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Abstract 27 

We analyze the shapes of twenty eight hypothesized scoria cones in three regions on 28 

Mars, i.e. Ulysses and Hydraotes Colles and Coprates Chasma. Using available HiRISE and CTX 29 

Digital Elevation Models, we determine the basic morphometric characteristics of the cones and 30 

estimate from ballistic modelling the physical parameters of volcanic eruptions that could have 31 

formed them. When compared to terrestrial scoria cones, most of the studied cones show larger 32 

volumes (up to 4.2×10
9
 m

3
), larger heights (up to 573 m) and smaller average slopes. The average 33 

slopes of the Ulysses, Hydraotes and Coprates cones range between 7° and 25°, and the 34 

maximum slopes only rarely exceed 30°, which suggests only a minor role of scoria 35 

redistribution by avalanching. Ballistic analysis indicates that all cones were formed in a similar 36 

way and their shapes are consistent with an ejection velocity about two times larger and a particle 37 

size about twenty times smaller than on Earth. Our results support the hypothesis that the 38 

investigated edifices were formed by low energy Strombolian volcanic eruptions and hence are 39 

equivalent to terrestrial scoria cones. The cones in Hydraotes Colles and Coprates Chasma are on 40 

average smaller and steeper than the cones in Ulysses Colles, which is likely due to the difference 41 

in topographic elevation and the associated difference in atmospheric pressure. This study 42 

provides the expected morphometric characteristics of Martian scoria cones, which can be used to 43 

identify landforms consistent with this type of activity elsewhere on Mars and distinguish them 44 

from other conical edifices. 45 

1. Introduction 46 

Our knowledge of small-scale explosive volcanic cones on Mars thought to form by 47 

explosive volcanism has significantly increased in the recent years owing to a new generation of 48 

high resolution images that allow their identification [Bleacher et al., 2007; Keszthelyi et al., 49 



2008; Meresse et al., 2008; Lanz et al., 2010; Brož and Hauber, 2012; 2013]. Possible martian 50 

equivalents of terrestrial scoria cones were reported as parasitic cones on the flanks of large 51 

volcanoes [Bleacher et al., 2007; Keszthelyi et al., 2008] or as cone clusters forming volcanic 52 

fields [Meresse et al., 2008; Lanz et al., 2010; Brož and Hauber, 2012; Fig. 1]. Although the 53 

interpretation of these edifices as scoria cones is mainly based on their apparent morphological 54 

similarity with terrestrial scoria cones, no detailed investigation of their morphometry using high-55 

resolution data has yet been performed to support such a conclusion, with a partial exception for 56 

the Hydraotes Colles cone field [Meresse et al., 2008] and the Ulysses Colles cone field [Brož 57 

and Hauber, 2012; Brož et al., 2014]. 58 

It has been recognized that hypothesized martian scoria cones differ in size and shape 59 

from terrestrial scoria cones [Meresse et al., 2008; Brož and Hauber 2012]. Martian scoria cones 60 

are usually larger in basal diameter, higher, more voluminous by one to two orders of magnitude 61 

than their terrestrial counterparts, and the flanks do not exhibit slopes over 30° [e.g., Brož and 62 

Hauber, 2012; Kereszturi et al., 2013].  The large basal diameter of the Martian cones can be 63 

explained by lower values of gravitational acceleration and atmospheric density on Mars than on 64 

Earth, which allow the scoria particles to be ejected further from the vent and deposited across a 65 

wider area than in terrestrial conditions [McGetchin et al., 1974; Wood, 1979; Dehn and 66 

Sheridan, 1990; Wilson and Head, 1994; Brož et al., 2014]. Although Martian cones are higher 67 

and have larger volumes than on Earth [Brož and Hauber, 2012], the amount of scoria material is 68 

typically not sufficient for the critical angle of repose to be attained over the main part of their 69 

flanks as it is common on Earth [Riedel et al., 2003]. The principal mechanism of scoria cones 70 

formation on Mars is thus the ballistic emplacement of ejected particles which accumulate around 71 



the vent over time [Brož et al., 2014], rather than a redistribution of particles by avalanching 72 

processes typical of terrestrial scoria cones [Riedel et al., 2003]. 73 

Previous studies dealing with the shape of scoria cones on Mars [Meresse et al., 2008; 74 

Brož and Hauber, 2012 and partially Lanz et al., 2010] were based on data obtained through the 75 

High Resolution Stereo Camera (HRSC, [Jaumann et al., 2007]) and the Mars Orbiter Laser 76 

Altimeter (MOLA) Precision Experimental Data Records (PEDRs; [Zuber et al., 1992; Smith et 77 

al., 2001]). Both instruments have only a limited horizontal resolution, which is optimal for 78 

investigating topographic features of a typical size of tens of kilometers or larger, but insufficient 79 

to provide detailed (~100 m - 1 km) information about small-scale features such as scoria cones 80 

(Fig. 2). This information is necessary for understanding the variability between cones and 81 

determining their morphometric characteristics. These are required for a quantitative comparison 82 

of the cones with similar features on Earth and other Martian conical edifices of various origins 83 

(e.g., mud volcanoes, pingos, rootless cones etc.; [Burr et al., 2009]). In the present study, we use 84 

new high-resolution data from the High Resolution Imaging Science Experiment (HiRISE; 85 

McEwen et al., 2007) and the Context Camera (CTX; [Malin et al., 2007) which enable 86 

investigation of small edifices in unprecedented detail and quantitative analysis of their shapes 87 

(Fig. 2). Such an approach was tested previously by Brož et al. [2014] who investigated the 88 

shapes of two Martian scoria cones in Ulysses Colles using CTX Digital Elevation Models 89 

(DEMs) and one cone by HRSC DEMs.  90 

Using the available high-resolution DEMs based on HiRISE and CTX stereo image pairs, 91 

we investigate the shapes of cones within three hypothesized volcanic fields (for details, see 92 

section 2) – Ulysses Colles (UC), Hydraotes Colles (HC) and Coprates Chasma (CC) where the 93 

existence of scoria cones has been suggested [Meresse et al., 2008; Harrison and Chapman, 94 



2008; Brož and Hauber, 2012]. For each field, we first select a representative subset of cones that 95 

are well covered by HiRISE and/or CTX data. The topography of each cone is averaged with 96 

respect to the central axis, and the resultant axisymmetric structure is then characterized by 97 

several morphometric parameters, such as total volume, cone height and width, average and 98 

maximum slope etc. (for details, see section 4). Similar approaches have also been applied to 99 

terrestrial scoria cones [e.g., Favalli et al., 2009; Kervyn et al., 2012; Kereszturi and Neméth, 100 

2012; Kereszturi et al., 2012; for an overview see Grosse et al., 2012]. By comparing the 101 

parameters obtained for individual cones we evaluate the shape variability within each volcanic 102 

field and assess the degree of similarity among the fields. Finally, following the approach by Brož 103 

et al. [2014], which complements well the theoretical considerations of Wilson and Head [1994], 104 

we determine, for each cone, the ejection velocity and the particle size that best reproduce the 105 

observed shape of the cone, and again compare the results within and among the volcanic fields. 106 

The joint results of our morphometric analysis and numerical modeling are then discussed from 107 

the viewpoint of the formation mechanism of the cones and their volcanic origin. 108 

2. Regional setting 109 

The three fields considered in this study contain well-developed cones of various sizes 110 

with bowl-shaped central craters. The cones show only limited signs of modification by erosion. 111 

They are occasionally accompanied with short flow-like units associated with their flanks and/or 112 

craters. The cones occur as isolated edifices, or are grouped into small clusters where individual 113 

cones may coalesce or partially overlap each other. Their morphology and the fact they are 114 

associated with flow-like units suggest that the cones were formed by emplacement of material 115 

from the subsurface rather than by sediments from atmospheric deposition [Meresse et al., 2008; 116 



Brož and Hauber, 2011]. Here, we briefly summarize the basic characteristics of the fields as 117 

described in previous studies.  118 

2.1. Ulysses Colles 119 

This volcanic field is situated in the Tharsis region at the south-eastern margin of Ulysses 120 

Fossae (Fig. 1a), a several-hundred-kilometer-long fault system trending mainly in north-south 121 

direction and fracturing a window of older crust which survived later resurfacing event(s) by 122 

younger lava flows. This field is located at a height of 4.5 km above the Martian datum over an 123 

area of about 80 × 50 km at the southern edge of Ulysses Fossae and it is formed by (at least) 29 124 

volcanic cones [Brož and Hauber, 2012]. The cones are not distributed randomly; there is a 125 

cluster of 10 cones at the southern edge of this field. These cones have well-developed shapes 126 

and they seem to be well preserved. Three cones may be associated with flow-like features 127 

originating at the base and/or at the top of the cones. Unfortunately, only a small part of this field 128 

is covered by HiRISE or CTX stereo-pair images suitable for DEM production, hence our 129 

investigation of this field is based only on 7 cones. 130 

2.2. Hydraotes Colles 131 

This volcanic field is located in an area of jumbled assemblage of large, irregular blocks 132 

or mesas termed chaotic terrain [Sharp, 1973]  on the eastern margin of Xanthe Terra (Fig. 1b). 133 

The area lies at the contact of two major large-scale complexes of fluid-eroded troughs outflow 134 

channels [Baker et al., 1992] (Simud and Tiu Vallis). The area is partly filled with large mesas 135 

separated by narrow valleys and by a basin with a smooth floor located 5 km below the Martian 136 

datum. Based on the inspection of HRSC and THEMIS data Meresse et al. [2008] identified 137 

about 40 cratered cones of various sizes and shapes in this basin, and divided them into three 138 

classes: basin cones, valley cones and small cones. The basin cones represent the largest edifices 139 



and are the subject of our investigation. These cones are predominantly located in the southern 140 

part of the chaotic terrain over a 40 × 30 km area. They have central craters and often form small 141 

sub-clusters separated by 5 km. The individual clusters are composed of cones which often 142 

partially overlap and/or are accompanied by flow-like units, interpreted by Meresse et al. [2008] 143 

as lava flows. Three clusters and one individual cone are covered by HiRISE stereo-pairs and two 144 

other cones are covered by CTX DEMs. This allows us to investigate 15 cones in this field. 145 

2.3. Coprates Chasma 146 

The largest field of hypothesized scoria cones is situated in the bottom part of the 147 

Coprates Chasma valley (Fig. 1c), one of the largest canyons in Valles Marineris, which extends 148 

over 1000 km. The cones and mounds are spread in a west-eastern direction over an area of 155 × 149 

35 km, 5 km below the Martian datum on the floor of Coprates Chasma. Similarly to the cones in 150 

HC, the cones in CC sometimes form small clusters containing up to ten edifices, partly 151 

overlapping each other. The cones have been briefly mentioned by Harrison and Chapman 152 

[2008] as possible volcanic edifices; however, an origin associated with mud volcanism was also 153 

discussed and in the end chosen as the most plausible explanation. CTX and HiRISE images 154 

recently revealed previously unknown details [Hauber et al., 2015] which seem to be consistent 155 

with a volcanic origin. At the time of writing this study, HiRISE stereo-pairs were available only 156 

for one cluster of cones. Our investigation focuses on 6 cones within this cluster, which represent 157 

only a small sample of this extensive field. 158 

3. Topographic datasets 159 

We used topographic data based on gridded digital elevation models (DEMs) derived 160 

from HiRISE (~30 cm/pixel, [McEwen et al., 2007]) and CTX (5–6 m/pixel; [Malin et al., 2007]) 161 



images. We computed the high-resolution DEMs from HiRISE and CTX stereo pairs using the 162 

methods described, e.g., in Moratto et al. [2010]. The image data were processed using the USGS 163 

Astrogeology image processing software Integrated System for Imagers and Spectrometers 164 

(ISIS3). The gridded HiRISE DEMs in UC, HC and CC have ground sampling distances of 0.53 165 

m, 1.48 m and 3.82 m, respectively, while the resolution of CTX DEMs is 17.78 m. The overall 166 

absolute accuracy with respect to its position on the Martian surface is at the scale of a few 167 

meters. The relative (local) accuracy is typically higher because of the sub-meter resolution of the 168 

processed HiRISE data. The elevations of the DEMs are consistent with single shot data from 169 

MOLA PEDRs [Garvin et al., 2000]. In regions where both kinds of DEMs are available, we use 170 

only the HiRISE DEMs since they have a higher resolution than the CTX DEMs and hence 171 

provide a more detailed shape representation (Fig. 3). The spatial resolution of the HiRISE DEMs 172 

deteriorates in regions with a large amount of missing data (for an example, see Figs. 3a,b where 173 

the missing data are marked in white). These data gaps are associated with the process of DEM 174 

generation and affect the areas where an insufficient amount of matched points was produced 175 

before the interpolation of a DEM surface. Regions affected by too many data gaps were 176 

excluded from further analysis. Although the DEMs used in this study have relatively good 177 

spatial and vertical resolution (Fig. 3, bottom panel), small high-frequency variations in the 178 

topographic signal makes the accurate evaluation of the topographic slope difficult. The usual 179 

way to overcome this problem is to perform a spectral analysis of the signal and filter out the 180 

high-frequency noise in the spectral domain, or to remove the noise directly in the spatial domain 181 

using a moving average or smoothing method [e.g., Kenney and Keeping, 1962]. However, we 182 

find that neither of these methods works reliably when applied to the topographic data derived 183 

from HiRISE and CTX images because we are not able to distinguish a spurious high- and 184 

intermediate-frequency signal, arising from image processing, from the real small-scale 185 



topographic signal. The problem is obviously complex and its solution would require a better 186 

understanding of data errors. Here we simplify the problem by assuming that the studied edifices 187 

are axisymmetric. For each cone we define the center of symmetry as the geometrical center of 188 

the summit plateau and then we determine the average shape of the cone by averaging the 189 

topographic heights along the cross-sections passing through the center of symmetry. The angular 190 

step between the neighboring cross-sections is chosen to be 1 degree. This approach significantly 191 

reduces the noise in the topographic data and allows each cone to be described by a limited 192 

number of parameters (see next section). The parts of the cone with frequent data gaps and those 193 

where the axial symmetry is clearly disturbed (e.g., due to a lava flow, an irregularity of the 194 

bedrock topography or an overlap with another cone) are excluded from the averaging (see Table 195 

1 for the list of sectors that have been considered).  196 

4. Morphometric parameters 197 

The morphometric properties studied for these cones are those that are commonly used for 198 

terrestrial scoria cones (Fig. 4a, for an overview see [Grosse et al., 2012]). These parameters are: 199 

the width or basal diameter of the cone (WCO), the width of the crater (WCR), the height of the 200 

cone (HCO), the flank slope (α), and the volume. To determine these parameters for each cone we 201 

first correct for the influence of irregularities and compute the average shape (Fig. 4b) as 202 

described in section 3. The base level z0 (marked by the dotted line in Fig. 4a), used to determine 203 

parameters WCO and HCO, is defined as the horizontal plane passing through the point where the 204 

slope of the average topographic profile exceeds one degree. This definition is independent of 205 

subjective factors and the results can be easily reproduced. It should be noted, however, that this 206 

approach may ignore far-reaching volcanic products [see, e.g., review by Kereszturi and Németh, 207 

2012 for details] hardly detectable on topographic profiles and therefore may affect our volume 208 



estimates by underestimating the total amount of ejected material. The slope of each cone is 209 

described by a function αz characterizing the dependence of slope α on relative height h,  210 

𝛼z(h) = 0.1 ∫ α
h+0.05

h−0.05
(h′)dh′, 𝑤here h =  

𝑧−𝑧0

𝑧1−𝑧0
 , h ∈  〈0.05, 0.95〉                    (1) 211 

and by two constant parameters, the average slope and the maximum slope, defined as the 212 

average and maximum values of αz, respectively (for meaning of parameter z1, see Fig. 4a). Since 213 

the slope α is determined by numerical differentiation of the cone's shape, its accuracy strongly 214 

depends on the smoothness of the averaged topography. In the Coprates region, a high density of 215 

data gaps around the cones CC15 and CC22 and asymmetry of the cone CC20 do not allow the 216 

averaged shape to be reliably differentiated. The slope characteristics of these cones are therefore 217 

excluded from further analysis. In contrast, small errors in topographic height only weakly affect 218 

the evaluation of the volume and other parameters. The largest error in determining these 219 

parameters arises from the definition of the base level z0 and violation of the assumption of 220 

symmetry. A similar problem has also been noted in studies focusing on terrestrial volcanic 221 

edifices [e. g., Favalli et al., 2009; Kereszturi et al., 2012].. 222 

5. Results of morphometric analysis 223 

We processed 8 stereo image pairs (5 HiRISE, 3 CTX) that enable the investigation of 28 224 

conical structures in the three fields. 17 cones are covered by HiRISE DEMs and 11 by CTX 225 

DEMs. In all fields, only a subset of cones is considered since none of the fields is completely 226 

covered with stereo data of sufficient quality. As individual cones display morphological 227 

heterogeneity causing small variations in shape, we determine the average shape for each cone 228 

(for details, see section 3). These small variations may be caused by impact craters, sector 229 

collapses, migrations of feeder dikes, increase/decrease in explosivity and, partly, erosion. 230 



Examples of such variations are shown in Figs. 4b and 5a-c for the case of a cone in the 231 

Hydraotes region. Additionally, it is known from Earth that similar variations may be associated 232 

with syn-eruptive variations of eruption styles [Kereszturi and Neméth, 2012; Kereszturi et al., 233 

2012] and it is reasonable to expect that the same is also valid for Mars. The topographic height 234 

of the cone depends not only on the distance from the center but also on azimuth, suggesting 235 

variations in particle distribution and deposition over the entire perimeter of the cone – see Fig. 236 

4b where topographic profiles along two cross-sections are compared with the resultant average 237 

shape. As obvious from the slope map (Fig. 5b), the southern part of the cone is steeper than the 238 

northern one, while the western part is affected by sector collapse and/or impact craters (Fig. 5c). 239 

The parameters of the cones obtained after averaging are summarized in Table 1 and 240 

depicted in Fig. 6. In general, the size of the cones varies among the three investigated fields (Fig. 241 

6a). The cones in UC have, on average, the largest mean basal diameter, the widest central crater 242 

and also include the highest edifices (Fig. 6b) with mean values of 4080 m, 650 m and 320 m, 243 

respectively. The cones in HC are mostly smaller than the cones in UC, with mean basal 244 

diameter, crater width and cone height of 1880 m, 290 m and 190 m, respectively. The 245 

statistically smallest edifices are found in the CC region; but their mean characteristics 246 

(WCO=1490 m, WCR=290 m and HCO=160 m) do not differ much from those of the HC cones. 247 

The slopes and volumes of the cones vary significantly from cone to cone within individual 248 

fields and also among the fields. As the cones in UC are largest and highest, they include the 249 

most voluminous edifices (Fig. 6c). However, even the largest cones in this region show smaller 250 

average slopes than the steepest edifices in HC and CC (Fig. 6d). The average slopes ᾱ in UC 251 

range between 7° and 18° with corresponding cone volumes between 1.5×10
8
 m

3
 and 4.2×10

9
 m

3
, 252 

while the cones in HC and CC have similar or even larger average slopes (13° – 24°), but their 253 



volumes range from 2.1×10
7
 m

3
 to only 4.6×10

8
 m

3
 (see also Tab. 1). The cones in HC and CC 254 

are thus similar in volume to terrestrial scoria cones which are on average formed by 4.6 × 10
7
 m

3
 255 

of material (determined from 986 edifices, data from Pike [1978] and Hasenaka and Carmichael 256 

[1985]). 257 

The slope αz (eq. 1) is not uniform along the entire length of a cone flank but changes with 258 

height (Fig. 7). It is lowest at the cone’s bottom and increases with height, reaching a maximum 259 

between normalized height values of 0.6 and 0.8. Then the slope again decreases around the edge 260 

of the crater. Note that in all plotted cases (8 cones in HC, 7 cones in UC and 3 cones in CC) the 261 

slope is always smaller than the angle of repose (~30°; Kleinhans et al., [2011]). 262 

5.1. Ballistic emplacement models 263 

To assess the mechanism of cone formation, we used the numerical code developed by 264 

Brož et al. [2014] which is able to track the ballistic trajectories and trace the cumulative 265 

deposition of repeatedly ejected particles during low-energy Strombolian eruptions. This code 266 

can be used to reconstruct the shapes of ballistically emplaced volcanic edifices (e.g., scoria 267 

cones) and hence to confirm or disprove the formation mechanism of investigated cones. Brož et 268 

al. [2014] have applied this approach to study three selected cones (UC1, UC2 and UC8) in the 269 

UC region. Using log-normal statistical distributions of ejection velocities and particle sizes with 270 

the same standard deviations as on the Earth and assuming that the density of air at the time of 271 

eruption was the same as today, they found that the shapes of the cones are consistent with a 272 

Strombolian origin, provided that the mean ejection velocity was about two times larger and the 273 

particle size about ten twenty smaller than on Earth.  274 



Here we repeat the same numerical experiment but using much larger and more accurate 275 

topographic datasets. For each of the 28 cones considered in this study we determine the mean 276 

particle size and the mean ejection velocity that best predict the average shape of the cone. We 277 

use the same parameters as in Brož et al. [2014], see Table 2, except that we prescribe a higher 278 

atmospheric density in HC and CC (0.023 kg/m
3
) than in UC (0.010 kg/m

3
) and consider only the 279 

wide ejection cone (0-45°), which is likely on a terrestrial body with a low atmospheric pressure 280 

[Glaze and Baloga, 2000; Wilson and Head, 2007]. The large difference in the air density is 281 

associated with the different elevation of the fields, about 9.5 km. Since atmospheric drag is 282 

proportional to the air density, the ballistic range in HC and CC should be smaller than in UC, 283 

and the HC and CC cones should be steeper than their UC counterparts. 284 

The results of our modeling are summarized in Table 1 and illustrated in Fig. 8 where the 285 

observed topographies are compared with our ballistic predictions for several selected cones. Our 286 

results suggest that the ballistic model is not only able to reconstruct the cones rather well in all 287 

three fields but also that the shapes of most of them can be explained using similar values of 288 

ejection velocity and particle size, even though the cones have various sizes and volumes and are 289 

located in regions with different air drag. The agreement between the observed and predicted 290 

topography, expressed as the L
2
 norm distance between the topographic curves divided by the 291 

width of the cone, is given in the last column of Table 1. The vertical distance between the 292 

observed and predicted topography ranges from 1.2 to 21.8 m, with an average value of 9 m. The 293 

predicted values of the ejection velocities range by a factor of three, from 45 to 135 m/s, but 50% 294 

of them lie in the narrow interval between 82 and 102 m/s. The particle size that best predicts the 295 

observation is between 1 and 2 mm, except for two cones where it reaches 4-5 mm. The mean 296 

values of the best-fitting ejection velocity and particle size obtained for individual fields are, 297 



respectively, ~100 m/s and 1.8 mm for UC, 91 m/s and 1.8 mm for HC, and 84 m/s and 1.3 mm 298 

for CC. We note that our ballistic inversion is sensitive to the ratio between particle size and air 299 

density, but not to the particle size itself. To obtain the particle sizes given above, we had to 300 

assume particular values of air density corresponding to the time of eruption. Since the ages of 301 

individual cone fields are not known with sufficient accuracy and the evolution of the atmosphere 302 

is poorly constrained, we used the current atmospheric density, corrected for the altitude of 303 

individual fields, namely 0.010 kg/m
3
 for UC and 0.023 kg/m

3
 for HC and CC (based on Mars 304 

Global Surveyor spacecraft data of April 1996 [Glenn Research Center, 2015]). 305 

6. Discussion 306 

6.1. Igneous or mud volcanism? 307 

The investigation of the origin of Martian surface landforms is complicated by the lack of 308 

in-situ data which could provide conclusive evidence of their mode of formation. The available 309 

remote sensing data provide only limited insight into the formation of surface features, and they 310 

can usually be interpreted in several different ways [e.g., Beven, 1996]. This is also the case for 311 

the cones in HC and CC, for which two different explanations have been suggested: igneous 312 

volcanism and mud volcanism [Meresse et al., 2008; Harrison and Chapman, 2008]. The igneous 313 

volcanic scenario assumes that the investigated features are scoria cones formed by tephra 314 

particles produced via Strombolian eruptions by magma degassing and associated fragmentation 315 

[Parfitt and Wilson, 2008]. Strombolian eruptions are often accompanied by the effusion of lava 316 

flows, which would explain the flow-like features associated with the cones. On the other hand, a 317 

mud volcanic scenario assumes that the cones are mud volcanoes produced due to the 318 

mobilization of fine-grained material from deeper crustal levels by a mixture of liquid and gases 319 



[Skinner and Mazzinni, 2009]. This mobilization may lead to the eruption of ascending mud and 320 

subsequent deposition, but also to mud effusion in the form of mud flows. It is difficult to 321 

distinguish between these two scenarios as both fields are located in areas where water played or 322 

may have played an active role, and both mechanisms may form conical landforms associated 323 

with central craters and flow units. However, the existence of the cones in UC may help to solve 324 

this problem. Located in an elevated area of a heavily fractured crust where the existence of a 325 

stable aquifer and/or a source of mud is highly unlikely, this field can hardly be associated with 326 

mud volcanism, and an explanation in terms of Strombolian volcanism is much more plausible 327 

[Brož and Hauber, 2012]. The shape similarity (or dissimilarity) between the cones in this region 328 

and those in HC and CC may thus provide a key to understanding how the features in HC and CC 329 

were formed. Of course, this assumption is only valid if the cones still record information about 330 

the original shape and they were not significantly affected by erosion. Although erosion may 331 

have affected the flank slopes, this effect is considered small and did most likely not alter the 332 

original slopes significantly. First, the inspection of cone flanks does not reveal major erosive 333 

features such as rills or gullies. The only exceptions are the eastern flanks of cones in HC which 334 

seem to be partly furrowed and are therefore excluded from our analyses. Second, erosion rates 335 

on Mars are extremely small when averaged over the last 3 Ga (10
-6

 to 10
-4

 m/Myr; [Golombek et 336 

al., 2014, 2015]). While some easily erodible material such as the interior layered deposits in 337 

Valles Marineris may be subject to higher erosion rates (1200-2300 nm/yr; Grindrod and Warner 338 

[2014]), the relative young Amazonian ages [Brož and Hauber, 2012; Hauber et al., 2015] of the 339 

investigated cones would limit the total amount of erosion that would have occurred. Moreover, it 340 

is not expected that erosion rates at the time of cone formation were significantly higher than 341 

today, as the average paleopressure of the Martian atmosphere was most likely low during the 342 

entire Amazonian [e.g., Kite et al., 2014]. 343 



6.2. Insight from ballistic modeling 344 

As already mentioned, the cones in all three investigated fields can be described as 345 

conical edifices with a central crater (Fig. 1). Their slopes seem to be formed by a fine-grained 346 

material with a smooth texture, and some of them are accompanied by flow-like units with lobate 347 

edges and a rough texture. Therefore, it is reasonable to expect that a similar physical mechanism 348 

was responsible for their formation. However, when the shapes of the cones are compared 349 

quantitatively (section 5), the similarity of the fields becomes less obvious. As shown in Fig. 6 350 

and Table 1, individual cones show variations in size, height, volume and slope, and, on the 351 

morphometric graphs, they do not form one homogenous cluster with a clear linear trend as 352 

common for fresh scoria cones on Earth [Porter, 1972; Wood, 1980]. Instead, two trends may be 353 

distinguished: one formed by the cones in HC and CC showing a significant overlap in all 354 

measured parameters (Fig. 6), and the other consisting of the cones in UC following a different 355 

trend.  356 

The close agreement in the morphometries of the cones in HC and CC supports the 357 

concept that both fields were formed by the same or a similar physical mechanism. On the other 358 

hand, the morphological differences between the cones in these two fields and those in UC may 359 

raise doubts whether the HC and CC cones were formed by the same process as the cones in UC, 360 

which are likely of volcanic origin [Brož and Hauber, 2012]. The analysis of the cones in terms 361 

of ballistic modeling however shows that the difference between UC on one side and HC and CC 362 

on the other is only apparent. Despite the obvious morphological differences, the cones in all 363 

three fields can be explained by the same ballistic model with the same or similar ejection 364 

velocity and particle size distributions. This result suggests that the edifices in the three regions 365 

are scoria cones which were formed by the same physical process, though under different 366 



atmospheric pressure, rather than mud volcanoes which are known to be formed on Earth mainly 367 

by effusive activity [Kholodov, 2002]. 368 

The ballistic model provides a simple explanation of the morphological differences 369 

between the cones in UC and those in HC and CC, indicating that these differences are associated 370 

with the different elevations of the sites, rather than with different processes of cones’ formation. 371 

At present, the atmospheric density in HC and CC is a factor of about 2.3 larger than in UC. 372 

Although the fields may have different ages, it is likely that they were formed during the last one 373 

billion years [Brož and Hauber, 2012; Hauber et al., 2015] when the atmospheric pressure was 374 

already low [Lammer et al., 2013]. One can thus assume that the difference in the density of air 375 

between the sites at the time of their origin was similar to that at present. The atmospheric drag is 376 

linearly proportional to the air density and hence is about 2.3 times smaller in UC than in other 377 

two regions. The ballistic range of ejected particles increases as the atmospheric drag decreases 378 

[Brož et al., 2014], and the ejected material is thus deposited over a wider area in UC than in HC 379 

and CC. For the same volume of ejected material, the cones in HC and CC must therefore be 380 

narrower and steeper than those in UC, which is well illustrated in Fig. 6. But even in the case of 381 

HC and CC, the atmospheric friction is significantly (about 50 times) lower than on Earth so that 382 

the ejected material is dispersed over a larger area than under terrestrial conditions [Brož et al., 383 

2014]. The dispersion of particles on Mars is further enhanced by low gravity. As a consequence, 384 

the slopes angles of the cones are supply-limited and do not reach the angle of repose as is 385 

common for scoria cones on Earth which explains why the scoria cones on Mars do not 386 

morphologically resemble their terrestrial analogues. While the shape of the Martian scoria cones 387 

is only determined by ballistic emplacement, the shape of the cones on Earth is also influenced by 388 

avalanche redistribution of the ejected material occurring after the cone reached the angle of 389 



repose [Riedel et al., 2003], and also by other factors such as pre-eruptive surface inclination, 390 

vent migration, lava outlflow with associated crater breaching, and/or diversity of pyroclastic 391 

rocks accumulation in the flanks of volcanoes [Kereszturi and Németh, 2012; Kereszturi et al., 392 

2012]. 393 

6.3. Comparison of scoria cones on Earth and Mars 394 

The differences in evolution of scoria cones on Earth and Mars are illustrated in Fig. 9. At 395 

the beginning (stages 1 and 2 in Fig. 9), both cones grow in a similar manner, gradually 396 

increasing in height and slope angle. Because of the differences in the ballistic range, the ejected 397 

particles are deposited over a much smaller area on Earth than on Mars and, for the same amount 398 

of ejected material, the terrestrial cone is thus steeper than the Martian one. Once the angle of 399 

repose (~30°) on Earth is reached (stage 3, Fig. 9 left), the slope angle stops increasing and it 400 

remains stable during the rest of its evolution. Further growth is accommodated by an increase in 401 

cone width [McGetchin et al., 1974; Kereszturi and Németh, 2012]. To summarize, the evolution 402 

of a scoria cone on Earth has two main phases: The first (stages 1 and 2 in Fig. 9) is characterized 403 

by a positive correlation between height and slope angle and, to first approximation, by a constant 404 

basal diameter. In the second phase (stages 3 to 5 in Fig. 9), the slope does not change and the 405 

correlated parameters are height and basal diameter. As a consequence, the terrestrial population 406 

of scoria cones can be classified into two main groups. The first group consists of small cones 407 

corresponding to the first phase and showing a correlation between angle of slope and height due 408 

to the ballistic deposition and/or fallout from turbulent jets [Riedel et al., 2003; Valentine et al., 409 

2005]. The second (and much more numerous) group includes large cones that reached the 410 

second phase and show a correlation between height and basal diameter due to the avalanching 411 

[Bemis et al., 2011]. The cones of this group have the same or very similar shapes even though 412 



they have different volumes and their basic physical characteristics (ejection velocity, particle 413 

size etc.) may vary significantly from cone to cone. Thanks to this self-similarity, scoria cones on 414 

Earth can be easily identified, but it is difficult to trace back the physical conditions at the time of 415 

eruption (e.g., ejection velocity). 416 

The evolution of scoria cones on Mars is different in that none of the studied cones 417 

reaches the second phase and even that the second phase has not been observed elsewhere on 418 

Mars yet. The cones were built by ballistic deposition only and, in spite of large volumes of 419 

ejected material, their flank slopes did not attain the angle of repose because the area over which 420 

the material was deposited was very large. Each investigated scoria cone on Mars thus contains a 421 

record of the specific physical conditions at the time of eruption which can be, at least partly, 422 

inferred from its shape. This also explains the wide variety of shapes (Fig. 6 and 7) observed in 423 

the three regions studied in this paper. It should be noted that this explanation is valid only if the 424 

role of ballistic emplacement is dominant and one can neglect other effects that may have 425 

influenced the shapes of cones. As shown by numerous studies on explosive volcanism on Earth 426 

[e.g., Riedel et al., 2003; Calvari and Pinkerton, 2004; Valentine et al., 2005; Vanderkluysen et 427 

al., 2012], fire fountaining and deposition of material from ash jets and/or from neutral buoyant 428 

plumes can also contribute to the formation of terrestrial scoria cones. It is difficult to assess how 429 

significant these processes were on Mars. It should therefore be kept in mind that our present 430 

approach may represent a considerable simplification of the processes that formed the Martian 431 

scoria cones. 432 

We find that the volumes of the investigated cones (Fig. 6c ) are generally larger by one to 433 

two orders of magnitude than is typical of terrestrial scoria cones [Brož et al., 2014] for which the 434 

average volume is 0.046 km
3
 (determined from 986 edifices, data from [Pike, 1978] and 435 



[Hasenaka and Carmichael, 1985]). This suggests that monogenetic volcanism on Mars had to be 436 

more voluminous in the past than on Earth. Unfortunately, a direct link between the size of cone 437 

and the total amount of erupted material is not easy to establish and our estimates of magma 438 

volumes are only approximate. On Earth, the size of the scoria cone is a function of the amount 439 

of magma erupted in the close vicinity of the vent and does not necessarily correspond to the total 440 

amount of magma reaching the surface. This is because a large amount of fine grained material 441 

fragmented from magma during the volcanic eruption can be transported by a neutrally buoyant 442 

volcanic cloud and deposited far away from the main body of the cone [Bemis et al., 2011]. One 443 

can expect that some material was also transported away from the immediate vicinity of the 444 

Martian cones [Brož et al., 2014] by the neutrally buoyant volcanic cloud. Therefore, the 445 

measured volumes (Table 1 and Fig. 6c) may underestimate the total volume of erupted material 446 

as they represent only the material contained in the cone itself. Such an underestimate is also 447 

common for terrestrial scoria cones if their volume is calculated in a similar way used in this 448 

study [e.g., Favalli et al., 2009; Bemis et al., 2011; Kereszturi et al., 2012]; however, this 449 

underestimate may be avoided by using isopachs, or several continuous LiDAR measurements 450 

[Fornaciai et al., 2010], which are, however, not available on Mars. 451 

A comparison of the heights of volcanoes and the corresponding volumes (Fig. 6 and Table 452 

1) shows that the largest (HCO > 400 m) cones are all from UC. The existence of large-size 453 

volcanoes in UC and their absence in HC and CC is a puzzling problem that cannot be answered 454 

by ballistic modeling. Although the high-resolution DEMs are available only for limited parts of 455 

HC and CC, it is unlikely that large edifices of similar size as in UC escaped detection since both 456 

fields are covered with CTX data. The anomalously large volume of the UC cones must thus be 457 

attributed to local geological setting. As already mentioned in section 2.1, the UC cones are 458 



located in a region of large crustal extension which occurred concurrently with the volcanic 459 

activity [see also Brož and Hauber, 2012]. The large crustal extension in UC could lead to a 460 

larger extent of decompression melting and hence to the production of larger batches of magma 461 

ascending to the surface than in HC and CC. 462 

For each cone we also determine the WCR/WCO and HCO/WCO ratios (Table 1 and Fig. 6a,b). 463 

These two ratios have been widely used in terrestrial and planetary science since they are 464 

considered to have the potential to distinguish different landforms [e.g., Wood, 1980; Burr et al., 465 

2009; Brož and Hauber, 2012; 2013; Noguchi and Kurita, 2015]. The average values of these 466 

ratios for terrestrial scoria cones are 0.4 and 0.17, respectively [Porter, 1972; Wood, 1980]. On 467 

Mars, WCR/WCO ranges from 0.05 to 0.34 with an average of 0.17. The large differences between 468 

the values of WCR/WCO of Martian scoria cones may be associated with variations in explosivity 469 

caused by a varying amount of released magma gases and/or water in liquid and/or solid phase 470 

[Sheridan and Wohletz, 1983; Wohletz and Sheridan, 1983]. The variable presence of gases 471 

and/or water would result in a variable intensity in explosivity and thus in variation of crater 472 

width [Bemis et al., 2011]. The WCR/WCO ratios found in this study are significantly lower than 473 

those seen in scoria cones on Earth. This may be related to the method of calculating WCR which 474 

tends to underestimate the crater width in cases where the crater is asymmetric. For example, if 475 

the crater has a shape of an ellipse with semi-axes a and b, a>b, the arithmetic averaging of 476 

topographic profiles (see section 3) gives WCR close to 2b rather than a+b. Comparison of the 477 

values of WCR in Table 1 with those inferred from planform imagery (Fig. 1) suggests that the 478 

value of WCR/WCO may indeed be underestimated in some cases but not enough to explain the 479 

factor of 2 difference between the Martian and terrestrial values. This indicates that the issue of 480 

small craters on Mars is a real phenomenon which requires further investigation. Our present 481 



ballistic model does not provide enough insight into this problem because the central part of the 482 

cones is usually approximated with a lower accuracy than the flanks (Fig. 8). The HCO/WCO ratio 483 

varies from 0.03 to 0.14 with the average value being 0.10. This value is significantly smaller 484 

than on Earth which can be accounted for by the differences in formation mechanisms – ballistic 485 

deposition on Mars and avalanching on Earth. 486 

7. Conclusions 487 

Our study provides a coherent set of morphometric characteristics of 28 conical Martian 488 

edifices from three regions – Ulysses Colles, Hydraotes Colles and Coprates Chasma. These 489 

characteristics are derived from newly available high-resolution DEMs based on HiRISE and 490 

CTX stereo-pair images. For each cone we carefully reconstruct its average (axisymmetric) shape 491 

and determine the basic morhometric parameters – volume, height, basal width, crater width and 492 

slope. 493 

The parameters obtained for the cones in HC and CC show similar distributions which 494 

suggests that both fields were created by the same geological process. The cones in UC, which 495 

have been interpreted by Brož and Hauber [2012] as scoria cones, form an independent trend on 496 

morphometric graphs and their characteristics differ from those in HC and CC – the cones are 497 

more voluminous and have smaller average slope angles than the cones in the other two regions. 498 

Using our numerical ballistic model, we show that the difference between the cones in UC and 499 

those in HC and CC is only apparent. In spite of obvious morphological differences, the cones in 500 

all three fields can be explained by the same ballistic model with the same ejection velocity and 501 

particle size distributions. This result suggests that the edifices in all three regions are scoria 502 

cones which were formed by the same physical process. The differences in the shape of the cones 503 



in UC and those in HC and CC are associated with different elevations of the sites and can be 504 

explained by different values of atmospheric drag. The values of ejection velocity and particle 505 

size inferred from the topographic data are in agreement with the theoretical predictions by 506 

Wilson and Head [1994], who argued for stronger magma fragmentation and higher ejection 507 

velocities on Mars in comparison with the Earth.  508 

Our results support the hypothesis that Martian scoria cones differ in shape from the 509 

terrestrial cones due to the different mechanism of flank formation [Brož et al., 2014]. Because of 510 

a long ballistic range, the slopes of scoria cones on Mars never reach the angle of repose and their 511 

shapes are fully determined by ballistic deposition – in contrast to the Earth where the subsequent 512 

avalanche redistribution plays the dominant role. As a consequence, Martian scoria cones show a 513 

wide variety of sizes and slope angles, corresponding to different stages of the scoria cone’s 514 

growth and different volumes of ejected material.  515 

The set of morphological characteristics derived in this study can further be used for 516 

comparative studies of other conical edifices on Mars, such as pingos [Burr et al., 2009], rootless 517 

cones [Noguchi and Kurita, 2015], mud volcanoes [Skinner and Mazzini, 2009] or tuff rings and 518 

tuff cones [Brož et al., 2013], and can help to overcome the uncertainties associated with using 519 

terrestrial morphometric data which correspond to different environmental conditions and 520 

possibly include effects that are not relevant to Mars. As shown in our study, the role of 521 

environmental conditions is also important and should be taken into account when comparing 522 

similar geomorphological features at significantly different altitudes. 523 
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Figures 694 

 695 

Figure 1 696 

Positions of investigated scoria cones in a) Ulysses Colles (UC), b) Hydraotes Colles (HC), and 697 

c) an unnamed field in Coprates Chasma (CC). The boundaries of HiRISE images are marked by 698 

dashed white lines. Small insets in the upper right show positions of the volcanic fields on global 699 

MOLA topography. Panel a) is based on mosaic of CTX images 700 

P21_009409_1858_XN_05N122W, G11_022582_1863_XN_06N122W and 701 

P19_008262_1862_XN_06N123W; dashed white outlines indicate HiRISE image 702 

PSP_009554_1860 forming stereo-pair with PSP_009409_1860, centered 5.86°N, 237.22°E; 703 

panel b) Dashed white outlines indicate HiRISE images ESP_019269_1805, ESP_021458_1800 704 

and ESP_017634_1800 (from west to east) forming stereo-pairs with ESP_019124_1805, 705 

ESP_013177_1800 and ESP_025493_1800 respectively, based on mosaic of CTX images 706 

G19_025493_1800_XN_00N033W and G02_019124_1803_XN_00N034W centered 0.03°N, 707 

326.26°E; and panel c) Dashed white outlines indicate HiRISE image ESP_034131_1670 708 

forming stereo-pair with ESP_033986_1670, based on CTX image 709 

D01_027538_1674_XN_12S062W, centered 12.73°S, 297.21°E.   710 



 711 

Figure 2 712 

Resolution of various DEMs. The top panel shows the regional context around one particular 713 

cone (UC6) in the Ulysses Colles region. The MOLA tracks are marked by white dotted lines. 714 

The most detailed topographic information is obtained from the HiRISE DEM.   715 



 716 

Figure 3 717 

Cones HC9-14 in a) HiRISE and CTX images and b) DEM color mosaic (white dots indicate 718 

position of MOLA PEDRs). Resultant DEMs contain data gaps (marked in white on both panels) 719 

which do not allow the shapes of some cones to be determined along their entire perimeter. Panel 720 



c) illustrates the differences between profile in the HiRISE and CTX DEMs. Position of the 721 

profile connecting points x and x’’ is shown in panels a and b. Image center is at 0.13°S, 722 

326.25°E.  723 



 724 

Figure 4 725 

a) Morphometric parameters used in this study. b) Comparison of two profiles passing through 726 

the center of the cone HC2 (dashed and dashed-dotted lines) with the average shape of the same 727 

cone (full line). The profiles are based on a HiRISE DEM.  728 



 729 

Figure 5  730 

a) Cone HC2 in a HiRISE image ESP_019269_1805, centered 0.26N, 326.04°E. b) Slope map of 731 

the same cone. Note that the slope only rarely exceeds 20°. c) A perspective view.  732 



 733 

Figure 6 734 

Values of morphometric parameters obtained for average shapes of the 28 cones considered in 735 

this study. Full symbols represent HiRISE while empty symbols correspond to CTX DEMs. The 736 

results obtained for the UC, HC and CC regions are marked in black, red and blue, respectively.  737 



 738 

Figure 7  739 

Slope αz, eq. (1), as a function of normalized height h, plotted for selected cones in HC (full 740 

lines), UC (dashed lines) and CC (dash-dotted lines). The curves are computed from HiRISE 741 

data, unless stated otherwise.  742 

  743 



 744 

Figure 8  745 



Comparison of the average shapes of selected cones in a) UC, b) HC and c) CC (full lines) and 746 

the results of numerical ballistic modeling obtained for the same cones (dashed lines). Note that 747 

in some cases the model predicts the observed profile with a vertical error smaller than 10 m.  748 



 749 

Figure 9 750 

A sketch of scoria cone growth on Earth (after [McGetchin et al., 1974]) and on Mars (based on 751 

[Brož et al., 2014], and this study). 752 

  753 
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Table 1  755 

Morphometric characteristics of the cones. 756 

  757 



Table 2  758 

Key parameters used for modeling of scoria cones on Mars, modified from Brož et al. [2014]. 759 


