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Abstract: Zephyria Tholus has been proposed to be a composite volcano, however, detailed geomorphological study was not carried out due to limited high-resolution remote sensing data. Here
we use MOLA, THEMIS, CTX and HiRISE data to conduct topographical and geomorphological
analysis of Zephyria Tholus. We identify extensive valleys and troughs on the flank, which are
sector collapse or glacio-fluvial in origin. The valleys and troughs indicate coexistence of different
erosion resistance materials, along with the observed solid lava outcrops. There are also layered
materials identified on the wall of the largest valley. In addition, perched craters are identified on
the top depression and flanks of Zephyria Tholus, indicating the presence of ice-rich layer. We
conducted crater size-frequency distribution of the caldera and found the absolute model age is
3.74 (+0.03, −0.04) Ga. The geomorphology evidence and chronology result support the composite
volcano nature of Zephyria Tholus, and indicate the magma volatile content in the Aeolis region in
Noachian is more than 0.15 wt% if the atmosphere paleo-pressure was similar to present Mars.
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Mars has a long history of volcanism [1,2]. Various volcanic landforms have been
identified since the Mariner 9 and Viking data [3,4]. Large shield volcanoes in the Tharsis
and Elysium volcanic province show geomorphological characteristics of low-viscosity
effusive basaltic lavas (e.g., [5]), while large ash shields lying in Circum-Hellas region are
inferred to form by friable materials [4,6–8]. It has been proposed that explosive eruption
was dominated in early Mars geological history [9,10], and effusive eruption dominated
later [11]. The transition of explosive and effusive eruption generates composite volcanoes. Therefore, extensive composite volcanoes should have existed on Mars. Olympus
Mons and Alba Patera have been proposed to have explosive eruptions in their early
history [12,13]; however, the geological evidence has been buried or erased by subsequent
processes. Zephyria Tholus, lying in the Aeolis region, was hypothesized to be a composite
volcano [14], but spatial coverage and resolution of the remote sensing data hindered
detailed characterization of this edifice. Here, we carry out geomorphological study of
Zephyria Tholus with recently acquired imaging data and provide constraints on its volcanic activities. The results support the composite volcano nature of Zephyria Tholus. It
provides clues into the transition of volcanic eruption style and the volatile contents in the
magma on Mars.
2. Methods
We use Mars Orbiter Laser Altimeter (MOLA: 128 ppd) [15] Precision Experiment Data
Record (PEDR) to extract topographical profile and calculate slopes of Zephyria Tholus.
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MOLA Mission Experiment Gridded Data Record (MEGDR) was used to visualize the
regional topography. Thermal Emission Imaging System (THEMIS: [16]) global mosaic
(~100 m/pixel) [17] provides regional geomorphological context of the surface materials.
We use Context Camera (CTX) [18] global mosaic (~6 m/pixel) [19] and images of High
Resolution Imaging Science Experiment (HiRISE ~25–30 cm/pixel) [20] to characterize the
detailed geomorphological features. To study the topography of small-scale features, we
build CTX Digital Terran Model (DTM) from CTX stereo pairs using NASA Ames Stereo
Pipeline [21]. We carry out crater size-frequency distribution (CSFD) measurements on
CTX global mosaic with ArcGIS plugin Cratertools [22], and analyze the CSFD data with
Craterstats2 [23].
3. Results
Zephyria Tholus (Figure 1a), centered at ~19.8◦ S, 172.94◦ E, lies in the Aeolis region
of Mars. This cone-shaped feature is ~350 km away from the center of Gusev crater, and
the adjacent has been mapped as the Early Noachian Highland (eNh) unit [10]. Zephyria
Tholus rises ~3 km with a basal diameter of ~30 km. The southern flank is steeper than
the north, and the maximum slopes is 20◦ (Figure 1b). The flanks of the feature are heavily
etched with extensive valleys and channels (Figure 2a). No lava flow lobes have been
identified on the flank nor the surrounding area. There is a depression on the top of
Zephyria Tholus with a diameter of ~8.4 km, and it slightly tilts to the north (Figure 1b).
The surface of the depression is covered by air fall dust, which makes spectral mineral
identification very challenging.
3.1. Age
We studied the size-frequency distribution of craters larger than 60 m in diameter to
estimate the model age of the caldera. The product function is adopted from [24], and the
chronology function is from [25]. The absolute model age derived is 3.74 (+0.03, −0.04) Ga
(Figure 2b), which falls in the Noachian period. This age is consistent with the previously
mapped eNh unit [10] of the region. The real age is likely to be older than the derived
absolute model age due to the coverage of airfall dust. The absolute model age of the
caldera indicated that the Zephyria Tholus stopped volcanic eruption in the Late Noachian.
3.2. Geomorphology Features
3.2.1. Valleys, Planèzes and Channels
We have identified 7 obvious valleys on the north and west flanks (Figure 2a), the
longest one is ~15 km in length and up to 120 m in depth, and the widths of the valleys
are 2–4 km. The volume of materials removed from the valleys is ~1–13 km3 . The crosssectional profiles of the valleys display “V” shapes (Figure 2c). Two of the valleys are
relatively large, extends from Zephyria Tholus summit to its base, and the other valleys
located near the base. We also identified 11 channels radially distributed on the flanks of
Zephyria Tholus (Figure 2a). Additionally, we identified 4 planes (Figure 2a), which is a
triangular facet on the flanks of a conical feature [26]. Planes are formed by radial drainage
systems and they are the remnants of the original surface of volcanoes [27].
3.2.2. Layered Materials
We have identified layered materials on the wall of the largest valley on Zephyria
Tholus’ flank, and air-fall dust covering the rest area (Figure 3b). Large numbers of
boulders up to 1.5 m diameter are observed ~500 m to 1000 m away from the layered
materials (Figure 3d). The boulders are likely from the layered materials and survived
from movement, indicating that the layered materials are solid rocks in nature [11].
3.2.3. Perched Craters
We identify craters with radial ejecta on the flanks and caldera (Figure 3e,f) with
available HiRISE images (PSP_004032_1600 and ESP_016743_1600). The diameters of this
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type of craters are typically less than 50 m. Interestingly, the ejecta looks elevated in
topography even at the distal end. These craters are similar to previously reported perched
Remote Sens. 2021, 13, x FOR PEERcraters
REVIEW[28], which indicates the existence of ice while the impact event occurred.
3 ofThe
12 ejecta
protected the ice from sublimation. The distribution of the perched craters on the surface
of Zephyria Tholus likely has bias due to the limited coverage of HiRISE data.
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valleys (Figure 2c), which indicates fluvial activities are essential in the formation of these
valleys.
It is difficult to distinguish the formation mechanism of the valleys on the flank of
Zephyria Tholus from different scenarios. However, no matter they are formed by sector
collapse or glacio-fluvial erosion, flank materials composed of erosion-resistant layers6 and
of 11
interlaced easily eroded layers are needed. The coexistence of different strength materials
indicates alternating deposits of pyroclastic materials and solid lava, which strongly supports that Zephyria Tholus is a composite volcano in nature.
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absence of previously existing faulting and differential-weathering of similar structures,
indicate the volcanic origin of Zephyria Tholus. On Earth, the denudation history of the
composite volcano is divided into five stages, in which the fourth stage is characterized by
virtually invisible lava flows, deep river valleys, large planes, primitive conical surfaces
with extensive modification, prominent topographic protrusions, and U-shaped valleys
formed by glacial erosion [26]. The geomorphic characteristics observed on the surface
Zephyria Tholus are consistent with the fourth stage of erosion of terrestrial composite
volcanoes. We calculated the volume of Zephyria Tholus, which is about 744 km3 . The
volumes is comparable to terrestrial composite volcanoes, whose volumes vary from 10 to
1000 km3 [30].
On Earth, the slope of composite volcanoes can reach up to 35◦ ; however, the maximum slope of Zephyria Tholus is ~20◦ (Figure 1b). On Mars, where gravity is lower than
on Earth, lava flows with same composition could flow farther across the surface than
on Earth. When magma viscosity and velocity are the same, the height of a volcano is
inversely proportional to the radius of its undersurface [31]. As the distance of the lava
flow increases, the radius of the base of the volcano becomes larger, the height that the
volcano could grow to decreases, and the slope becomes slower. The erosion of the surface
reduced the height of Zephyria Tholus, which in turn decreased its slope.
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We have investigated the Palpana volcano (21.54◦ S, 68.52◦ W) in the Atacama Desert
of Chile. The climate of this area is very arid and similar to the present environment of
Mars. The Palpana volcano is a composite volcano (stratovolcano) [32], with the height of
2.02 km and slope of 26◦ [33]. There is a large amphitheater-shaped hollow (Figure 5a) on
its southern flank, which is formed by glacial erosion [34]. The morphological characters are
extremely similar to Zephyria Tholus. There are also some layered materials on the wall of
the hollow (Figure 3c), which are the lava flows in multiple periods [32]. We also identified
similar structures on the valley wall of Zephyria Tholus. The similarity in geomorphology
between Zephyria Tholus and the Palpana volcano indicates similar origin and subsequent
modification.
Composite volcanoes are built with alternant effusive and explosive eruptions. The
fine-material layers between solid lava layers are relatively weak (Figure 3b), and they
increase instability during magma intrusion or hydrothermal activity [35]. The extensive
valleys observed on the flank of Zephyria Tholus formed from erosion by sector collapse
or glacio-fluvial activities. The variations in length and width of valleys indicate different
mechanisms of formation. The valleys developed near the lower flank are likely to form
from sector collapse, or erosion by ice-melting water. Sector collapse is a structure formed
by instability within the volcano, allowing parts of the flank to collapse and slide down the
foothills, often resulting in a steepening of the volcanic flank, which is easier to develop in a
composite volcano [35]. It is indicated by crescentic scarps (Figure 2a), which bend towards
downslope. The slider moves along the flank to form the slump bulge at the basal of the
scarps, and there usually developed gully along the side of the slider [35]. However, the
slide is likely removed by subsequent modification. The alternative formation mechanism
is erosion by ice-melting water. It can be seen from the topographic profile that there is
a portion with a gentle slope above the valley on the west wing (Figure 4). After the ice
melted and water flooded, the surface collapses and forms a platform. The glacio-fluvial
formation mechanism for the valleys on the lower part of Zephyria Tholus is preferred due
to the ice-related features mentioned above and the absence of evident observations for
magmatic intrusion or hydrothermal action.
The wide occurrence of perched craters (Figures 2a and 3e,f) on the surface of Zephyria
Tholus suggests the existence of ice-rich materials. This leads to the hypothesis that glacial
process may involve in the formation of the lager valleys. In addition, the morphology of the
valley heads on the flank is similar to cirques (Figure 5b,c) developed on the Popocatepetl
volcano in Central Mexico [36]. A cirque is an amphitheater-like concave topography
created by glacial erosion, and it opens to the downhill side. The bottom of a cirque
is usually flat. However, we identified V-shaped cross-sectional profiles for the valleys
(Figure 2c), which indicates fluvial activities are essential in the formation of these valleys.
It is difficult to distinguish the formation mechanism of the valleys on the flank of
Zephyria Tholus from different scenarios. However, no matter they are formed by sector
collapse or glacio-fluvial erosion, flank materials composed of erosion-resistant layers
and interlaced easily eroded layers are needed. The coexistence of different strength
materials indicates alternating deposits of pyroclastic materials and solid lava, which
strongly supports that Zephyria Tholus is a composite volcano in nature.
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than 0.15 wt%. Previous study shows that 99% of the atmosphere had been lost before
~3.8 Ga [40]. The absolute model age of the Zephyria Tholus caldera is ~3.74 Ga, therefore,
the solid lava (Figure 3b) indicates the volatiles in the magma were more than 0.15 wt%
in the Late Noachian to the Early Hesperian. The eruption type of a volcano is not only
related to the volatile content, but also to the viscosity and temperature of the magma. On
Earth, low-viscosity magma (10–104 Pa s) is favorable to the efficient segregation of gas
bubbles and ductile melt deformation [41]. In the end, a relatively quiet Hawaiian eruption
or a strombolian eruption, and explosive eruption is not likely to occur. The formation
of explosive volcanoes is due to the higher vapor pressure of the magma than confining
pressure of the surrounding rock and atmospheric pressure. During the eruption, a large
amount of gas carrying pyroclastic materials and volcanic ash is ejected from the crater.
Due to low atmospheric pressure, fragmentation of basaltic magma or interaction between
magma and groundwater, Plinian eruptions are relatively common on Mars [42]. Therefore,
if the magma that formed Zephyria Tholus was basaltic, the volatile content of the magma
was at least 0.15 wt%, and even more volatile could be accumulated when the magma was
of high viscosity as it prevents the segregation of gas bubbles from magma. At present, we
cannot determine the nature of the magma that formed Zephyria Tholus, but we believe
that the volatile content of the magma in the Aeolis region was greater than 0.15 wt%.
5. Conclusions
Zephyria Tholus is a composite volcano on Mars from topography and geomorphology
evidence using recently acquired high-resolution orbital data. Zephyria Tholus provides
important clues on the magma volatiles in the Noachian, thus it is a good candidate for
future in situ exploration.
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