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Proposed running Title: 

Small edifices in Chryse Planitia 

 

Abstract  

Small edifice features that are less than a few kilometers in diameter and up to a few 

hundred meters in height are widely distributed in Chryse Planitia on Mars.  They exhibit a 

broad range of morphological properties that are here classified as Type 1 (steep-sided cones 

typically with summit craters), Type 2 (nearly flat features with single or multiple 

central/summit craters or cones) and Type 3 (nearly circular features in plan view, 

characterized by steep sides and a broadly flat summit area).  Their origins have not been 

determined with certainty, but our study utilizing the High Resolution Imaging Science 

Experiment (HiRISE) images supports the interpretation of mud volcanism, based on the 

observed morphological characteristics of these small edifices and comparisons with 

terrestrial analogs.  Additionally, hydrated minerals detected on these edifice features in data 

from the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM), further support 

the mud volcano hypothesis.  Injection features such as clastic mega-pipes and sand blow 

features may coexist with the mud volcanoes.  Alternative mechanisms such as magmatic 

volcanism are not excluded, but they have less support from our remote sensing observations.  

Further confirmation or rejection of the mud volcano hypothesis will require in-situ 

investigation by landers or rovers. 

Keywords: Mars, surface; Geological processes; Volcanism; Spectroscopy; Astrobiology 
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1. Introduction and aim of study 

 

Features interpreted to be mud volcanoes occur at various locations in and along the 

northern plains of Mars, including Isidis Planitia (Davis and Tanaka, 1995; Ori et al., 2000), 

Utopia Planitia (Skinner and Tanaka, 2007, Ivanov et al., 2014), the Utopia/Isidis overlap 

(McGowan, 2011), Acidalia Planitia (Farrand et al., 2005; Oehler and Allen, 2010), Chryse 

Planitia (Tanaka, 1997; Rodriguez et al., 2007; Oehler and Allen, 2009; Komatsu et al., 

2011b), and Arabia Terra (Pondrelli et al., 2011).  However, there is no place on Mars where 

the presence of mud volcanoes is fully confirmed to date.  Mud intrusion and extrusion on 

Earth are well-known phenomena whereby fluid-rich (e.g., water, methane), fine-grained 

sediments ascend within a lithologic succession mainly because of their buoyancy (Kopf, 

2002).  The buoyancy may be an involved factor where sediments are in overpressured or 

undercompacted conditions with abnormally high porosities for their depths.  This can be the 

result of processes such as rapid sedimentation, tectonic loading, gas hydrate dissociation, or 

diagenesis and mineral dehydration reactions, among others (Kopf, 2002).  Mud volcanoes 

on Earth show variable geometry (up to tens of kilometers in diameter and hundreds of 

meters in height) and a great diversity regarding the origin of the fluid and solid phases.  The 

mud volcanoes typically exhibit cone- or pie-shaped (< 5º slopes) edifices and flows, which 

are made of a clay mineral-rich matrix and clasts of variable compositions (Kopf, 2002). 

On Earth, mud volcanoes are an important “window” into the underlying strata, because 

both a low-competence parent bed (clay-rich layer) and some rock fragments are transported 

to the surface (Kopf, 2002).  Similarly, mud volcanism on Mars would provide a window into 
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subsurface crustal materials that were deposited earlier in geologic history, as well as into 

potential protected deep habitats for life (Komatsu et al., 2014).  Mud volcanism on Mars, if 

proven, would be very important in understanding the processes of sedimentation, water 

saturation, and liquid and gas movement in the crust.  It should be noted that fluids such as 

water and methane are directly relevant to the topic of biology/astrobiology, and fine-grained 

sedimentary materials have the potential to preserve biosignatures or even result from 

biological processes (e.g., Komatsu and Ori, 2000; Oehler and Allen, 2012a).  Thus, 

accumulations of subsurface materials transported upward to the surface by mud volcanism 

could become prime sites for future astrobiological investigations (Skinner and Mazzini, 

2009; Dohm et al., 2011; Oehler and Allen, 2012a; Komatsu et al., 2014).  A full 

confirmation of the existence of mud-volcanism features may require in-situ investigation by 

rovers.  However, detailed remote sensing study for identification of “potential” mud 

volcanism features as presented here is also a necessary step in order to make selections of 

promising future landing sites. 

Previous works regarding the purported mud volcano features on Mars relied mostly on 

lower resolution images from the Viking Orbiters, Mars Orbiter Camera (MOC; Malin and 

Edgett, 2001), Thermal Emission Imaging System (THEMIS; Christensen et al., 2004) and 

ConTeXt camera (CTX; Malin et al., 2007), and/or focused on geomorphological analysis 

only.  Oehler and Allen (2010) were the first to attempt utilizing a combination of the highest 

resolution images available and spectral data sets from the Mars Reconnaissance Orbiter 

(MRO) instruments, High Resolution Imaging Science Experiment (HiRISE; McEwen et al., 

2007) and Compact Reconnaissance Imaging Spectrometer for Mars (CRISM; Murchie et al., 
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2007) for features widespread in Acidalia Planitia (Fig. 1), which were interpreted to be mud 

volcanoes.  In their assessment, HiRISE images revealed morphology of the features (sizes, 

variable shapes) consistent with mud volcanoes.  However, CRISM Visible and 

Near-infrared (VNIR) analysis failed to detect minerals commonly found with terrestrial 

mud volcanoes (in particular phyllosilicates), although the features appear to have enhanced 

coatings or greater concentrations of ferric oxides than their surroundings, a possible sign of 

water alteration or coating produced by weathering (Oehler and Allen, 2010). 

Although the presence of mud volcanoes has been suggested previously in parts of Chryse 

Planitia based on lower resolution data (Tanaka, 1997; Rodriguez et al., 2007; Oehler and 

Allen, 2009), we now present the results of new analysis utilizing HiRISE and CRISM data.  

The combination of these data sets provides a stronger basis to further support the mud 

volcano hypothesis.  In particular, we describe new observations of a field of small edifice 

features in Chryse Planitia (Figs. 1, 2), where morphological characteristics were originally 

reported by Komatsu (2010) and Komatsu et al. (2011b) utilizing MOC, THEMIS and CTX 

images to closely match those of terrestrial mud volcanoes.  

The purpose of our study is to broadly continue new investigations into Chryse Planitia to 

test the mud volcano hypothesis by employing imaging, topographic and spectra techniques 

that have not been previously applied.  Our study represents the first study of the small 

edifices in Chryse Planitia, south of the Acidalia Planitia study area investigated by Oehler 

and Allen (2010), with the HiRISE and CRISM datasets.  Importantly, we analyzed CRISM 

Infrared (IR) data in search of clear evidence for hydrated minerals, an investigation that had 

not been applied by Oehler and Allen (2010) to the features in Acidalia Planitia.  
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Additionally, we examined data from the SHAllow RADar sounder (SHARAD; Seu et al., 

2007) onboard MRO in order to gain insights into the present-day state of the crust (presence 

or absence of groundwater and/or ice, in particular) in the study area region.  The results 

generally support the proposed mud volcano interpretation based on Earth analog 

characteristics, but also with peculiarities likely unique to Martian conditions. 

 

2. Geological setting  

 

The study area is located in relatively flat plains emplaced and modified by outflow events 

from Tiu and Ares Valles (Fig. 1) (Scott and Tanaka, 1986; Komatsu and Baker, 1997; 

Tanaka, 1997; Tanaka et al., 2005; Pacifici et al., 2009).  Streamlined hills that are 

characteristic outflow channel landforms (Komatsu and Baker, 2007) occur widely in the 

vicinity.  The area is located ~220 km west of the Mars Pathfinder landing site (e.g., 

Golombek et al., 1997).  The study area is a part of a larger region where widespread, 

semi-circular surface features (i.e., small edifices) occur as light toned patches in THEMIS 

(Christensen et al., 2004) daytime infrared images (Fig. 1).  These small edifices occur 

within the Late Hesperian unit HCc4 (Tanaka et al., 2005).  The HCc4 unit represents deposits 

in Chryse Planitia where circum-Chryse outflow channels enter the northern plains, and it is 

locally marked by irregular and curvilinear grooves, knobs, low shields, and thin circular 

sheets.  The deposits are interpreted to have formed by debris flows and/or by rapidly 

emplaced fluvial sediments from the outflow channels (Tanaka et al., 2005).  The study area 

was chosen due to the broad morphological diversity of small edifices occurring together 
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within a relatively small area well covered by both HiRISE and CRISM data.  It is not clear 

whether the small edifices in the study area are truly representative of the entire population of 

small edifices in Chryse Planitia in terms of morphology, due to limitations in processing the 

large volumes of HiRISE images.  However, the broad spectrum of examples within the 

study area likely provides insight into what we should expect to see in other areas.  

 

3. Methodology 

 

Several spacecraft data sets are utilized to mutually constrain the analysis; HiRISE at ~30 

cm/pixel, CTX at ~6 m/pixel and THEMIS daytime infrared (~100 m/pixel) and visible (~20 

m/pixel) are the main image data used for morphological interpretations.  Digital terrain 

models (DTMs, at 1 m per post) derived from the HiRISE images are used to analyze specific 

small edifices in detail.  HiRISE DTMs are made from stereo pairs utilizing the Ames Stereo 

Pipeline (Moratto et al., 2010).  Orthorectified HiRISE images are draped over the terrain for 

three-dimensional (3D) views.  Both the 3D views and DTM data are used for morphological 

and morphometric assessments of the small edifices. 

We analyze 7 CRISM Full-Resolution Targeted (FRT) images at VNIR (0.4–1 μm) and IR 

(1–4 μm) wavelengths with ~18 m pixel scale to find any distinct mineralogic signatures 

associated with the small edifices.  The CRISM Analysis Toolkit (CAT; Murchie et al., 

2007) is used for atmospheric correction via the “volcano scan” method (e.g., McGuire et al., 

2009), and map projection to generate spectral summary parameters (e.g., Pelkey et al., 2007).  

We normalize the atmospherically-corrected images by generating a mean spectrum from 






























































































































