matches. These results are
perhaps not surprising as nearly all martian meteorites are extremely
young relative to most of the non-dust mantled surfaces on Mars. How-
ever, Lang et al. (2009) showed that the thermal infrared spectral signa-
tures of lava flows in Daedalia Planum with low dust cover were
consistent with those of SNC meteorites, particularly basaltic shergot-
tites. Later orbital TIR data from both the TES and THEMIS instruments
found very sparse evidence of either ultramafic lavas or more evolved,
silica-rich lavas (e.g., Christensen et al., 2005). The high-silica composi-
tions identified by the Pathfinder and Mars Exploration Rovers are

Table 3

Compositional comparison of one in-situ measurement from the Mars Pathfinder X-ray
spectrometer in July-August 1997 (Rieder et al., 1997) to that of a Martian meteorite
(Zagami).

Zagami Meteorite In-situ sample A3

(wt.%) (Wt.%)
Si0, 49.6 58.6 + 2.9
TiO, 1.0 0.8 +0.2
AlLO5 7.1 10.8 £ 0.1
FeO 17.4 129+ 1.3
MgO 8.8 30+05
Ca0 109 53+08
Na,0 23 32413
K,0 0.25 0.7 +0.1

consistent with those identified by TES. Similarly, MSL has been identi-
fying what is being interpreted as more evolved compositions that ap-
pear to be consistent with the magmatic diversity identified by
Christensen et al., 2005. An ongoing debate continues as to whether
these represent alteration or are derived from original primary volcanic
compositions.

Plate motion on Earth (or the lack thereof on Mars) also results in
size differences between similar volcanic constructs. Earth's plate mo-
tions continually carry shields away from their sources and results in
many small, coalesced shields to form, rather than a few, isolated, larger
shields seen on Mars. Persistent effusion of low-viscosity basalt at single
sites due to the lack of plate motion on Mars has led to the construction
of enormous shields over hundreds of millions of years. The low viscos-
ity of the lava resulted in low angle shield formation (e.g., Olympus
Mons), with typical slopes similar to those encountered at terrestrial
basaltic shields; however the scale of these structures is much larger
(Fig. 3). The age of Olympus Mons ranges from ~100 million years
(Mya) to ~3.8 billion years (Gya) (Werner, 2005), during which almost
4.0 x 106 cubic kilometers of basalt were erupted. It is a single, isolated
shield with a typical slope of 4° but a basal diameter of 600 km and a
height (above the Mars datum) of 27 km, which is 100 times the volume
of Mauna Loa. Even if Mauna Loa erupted at a time-averaged rate of
1.1 x 1073 km? per year at the same location over 115 million
years, a volume of only 0.12 x 10° km? would be produced; meaning
that magma production rates at Olympus Mons were also consistent-
ly higher than at Mauna Loa (Wilson and Head, 1994).

Mars also has a series of volcanic constructs that are different from
anything similar seen on Earth. For example, dome volcanoes or tholi,
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Fig. 3. Comparison of Olympus Mons with the country of France. © Sémhur/Wikimedia Commons/CC-BY-SA-3.0.

which are smaller and steeper than Martian shields, are likely com-
prised of lavas mixed with pyroclastics and are possibly the result of
eruption of more viscous lavas at lower discharge rates (Greeley,
2007) although no compositional confirmation of this assumption has
been found due mainly to the fact that these constructs occur in dusty
regions where TIR cannot detect the bedrock composition. They are
less common than volcanic domes on Earth, due to the lower silica con-
tent of the lava; but also much larger with shallower slopes. Ceraunius
Tholus, for example, has a slope of 7°, but dimensions of 130 x 92 km,
a summit caldera 23 km in width and a 2 km wide lava channel that de-
scends from the caldera to the base. The high viscosities and associated
constructional features of more evolved lavas found on Earth rarely
occur on Mars (Christensen et al., 2005).

3. Case studies
3.1. Compositional/textural analysis

All major rock-forming minerals common to the range of volcanic
rocks found on Earth and Mars have diagnostic spectral features in the
TIR region (Fig. 1). In the most general sense, the dominant emissivity
minimum in the 8-12 um region shifts from shorter to longer wave-
length with decreasing silica polymerization (Lyon, 1965; Hunt, 1980;
Salisbury and Walter, 1989). For example, the emissivity low of a frame-
work silicate like quartz occurs between approximately 7.5 and 9.3 um

(1333 and 1075 cm™!), whereas that of an isolated silicate like
forsterite appears between approximately 10.2 and 11.7 um (980 and
855 cm ™~ '). This change with wavelength allows discrimination of felsic
and mafic lava surfaces using relatively simple band differencing or a
slightly more complex decorrelation stretch (DCS) approach using
three of the TIR wavelength channels (e.g., Gillespie, 1992). These de-
tection techniques are ideal for rapid surveys of new lava surfaces on
Earth (e.g., Kahle et al., 1988; Buongiorno et al., 2002; Byrnes et al.,
2004) or scanning larger areas on Mars in a search for petrological var-
iations (e.g., Bandfield et al., 2004; Osterloo et al., 2008). However, more
detailed analyses are possible by examining individual pixel-integrated
emissivity spectra. Depending on the spectral resolution of the TIR in-
strument, such an analysis can produce information on the type and
percentage of specific mineral assemblages, as well as the degree of vit-
rification and surface vesicularity, all of which directly affect the TIR
spectrum. Clearly, higher spectral resolution data allow for more subtle
spectral features to be discriminated, whereas multispectral data can
typically only resolve broad mineral classes at best.

Important considerations for examining TIR spectral data of lava
flows and igneous materials are the degree of vitrification and surface
micron-scale roughness present (e.g., Byrnes et al., 2004). All extrusive
lava contains some degree of glass whether as surface coatings common
on basaltic pahoehoe flows or interstitially between larger crystalline
phenocrysts in some high-silica lava domes. The presence of this glass
results in a TIR spectrum with a broad silicate absorption that lacks
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narrow (and more diagnostic) spectral features (Fig. 1) and whose
emissivity minimum varies only slightly in wavelength position with
composition compared to their crystalline counterparts (e.g., Minitti
and Hamilton, 2010; King et al.,, 2011). This can make it difficult to ex-
tract more detailed information on the lava composition using TIR
data. The spectral feature of glass is also similar to that of other amor-
phous materials, which can lead to confusion (Kraft et al., 2003;
Michalski et al., 2005). Furthermore, glassy surfaces (especially on
Earth) can alter rapidly due to chemical weathering. For example,
Kahle et al. (1988) found that TIR spectra of some Hawaiian basalt
flows indicated much higher silica content than nearby flows. They
used these differences to map the relative ages of the flows, with older
flows appearing more silica-rich. A more detailed investigation of the
spectra of samples from these flows by Crisp et al. (1990) revealed
that the glassy surfaces were being chemically-altered and opalized
over time with prolonged exposure to the acidic environment. Kahle
et al. (1988) also found that the rougher surfaces of a'a flows had less-
distinct spectra that tended more toward that of a blackbody. They
termed this scattering phenomenon ‘cavity radiation’, and postulated
that it was produced by multiple scatterings and reflections of the emit-
ted TIR photon by the rough surface. Later work by Ramsey and Fink
(1999) and Carter et al. (2009) quantified this process noting there
was a linear relationship between the degree of micron-scale surface
roughness and the reduction in spectral contrast of the glassy spectral
feature. This allowed the surface vesicularity to be extracted for each
pixel to within 5% accuracy. The linear relationship between the areal
amount of a mineral, surface coating or vesicularity and the morphology
of the spectral feature has been noted by several past studies and makes
TIR spectral analysis a powerful and straight-forward analytical tool.
With a known spectral library of minerals or glasses for example, spec-
tra of volcanic surfaces imaged by TIR remote sensing data can be
deconvolved to not only model specific minerals or the surface vesicu-
larity but also the percentage of each component within a given pixel
(e.g., Thomson and Salisbury, 1993; Ramsey and Christensen, 1998;
Koeppen and Hamilton, 2008; Rogers and Aharonson, 2008).

The linear deconvolution modeling approach for TIR spectra has
been used on numerous occasions for analysis of TIR data for Earth
and Mars. One such example was the work of Ramsey et al. (2012a)
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who used TIR data from the Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER) instrument to analyze the deposits
following the large 2005 eruption of Shiveluch volcano on the Kamchat-
ka Peninsula, Russia. The 27 February 2005 explosive eruption produced
a pyroclastic flow deposit (PFD) approximately 24,800 m? in size. This
PDF travelled 11.5 km to the southwest and another 7.5 km to the
west before terminating (BGVN, 2005). A field investigation of the de-
posit three days later revealed that the PFD was dominated by pumice
as well as large blocks from the old dome that had travelled over
10 km from the summit. Ramsey (2012) focused on mapping the sur-
face temperature and vesicularity of this deposit using ASTER TIR data
in the months following the eruption. The first image was acquired on
12 March 2005 with new images following approximately every week
for the next several months. The entire deposit was found to be approx-
imately 283 K (10 °C) above the average background temperature on 12
March with smaller areas on the PFD exceeding pixel-integrated tem-
peratures of over 343 K (70 °C). By 29 March, the deposit had cooled sig-
nificantly with approximately 50% of the deposit (mainly in the most
distal portion) remaining elevated by 283 K (10 °C) above the back-
ground. The same data modeled for vesicularity also showed significant
changes during this time period (Fig. 4). The 12 March TIR data had an
average vesicularity of 55%, which decreased to 45-50% in the central
portion of the distal deposit. Interestingly, this region was found to con-
tain most of the larger dome blocks, whereas the rest of the PFD was
dominated by fine-grained ash and pumice from the column collapse.
The TIR data from 29 March showed a significant decrease in the
modeled surface vesicularity. The average value was now 45%, with
areas of the deposit found to be as low as 30%. This trend continued
over the next five months albeit at a much slower rate. In August, a
field campaign was conducted and the deposit examined in detail. It
was found to be mostly devoid of loose pumice on the surface, which
had become well-indurated and incised in areas by water (Ramsey,
2012). The patterns in the TIR data revealed a surface that was being
modified over time by eolian and fluvial activity rather than having a
volcanological cause. However, Ramsey (2015) was able to use this
same approach to link surface vesicularity in pyroclastic flow deposits
to their specific formation mechanism (e.g., column versus dome
collapse).
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Fig. 4. Modeled surface vesicularity of the 27 February 2005 pyroclastic flow deposit (PFD) on Shiveluch volcano, Russia (Ramsey, 2012). A deconvolution approach using library spectra of
glass and a blackbody was applied to the ASTER TIR data in order to map the percent vesicularity of each pixel on the PFD. The results were contoured and draped on the ASTER visible/near
infrared image acquired on 12 March 2005. North is up in both images. (A) 12 March 2005. (B) 27 March 2005.
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A similar approach to deconvolving TIR spectra was performed by
Christensen et al. (2005) in order to resolve a high-silica mineral assem-
blage in a lava flow located in the caldera of the Syrtis Major shield on
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Mars. An initial survey of THEMIS nighttime data revealed that portions
of the Nili Patera summit caldera had higher TIR temperatures than the
surrounding surfaces indicating the presence of a high thermal inertia
unit (see Section 3.2), which was postulated to be bedrock swept free
of dust and sand by active winds and the presence of barchan dunes.
A decorrelation stretch of three of the THEMIS channels discriminated
basalt as well as a higher silica flow unit (Fig. 5). With multispectral
TIR data, this level of unit differentiation is commonly all that is possible.
However, Christensen et al. (2005) also had access to data from the TES
instrument, a prior hyperspectral orbital TIR sensor. TES data from both
units in the caldera looked distinctly different and were deconvolved
using a spectral library of minerals and the approach of Ramsey and
Christensen (1998). The results showed that the two units were in
fact different rock types (Fig. 5). The majority of the surface units had
a distinct basaltic spectrum with plagioclase and clinopyroxene com-
prising 60% of the unit based on the deconvolution results. However,
the other flow unit was dominantly plagioclase plus high-silica glass
(65% of the total detected) with a calculated SiO, abundance of 60—
63 wt.%. Based on these compositional results, the authors conclude
that this unit is most similar to dacite lava flows on Earth and likely orig-
inated from evolution within the magma chamber below Nili Patera at
some time later than the eruption of the earlier low-silica basalt flows.

3.2. Thermophysical variability

In the broadest sense, thermophysical variability refers to the dis-
tinction of surface temperatures based on diurnal and seasonal energy
cycles, albedo, and phase behavior. Thermal inertia is the specific pa-
rameter that defines the resistance of a material to a time-varying
change in temperature (Kieffer et al., 1977; Price, 1977). Specifically, it
is defined as:

1=(Kpc)'/? 5)

where, K is the thermal conductivity, p is the density, and ¢ is the
specific heat. The thermal inertia of a planetary surface is affected by a
wide variety of factors including particle size, the presence of cementing
agents, soil moisture, ice, and local slopes to name a few. Furthermore, it
is sensitive to the thermal skin depth of the surface and therefore com-
monly probes much deeper than spectral- or temperature-dominated
emission from the uppermost surface.

Because Martian surfaces have apparent time-varying thermal iner-
tia due to a complex interplay of heterogeneous surfaces below the scale
of the pixel the phrase “apparent thermal inertia” (ATI) has been used
(e.g., Putzig and Mellon, 2007). This is in contrast to the terrestrial liter-
ature, where ATI is a quantitative approximation of thermal inertia de-
rived from satellite-based measurements and defined as:

ATl=nc (1—a)/AT (6)

where, a: VNIR albedo; AT: day/night temperature difference; n and c:
scaling factors for solar flux variability and solar declination with lati-
tude. Therefore, ATl is a relative measure of the absorbed solar radiation
(ie., 1 — albedo) to the diurnal temperature change (Price, 1977; Kahle,
1987; Scheidt et al., 2010). Both thermal inertia and apparent thermal
inertia provide us with yet another application for TIR data.
Quantitative thermal inertia has a long history in the study of the ge-
ology of Mars, whereas the quantitative ATI approximation is used more
widely in terrestrial studies. The thin atmosphere of Mars with its low

Fig. 5. Figure modified from Christensen et al. (2005) showing their TIR compositional
analysis of Nili Patera. (A) Spectral decorrelation stretch of the 100 m/pixel THEMIS data
with TIR bands 9, 7 and 5 in red, green and blue respectively. In this color composite,
basalt surfaces are blue to cyan whereas the more silica-rich dacite flow is magenta. The
TIR data are overlain on a THEMIS visible image at 18 m/pixel for context. (B) Spectral
deconvolution result for the basalt surface. (C) Spectral deconvolution result for the
dacite surface. The end-member results are rounded to the nearest 5% and their spectra
scaled at the top of each figure on the basis of their derived abundances.
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amounts of water vapor and the lack of precipitation allow for more
straight-forward thermal modeling of the surface, which can be used
to relate surface temperature directly to thermal inertia (e.g., Kieffer
et al.,, 1977; Palluconi and Kieffer, 1981). In contrast, the thicker and
wetter atmosphere of Earth makes this modeling of grain to grain heat
transfer on the surface a more difficult proposition. Thermal inertia in-
vestigations of Earth also have to account for vegetative cover and var-
iable soil moisture. ATI, therefore, was developed as a proxy for thermal
inertia, being used for a wide variety of applications including deriva-
tion of soil moisture, water resources and agricultural mapping
(e.g., Rosema and Fiselier, 1990; Cai et al., 2007; Scheidt et al., 2010).

More recent studies have examined the application of thermal iner-
tia and ATI to volcanic questions on Earth and Mars, specifically focused
on the presence of mantling deposits over primary flow features (Peet
et al., 2007; Ramsey and Crown, 2010; Price et al., 2013, 2016). For ex-
ample, Arsia Mons is the southernmost of the Tharsis shield volcanoes
on Mars and has two large lava flow aprons that extend from alcoves
on the NE and SW flanks (Plescia, 2004). The SW apron has an extensive
flow field with individual flows exhibiting a wide range of morphol-
ogies, surface textures, degrees of eolian mantling, and unusual
thermophysical characteristics (Bandfield, 2009; Ramsey and Crown,
2011; Crown, 2015; Crown et al., 2015; Price et al., 2016). Some of
these flows show no temperature change at all between the day and
night TIR data, which is quite unusual for either a blocky, unmantled
flow or a heavily mantled flow (Fig. 6). This lack of a temperature
change is likely the result of an albedo-dominated influence of radiant
temperature in the daytime data plus the presence of some amount of
surface dust (Ramsey and Crown, 2010; Ramsey et al., 2012b; Simurda
etal., 2015). However, this is not a uniform regional process because ad-
jacent flows can have a distinct temperature change from day to night.
This change from cooler in the day to warmer at night indicates the
presence of blockier, less-mantled surfaces. The observed variability in
thermophysical behavior across this flow field coupled with extensive
areal coverage by high resolution visible wavelength images suggests
that future quantitative analyses of the TIR data will provide important
constraints on not only volcanic processes but on the degradation of in-
dividual flow surfaces.

Mantled lava flows also exist on Earth with one well-studied
example being the Mono Craters and Domes (MCD), an arcuate chain
of high-silica lava flows in east-central California that formed over the
past 10,000 years (Bursik and Sieh, 1989; Hildreth, 2004). An ASTER
day/night pair was acquired on 10 July 2011 separated by only 12 h
and 4 min. The TIR data (day and night) and the VNIR data (day) were
corrected to calibrated VNIR reflectance and TIR temperature and then
combined to create an apparent thermal inertia (ATI) image (Fig. 7). Al-
though complexities can arise from changes in atmospheric conditions
in the interval between the two scenes, the presence of vegetation on
the surface, and shadowing, these are not significant factors for this
flow at the time of year of the data collection and the semi-arid condi-
tions. The ATI results show a direct relationship to particle/block size,
with fine grained material having a lower ATI than the unmantled
blocks (Price et al.,, 2016). The colorized ATl image draped over a Google
Earth image clearly shows this variability and identifies the heavily and
moderately mantled regions (Fig. 7). The success of the terrestrial work
validated the ATI approach and the methodology is now being applied
to decouple the eolian mantling from the underlying lava flows at the
Arsia Mons flow field (Ramsey et al., 2012b; Simurda et al., 2015;
Crown and Ramsey, 2016).

3.3. Discharge rate

On Earth we commonly work with high temperature thermal emis-
sion detected during active effusive events (e.g., Rothery et al., 1988;
Oppenheimer, 1991; Wright et al., 2005; Lombardo et al., 2009). Classi-
cally, a steady-state thermal model is applied to the data to obtain the
time-average discharge rate (TADR) from the energy emission as

recorded by the thermal infrared sensor (Harris et al., 2007; Harris
and Baloga, 2009; Harris, 2013). This conversion is an empirical solution
whereby lava flow area is assumed to increase linearly with TADR
(Wrightetal., 2001). To solve for TADR, the area of active lava is extract-
ed from the TIR data by applying a single-band, two-component pixel
deconvolution model to obtain the fraction of the pixel occupied by
high temperature, active lava; and then multiplying by the pixel area
to obtain the area of the high temperature source (Harris et al., 19973,
1997b). For Mars, we have to work with inactive, cold flows, but the
same models can be applied to obtain the TADR if the reasoning is
inverted. That is, we use the lava flow dimensions obtained from map-
ping, assume thermal emplacement conditions similar to high-
effusion rate channel-fed eruptions on Earth, and estimate the TADR
necessary to achieve a given flow area or length.

We explore three methods here that can, or have, been applied to
Martian cases. The first was proposed by Crisp and Baloga (1990)
and uses a radiative heat loss model to “constrain eruption rates of
single-lobed planetary lava flows by assuming thermal characteristics
similar to terrestrial flows.” The model links TADR to lava flow area
(A) through:

TADR =3fe0To>A/pc,(1—80/h)-[(To3/T¢%) —1] (7)

All parameters used in, and the terrestrially-based assumptions used
to solve, this equation are given in Table 4. The second method follows
the thermal approach initially applied to TIR data for active flows on
Earth and also uses radiative heat that is calculated, again using the
lava flow area, from (Pieri and Baloga, 1986),

Qraa =0eA(TA—T,%) (8)
so that TADR is obtained through the balance,

TADR = Q.q/ [P (o AT+ ADLy )] 9)

Finally, the third method uses the relation of Kilburn (2000) to relate
the maximum possible flow length to TADR by,

1= (3eS/pgK) "> TADR "> (10)

(see Table 4 for all parameters and values). Because area or flow length
is the only variable in these three methods, they reduce to linear rela-
tions that assume proportionality between TADR and lava flow area or
length (Wright et al., 2001). For terrestrial applications, if the relation
is set and applied appropriately (i.e., the flow is steady state, has
reached its cooling-limited extent, and the model is applied to specific
thermal, rheological and topographic conditions, e.g., Harris and
Baloga, 2009), then valid TADRs can be retrieved. For the three cases
here, the methods reduce to:

Relation 1: TADR —4.32x107° A (11)
Relation 2: TADR = 2.08x107¢ A (12)
2
Relation 3: TADR = <I/3.49>< 103> (13)

Results of applying these three relations to the Arsia Mons units
shown in Fig. 6 are given in Table 5. They show reasonable consistency,
indicating TADR feeding units in this flow field were of the order of 0.9~
7.8 x 10® m>/s. These results are lower, but in a similar range to the
values of 3.4-13.0 x 10 m?/s obtained by Wilson and Mouginis-Mark
(2001) for a large flank eruption on Elysium Mons. Furthermore,
Crisp and Baloga (1990) calculated a model eruption rate of 360 m>/s
for a flow on Ascraeus Mons with a plausible range of 0.01-
10.0 x 10% m3/s, depending on the starting assumptions. The results
from this study and prior investigations of lava flows found on Tharsis
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volcanoes attest to the fact that typical mean output rates on Mars are
two to three orders of magnitude higher than those associated with ef-
fusive activity on Earth.

3.4. Modelling flow dynamics

We now have the key source term for lava flow modeling, this being
TADR (Harris et al., 2015a). We can thus run a lava flow emplacement
model to fit to the flow case and to simulate the dynamic, thermal and
rheological properties of the flow (e.g., Harris and Rowland, 2001). To
do this we take the current version of FLOWGO (Harris and Rowland,
2015) and update it for Martian atmospheric and gravity conditions fol-
lowing Rowland et al. (2004). We then initialize it with the textural and
thermal properties of a recent terrestrial basaltic channel-fed lava flow,
for example the 2010 Piton de la Fournaise's flow (Rhéty, 2014; Harris
et al., 2015b), and use the temperature-dependent viscosity model of
Villeneuve et al. (2008). The center line slope profile of the Arsia Mons
flow ii (Fig. 6) was input and the model iterated on the measured chan-
nel dimension of 175 m by 6 m (with a square channel assumption)
until the starting effusion rate was equal to the typical value obtained
for this flow (3450 m>/s). One source of potential error here is assuming
the measured channel width approximates the starting channel width.
Furthermore, because we cannot be certain of the starting point of this

flow it is likely that the starting channel width is smaller than what
was used for the model. With those caveats in mind, using the measured
channel dimensions, we now iterate on thermal insulation and starting
crystallinity until the final flow length of 124 km is matched by the
model. This occurs with a modeled lava that has an erupted crystallinity
of zero (like those of Kilauea) and quickly develops a nearly-100% insu-
lating crust following the relation (Harris and Rowland, 2001):

Ferust = EXP(—0.00756 v) (14)

where, f.us is the fraction of the flow surface covered by crust at tem-
perature T and v being the flow velocity. We obtain a fit with Tequs
of 368 K (95 °C). This seems consistent with a flow whose crust has
had a long time to cool, which would happen in a slow moving channel
extending 10s of kilometers (e.g., Oppenheimer, 1991).

Now we can plot the simulated down channel variation in core tem-
perature, crystallinity, viscosity and velocity (Fig. 8). We find that
cooling rates increase from approximately O to 1.0 degree K per km at
the flow front, with the flow stopping at a temperature of 1352 K
(1079 °C), compared with an eruption temperature of 1387 K
(1114 °C), so that total down flow cooling is only 35 K. This value is
less than comparable terrestrial cooling rates found in channels
(e.g., Robert et al.,2014) and is likely the result of the extreme insulation

Fig. 6. A portion of the Arsia Mons southwest flow field centered at 238.0E, 23.1S on four channeled lava flows (i, ii, iii, iv) that are modeled in the fourth case study. The
thermophysical variability of the different flows (including flows that stay cool and stay warm throughout the diurnal cycle) can also be seen where comparing (A) and (B).
(A) THEMIS day IR 100 m (v. 12) global mosaic (Edwards et al., 2011) showing the cooler flow margins and warmer central channel of flows i, ii and iii, which could be mantled by
eolian fines or contain lava that is rheologically-different than the levees. (B) THEMIS night IR 100 m (v. 14) global mosaic (Edwards et al., 2011) highlighting less-mantled flows and
flow margins by their warmer temperatures (as high as 247 K). (C) THEMIS day IR mosaic colorized using THEMIS night IR data with areas of red and orange indicating the warmest
(rockiest) portions of the flows. White box denotes the area in (D). (D) Mosaic of two Context (CTX) Camera images (Image ID P04_002711_1560_XN_24S122W and
P01_001590_1567_XN_235122W) of flow ii. Yellow and white arrows indicate the modeled channel width and flow width, respectively. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6 (continued).

(e.g., Keszthelyi et al., 2000). Crystal content increases to 23% at the flow
front, causing the mixture viscosity to increase to 10> Pa s. Finally, we
see that flow velocity declines from around 4-5 m/s at the vent, to be-
tween 0.1 and 3 m/s in the medial-to-distal section, not dissimilar to
the viscosity profile obtained down Mauna Loa's 1984 channel
(Lipman and Banks, 1987). We also see the effect of breaks in slope on
the velocity profile, which cause peaks in the general trend. In summary,
model-derived flow thermo-rheological properties, and their variation
down flow, are nearly identical to those found terrestrially, the main dif-
ference being an order of magnitude higher discharge rate, which leads
to flow system dimensions that are typically an order of magnitude
greater on Mars.

4. Trends

One rather simple analysis approach to understand how TIR data
are being applied to volcanic questions is to examine the number of
publications using key search terms. The trend over time of these re-
sults for both Earth and Mars also reveals how scientific results are re-
lated to new missions/instruments and perhaps more interestingly,
allow us to project into the future. While it may be generally true
that the number of publications follows the cadence of the number of
missions, this is not always the case. Scientists will utilize available

data to answer a scientific question, even if those data are archival.
What is more important is the question, “Are TIR data being used for
scientifically important studies of volcanic processes (as opposed to a
decline in favor of another technology or in the interest in volcanic pro-
cesses)?”. We chose a simple approach for this analysis using multiple
Google Scholar searches, continually refining the search terms. We
have made no attempt to separate these results based on the impact
factor of the journal or the h-index of the paper itself. The results are
simply meant as a guide to the trend of TIR data applied to volcanology
for Earth and Mars.

The sheer number and variety of TIR instruments launched into
Earth orbit has been far greater than for Mars, and the number of volca-
nic studies published over time is of little surprise (Table 6). This num-
ber is now nearly eight times greater than the number of similar studies
on Mars. A Google Scholar search on the strings “Earth-infrared” and
“Mars-infrared” returned 2,580,000 and 71,900 results, respectively
(search date: 31 May 2015). Once the search terms were narrowed to
constrain the data to thermal infrared and the studies to volcanology,
the numbers were reduced to 5054 and 643 for the Earth and Mars, re-
spectively (Table 6). The vast array of Earth-based infrared sensors and
active-volcanic applications explains the difference, but the quantity of
research on Mars in the realm of thermal infrared remote sensing im-
plied by this result remains impressive.
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Fig. 7. ASTER-based apparent thermal inertia (ATI) image of the North Coulee rhyolite flow (outlined with the dashed line), Mono Craters, CA draped over a Google Earth image acquired
2 months later. The colorized ATl image has been scaled from low ATI values (blue and magenta) signifying fine-grained pyroclastic airfall mantling deposits to high ATl values (yellow and
orange) denoting unmantled blocks larger than 10 cm. The inset photograph corresponds to the small black box and shows the contact between these two surfaces.

Plotting the results over time shows that Mars research using the
thermal infrared has increased with approximately the same exponen-
tial rate as for the Earth, but delayed by 30 years (Fig. 9). Although both
trends follow this exponential growth with time, a distinct inflection
point is present for Mars after 2000. No such inflection point is obvious
for Earth, which denotes the continuous presence of satellites with TIR
instruments since the mid-1960s. If one focuses on all TIR studies rather
than just those of volcanic studies, the relationship between new instru-
mentation and new publications becomes even more obvious. For Mars,
three inflection points become visible: (1) in 1965 when the publication
rate increased from 6 to 10 per year to 26 per year; (2) in 1990 when the

publication rate increased from 16 to 20 per year to 45 per year; and
then (3) in 2000 when the publication rate increased from 20 to 58
per year to 160-370 per year. These inflections respectively followed
(1) the Mars flyby missions by the early Mariner missions; (2) analysis
of older TIR data from the Viking (US) and Phobos (Soviet Union) mis-
sions in preparation for the planned TIR data from the Mars Observer
and Mars Global Surveyor missions; and (3) the arrival of new the TIR
instruments, THEMIS (orbital) and mini TES (rover). If we project the
Mars-based trend to 2050 (Fig. 9), the result is similar to that of Earth.
However, the lack of planned future missions to Mars with TIR capabil-
ities means that this accelerating publication record will likely fall-off,

Table 4

Values used to solve Egs. (7), (8), (9) and (10) and generate relations 1, 2 and 3.
Parameter Symbol Value Units Source
Hot fraction f 0.0081 Kilauea channel: Flynn and Mouginis-Mark (1994)
Emissivity € 0.95 Basaltic ‘a'a (Kilauea): Harris (2013)
Stefan-Boltzman constant o 5.67E—08 W/m K*
Eruption temperature T, 1413 K Mauna Loa 1984: Lipman and Banks (1987)
Bulk density p 1850 kg/m> Mauna Loa 1984: Lipman and Banks (1987)
Specific heat [ 1150 J/kg K Kilburn (2000)
Crust thickness 5o 0.85 m Mauna Ulu 1974: Harris et al. (2009)
Flow thickness h 3 m Mauna Ulu 1974: Harris et al. (2009)
Stop temperature Te 980 °C Mauna Loa 1984: Harris and Rowland (2015)
Crust temperature Te 423 K Lonquimay 1991: Oppenheimer (1991)
Ambient temperature Ta —54 219 see Table 1
Latent heat Lx 3.50E+05 J/kg
Fractional cystallization Ag 0.45 Mauna Loa 1984: Harris and Rowland (2015)
Cooling range AT 225 =T, —T¢
Energy for flow front failure [ 2.00E+04 J/m Kilburn (2000)
Gravity g 3.8 m/s? see Table 1
Thermal diffusivity of basalt K 7.00E—07 m?/s Turcotte and Schubert (2002)
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Table 5
Flow measurements used to solve the three TADR relations of Eqs. (11), (12) and (13),
with the results from applying the relations to flow units i, ii, iii and iv of Fig. 6.

Arsia  Length Area Qrad TADR TADR TADR
Mons  (km) (m2) (W) Relation 1 Relation2 Relation 3
Flow (m3/s) (m3/s) (m3/s)

i 103,710 5.98E+4+08 9.57E+11 2584 1243 882

il 123,514 9.19E4+08 147E+12 3971 1909 1251

iii 111,553 6.76E+08 1.08E+12 2920 1404 1021

iv 163,102 1.80E+09 2.89E+12 7796 3749 2182

which may already be occurring. The average number of volcanic publi-
cations per year for Mars using TIR data was 34.2 between 2005 and
2009, which then increased to 57.6 during 2010-2014. However, for
the first part of 2015 this rate was only 3.8. We expect that this will like-
ly not be the case for terrestrial studies due to new and planned TIR in-
struments slated for land, sea and atmospheric studies. For example, the
Thermal Infrared Sensor (TIRS) instrument on Landsat 8, the planned
Ecosystem Spaceborne Thermal Radiometer Experiment on Space Sta-
tion (ECOSTRESS) instrument to be placed on the International Space
Station, and the notional Hyperspectral Infrared Imager (HyspIRI) orbit-
al instrument should continue to provide higher spatial resolution TIR
data for the Earth.

The exponential growth of study in the field of TIR remote sensing of
both planets is certainly a reflection of the instrumentation and data
available, as well as the ever-increasing ease in acquiring and processing
these data (Harris, 2013). However, the preponderance of Earth-based
studies is also, of course, a function of the greater diversity of volcanic
processes on Earth coupled with the direct risk presented by volcanic
activity to human populations. Thermal IR data from Earth orbit have
been acquired continuously for over a half century from the earliest
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Table 6

Google Scholar search (31 May 2015) using the Boolean string for Mars: [“thermal infra-
red” 4 (volcano OR volcanic OR lava) + Mars -lunar -moon -lo -Jupiter]; Earth: [“thermal in-
frared” + (volcano OR volcanic OR lava) -lunar -moon -Mars -Io -Jupiter]; Moon: [“thermal
infrared” 4+ (volcano OR volcanic OR lava) + lunar + moon -lo -Jupiter -Mars]; and lo:
[“thermal infrared” + (volcano OR volcanic OR lava) + Io + Jupiter -lunar -moon -Mars).
The search terms were chosen to minimize the influence of false positive results for stud-
ies: (1) focused on other planets; (2) using other infrared wavelength regions; and/or
(3) infrared studies of other geologic processes. Results are given for five year periods from
1950 to 2014 and for the year 2015.

Body Total 1950-2014 2015
Earth 5054 4905 149
Mars 643 624 19
Moon 146 142 4
Io 22 20 2

weather satellites (e.g., TIROS, VHRR, AVHRR), through the Landsat se-
ries of missions and continuing with instruments such as ASTER, Earth
Observing-1 (EO-1), Moderate Resolution Imaging Spectroradiometer
(MODIS) and Spinning Enhanced Visible and Infrared Imager (SEVIRI)
that operate along with the older workhorse weather satellites. Al-
though these data have been acquired at various spatial, spectral and
temporal scales, none of these instruments were designed solely for
the study of volcanic processes (Harris, 2013).

Conversely, Mars TIR instrument technologies, and the resulting
data, have outpaced those of Earth in terms of volcanological applica-
tions. There have been far fewer missions to Mars, but nearly all have
contained some form of thermal infrared instrument until the latest
set of missions. Planetary instruments are generally seen as experimen-
tal in nature and therefore technologies, such as hyperspectral
resolution and new detector design, commonly appear first for Mars
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Fig. 8. Output of the FLOWGO model modified for Mars conditions and applied to the Arsia Mons flow shown in Fig. 6. (A) Core temperature versus flow distance. (B) Crystallinity versus
flow distance. (C) Viscosity versus flow distance. (D) Velocity versus flow distance. A third-order polynomial fit to the velocity is also shown with the thin line.
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Fig. 9. Plot of all articles found using Google Scholar that contain the terms “thermal infrared” and “volcano” or “volcanic” or “lava” and the planet name (see Table 6). Although all follow an
exponential growth with time, distinct inflection points are present for Mars and the moon due to the arrival of new TIR instruments in orbit. For example, the arrival of the Diviner
instrument on Lunar Reconnaissance Orbiter (LRO) resulted in an increase in the number of publications over the past five years.

missions, later perhaps being adapted for Earth. Earth-orbiting instru-
ments, on the other hand, are typically treated as a part of longer-
term record keeping and therefore technology improvements are
much slower to come online, in favor of baseline data continuity.

5. Conclusions

The specific focus of this paper, as well as our original talk at the Geo-
logical Society of America Meeting in 2014, centers on how thermal in-
frared remote sensing is being used to understand volcanic processes,
both past and present on Earth and Mars. New and innovative studies
arising on one planet using a specific dataset, or combination of
datasets, can be used as a blueprint for analysis of the other. In this re-
gard, inter-connected regimes of advances in instrument technology,
data analysis/modeling and their integration can feed back between
Earth and Mars to allow better understanding of geologic processes
that operate on both planets.

Because the volcanological questions and problems arising on Earth
are quite different from those on Mars, the focus of TIR studies for
both these planets is also quite different. Studies from Earth orbit have

focused primarily on temperature analyses and active processes;
whereas those from Mars orbit have centered on the spectral and
thermophysical. Clearly, the lack of active volcanic processes, colder sur-
face temperatures and the commonly dusty conditions on Mars has
driven the design of TIR instrumentation, with a focus on spectral and
spatial improvements, over temporal.

Despite the differences in volcanic processes and orbital TIR instru-
mentation for both planets, a convergence of the analysis and modeling
techniques has begun as the datasets and algorithms continue to im-
prove. There exists a rather large and untapped potential in using
these data for quantitative comparative studies of volcanic processes
with the benefit of being able to validate the results on Earth. We
have highlighted several of these cross-over approaches, which are
equally applicable for examining volcanic surfaces on both planets. For
example, spectral deconvolution and thermal inertia analysis have
been the dominant approaches for Mars data analysis, and are now
being adapted for volcanic studies on Earth. Similarly, analysis and
modeling techniques designed for high-temporal resolution data of sur-
face temperature and radiant flux on Earth can be adapted for the older
flows on Mars. A common thread in all of these studies is the critical
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need for high-resolution data to validate the modeling approaches and
allow for a hierarchical approach to scaling over orders of magnitude
resolution differences. This can be found in studies of terrestrial volca-
nism using hand-held thermal IR cameras as well as TIR data returned
from the surface of Mars from the mini-TES instrument that have im-
proved the accuracy of the orbital data (e.g., Christensen et al., 2001;
Harris et al.,, 2007; Ramsey et al., 2012a; Ruff et al,, 2014). Furthermore,
as spatial resolution from orbit improves, sub-1 m data (e.g., HiRISE at
Mars, WorldView at Earth, etc.) provide the contextual scale common
to most ground-based studies thereby expanding the analyses to in-
clude new end-members and categories.
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