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2.0.  Abstract 

Based on theoretical grounds, explosive basaltic volcanism should be common 

on Mars, yet the available morphological evidence is sparse. We test this hypothesis 

by investigating a unique unnamed volcanic field north of the shield volcanoes Biblis Patera 

and Ulysses Patera on Mars, where we observe several small conical edifices and associated 

lava flows. Twenty-nine volcanic cones are identified and the morphometry of many of these 

edifices is determined using established morphometric parameters such as basal width, crater 

width, height, slope, and their respective ratios. Their morphology, morphometry, and 

a comparison to terrestrial analogs suggest that they are martian equivalents of terrestrial 

pyroclastic cones, the most common volcanoes on Earth. The cones are tentatively interpreted 

as monogenetic volcanoes. According to absolute model age determinations, they formed 

in the Amazonian period. Our results indicate that these pyroclastic cones were formed 

by explosive activity. The cone field is superposed on an old, elevated window of fractured 

crust which survived flooding by younger lava flows. It seems possible that a more explosive 

eruption style was common in the past, and that wide-spread effusive plain-style volcanism 

in the Late Amazonian has buried much of its morphological evidence in Tharsis. 

http://www.sciencedirect.com/science/article/pii/S001910351100457X
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2.1.  Introduction and background 

Most volcanoes on Mars that have been studied so far seem to be basaltic shield 

volcanoes (e.g., Mouginis-Mark et al., 1992; Zimbelman, 2000), which can be very large with 

diameters of hundreds of kilometers (Plescia, 2004) or much smaller with diameters of several 

kilometers only (Hauber et al., 2009a). The eruptive style of the large shields, at least in the 

later part of martian history, was early interpreted to be predominantly effusive (Greeley, 

1973; Carr et al., 1977; Greeley and Spudis, 1981), although theoretical considerations predict 

that basaltic explosive volcanism should be common on Mars (Wilson and Head, 1994). 

Unequivocal evidence for explosive volcanism on Mars is rare and mainly restricted 

to ancient terrains. Some of the old highland paterae (e.g., Hadriaca, Tyrrhena, and 

Apollinaris Paterae; >3.5 Ga) display easily erodible and very shallow flanks that were 

interpreted to be composed of airfall and pyroclastic flow deposits (Greeley and Crown, 1990; 

Crown and Greeley, 1993; Gregg and Williams, 1996; Gregg and Farley, 2006; Williams 

et al., 2007, 2008). Widespread layered deposits in the equatorial regions of Mars, 

e.g., the Medusae Fossae Formation, were interpreted to be pyroclastic deposits (Chapman, 

2002; Hynek et al., 2003; Mandt et al., 2008; Kerber et al., 2010), but their nature and timing 

are not well understood.  

Pyroclastic cones, defined in this study as scoria, cinder, or tephra cones (Vespermann 

and Schmincke, 2000), are the most common type of terrestrial volcanoes (Wood, 1979a,b) 

and were suggested by several authors already decades ago to exist on Mars (e.g., Wood, 

1979b; Dehn and Sheridan, 1990). However, only few Viking Orbiter-based studies reported 

their possible existence near the caldera of Pavonis Mons, on the flanks of Alba Patera, 

in the caldera of Ulysses Patera, and in the Cydonia and Acidalia regions (Carr et al., 1977; 

Wood, 1979a,b; Frey and Jarosewich, 1982; Edgett, 1990; Hodges and Moore, 1994; 

Plescia, 1994). It was recognized  that this  might have  been  an observational  effect  caused 
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Figure 2.1. Mosaic of CTX and HRSC images showing all investigated cones. Cone IDs are the same 

as used in Tab. 2.2 (CTX images B17_016134_1842, P19_008262_1862, P22_009554_1858 and image 

HRSC h8396_0009). Dashed line shows location of Fig. 2.2. Cf and Ly represent areas for crater 

counting. See text for more details. 
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by the relatively low image resolution of the Viking Orbiter cameras (typically  

60-100 m/pixel), and Zimbelman (2000) presumed that many small domes on Mars might 

have a  volcanic origin. It was indeed only the advent of higher-resolution data that led 

to the interpretation of previously unknown edifices as rootless cones (Fagents and 

Thordarson, 2007; Keszthelyi et al., 2010) or scoria cones (Bleacher et al., 2007, Keszthelyi 

et al., 2008; Lanz et al., 2010), but without in-depth analyses of their origin. A volcanic cone 

in the caldera of Nili Patera, part of the Syrtis Major volcanic complex, is associated with 

a lava flow and silica deposits that might be the result of hydrothermal activity (Skok et al., 

2010). Ground-based observations by the Mars Exploration Rover, Spirit, revealed further 

morphologic evidence (‘bomb sags’) for explosive volcanic activity (Squyres et al., 2008). 

Pyroclastic cones have not yet been described and measured in detail on the martian 

surface. Previous studies were mostly based on low-resolution Viking data that did not allow 

the description of individual cones, or high-resolution studies that discussed only isolated 

features. Only Lanz et al. (2010) were able to provide quantitative analyses of multiple cones 

in a high-resolution study of a possible volcanic rift zone in SW Utopia Planitia. 

They investigated an area exhibiting scoria cones and associated lava flows, and measured 

the crater and basal diameters of putative scoria cones, which they compared with other cones 

surrounding their study area.  

The identification of pyroclastic cones can constrain the nature of associated eruption 

processes and, indirectly, improve our understanding of the nature of parent magmas 

(e.g., volatile content; Roggensack et al., 1997). Moreover, the morphometry and spatial 

distribution of pyroclastic cones can reveal tectonic stress orientations (Nakamura, 1977; 

Tibaldi, 1995) and the geometry of underlying feeder dikes (Corazzato and Tibaldi, 2006). 

Hence, pyroclastic cones on Mars are therefore potentially interesting study objects, and 

the  increasing   amount  of  high-resolution  data  enables  their  detailed   analysis.  We  test 
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Table 2.1. Table of image scenes used for this study (pixel resolution, imaging time, and illumination 

geometry). †HiRISE resolutions are given for map-projected images. 

 

Image ID 
Ground pixel 

resolution 
Acquisition time 

Solar elevation 

above horizon 

Solar azimuth (for map 

projected image) 

h1012_0000 

h1023_0000 

P19_008262_1862 

P21_009198_1858 

P21_009409_1858 

P22_009554_1858 

B17_016134_1842 

B12_014156_1857 

PSP_008262_1855† 

PSP_009198_1860† 

PSP_009409_1860† 

PSP_009554_1860† 

11.8 m pixel-1 

11.5 m pixel-1 

5.51 m pixel-1 

5.42 m pixel-1 

5.53 m pixel-1 

5.53 m pixel-1 

5.35 m pixel-1 

5.46 m pixel-1 

50 cm pixel-1 

50 cm pixel-1 

50 cm pixel-1 

25 cm pixel-1 

02 Nov 2004 

05 Nov 2004 

01 May 2008 

13 Jul 2008 

29 Jul 2008 

09 Aug 2008 

04 Jan 2010 

03 Aug 2009 

01 May 2008 

13 Jul 2008 

29 Jul 2008 

09 Aug 2008 

36° 

37° 

41° 

38° 

37° 

38° 

48° 

49° 

41° 

38° 

37° 

38° 

295.0 

295.1 

277.03° 

277.12° 

277.05° 

277.21° 

277.09° 

277.12° 

277° 

277.12° 

277.05° 

277.21° 

 

the hypothesis that explosive basaltic volcanism should be common on Mars and report 

on our investigation of a unique unnamed cluster of possible volcanic cones situated north 

of Biblis Patera in the Tharsis region (Fig. 2.1). To our knowledge, this is the first ever study 

of this unique volcanic field. 

2.2.  Data and methods 

This study uses imaging data from several cameras, i.e. ConTeXt Camera (CTX; 

Malin et al., 2007), High Resolution Stereo Camera (HRSC; Jaumann et al., 2007), and High 

Resolution Imaging Science Experiment (HiRISE; McEwen et al., 2007) (Tab. 2.1). CTX 

images have sufficient resolution (5-6 meters/pixel) to identify possible scoria cones, 

associated lava flows and their relationships to the geological context. On the other hand, 

HiRISE data were used to investigate small details of cones in very high spatial resolution. 

Topographic information (e.g., heights and slope angles) were determined from single shots 

of the Mars Orbiter Laser Altimeter (MOLA; Zuber et al., 1992; Smith et al., 2001) in a GIS 

environment, and from stereo images (HRSC, CTX) and derived gridded digital elevation 
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models (DEM). An anaglyph image made from two HiRISE observations provided qualitative 

topographic information. 

 

Figure 2.2. Selected cones and associated flows emanating from the cones in the study area. 

The distribution of cones is controlled by NW-trending extensional fault systems (CTX image 

P19_008262_1862, image center at 5.75°N/237.1°E; see Fig. 2.1 for location). 

 

2.3.  Regional setting 

The study area is situated within the Tharsis volcanic province, the largest known 

volcano-tectonic province on Mars (Fig. 2.1). It is located at the southeastern margin 

of  the  several   hundred   kilometer-long  fault  system,  Ulysses  Fossae,  and  north  of two  
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Figure 2.3. (a) Detail of lobate flow-like deposit starting at the base of a cone (detail of CTX 

P22_009554_1858, centered at 5.87°N/237.15°E). (b) Summit crater of cone with well-developed rim and 

flat summital plateau (detail of HiRISE PSP_008262_1855, centered at 5.78°N/237.01°E). (c) Flow-like 

deposits with branching morphology. One flow originates from a fissure-like source cutting a cone 

(right), another flow originates at the lower flank of a cone (lower left). Note that the transition between 

the flows and the surrounding terrain is partly obscured by a thick dust layer (detail of HiRISE 

PSP_008262_1855, centered at 5.65°N/237.02°E). (d) Terrestrial cinder cone with associated lava flow 

in plan view (SP Mountain, Arizona, USA; image: NASA). (e) Oblique aerial view of the same cinder 

cone with detail of lava flow in the foreground (image: Michael Collier). 
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large volcanoes, Biblis and Ulysses Paterae. The Ulysses Fossae itself represent a window 

of older crust, probably of early Hesperian age (Anderson et al., 2001), which survived later 

resurfacing of large younger lava flows (Scott and Tanaka, 1986). The investigated area 

seems to be part of this older crust, which is partly embayed by younger lava material. 

The study area is structurally characterized by extensive N- to NNW-trending normal 

faults, which often form grabens that dissect especially the northern and western part 

of it (Scott and Dohm, 1990). The southern and eastern parts are covered by younger lava 

flows that had their origin towards the southeast. Most of the topographic edifices are 

observed close to the transition between the younger lava flows and the older heavily 

fractured crust. The spatial arrangement of the edifices is obviously controlled by the fault 

trend, and single edifices appear aligned along faults, building small clusters (Fig. 2.1 and 

2.2). Several cones grew on older deposits with a rough texture that partly buries 

the underlying faults. Parts of these rough deposits are disrupted by faults, however, 

suggesting a later reactivation of faulting (Fig. 2.1 and 2.2). Close inspection of HiRISE 

images suggests that the entire area is thickly mantled by dust. 

2.4.  Morphology 

A total of 29 possible volcanic edifices were identified. These cones are spread over 

an area of about 50 × 80 kilometers, with the main clustering of edifices in the south and 

several widely spread cones in the north (see Fig. 2.1 for the detailed spatial distribution 

of cones). All the measured dimensions of the cones increase from North to South. The more 

southern edifices are also better preserved, with well-developed morphologies of truncated 

cones and uniform flank slopes. In contrast, the northern cones are smaller and appear 

degraded without preserved visible craters on their top. In plan view, the cone morphology is 

characterized by circular to elongated outlines (Fig. 2.3a and 2.3b), relatively steep-appearing 
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Table 2.2. All measured values of investigated volcanic cones. Positions are drawn 

in Fig. 2.1 for each cone. 

 

ID 

WCO 

average 

[m] 

WCR 

average 

[m] 

HCO 

[m] 
WCR/WCO HCO/WCO Slope [°] 

Volume 

[km
3
] 

A1 3909 1185 539 0.30 0.14 21.60 3.01 

A2 3219 721 651 0.22 0.20 27.53 2.25 

A3 - - - - - - - 

A4 1785 606 130 0.34 0.07 12.43 0.16 

A5 - - - - - - - 

A6 2891 779 314 0.27 0.11 16.56 0.92 

A7 2258 638 - 0.28 - - - 

A8 3311 637 422 0.19 0.13 17.51 1.49 

A9 - - - - - - - 

A10 - - 88 - - - - 

A11 2968 732 519 0.25 0.17 24.90 1.56 

A12 - - - - - - - 

A13 3694 883 - 0.24 - - - 

A14 1092 401 120 0.37 0.11 19.15 0.06 

A15 1715 665 180 0.39 0.10 18.92 0.21 

A16 1964 795 164 0.40 0.08 15.68 0.26 

A17 - 598 - - - - - 

A18 - 365 82 - - - - 

A19 - 304 83 - - - - 

A20 - - 112 - - - - 

A21 1507 390 - 0.26 - - - 

A22 2904 1147 292 0.39 0.10 18.38 1.00 

A23 2150 609 250 0.28 0.12 17.97 0.41 

A24 1325 454 129 0.34 0.10 16.49 0.09 

A25 - - 125 - - - - 

A26 - - 64 - - - - 

A27 - - - - - - - 

A28 980 183 150 0.19 0.15 20.62 0.05 

A29 1452 281 180 0.19 0.12 17.08 0.38 

 

flanks, and summit craters or plateaus (Fig. 2.3b). Some cones are associated with lobate and 

sometimes branching deposits, which emanate from the summit craters or from some points 

at or very near the flanks (Fig. 2.3a and 2.3c). The outline of these features in plan view 
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resembles that of lobate flows. The flow-like features appear to be rather short and thick, 

as compared to most lava flows in Tharsis and Elysium. A thick dust cover, which is typical 

for Tharsis and hinders the full exploitation of the very high spatial resolution of HiRISE 

(Keszthelyi et al., 2008), prevents the identification of meter-scale textural details of the cones 

and the associated lobate flows. Both cones and associated flows are superposed on terrain 

with a rough texture that forms local topographic bulges. 

The cones and flows are much better preserved than recently detected cones and flows 

in Utopia (Lanz et al., 2010). The association of cones with lobate flows distinguishes these 

cones from other cone fields on Mars, which were mostly interpreted as clusters of rootless 

cones (Frey and Jarosewich, 1982; Fagents and Thordarson, 2007; Lanagan et al., 2001). 

Interestingly, however, none of the craters on top of the cones is breached by a lava flow, 

which is a common situation for terrestrial pyroclastic cones (Wood, 1980a; Head and 

Wilson, 1989). Pyroclastic cones observed by Bleacher et al. (2007) and Keszthelyi et al. 

(2008) are breached, but no associated flows could be identified. Our observations reveal that 

at least three cones are associated with flows starting at the base of cones or on their flanks. 

2.5.  Morphometry 

Our investigation is based on measurements of basic morphologic properties 

of identified cones, which were previously used for terrestrial pyroclastic cones and other 

types of volcanic edifices (e.g., Porter, 1972; Settle, 1979; Wood, 1979a, Hasenaka and 

Carmichael, 1985b; for a review of previous studies on volcano morphometry see Grosse 

et al., 2012). Cone diameter (WCO) and crater diameter (WCR) were determined by averaging 

four measurements in different directions. Cone height (HCO) was obtained from MOLA 

single tracks or from HRSC DEM. These basic parameters were used to calculate two basic 

ratios, WCR/WCO and HCO/WCO, and the slope angle (Porter, 1972; and references therein).  
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The volume was calculated via the equation for a truncated cone, also used by 

Hasenaka and Carmichael (1985a): 

 

V = (π HCO / 3) (RCR2 + RCR RCO + RCO2)                                          (2.1) 

 

where the radii, RCR and RCO, are 0.5 WCR and 0.5 WCO, respectively. It was possible 

to measure the morphometric properties for almost half of the 29 cones (Tab. 2.2). Burial 

of the lower parts of cones by later lava flows would imply that we only measured the 

apparent  basal  diameter  after  embayment  and  a correspondingly  smaller height, but based  

 

 

 

Figure 2.4. Morphometry of investigated cinder cones in comparison with terrestrial cinder cones and 

stratovolcanoes with summit craters. Full triangles correspond to investigated Martian cones; empty 

triangles to terrestrial cinder cones (~1060 edifices from Hasenaka and Carmichael, 1985a; Inbar and 

Risso, 2001; Pike, 1978). The inset in A illustrates the morphometric parameters used in this study. WCO 

is basal width of cone, HCO cone height, WCR represents the basal crater diameter, and α is the slope angle. 

(a) Plot of summit crater width (WCR) versus basal cones width (WCO) of cones. The solid line represents 

the best fit (linear regression) for Martian cones with a value WCR/WCO = 0.277. Terrestrial cinder cones 

are represented by dashed line (WCR/WCO = 0.288), and for comparison the dotted-and-dashed line 

represents terrestrial stratovolcanoes with summit craters (WCR/WCO = 0.011).  (b) Plot of cone height 

(HCO) versus basal width of cone. Lines represent the same edifices as in plot a. Both plots demonstrate 

the morphometrical similarity between Martian cones and terrestrial cinder cones. 
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on the visual appearance of the cones we consider this possible effect to be insignificant. 

The morphometry of terrestrial monogenetic volcanic landforms was previously determined 

(e.g., Wood, 1979a or Tab. 2.3). In particular, Wood (1980a) reports the morphometry of 

910 scoria cones from different volcanic fields. Scoria cones on Earth have a mean basal 

diameter of 900 m, but can range widely in dimension (Wood; 1980a). The ratio between 

crater diameter  and  basal diameter has an average value of 0.4 (Wood, 1980a; Porter, 1972),  

 

Table 2.3.  Comparison of morphometric data (mean values) of pyroclastic cones on Earth and Mars.  

N-number of cones, WCO-width of cone, WCR-width of crater, HCO-height of cone. 

 

Volcanic field 

or region 

N WCO 

[m] 

WCR 

[m] 

HCO 

[m] 

WCR/WCO HCO/WCO Volume 

[km
3
] 

Source
(1)

 

Mauna Kea 

(Hawaii) 

 

- 

 

- 

 

115
(2)

 

 

- 

 

0.4 

 

0.18 

 

- 

 

[1] 

Michoacán-

Guanajuato 

(Mexico) 

 

901 

 

830 

 

240 

 

100 

 

- 

 

- 

 

0.038 

 

 [2] 

Michoacán-

Guanajuato 

(Mexico) 

 

11 

 

950 

 

308 

 

170 

 

0.32 

 

0.17 

 

0.07 

 

 [3] 

Xalapa 

(Mexico) 

 

57 

 

698 

 

214 

 

90 

 

0.3 

 

0.14 

 

0.13 

 

 [4] 

Payun Matru 

(Argentina) 

 

120 

 

1,100 

 

306 

 

127 

 

0.32
(3)

 

 

0.13 

 

- 

 

 [5] 

Kamtchatka 

(Russia) 

 

9 

 

795 

 

n.a. 

 

149 

 

- 

 

0.18 

 

0.07 

 

 [6] 

Lamongan 

(Indonesia) 

 

36 

 

760 

 

77
(4)

 

 

94 

 

0.19
(4)

 

 

0.13
(5)

 

 

0.039 

 

 [7] 

Ulysses 

Fossae (Mars) 

 

29 

 

2,300 

 

620 

 

230 

 

0.28 

 

0.13 

 

0.85 

this 

study 

(1)
 [1] Porter (1972). [2] Hasenaka and Carmichael (1985a). [3] Hasenaka and Carmichael (1985b).  

    [4] Rodriguez et al., 2010. [5] Inbar and Risso (2001). [6] Inbar et al. (2011). [7] Carn (2000). 
(2)

 measured for 218 cones (see Fig. 3 of Porter, 1972). 
(3)

 only determined for 76 cones for which a crater diameter is given by Risso and Inbar (2001). 
(4)

 determined for 14 cones. 
(5)

 determined for 27 cones 
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Figure 2.5. a) Histogram of cones heights. (b) Histogram of cone volumes. 

 

but other studies including scoria cones in different stages of erosion show a lower value 

for this ratio (see Fig. 2.4a, black dashed line). The height of fresh scoria cones on Earth 

is equivalent to 0.18 WCO (Porter, 1972; Wood, 1980a), but the height distribution has a wide 

range towards lower values.  

Our measurements suggest that the cones in the study area have a mean basal diameter 

of 2300 m, with a range from ~1000 to ~3900 m. This is about ~2.6 times larger than 

the basal diameter of terrestrial pyroclastic cones and also larger than the scoria cones 

reported by Lanz et al. (2010) in Utopia Planitia (~280 to 1000 m). The crater diameter 

for the cones studied here ranges from ~185 to ~1185 m, with an average of 650 m, which 

is about ~2.5 times larger than terrestrial pyroclastic cones (average ~257 m). It is also larger 

than that of the scoria cones reported by Lanz et al. (2010) (110 to 450 m). The WCR/WCO ratio 

of the investigated cones has a mean value of 0.277. The edifices are also higher (from 

64 to 651 m; Fig. 2.5a) than terrestrial pyroclastic cones (average height: 105 m, based 

on measurements of 1063 edifices, data from Hasenaka and Carmichael, 1985b; Inbar and 

Risso, 2001; and Pike, 1978; for additional morphometric measurements of terrestrial 

pyroclastic cones see Rodriguez et al., 2010). The HCO/WCO ratio is 0.133 (Fig. 2.4b), which 

is  less than that of pristine terrestrial pyroclastic cones with a ratio of 0.18. The slope 
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distribution of cone flanks is between 12° and 27.5° (the steepest sections reach >30°), with 

higher values for well-preserved cones with associated flow-like features and lower values 

corresponding to more degraded edifices. These values are in agreement with slope angles 

for terrestrial pyroclastic cones in different stages of erosion, with older and more eroded 

cones exhibiting progressively lower slope angles (Hooper and Sheridan, 1998). The volume 

is ranging from 0.05 to 3.01 km
3
 (Fig. 2.5b), while the average terrestrial value is 0.046 km

3
 

(determined from 986 edifices, data from Pike, 1978; Hasenaka and Carmichael, 1985b). 

The volume of the cones in the study area is mostly one to two orders of magnitude higher 

than that of pyroclastic cones on Earth. 

 

 

Figure 2.6:  Absolute model ages for two surface units which are interpreted to be older and younger than 

the volcanic cones, thereby bracketing the age of volcanic activity. (a) Crater size-frequency distribution 

of the fractured basement (Unit Bf) on which the volcanic field was emplaced. The cumulative crater 

curve indicates an absolute model age of ~1.5 Ga. (b) Same for the lava flows (unit Ly) that embay 

the volcanic field in the southeast. The absolute model age is about 440 Ma. See Fig. 2.1 for location 

of units Bf and Ly. 
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2.6.  Age 

The absolute model age determination of planetary surfaces uses the crater size-

frequency distribution as measured on images (Crater Analysis Techniques Working Group, 

1979). The small size of, and the thick dust cover on the cones prevent the counting of small 

craters on the cones themselves. Moreover, their shape with slope angles of up to 30° renders 

them useless for crater counting, since gravitational movements on the slopes would cause 

distortions of the original geometry of impact craters. Instead, we dated two areas 

(cf. Fig. 2.1) which we consider to be older and younger than the cones, thus bracketing their 

formation age. One of these areas is the faulted basement, which by definition is older than 

the faulting and, therefore, older than the cones. The other area represents the lava flows 

in the southeast, which embay the topographic high and are assumed to be younger than 

the cones. Representative surface areas for age determinations were mapped and craters 

counted on CTX images utilizing the software tool ‘cratertools’ (Kneissl et al., 2011). 

Absolute crater model ages were derived with the software tool ‘craterstats’ (Michael and 

Neukum, 2010) by analysis of crater-size frequency distributions applying the production 

function coefficients of Ivanov (2001) and the impact-cratering chronology model coefficients 

of Hartmann and Neukum (2001). We determined absolute model ages of ~1.5 Ga and 

~0.44 Ga for the older and the younger area, respectively, thus the formation of the cones 

probably occurred within this time interval (Fig. 2.6). This method of absolute age range 

determination can not reveal any age differences between individual cones (see below), since 

no degradational sequence can be inferred from the observed unit relationships. 
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Figure 2.7: (a) Topographic map of western part of the study area. (b) Slope map. Note that the substrate 

on which the cones are superposed has very low slope angles, and therefore does not affect 

the morphometry of the cones (cf. Tibaldi, 1995, who noted that substrate slopes >9° can affect cone 

morphometry). Both maps were derived from HRSC image sequence h1023_0000. 

 

2.7.  Discussion 

Some morphological and morphometrical characteristics of the cones in the study area 

suggest an origin as pyroclastic cones. Their appearance as truncated cones with smooth 
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flanks of more or less uniform slope angles, summit craters or plateaus, and associated flows 

is analogous to terrestrial scoria or cinder cones associated with lava flows (Fig. 2.3). 

The most striking morphometric similarity between the martian cones and terrestrial scoria 

cones is the WCR/WCO ratio (Fig. 2.5a). It is clearly distinguished from that of terrestrial 

stratovolcanoes, which has typically values of ~0.027 (McKnight and Williams, 1997). 

The influence of preexisting topography on cone morphology is negligible. Tibaldi (1995) 

reports that substrate slopes <9° do not affect cone shapes. Topographic and slope maps 

of the study area (Fig. 2.7) show that the substrate has slopes <9° throughout the study area. 

Other morphometric parameters of the studied cones, however, are different from terrestrial 

pyroclastic cones, e.g., the basal diameter and the height. Theoretical considerations predict 

considerable differences between pyroclastic (scoria) cones on Earth and Mars (for a given 

magma volume and volatile content), due to the specific surface environment on both planets, 

in particular gravity and atmospheric pressure (Wilson and Head, 1994). Pyroclastic cones 

on Mars should have larger basal diameters and lower heights (Wilson and Head, 1994; 

Fagents and Wilson, 1996; Parfitt and Wilson, 2008), and the WCR/WCO ratio should be larger 

(Wilson and Head, 1994). However, Wood (1979b) assumed that this ratio is independent 

of gravity and atmospheric pressure, because the wider dispersal of ejecta material would 

affect crater width and basal diameter in the same way. Therefore, WCR/WCO should be 

the same for pyroclastic cones on Earth, Mars or others bodies. Dehn and Sheridan (1990) 

theoretically modeled pyroclastic cones on different terrestrial bodies, and they predicted that 

basal diameters of pyroclastic cones on Mars should be 2 to 3 times larger than those 

of terrestrial pyroclastic cones. The same authors also suggest that the cones should 

be >100 m high and display well-developed deep central craters. Our measurements 

show cone  basal  diameters  ~2.6 times larger than for typical  terrestrial scoria cones, fitting  
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Figure 2.8: Schematic geological and structural map. Units: Cp-pyroclastic cone; Cf-Lava flows 

associated with pyroclastic cones; Vu-volcanic deposits (unclassified); Dc-collapse depressions, Lo-older 

lava flows; Ly-younger lava flows; Bf-fractured basement; Cr-large crater; Ce-crater ejecta. Black lines 

with hatches on one side: grabens, dipping toward hatched side; other black lines: fractures (mostly 

normal faults). 
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numerically to previously established  values.  However,  the  cones  in  our study  area are 

several hundred meters high, which is in disagreement with previously established theoretical 

considerations (Wood, 1979b; Wilson and Head, 1994). 

Several types of monogenetic volcanoes on Earth (spatter cones, rootless cones and 

scoria/cinder cones) have a similar WCR/WCO ratio of ~0.4 (Wood, 1979a). It is impossible, 

therefore, to classify an investigated edifice as scoria or cinder cone only from the WCR/WCO 

ratio alone. Generally, different types of volcanic cones cannot be separated from each other 

by using a single morphometric factor such as cone basal diameter or cone height (Wood, 

1979a). Moreover, climatic conditions and the grain size distribution might have an influence 

on morphometry (Wood, 1980b; Riedel et al., 2003; Rodriguez et al., 2010) and 

morphometric ratios are an indication of the average shape and construct structure, but do not 

relate to a typical cone-forming process (Kervyn et al., 2012). Independent information 

on the geological context is required to further distinguish between different cone types. 

Our observations show that flow-like features are associated with several cones (Fig. 2.3a and 

2.3c). We interpret these lobate deposits as lava flows, similar to terrestrial lava flows 

associated with scoria cones (Fig. 2.3d and 2.3e). The association of cones with lava flows, 

typical for terrestrial scoria cones (Pioli et al., 2009) or spatter cones, strongly supports 

an origin of the cones as pyroclastic cones. This interpretation excludes an origin of the cones 

as rootless cones, because these are rootless edifices without any connection to deeper magma 

sources. Moreover, the dimensions of rootless cones are several times smaller than those 

of the investigated cones. Spatter cones are another alternative, but Wood (1979a) points 

out that, in general, all morphometric parameters have lower values for spatter cones 

as compared to scoria or cinder cones. For example, the mean cone basal diameter of spatter 

cones on Earth is one order of magnitude smaller than that of scoria or cinder cones, and 
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the volume range is typically smaller by two orders of magnitude. These differences might 

suggest that spatter emplacement was not the dominant mode of formation for these cones 

as opposed to scoria emplacement. 

The larger basal diameters and heights of the cones in our study area as compared 

to pyroclastic cones on Earth could be accounted for by larger erupted magma volumes than 

for terrestrial pyroclastic cones. The basically identical WCR/WCO ratio is not in agreement 

with theoretical predictions by Wilson and Head (1994), however, it is consistent 

with the results of Wood (1979b). Based on the morphological and morphometrical arguments 

presented above and the association of cones with lava flows, we interpret the cones 

as pyroclastic (scoria) cones. The cones and the associated lava flows are superposed 

on a material with rough texture, which is again superposed on the fractured basement. 

We interpret the rough material as a mixture of distal pyroclastic deposits and lava flows. 

Our interpretation of the geologic context of the volcanic field is shown in Fig. 2.8. Although 

it is not possible to determine the duration of the formation of single cones, the similarity 

to monogenetic volcanic fields on Earth tentatively suggests that the martian cones might 

be monogenetic volcanoes as well.  

The spatial arrangement of the cones is obviously controlled by the grabens of Ulysses 

Fossae (Fig. 2.1, 2.2, 2.7, 2.8), an extensional fracture zone that is characterized by several 

sets of normal faults that commonly form grabens (Scott and Dohm, 1990). The orientation 

of the faults is generally NW, N, and NNE, but a few faults also trend roughly WSW-ENE. 

The cones are aligned along fractures trending NNW (Fig. 2.2), and an eruptive fissure 

(Fig. 2.3c) is also parallel to this fault trend. Cone alignment on Earth is commonly controlled 

by regional and local tectonic patterns such as defined by fault and rift zones (e.g., Connor 

and Conway, 2000; Bonali et al., 2011). It seems possible that the cone-related volcanic 

activity was directly related to the extensional stress in the martian lithosphere. Analogies are 
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well known from the Earth, where rifting will typically start as a broad zone of extension, but 

will eventually transition towards a narrow zone of focused magmatic intrusion (e.g., Rooney 

et al., 2011). Magma can ascend via dikes to produce surface volcanism, which can 

be  manifested as aligned scoria cones as it is observed, e.g., in the Main Ethiopian Rift 

(Rooney et al., 2011). In this case, the magmatism would be contemporaneous to the rifting 

and be an integral part of the rifting itself (magma-assisted rifting; e.g., Kendall et al., 2005). 

Alternatively, the distribution of vents in monogenetic volcanic fields may be controlled 

by the reactivation of older structures that enable a more favorable magma ascent (e.g., Cebriá 

et al., 2011), a mechanism which was also suggested for Mars (Bleacher et al., 2009). 

Currently it is not possible to decide which of the two options applies to the study area. 

Detailed age dating would be a way to solve this question, but this appears difficult 

due to the inherent problems in dating small-scale features with a thick dust cover. 

Terrestrial pyroclastic cones are formed by scoria clasts and are susceptible to erosion. 

Several of the cones in the study area, mainly in its southern part, are relatively well 

preserved. This observation, together with the well-developed associated lava flows, suggests 

that there was no significant erosion since their emplacement. Cones in the northern part 

of the study area appear more degraded, and no associated lava flows can be identified. 

On Earth, the degradational evolution of pyroclastic cones is correlated with the amount 

of time they have been exposed to erosion (Hooper and Sheridan, 1998), and the HCO/WCO 

ratio as well as the maximum and average slope angles of their flanks decrease with time 

(e.g., Dohrenwend et al., 1986; but note the limitations of this method to estimate relative 

cone age by Favalli et al., 2009a). Indeed, the HCO/WCO ratio of cones in the study area 

is generally increasing from north to south (Tab. 2.2). By analogy, we conclude that the cones 

in the north part of the study area are older than those in the southern part. The northern cones 

appear much more degraded (see also Tab. 2.2), and since erosion rates on Mars are very low 
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after the Noachian (Golombek et al., 2006), this suggests that the formation of the cones 

in the entire study area spans an extended period of time. The relatively small number 

of cones does not seem to be in disagreement with this notion. Firstly, the original number 

of cones might have been larger, but most of them have been eroded beyond identification. 

Secondly, the number of cones in a volcanic field does not correspond with its longevity 

(Connor and Conway, 2000), so even a field with a small number of vents might have been 

long-lived.  

Pyroclastic cones are typically formed by Hawaiian and/or Strombolian eruptions 

(e.g., Head and Wilson, 1989; Vergniolle and Mangan, 2000). Strombolian explosive 

eruptions are characterized by the more or less intermittent formation and bursting of a gas 

bubble close to the surface (e.g., Blackburn et al., 1976; Wilson, 1980). Different models exist 

to describe the mechanisms of Hawaiian-style lava fountaining (e.g., Wilson, 1980; Wilson 

and Head, 1981; Jaupart and Vergniolle, 1988; see review by Parfitt, 2004). It is not possible 

to distinguish between the two eruptive styles on Mars on the basis of cone morphology 

in our study area. Moreover, there is a continuum between these two styles of volcanism, and 

it is common that one type of activity changes to the other one during an eruption (Parfitt and 

Wilson, 1995; Vergniolle and Mangan, 2000). The observation of lava flows and eruptive 

fissures (Fig. 2.3) suggests that at least some stages in the eruptions might have been 

dominated by fire fountaining, leading to the formation of a pyroclastic cone, lava flows and 

rootless flows according to the scheme discussed by Head and Wilson (1989; see their Fig. 7). 

Nevertheless, some possible aspects of the eruptions responsible for cone formation 

in the Ulysses Fossae regions can be discussed. 

The observed style of eruptive activity in the study area differs markedly from that 

of younger plain-style volcanism in Tharsis and Elysium, which is predominantly effusive 

(Hauber et al., 2009a; Vaucher et al., 2009b). In general, the explosivity of a basaltic eruption 
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is controlled by various parameters, such as the volatile content of the magma, magma 

viscosity and magma rise speed, and interaction of magma with ground water or ground ice 

(e.g., Wilson, 1980; Roggensack et al., 1997; Pioli et al., 2009). Materials forming pyroclastic 

cones can originate by explosive fragmentation from ascending magma by two main 

processes. Firstly, material is forming from rapid exsolution and decompression of magmatic 

volatiles, and secondly by interaction of groundwater with magma, or by a combination 

of these two styles (Vespermann and Schmincke, 2000). The first mechanism was 

theoretically discussed by Wilson and Head (1994), and the lower atmospheric pressure 

on Mars would promote the explosivity of martian eruptions under current atmospheric 

conditions. The same authors, however, predict that the higher ejection velocities 

of the fragmented particles would lead to a wider dispersal of eruption products, thus making 

the identification of deposits difficult (Francis and Wood 1982; Wilson and Head, 2007). 

The observed morphology of the cones in our study area, with readily identified pyroclastic 

material, does not agree with these predictions. Partly this might be due to a thicker 

atmosphere at the time of cone formation (perhaps higher CO2 contents from polar cap 

sublimation caused by astronomical forcing of climate changes; Phillips et al., 2011), but 

it is not clear if plausible increases in atmospheric pressure would be a sufficient explanation.  

The difference between the eruptive style in the study area and in the younger volcanic 

plains is obvious, but there is no straightforward explanation. Volcanic fields with 

morphologies similar to the study area might have been more widespread in the past, but 

might now be buried under younger lava plains. Magma viscosity might have been different, 

but due to the thick dust cover there are no compositional data from orbiting spectrometers. 

The morphology of the lava flows might be an indirect indicator of more viscous magma 

(which would promote explosive activity), since the flows are relatively short and appear 

to have steep flow fronts. This lava morphology is distinct from that typically observed 
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in most young plain-style regions of Tharsis and Elysium, where lavas seem to have low 

viscosities (e.g., Vaucher et al., 2009b; Hauber et al., 2011). Large and long-lived magma 

chambers beneath the study area might have allowed magma to differentiate to more silicic 

compositions, and stratification together with volatile differentiation would potentially have 

favor explosive activity at least in the initial stages of an eruption (Mitchell and Wilson, 

2001). Without additional evidence, however, this explanation is very speculative. 

2.8.  Conclusions 

1) Based on morphological and morphometrical analyses, we interpret an assemblage 

of landforms in Tharsis as a volcanic field with pyroclastic cones and associated lava flows. 

This result is consistent with the hypothesis that explosive basaltic volcanism should 

be common on Mars. It is surprising that this is the only well-preserved field of this kind seen 

so far on Mars, given the fact that pyroclastic cones are the most common volcanoes on Earth 

(Wood, 1980a; Valentine and Gregg, 2008). A possible explanation is that similar volcanic 

fields existed in the past, but were subsequently buried by younger volcanic deposits. If true, 

this might imply a gradual change in eruption style in Tharsis, from more explosive towards 

more effusive volcanism. 

2) The spatial distribution of cones is controlled by regional tectonic trends, and cones 

are aligned along NNW-trending normal faults and grabens. It is not clear whether 

the volcanic activity was contemporaneous with the faulting, or whether the magmatism 

postdated the tectonism, with dikes ascending along pre-existing lines of structural weakness. 

Faulted volcanic substrate beneath the cones suggests that at least some of the faulting was 

post-volcanic. 
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3) The observed evidence for physiological diversity of martian volcanism is still 

growing (see also Lanz et al., 2010). The morphologic detection of volcanic centres in dust-

free areas might enable the detection of further hydrothermal deposits (Skok et al., 2010). 
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