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Key Points:

e Investigation of vent-proximal volcanic products allowed the eruption dynamics of a
fissure system to be reconstructed

e The spatial distribution of spatter rampart deposits along the fissure vent is heterogeneous
and related to dynamic eruption processes

e Amazonian-aged basaltic volcanism involves both effusive activity and low-intensity
explosive eruptions
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Abstract

High-resolution investigations of Late Amazonian volcanic landforms provide previously
unrevealed insights into the dynamics of Martian volcanic eruptions. On Earth, the formation of
vent-proximal accumulations of spatter deposits is attributed to low-intensity lava fountaining
episodes representing eruptions on the very edge of explosive activity. Martian spatter deposits
form small-scale volcanic landforms that are rarely reported, and thus the dynamics of Martian
mafic explosive eruptions is still not fully constrained. We conducted high-resolution Context
Camera-based mapping coupled with a stereo-pair-generated digital elevation model to
reconstruct the eruptive history of a fissure system and its associated products south of Ascraeus
Mons, Mars. The studied volcanic fissure clearly demonstrates both explosive and effusive
deposits and, in addition, is spatially associated with a lava channel. For the first time, these
observations allowed us to conduct a comparative analysis of vent-proximal volcanic products
and reconstruct the late-stage eruption dynamics of a fissure system. We found that the spatial
distribution of the pyroclastic (spatter) rampart along the fissure vent is heterogeneous and
generated by dynamic eruption processes. Moreover, the lava channel fed from the fissure vent
shows evidence of successive lava overspills whose emplacement was topographically
controlled. These observations suggest that, in contrast to the general inference that Amazonian-
age volcanism mainly involves effusive eruptions, explosive-origin landforms might have been
overlooked. Therefore, we argue that high-resolution mapping of pyroclastic deposits may
provide critical insights into understanding the dynamic nature of Martian fissure eruptions and

explosive-associated volatile release during the last stages of eruptions.
Plain Language Summary

Although it is widely accepted that Martian volcanism has mainly involved widespread lava
effusion, the increased acquisition of high-resolution satellite images is challenging this
viewpoint and providing new insights into the dynamics of volcanic eruptions. A better
understanding of the small-scale volcanic landforms on Mars increases our understanding of
volcanism in general. As Tharsis, the largest volcanic province on Mars, hosts hundreds of
volcanic fissure vents and associated landforms, it constitutes the best natural laboratory for the
investigation of volcanic products deposited near to the vent. Here, we conducted high-resolution

mapping of the near-vent accumulations of fragmented lava, called spatter deposits, which
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allows us to reconstruct the eruption dynamics during the waning stages. Our observations
suggest that the spatter deposits are attributed to low-intensity lava fountaining of explosive
origin, whereas the adjacent lava flow channels are rimmed by successive lava overspills. These
observations suggest that Martian fissure systems experienced two eruptive styles
simultaneously. However, to date, on Mars, the explosive-origin landforms associated with
fissure vents have been overlooked. Overall, our study indicates the importance of conducting
detailed studies of small-scale volcanic landforms that record complex and previously

undiscovered dynamics of Martian volcanic systems.
Keywords: spatter deposits, fragmentation, volcanism, explosive eruptions, rheomorphic

1 Introduction

Throughout the entire history of the planet, the interior structure and surface volcanic
features of Mars have been controlled by magmatic processes, especially focused within the
volcanic provinces of Tharsis and Elysium (Mouginis-Mark et al., 2022; Werner, 2009;
Zimbelman et al., 2015). For example, as revealed by orbital observations, the Tharsis volcanic
province constitutes ~25% of the Martian surface, and is dominated by the Amazonian-age
plains-style effusive volcanism evidenced by abundant dyke-fed fissure vents and low-shield
volcanoes (Hauber et al., 2009, 2011; Pieterek et al., 2022b; Richardson et al., 2021).
Nevertheless, in some regions on Mars, there is evidence suggesting that eruptions of more
differentiated magma compositions were common in the Amazonian and resulted in the
formation of local-scale explosive-origin volcanic fields and landforms (Broz et al., 2017; Broz
& Hauber, 2012; Horvath et al., 2021; Pieterek et al., 2022a; 2024; Wilson et al., 2009). An
Amazonian age for these features contradicts the inference of a key change of the eruptive style
from explosive to effusive at the transition between the Noachian and Hesperian, at
approximately 3.5 Ga (Robbins et al., 2011). Detailed observations of volcanic products and
landforms at high spatial resolution using remotely sensed data provide a means to shed new
light on our understanding of the volcanic history of Mars (Peters et al., 2021; Pieterek et al.,
2024; Pieterek & Jones, 2023). Here, we focus on reconstructing the eruptive history and
associated products of a fissure system south of Ascraeus Mons, Mars, which clearly exhibits

deposits formed by both explosive and effusive volcanic eruptions.
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On Earth, steep-sided, vent-proximal accumulations of agglutinated pyroclastic material
(i.e., spatter) are termed spatter ramparts if laterally extensive, or spatter mounds if isolated.
These are typically associated with low intensity lava fountaining episodes of mafic magma
(Houghton & Gonnermann, 2008; Parcheta et al., 2012, 2015; Taddeucci et al., 2015). They
represent eruptions on the cusp of explosive activity, fragmenting the erupted magma by
predominantly ductile processes (Jones et al., 2019; Jones et al., 2022b). However, to date on
Mars, such products of (weakly) explosive volcanic eruptions have been rarely described
(Hauber et al., 2009; Mouginis-Mark & Christensen, 2005; Wilson et al., 2009), and therefore,
the understanding of explosive basaltic eruptions is still not fully constrained. There is evidence
that individual mafic fissure systems on Mars can experience varying eruptive styles, yielding
different volcanic products, landforms and morphologies (Hauber et al., 2009; Pieterek & Jones,
2023; Wilson & Head, 1994). The presence of spatter ramparts along vent-proximal portions of
fissure vents is mainly attributed to magmas, perhaps volatile-rich, that erupt explosively

(Mouginis-Mark & Christensen, 2005; Wilson et al., 2009).

When preserved, volcanic fissures and their associated vent-proximal products (e.g.,
spatter mounds, spatter ramparts) can directly inform on the eruption styles, dynamics, and their
temporal evolution (Wilson et al., 2009). Despite this, relatively few studies have documented
vent-proximal pyroclastic deposits associated with Martian volcanoes (Mouginis-Mark &
Christensen, 2005; Wilson et al., 2009). This knowledge gap can be attributed to multiple
factors: (1) spatter ramparts and mounds are relatively small (<1 km in size) constructs. Thus, for
identification, high resolution topographic data are required. Such data have only recently been
available on the local scale by applying the Context Camera (CTX)-based or even more precise
High Resolution Imaging Science Experiment (HiRISE)-based digital elevation models (DEMs)
(Broz et al., 2015; Pieterek & Jones, 2023; Vords & Székely, 2022). (ii) The preservation
potential of vent-proximal deposits is very poor. They are often buried by later eruptive products
(Broz & Hauber, 2011; Pieterek & Jones, 2023; Vaucher et al.,, 2009), can behave
rheomorphically and flow away from the vent (Sumner, 1998), and are susceptible to erosion
both during and after the eruption (Apuani et al., 2005; Le Moigne et al., 2022; Romero et al.,
2022; Sutton et al., 2024). (iii) Lastly, there is a range of linear features on Mars, including

fractures, grabens, fissures, lava channels, lava tubes, and pit chains. Therefore, distinguishing
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fissure-associated pyroclastic ramparts from other linear constructs, such as lava channels with

elevated rims, can be difficult.

In this study, we used CTX-based topographic data to perform a detailed reconstruction
of the vent-proximal depositional units associated with a fissure eruption. By doing this we
provide fundamental insights into the eruption dynamics and the fissure evolution. Moreover, our
mapping approach yields robust quantitative geometric properties (e.g., depth, width, height) of
fissure vents and their pyroclastic ramparts. These data can support the correct identification and
mapping of pyroclastic ramparts from other linear structures of various origins (i.e., volcanic and

tectonic) present on the Martian surface.
2 Geological setting

The largest volcanic province on Mars, Tharsis, constitutes nearly a quarter of the
Martian surface and hosts three volcanoes aligned in the SW-NE direction, namely, Arsia Mons,
Pavonis Mons, and Ascraeus Mons (Tharsis Montes; Fig. 1). Their southeastern flanks host the
highest concentrations of distributed volcanic landforms found on the Martian surface (Bleacher
et al., 2009; Hauber et al., 2011; Pieterek et al., 2022b; Richardson et al., 2021); Fig. 1a). These
volcanic landforms mainly comprise low shield volcanoes, fissure vents, or circular vents with
associated lava flows, and a relatively wide variety of other volcanic units that cannot be directly
linked to their eruptive centers because the younger deposits partially cover older landforms
(Bleacher et al., 2007; Hauber et al., 2009). Nevertheless, regional spatiotemporal reconstruction
shows that the Late Amazonian distributed volcanism located southeast of the Tharsis Montes
volcanoes might be either related to the adjacent major volcanoes' plumbing systems (Pieterek et
al., 2022b) or an extended underplating zone emplaced at the crust-mantle boundary beneath the
Martian lithosphere southeast of Tharsis Montes (Richardson et al., 2021). The age
determinations of the volcanic edifices and lava flows to the south of Pavonis Mons and
Ascraeus Mons reveal young (from 50 to 173 Ma) emplacement ages (Hauber et al., 2011;
Pieterek et al., 2022b), and therefore these areas are considered to constitute the best field
laboratory for investigating volcanic processes and better understanding Martian eruptions
(Pieterek & Jones, 2023; Wilson et al., 2009). Moreover, the relatively young ages (< 100 Ma) of

the latest volcanic activity (Hauber et al., 2011; Pieterek et al., 2022b) and low erosion rates on
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Mars (Carr & Head III, 2010; Golombek et al., 2006) cause these landforms to maintain good

preservation states allowing us to conduct high-resolution observations.
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Fig. 1 Geological context of the fissure system, associated pyroclastic/spatter ramparts and lava flows.
The middle, circular inset shows the topographic map of Mars with the white rectangle indicating the
location of the study area. (a) An overview map of two major volcanoes located within the Tharsis
Montes region. Previously, Pieterek et al. (2022b) mapped distributed volcanoes marked by black
triangles. (b) Topographic map of the southern region of Ascracus Mons with outlines of the low shield
volcanoes (white lines) and linear features interpreted as volcanic fissures (black arrows). Note that the
entire region hosts numerous linear features whose origin might be debatable. In both panels, the base
map is a blend of digital elevation model (200 m/px; Fergason et al., 2018) derived from the Mars Orbiter
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Laser Altimeter (MOLA) and High-Resolution Stereo Camera (HRSC) and a global daytime infrared
mosaic of the Thermal Emission Imaging System (THEMIS) (100 m/px; Edwards et al., 2011). (¢)
Topographic map of the study area showing the investigated fissure vent and lava channel. The Context
Camera (CTX) image (B17_016463 1840, centered at 4.07°N and 254.44°E) is overlaid by the produced
CTX-based DEM (for details see Data and Methods). (d) The corresponding 3D view of the study area
showing the spatial relationship between various volcanic landforms with a special focus on investigated
vent-proximal deposits (rampart) and lava channel. The image is produced using CTX-based DEM
exaggerated 15 times.

Tharsis Montes volcanoes are characterized by rift apron flows (Fig. 1a) which form
scallop-shaped rises abutting the north/northeastern and south/southwestern flanks of each large
shield volcano (Bleacher et al., 2007). On top of these widespread flows, emplacement of the
small-scale volcanic landforms (e.g., low shield volcanoes, volcanic fissure vents) has led to the
formation of volcanic clusters (Fig. 1b). Richardson et al. (2021) proposed that these rift apron
deposits and landforms might be supplied by a common magmatic source region. This
hypothesis is supported by the common ages (Giacomini et al., 2009) and superposition
relationships (Bleacher et al., 2007) of the rift apron lavas and the distributed low-shield cones.
Additionally, the summit vent alignments on the rift aprons of each Tharsis Montes volcano
show consistent orientations parallel to the regional NW-SE direction and are radially oriented to
the adjacent major volcano (Pieterek et al., 2022b; Richardson et al., 2021).

The fissure vent system studied here is situated to the south of Ascraeus Mons, on top of
the associated rift apron, and so the regional topography decreases towards the southwest (Fig.
1b). This topography is expressed by the predominant NE-SW direction of the linear structures
which are consistent with radially-oriented dykes originating from Ascraeus Mons (Pieterek et
al., 2022b). Our fissure system is accompanied by a cluster of distributed volcanoes and other
linear features including lava channels and lava tubes. Among the volcanic fissures (Fig. 1b), the
investigated vent shows clear geological association with a lava channel (Fig. 1c-d) allowing us
to conduct precise determinations of morphological parameters and compare these two different

linear structures (volcanic fissure vs. lava channel) without any doubts about their origin.

3 Data and Methods

To identify and map both the volcanic fissure and lava channel deposits, we used a global
daytime infrared mosaic of the Thermal Emission Imaging System (THEMIS; Edwards et al.,

2011) with a spatial resolution of 100 m/px for selecting regions of interest. The Context Camera
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images (CTX) from the Mars Reconnaissance Orbiter (MRO; Malin et al., 2007) was then used
for mapping. The ground sampling distance of ~5 m/px for the CTX images provided sufficient
spatial resolution to conduct detailed mapping and allowed us to identify volcanic landforms and
associated flow-like features that occur on both sides of the fissure and channel. During our
initial mapping campaign of the volcanic regions, the THEMIS images showed brighter regions
on one side of the volcanic vent suggesting a steep slope comprising rocky material with warmer
nighttime temperatures, and thus the highest thermal inertia values relative to the surrounding
areas (Edwards et al., 2011). Due to the low resolution of THEMIS and the small size of
considered landforms, such observations must be supplemented by high-resolution CTX-based
DEMs. To conduct a detailed topographic analysis of the regions of interest, we used DEMs
derived from CTX stereo-pair images. The DEMs were produced using the data processing
information system MarsSI (Mars System of Information) designed to process Martian orbital
data (Quantin-Nataf et al., 2018). The CTX images that have been used to produce our DEM
were P02 001774 1848, centered at 4.86°N, 254.60°E, and B0O1 009949 1844, centered at
4.46°N, 254.62°E. The CTX-based DEM has a scale of ~12 m per pixel and a vertical resolution
of ~4 m allowing us to (i) conduct precise topographic measurements; (ii) determine the spatial
extent of ramparts and (iii) determine the stratigraphic relationship between erupted materials, to
provide relative age constraints and build an eruptive sequence. However, CTX-based DEMs are
not free from vertical errors on elevations. In this study, we calculated the root-mean-square
deviation of two overlapping CTX stereo-pairs using an additional CTX-based DEM
(BO1_009949 1844 centered at 4.46°N, 254.62°E, and F02 036427 1847, centered at 4.80°N,
254.61°E). We obtained a root-mean-square deviation value of 9.0 m which is consistent with
literature data (e.g., Volat et al., 2022).

The morphology of the regions of interest was quantified using CTX images, supported
by the corresponding elevation data (DEM). We used these to construct topographic cross-
sections (Fig. 2) of vent-proximal deposits adjacent to the fissure vent and of lava channel-
associated deposits. Using these cross-sections, we determined the spatial extent of the erupted
material and mapped the outlines of distinguishable volcanic eruptive units (e.g., Fig. 2a). To
conduct a systematic analysis of morphometric parameters, for both the volcanic fissure vent and
lava channel, we firstly drew a midplane line always located at the center of the linear feature

(i.e., the distance between the feature rim and the midplane is the same on both sides). We also
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drew parallel profile bounding lines along the strike of the investigated volcanic features (Fig.
S1). These bounding lines extended 2.5 km and 1 km from the fissure and lava channel
midplanes, respectively, and were drawn perfectly parallel. Along these bounding lines, every
200 meters, we generated points that constituted the start and end of the profile lines (Fig. S1)
that were used for cross-section production. These profile lines are not always perfectly
perpendicular (i.e., at 90°) to the midplane because we wanted to cover the mapped area evenly
with thickness measurements. Instead, they deviated between 65° to 115°, at the most curved part
of the fissure. Using the CTX-based DEM, we produced topographic cross-sections along the
profile lines that had lengths of 5 and 2 kilometers for the fissure and lava channel, respectively
(Fig. S1). The different profile lengths simply reflect the differences in spatial extent of the
eruptive products. Based on the cross-sections produced, we determined several parameters to
quantitatively characterize the morphology of the features. As the investigated features are not
symmetrical, we measured all parameters on both sides of the midplane (Fig. 2). The geomorphic
parameters we measured include the depth (D) and width (W) of both fissure and channel as well
as thickness (T) and lateral extend (E) of the associated deposits (subscript depending on the
feature, F for fissure and C for channel). The depth parameter is defined as the vertical distance
between the highest elevation point of the vent-proximal deposits and the lowest elevation of the
midplane, whereas the width is the horizontal distance from the midplane to the highest point of
the studied deposits (Fig. 2). A graphical visualization of the morphological parameters is
presented in Figure 2. By having measurements from both sides of the studied features, we
calculated average values of selected parameters that are used in Figure 7.

Detailed geological mapping and cross-sections allowed us to determine the spatial extent
defined as the horizontal distance from midplane to the furthest extent of the erupted material
together with its thickness which was measured every 50 meters along the profile lines
(parameter x in Fig. 2). Using the topographical profiles and our volcanic mapping, we
determined a detectable break in the slope which constituted the furthest extent of the deposits.
Assuming a relatively flat slope of the surrounding terrains (<0.4°; Fig. 1d), the elevation of this
point was used as a base for our thickness measurements (Fig. 2). This approximation may
slightly overestimate the obtained thickness results, especially at vent-proximal regions (see

Section 5.1).
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Our systematic thickness measurements at high-resolution were used to generate a
thickness map of the pyroclastic/spatter ramparts and the lava channel deposits. The thickness
maps were produced using the natural neighbor interpolation technique which is a spatial
interpolation developed by Sibson (1981) that uses the average weight of the surrounding area.
In this study, we also used inverse distance weighted (IDW) and Kriging techniques for the
thickness map production; however, the maps obtained did not show any meaningful differences
between one another (Fig. S2). All these interpolation techniques are available in the
interpolation toolbox in the spatial analysis package for ArcGIS software. All image and data
analysis associated with mapping was conducted using ArcGIS software version ArcMap 10.5
and our 3D visualizations were produced in ArcScene 10.5. The shapefiles containing the
outlines of geological units and data pertaining to the thickness measurements of the spatter

deposits are available in the Zenodo repository (Pieterek & Jones, 2024).
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251  Topographic maps of (a) the volcanic fissure with associated pyroclastic/spatter ramparts and (b) the lava
252 channel with elevated rims. The black dashed lines show the mapped outlines of the rampart or lava
253 deposits that allow us to determine the extent of the erupted material. The dashed lines perpendicular to
254 the fissure and lava channel strike are the profile lines along which the CTX-based cross-sections were
255  produced. Maps were produced using the Context Camera-based (CTX) digital elevation model (DEM) of
256  stereo-pair images (P02 001774, centered at 4.86°N, 254.60°E, and BO1 009949, centered at 4.46°N,
257  254.62°E). The corresponding cross-sections of the (a”) volcanic fissure and (b’) lava channel show the
258  topography of the regions with the parameters determined in this study. The sides of the fissure and lava
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channel are distinguished based on the map orientation towards the north. Both topographic profiles have
vertical ticks every 5 m, making them equal in terms of scale. Abbreviations: the first letter indicates the
direction (e.g., W — western side; E — eastern side), the second letter refers to the measured parameter
(i.e., D — depth, T — thickness, etc.,) whereas the subscript depends on the feature (F — fissure and C —
channel). The subscripts x of the thickness measurements indicate the distance of 50 meters between the
points for which the measurements have been done.

4 Results and Interpretations

4.1 Geological mapping

To conduct a detailed investigation of the fissure vent-proximal deposits we mapped the
volcanic landforms that are identifiable on the CTX images and corresponding 3D models (Fig.
3). Along the studied part of the fissure, we observed steep-sided accumulations of material that
formed elevated rims, often on both sides (the upslope and downslope) of the vent (Fig. 3a-b).
These elevated units are located within a narrow vent-proximal zone 100-200 m wide. They are
characterized by a rough surface texture comprising short lobate-shaped structures. We interpret
these steep-sided and elevated rims to be pyroclastic or spatter ramparts. Here, the term spatter is
used as an all-encompassing term representing pieces of fragmented lava ejected during an
explosive eruption and typically still hot and mobile. It is indeed likely that the pyroclastic
constructs also contain large ballistic blocks, scoria, and fine ash in minor quantities, for
example. The ramparts, in some parts, are interrupted by regions of lower rim elevation that
constitute the breaks in the continuity of rampart deposits from which smooth-surface lava flows
have spread (Fig. 3c). We observe that these flows have varying morphologies. On the western
flank, these lava flows are short, up to 1 km in length, whereas on the opposite (i.e., eastern)
flank, they merge forming larger flow units that migrated downslope, up to 7 km in length (Fig.
Ic). This spatial distribution is likely controlled by the regional topography of the area, as on the
western side, the elevation increases (i.e., overall upslope trend). This is caused by the presence
of a volcanic center located to the northwest of the studied fissure (Fig. 1b) from which
downslope-spreading lava flows have blocked the migration of lava from the studied fissure.

In addition to the latest volcanic products, on the western side of the fissure we identified
older landforms that predate the formation of the vent-proximal deposits. This interpretation is
supported by CTX image observations (Fig. 3) which allow us to define the boundaries of
volcanic units by tracking grey-scale variations within the images, further supplemented by the

DEMs and topographical cross-sections that reveal relative stratigraphic relationships between
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291  the identified units (Fig. 3). They form narrow channels that become wider with increasing
292  distance from the fissure and as they are associated with the flow units, we interpreted them as
293 outflow lava channels (Fig. 3c). However, their original extent is difficult to map, as they are
294  partially covered by lava flows originating from the upslope-situated volcanic centers. Therefore,
295  we assert that some of the fissure-associated landforms might be partially buried by the NW-
296  originated lava flows characterized by the rough texture of their surfaces (Fig. 3c¢).
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Fig. 3 High-resolution geological map of the volcanic fissure and spatter ramparts. (a & b) 3D
visualizations of the volcanic fissure showing the generalized volcanology and the stratigraphic
relationships between the individual lava flows indicating their relative age. The blue lines with hachures
(ticks) on the side of overlying unit indicate the stratigraphically higher unit. These observations are
supplemented by the corresponding cross-section (A-B) marked in panel c. The white arrows mark the
location of outflow channels, whereas yellow the rampart breaks. The solid lines with arrows indicate the
presumed direction of lava flows. Violet arrows are related to the smooth lava flows originating from the
rampart material interpreted as rheomorphic flows. The red arrows are associated with topographic breaks
in the rampart and thus are interpreted to be related to lava discharge from the vent. Produced using the
CTX-based DEM of stereo-pair images (P02 001774, centered at 4.86°N, 254.60°E, and BO1 009949,
centered at 4.46°N, 254.62°E). These visualizations are vertically exaggerated 10 times. (¢) A schematic
geological map showing the mapped volcanic units associated with the fissure. Base map produced using
CTX image P02 001774 1848. The solid black lines mark the vent-proximal deposits’ outlines detected
in the CTX images, whereas the solid grey lines constitute the outlines of the mapped units. The lower
inset shows that the vent-proximal deposits buried the lava channel products.

The studied fissure system has a clear geological relationship to the elongated lava
channel that propagates downslope from the vent to the east (Figs. lc-d and 4a). The lava
channel is sourced from an outflow originating at the fissure vent (Fig. 4b-c). This outflow point
is well developed and unmodified. It shows a smaller anastomosing channel superimposed
within the main channel. As shown in Figure 4c, the channel rims located close to the fissure are
partially covered by lava originating from the fissure. Thus, to avoid misinterpretation of the
structures formed by the overlapping of products, we omitted the first vent-proximal 2 km of the
lava channel from any thickness/geomorphological observations. At downflow locations, where
neither vent-proximal deposits nor post-channel formation productions co-exist, we found that
the surfaces in contact with the channel are rough, consisting of blocks or accumulated lava
fragments (Fig. 4d). They extend up to 300 meters from the channel rim. Furthermore, on both
sides of the channel elevated rims are sometimes present. We interpret these to be associated
with over-spilling lava flows and thus the formation of lava levees (Fig. 4). Along the strike of
this channel, almost 7 km away from the fissure vent, the small lava channel spreads from the
main lava channel (Fig. 4a-b and d). Our detailed structural mapping allows us to measure the

morphological parameters and thickness of the deposits proximal to both the vent and channel.
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Fig. 4 High-resolution geological mapping of the lava channel and associated deposits. (a & b) An overview 3D visualization of the lava
channel. The blue lines with hachures (ticks) are on the side of the overlying unit and therefore indicate the stratigraphically higher unit. The
dashed black lines mark the location of inferred boundary between the lava units. Produced using the CTX-based DEM of stereo-pair images
(P02 001774, centered at 4.86°N, 254.60°E, and B0O1 009949, centered at 4.46°N, 254.62°E). All visualizations are vertically exaggerated 10
times. (¢) Close-up image of the vent-proximal part of the lava channel originating from the fissure (CTX image P02_001774_1848). (d) A
schematic geological map presenting the different volcanic units associated with the studied lava channel. The base map is produced using CTX
image P02 001774 1848. The solid black lines mark the lava flows outlines detected in the CTX images. (e) The channel-proximal deposits
thickness measurements determined every 50 meters along the profile lines. For the methodology description, see the Method section. The
basemap is a combination of a CTX image overlapped by a CTX-based DEM. (f) The channel-proximal deposits thickness map is produced by the
interpolation tool in the ArcMap software applying the natural neighbor method.
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4.2 Morphological characteristics of the fissure vent and ramparts

Using the detailed structural mapping, we produced 36 cross-sections approximately
perpendicular to the fissure vent strike and measured the morphological parameters of both the
fissure and associated spatter ramparts (Fig. 2a). We found that the fissure depth is highly
variable and depends on the side of the fissure from which the measurement was performed.
These discrepancies in the fissure depth are up to 16.5 meters between the rim sides (Fig. S3). In
general, the fissure depth ranges from 16.4 to 58.2 m with an average value of ~33 = 8 m (1 SD;
standard deviation) (Table 1 and Fig. S3). The fissure width is also variable and ranges from 234
to 495 m. Notably, the width measured in one cross-section may vary up to 100 m depending on
the measuring side of the fissure (see Fig. 2). The calculated average fissure width is 353 =48 m
(1 SD). Combining the structural mapping and cross-sections, we found that the spatter deposits
are heterogeneously distributed on both sides of the fissure vent. The spatial extent of the vent-
proximal deposits on the western side ranges from 290 up to 1367 meters away from the fissure
rim, whereas on the other side, the spatial extent is from 149 to 814 meters (Table 1). This
discrepancy in the spatial distribution is also expressed by the thickness measurements of the
spatter ramparts whose maximum values are 32 and 19 meters on the western and eastern side,
respectively (Fig. 5a-b). A similar spatial trend is also shown by average values of maximum
spatter rampart thickness of 17 + 8 (western side) and 10 + 4 meters (eastern side). By applying
individual thickness measurements every 50 m along the profile lines, we were able to map the
increase in the rampart thickness (Fig. 5¢). The steepest rampart slopes with the highest increase

of thickness occur close to the fissure rim with more gentle slopes further away from the fissure.
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361  Table1 Morphological characteristics of the studied volcanic fissure vent south of Ascraeus Mons. The
362  graphical presentation of the methodology of measurements is shown in Figure 2.

Max. apparent

No. of Distance Depth [m] Avg. SD Width [m] Ayg. SD Rampart extent thickness of rampart
profile along depth (m] width [m] [m] deposits [m]
fissure [m] [m] [m]
West  East West  East West East West East

1 0 347 479 413 6.6 269.7 3383 304.0 343 12129 1774 10.9 4.8
2 200 417 582 499 83 3105 368.0 3393 287 1249.8 182.7 12.8 7.0
3 400 448 58.1 51.5 6.6 3889 417.1 403.0 14.1 1276.9 318.3 18.2 7.1
4 600 375 49.6 435 6.1 329.1 384.0 356.6 274 1367.0 319.2 19.6 10.0
5 800 417 444 430 14 359.1 386.0 372.6 135 13353 2722 28.8 8.0
6 1000 38.7 409 39.8 1.1 3213 3385 3299 86 1049.8 404.6 28.3 12.4
7 1200 322 339 331 09 3499 362.7 3563 64  1349.8 382.7 31.9 16.1
8 1400 422 399 411 12 3238 3042 3140 98 1279.8 247.2 32.1 13.2
9 1600 422 318 37.0 52 3577 3193 3385 192 1249.8 286.2 27.1 9.4
10 1800 33.6 23.8 28.7 49 340.7 290.7 315.7 250 1199.8 398.3 28.5 13.9
11 2000 274 184 229 45 2979 2340 266.0 319 11863 4629 25.7 15.9
12 2200 274 19.6 235 39 3262 2594 292.8 334 1199.8 610.7 22.4 18.5
13 2400 33.0 247 289 42 416.6 316.6 366.6 500 1069.8 399.9 21.4 13.0
14 2600 482 356 419 63 388.1 3244 3563 319 1223.1 3814 22.5 10.5
15 2800 435 373 404 3.1 3835 3102 3469 366 989.5 382.1 19.5 9.3
16 3000 329 288 309 2.1 3928 3323 362.5 303 899.9 399.9 18.8 9.2
17 3200 29.6 30.0 29.8 02 325.1 3389 3320 69 599.9 813.5 233 16.3
18 3400 32.6 343 334 08 3146 336.7 3256 11.0 532.5 7247 21.0 12.8
19 3600 23.1 283 257 26 2803 317.6 2989 186 875.6 646.1 15.2 15.0
20 3800 333 31.7 325 08 3254 2963 310.8 146 773.5 466.4 16.4 13.7
21 4000 455 413 434 21 4356 3957 4157 200 727.4 148.5 17.7 6.9
22 4200 532 429 481 52 4139 3443 379.1 3438 1131.8  200.0 18.2 7.6
23 4400 50.2 429 46.6 3.6 3545 3150 3348 19.8 862.5 256.8 14.6 7.8
24 4600 27.6 27.0 273 03 337.1 3224 3298 73 6419 643.0 7.1 6.4
25 4800 277 247 262 15 3342 3156 3249 93 599.9 3999 7.2 44
26 5000 26.7 31.1 289 22 338.1 367.5 352.8 147 686.1 181.4 7.7 6.8
27 5200 32,5 349 337 12 3950 4224 408.7 13.7 676.8 380.3 10.5 10.5
28 5400 29.5 31.5 305 1.0 3009 343.0 322.0 21.1 6782 2824 9.3 8.6
29 5600 239 22.1 23.0 09 435.1 366.5 400.8 343 639.9 270.5 11.4 9.6
30 5800 19.8 240 219 21 3019 3313 316.6 147 665.7 411.1 15.9 15.9
31 6000 164 250 207 43 2555 3054 280.5 250 566.7 566.7 13.9 13.9
32 6200 229 248 239 1.0 3499 3754 362.6 127 437.1 437.1 11.3 11.3
33 6400 263 285 274 1.1 402.6 4457 4242 215 363.2 340.5 8.7 8.7
34 6600 312 346 329 1.7 4156 4665 441.0 255 553.1 247.0 10.1 10.1
35 6800 282 325 303 21 4224 463.6 443.0 206 387.1 415.1 8.6 8.6
36 7000 304 325  31.5 1.0 469.5 4949 4822 127 290.1 183.3 4.8 2.9

363 SD — standard deviation; avg. — average; max. — maximum.
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Fig. 5 Morphological characteristics of the spatter ramparts. (a) Rampart thickness data points collected
every 50 meters along the (sequentially numbered) profile lines. The profiles are approximately
perpendicular to the mid-plane along the fissure strike. Each coloured point represents an individual
measurement of the rampart thickness based on our CTX-based cross-sections. (b) Interpolated rampart
thickness map produced using the natural neighbour method. (¢) A map presenting the increase in the
rampart thickness (in percent rise) calculated based on the thickness measurements. The steepest ramparts

occur close to the fissure rim with more gentle slopes further away from the fissure which agrees with our
geological mapping.



373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393

manuscript submitted to Journal of Geophysical Research: Planets

4.3 Morphological characteristics of the lava channel

Based on the clear structural relationships between the studied fissure vent and the lava
channel aligned downslope in the SE direction (Fig. 3a), we produced 24 cross-sections
approximately perpendicular to the channel strike and, as for the fissure vent, we measured its
morphological parameters (Table 2 and Fig. 4). We determined that the depth, along the channel
length, is relatively homogeneous and ranges from 5.0 to 21.9 m with an average value of 13.0 +
3.6 m (1 SD). The deepest part of the lava channel is located close to the fissure with an average
depth of 19.7 £ 2.2 m (1 SD), with local lowering in its central part (up to 19.9 £ 1.0 m; 1SD),
while the shallowest part is located distally with an average value of 6.6 = 1.6 m (1 SD) (Fig.
S3). Comparing the depth measurements on both sides of the channel, we found that the results
obtained are very consistent with a low standard deviation (Table 2). The channel width
decreases (average width from 519 to 275 m) with increasing distance away from the fissure
(Table 2). Using our topographic profiles and geological mapping, we found that elevated
channel-proximal deposits are mainly associated with its southern side whereas the opposite side
is almost devoid of such elevated deposits (Fig. 4e-f). We measured the spatial extent of these
deposits which range from 70 up to 593 m away from the channel with thicknesses up to 8.6 m
(average value of 4.7 £ 1.6 m; Table 2 and Fig. 4e-f). As these channel-associated deposits are
not so prominent as the fissure ramparts, we interpret them to be small volume overspills of lava
originating from the channel. In addition, we found that these deposits occur mainly on the
southern side of the channel, and therefore, we assert that their spatial distribution is controlled

by the pre-eruption slope orientation (Fig. 4a-e).
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Table 2 Morphological characteristics of the studied volcanic channel originating from the fissure vent
south of Ascraeus Mons. The graphical presentation of the methodology of measurements is shown in

Figure 2.
i . Channel-proximal Max. apparent

No. o Bi)séznce Depth [m] (it;tgh SD Width [m] vﬁfh SD deposits eitent [m] thickngsps [m]
profile fissure [m] South  North [m] [m] South  North [m] (m] South North South  North
1 0 17.3 14.6 159 14 526.6 478.5 502.6 24.0 262.7 0.0 3.6 -
2 200 21.9 17.5 19.7 22 5746 463.5 519.0 55.5 482.5 0.0 6.7 -
3 400 16.3 15.9 16.1 0.2 470.7 451.0 460.8 9.8 380.4 0.0 43 -
4 600 12.1 12.1 12.1 0.0 320.1 320.1 320.1 0.0 593.1 0.0 7.6 -
5 800 11.9 13.1 125 0.6 2125 2227 217.6 5.1 199.1 0.0 3.1 -
6 1000 12.2 10.5 113 0.9 2987 270.8 284.7 14.0 393.8 0.0 4.8 -
7 1200 9.4 6.3 7.8 1.6 315.6 2344 275.0 40.6 412.4 0.0 5.0 -
8 1400 133 133 133 0.0 2983 2983 2983 0.0 547.8 0.0 4.9 -
9 1600 8.6 9.3 89 03 2905 3329 311.7 212 234.5 0.0 5.5 -
10 1800 12.7 15.6 14.1 1.5 2647 3241 2944 29.7 326.5 0.0 33 -
11 2000 13.8 133 13.6 03 366.0 351.8 3589 7.1 362.8 210.9 8.6 3.0
12 2200 13.5 104 119 1.5 3148 2424 278.6 36.2 532.2 78.7 54 0.9
13 2400 17.0 16.7 169 0.1 440.8 429.7 4353 5.5 300.7 0.0 5.9 -
14 2600 11.9 18.6 153 34 256.0 294.6 2753 19.3 275.9 0.0 4.5 -
15 2800 12.6 16.6 146 2.0 336.6 365.7 351.2 14.6 0.0 0.0 - -
16 3000 18.9 21.0 199 1.0 2857 310.1 2979 122 296.7 69.7 4.9 14
17 3200 13.4 17.8 156 22 282.6 3184 300.5 17.9 243.2 200.3 3.6 2.0
18 3400 10.2 6.5 83 19 3282 2613 2948 335 209.5 0.0 3.6 -
19 3600 13.6 18.8 162 2.6 2924 363.6 328.0 35.6 300.0 108.4 3.7 1.3
20 3800 143 124 133 1.0 3267 281.0 303.9 22.8 333.9 0.0 6.0 -
21 4000 5.0 8.3 6.6 1.6 267.6 312.5 290.0 224 431.3 153.5 32 1.1
22 4200 6.3 8.8 7.6 1.3 231.8 250.0 2409 9.1 212.5 268.1 0.9 34
23 4400 5.2 11.4 8.3 3.1 2495 311.9 280.7 31.2 0.0 196.8 - 1.5
24 4600 8.9 13.1 11.0 2.1 2364 274.1 2552 18.9 0.0 0.0 - -

SD — standard deviation; avg. — average; max. — maximum.

5 Discussion

5.1 Influence of data availability on detailed investigation of volcanic landforms

The Tharsis volcanic province hosts the largest areal coverage of the youngest (Late

Amazonian) and best-preserved volcanic landforms on Mars (Hauber et al., 2011; Pieterek et al.,

2022b; Richardson et al., 2021). This provides an unprecedented opportunity to conduct a

detailed, high-resolution investigation of recent volcanic products. Eruptive vents are

fundamental surficial features and their morphological parameters (length and width) for the

entire Tharsis region have been determined by Richardson et al. (2021). However, although CTX

and HiRISE images have been acquired for almost two decades (Keszthelyi et al., 2008; Malin et

al., 2007), few studies have focused on the characterization and volcanological interpretation of
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vent-proximal deposits (Mouginis-Mark & Christensen, 2005; Wilson et al., 2009). This, in part,
might be caused by the limited number of CTX-based DEMs which are crucial, as evidenced by
this study, for structural mapping and quantitative morphological characterization. On Earth, in
many cases, the formation of vent-proximal volcanic deposits (e.g., spatter cones, ramparts, vent
agglutinate, lava ponds/lakes) can be monitored and supplemented with eye-witness accounts or
constrained by sampling and petrological observations (e.g., Carracedo Sanchez et al., 2012;
Jones et al., 2017, 2018; 2022a; 2022¢; Orr et al., 2015; Parcheta et al., 2012, 2015; Rader et al.,
2018; Reynolds et al., 2016; Sumner, 1998; Sumner et al., 2005). Such an approach is clearly not
possible on Mars today, and therefore, here, we proposed a methodology to investigate small-
scale, vent-proximal volcanic landforms associated with volcanic linear structures (Fig. 2). To
date, the only known rampart geometries on Mars have been provided by Wilson et al. (2009)
who determined the mean thickness of the vent-proximal deposits using MOLA-based
topographical profiles. Although the vertical resolutions of both MOLA and CTX-based DEMs
are comparable (1-2 meters; Guimpier et al., 2022; Mouginis-Mark et al., 2018), the MOLA
spatial sampling is almost ~30 times coarser. Therefore the results obtained by Wilson et al.
(2009) are less precise than what can now be achieved with CTX data. Thus, as more detailed
topographical data become available, they provide increased opportunities to better characterize
vent-proximal volcanic deposits.

The influence of the DEM spatial resolution on the obtained morphometry of small-scale
volcanic landforms has been discussed by Broz et al. (2015). They showed that a CTX-based
DEM provides a significant increase in accuracy in Martian topographic analysis relative to
MOLA and HRSC DEMs. However, the most detailed topographic information can be obtained
from the HIRISE DEMs (ground sampling distances and vertical resolution of < 1 m; BroZ et al.,
2015; Guimpier et al., 2022), but the Mars surface coverage of these data is low. The HiRISE
imagery has currently covered ~0.5% of the surface of Mars with unique stereo-pair coverage. It
therefore remains a challenge to systematically use HiRISE DEMs for vent-proximal processes.
Here, by applying a CTX-based DEM in this study, we likely provide the currently most accurate
morphological characterization of vent-proximal deposits on Mars. Among these deposits, in
addition to the spatter ramparts, we also mapped the (clastogenic/rheomorphic) lava flows whose
emplacement is likely to reflect the last stages of the eruption. In terrestrial studies,

distinguishing between lava flows and spatter deposits is quite reliable. On Earth, field-based
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investigations can provide even millimeter-to-centimeter-scale observations (Jones et al., 2018;
Rader et al., 2018). However, on Mars, our observations are limited to meter or even several
meters scale. For example, we are unable to observe the interior textures of Martian lava flows to
allow for a full assessment of a clastogenic/rheomorphic vs. purely effusive origin. Regarding
the fissure-related products, it is therefore impossible to confidently distinguish between flows
generated by lava overspills spreading from the vent vs. those reassembled from pieces of
fragmented lava erupted in an explosive manner (e.g., rheomorphic lava flows). Although the
mapping, and therefore the spatial characterization, of Martian vent-proximal deposits must be
generalized and simplified (Fig. 2), the data obtained can still reveal new information. Lastly,
one additional caveat that should be considered here is a pre-eruption surface (e.g., ground slope)
that affects the distribution of the deposits and their measurements. On Earth, if pre-eruption
DEMs are not available, reconstructing the pre-eruption ground slope requires a time-consuming
field based approach such as mapping tree mold depths (e.g., Jones et al., 2017; Parcheta et al.,
2012). On Mars these techniques are not possible and often a regional scale ground slope has to
be assumed to represent the pre-eruption topography (Chevrel et al., 2013; Wilson et al., 2009;
Wilson & Mouginis-mark, 2001). Therefore, comparing our results with terrestrial examples of
spatter deposits, we must be aware of uncertainties attributed to the limitations of data
availability.

5.2 Characteristics of vent-proximal deposits

On Earth, vent-proximal spatter ramparts are formed under a specific set of conditions
that allows for quantitative prediction of cooling and accumulation rates (Head & Wilson, 1989;
Rader et al., 2018; Rader & Geist, 2015; Sumner et al., 2005). Such constraints then provide
insight into the eruption parameters that formed past deposits. For Mars, we still lack direct
measurements of the spatter clasts, and therefore remote mapping provides a fundamental
approach to understanding the eruptive environment. On Earth, for example, drone-based
mapping supplemented by ground-truth was successfully used for investigating volcanic features
such as lava flows (Favalli et al., 2018) and spatter rampart deposits (Sutton et al., 2024). For
spatter ramparts to form, magma fragmentation is required (i.e., the breakage of magma into
discrete pieces). These clasts of fragmented magma, termed here as spatter, must then be
deposited relatively hot and mobile. If the amount and rate of cooling are too high, and clasts are

deposited below their glass transition temperature, scoria deposits and cones will form.
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Alternatively, if the amount and rate of cooling are low and the clast accumulation rate is
sufficient, clastogenic or fountain-fed lavas will form.

On Earth, nearly all basaltic fissure eruptions have constructed spatter ramparts, for
example, in Iceland (Eibl et al., 2017; Reynolds et al., 2016; Voigt et al., 2021; Witt et al., 2018),
Italy (Branca et al., 2009; Mariotto et al., 2022), and the USA (Hughes et al., 2018; Valentine &
Cortés, 2013). Ramparts are often produced from low (< 100 m) to moderate (100400 m)
Hawaiian-style lava fountains (Houghton et al., 2016, 2021; Jones et al., 2018; Parcheta et al.,
2012, 2015; Richter et al., 1970; Witt et al., 2018). For instance, one of the youngest terrestrial
spatter deposits was formed by the 2014-2015 Holuhraun fissure eruption (Iceland) that
produced a steep-side (up to 45°; Sutton et al., 2024) vent-proximal edifice at the Baugur fissure
vent (Voigt et al, 2021; Witt et al., 2018). Despite this widespread occurrence, to our
knowledge, detailed quantitative geometrical descriptions of terrestrial spatter rampart deposits
are only provided at one location (Parcheta et al., 2012, 2015, 2016). This previous field-based
research focusing on the 1969-1974 Mauna Ulu eruption of Kilauea provided an exceptional
opportunity to study processes of low-intensity Hawaiian fissure fountaining and its associated
volcanic landforms (Parcheta et al., 2012, 2015) and allows us to compare our Martian
measurements with Earth data. Our documented Martian spatter rampart deposits are several
times larger than those identified on Earth. For example, the spatter deposits attributed to the
Mauna Ulu eruption reveal the thickness of the deposits ranging from 0.7 to 7.1 meters with a
mean value of 4.4 meters. As in our study, the thickness variation was characterized along the
fissure strike. The values of these variations are on the order of 1-2 m over a length scale of 2-3
m (Parcheta et al.,, 2012), whereas here, the applied methodology and spatial sampling of
available data did not allow us to provide such detailed observations. On a larger scale, we also
documented heterogeneity of the rampart’s thickness which may indicate similar characteristics
(Fig. S4). We interpret the total rampart thickness to be primarily controlled by a combination of
the fountaining duration and the mass eruption rate. However, syn-eruptive processes such as
rampart collapse and/or rafting by coeval lava flows may act to reduce rampart thicknesses and
modify their lateral structures. Relative thickness variations along strike can be interpreted to
represent along-strike variations in eruption intensity. Similar constraints have been provided for
the 2014-2015 Holuhraun fissure eruption (Witt et al., 2018), where the relative high points

likely record prolonged and/or more intense fountaining.
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The most significant difference is in the spatial extent (width) of the spatter ramparts. The
width of the Mauna Ulu spatter deposits range from 12 to 24 m (Parcheta et al., 2012) and the
Baugur deposits from 30 to ~100 m (Sutton et al., 2024; Voigt et al., 2021), whereas the studied
deposits on Mars are emplaced even up to ~1350 meters away from the fissure rim (Figs. 3 and
5). The greater extent of the mapped spatter deposits could be attributed to initial lava overspills,
seepage of lava from underneath the ramparts, or rheomorphic flows that rafted the pyroclasts
downslope. Nevertheless, these options are indistinguishable without ground-truth observations.
Comparing general morphologies of ramparts on Earth and Mars, Wilson and Head (1994)
pointed out that Martian spatter deposits might be slightly lower in height but the spatial extent
should be broader. This is because the lower acceleration due to gravity, lower atmospheric
pressure, and enhanced fragmentation rate on Mars will result in further transport of erupted
pyroclasts (Broz et al., 2015; Wilson & Head, 1994). Moreover, such a large lateral extent of
spatter deposits relative to terrestrial counterparts may be attributed to mapping limitations
(preventing distinguishing a complex spatter rampart deposit's structure) or to our inclusion of
rheomorphic flows that are able to flow much further away from the fissure vent rim than on
Earth (Wilson & Head, 1994).

Despite the fact that the accumulation of fissure vent-proximal deposits interpreted as
spatter ramparts has not been commonly identified on Mars (Keszthelyi et al., 2008; Mouginis-
Mark & Christensen, 2005), which is in contradiction to the theoretical expectations (Wilson &
Head, 1994), the current accessibility of high-resolution topographical data suggests that they
may previously have been overlooked (Pieterek & Jones, 2023; Wilson et al., 2009).
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Fig. 6 Schematic reconstruction of rampart formation along Martian volcanic fissures. (a) 3D
visualization of the volcanic fissure with schematic dashed and dotted lines showing the spatial extent of
fissure-associated deposits. The yellow dashed lines refer to smooth units of the spatter rampart, whereas
cyan dotted lines mark the extent of the rough surface of the spatter rampart deposits mapped (the reader
is also referred to Figure 3). The solid lines with arrows indicate the presumed direction of lava flows.
Violet arrows are related to the smooth lava flows originating from the rampart material interpreted as
rheomorphic flows. The red arrows represent topographic breaks in the rampart and thus are interpreted to
be related to lava discharge from the vent. The arrow colours are the same as in Figure 3. The lower panel
(a’) displays the 3D view of the lava outflow channel originating from the volcanic fissure. The numbers
correspond to panels on the right that present stages of the fissure evolution. These images were produced
the same as in Figure 2. (b) Three stages of the evolution of the volcanic fissure and development of the
associated spatter deposits (ramparts) formed by the accumulation (in Stage 2) of fragmented lava. For a
detailed description, the reader is referred to the main text.

5.3 Eruption dynamics of fissure system

The studied spatter deposits associated with the fissure vent reveal an intriguing
asymmetry (Fig 3). Such asymmetry partially contrasts with the only other Martian spatter
rampart characterization, provided by Wilson et al. (2009), who evidenced similar rampart
emplacement on both sides of the fissure. Here, the mapped spatter ramparts are also preserved

on both sides of the fissure, but the geomorphological characteristics are different (e.g., height
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and spatial extent). This indicates that eruption-associated processes affected their appearance
and geometry. On Earth, the asymmetric distribution of spatter deposits is mainly controlled by
local syn-eruptive dynamics (e.g., rampart collapse, non-vertical feeder dike), wind, and ground
slope. However, here the Martian fissure is located south of Ascracus Mons where the regional
elevation is > 5 km above the Martian datum, thus the effect of wind should have been
negligible, which is supported by global wind patterns (Hayward et al., 2014). We therefore
suggest that syn-eruptive dynamics and ground slope are the main controlling factors.

Although the mapped units are too small for absolute age determinations by crater
counting, clear stratigraphic relationships between depositional units allow us to provide a
spatiotemporal reconstruction of the eruptive sequence (Fig. 6). Thus, we can propose a
simplified model of the last stages of the fissure eruption. Although most of the older deposits
are completely or partially buried by younger landforms, the main phase of the eruption was
likely due to the effusion of lava flows and potentially initial lava fountaining (Stage 1; see Fig.
6). These Stage 1 lavas extend ~2 km from the vent on the western flank, whereas, on the
opposite flank, they merge forming flow units that migrated downslope for up to 7 km. The
relatively large spatial extent covered by these Stage 1 flows indicates a relatively high lava
effusion rate. It is impossible to determine whether Stage 1 was purely effusive or also included
explosive activity that produced small pyroclastic ramparts/cones, that were destroyed by later
eruptive stages.

Stratigraphically above the Stage 1 lavas lie the Stage 2 deposits that we directly
associate with the spatter rampart. As detailed in Figure 3, these range in surface texture from
smooth to rough, with the smoother surface deposits occurring at more vent-distal locations. The
Stage 2 deposits (i.e., the pyroclastic ramparts) are emplaced on both sides of the fissure, extend
between ~150 and ~1370 m from the fissure vent, and have irregular, lobate distal margins. The
smooth-surfaced distal regions of these deposits were likely formed by rheomorphic flow
following coalescence of hot pyroclasts erupted during periods of intense lava fountaining at the
fissure vent. Spatter clasts were deposited hot, with a sufficient accumulation rate such that the
material could behave rheomorphically and produce, at least in part, clastogenic or spatter-fed
lava flows. The more vent-proximal, rougher surface deposits are interpreted to represent the
more clastic end member of the spatter rampart deposits, with steeper deposit geometries and

less to no rheomorphic flow. Some regions of the spatter rampart also display abrupt breaks in
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slope that are elongated approximately parallel to the fissure vent. We interpret these to be scarps
or failure planes where the spatter rampart has (partly) collapsed (Le Moigne et al., 2020;
Sumner, 1998; Sumner et al., 2005; Voigt et al., 2021) either syn- or post- eruption. In some
cases, rampart failure was so widespread that an entire portion of the rampart failed and became
the locus of lava effusion from the vent. There is clearly a continuum between these processes,
and we expect clastic deposit formation, rheomorphic flow, deposit failure, and lava effusion
from the vent to all occur repeatedly, probably simultaneously during a highly dynamic eruption
environment. Like many mafic eruptions witnessed on Earth, this Martian eruption therefore
straddled the effusive to explosive transition, simultaneously undergoing lava effusion and lava
fragmentation (i.e., explosive behaviour) to form spatter clasts.

As evidenced by relics of spatter rampart deposits at the mouth of the channel spreading
from the fissure vent (Fig. 4), towards the end of the eruptive sequence, the eastern side of the
rampart experienced a large failure leading to the generation of a large (~575 m width close to
the source vent) lava channel (Stage 3). This channel shows evidence for multiple, successive
periods of lava effusions and outflow from the fissure vent (Fig. 4b-c). The channel margins
feature a rough surface and a slightly elevated topography. We interpret these elevated rims (i.e.,
leeves) to form by successive lava overspills from the channel occurring when the lava effusion
rate exceeded the volumetric capacity of the channel. Furthermore, as evidenced by our mapping
and elevation data, the lava overspills preferentially occur on the southern slopes of the lava
channel because the general topography of the region decreases in the SE direction (Fig. 4a).
Lava propagating from the channel to the south was capable of migrating downslope whereas, on
the other side, lava was blocked by the topography and the fissure-associated lava flows (Fig.
4d). Thus, the lava overspills might have partially drained-back into the channel.
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Fig. 7 Morphological comparison between the studied volcanic fissure and lava channel. (a) Selected
cross-sections produced approximately perpendicular to the volcanic fissure and lava channel strikes
using CTX-based DEM of stereo-pair images (P02 001774, centered at 4.86°N, 254.60°E, and
BO1 009949, centered at 4.46°N, 254.62°E). Cross-section numbers refer to the profile lines numbered in
Figures 4 & 5. All cross-sections have the same scale, 10 m per tick mark. (b) The average depth vs.
width measured and calculated on both sides of the investigated volcanic features. For detailed
description refer to the Method section and Figure 2. The error bars represent 1 SD. (¢) The average depth
vs. maximum thickness (including both sides of the profiles) of the associated deposits.

5.4 Differentiation of spatter ramparts from other linear features

As the Martian surface has been predominantly shaped by volcanic activity, especially in
the volcanic provinces, we can observe diverse volcanic features and landforms (Hauber et al.,
2009; Wilson & Head, 1994). Notably, past fluvial and glacial erosional processes on Mars also
created diverse linear features (Adeli et al., 2016; Baker et al., 2015; Conway et al., 2018;
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Hubbard et al., 2014) that may share some similarities with volcanic-origin fissure vents or lava
channels. Given the different generative processes, we may expect characteristic variations in
their morphology. Therefore, detailed morphological descriptions of well documented, known
volcanic features might provide important insights for further distinguishing linear features of
debatable origin. For instance, within the Tharsis volcanic province, the southern lava aprons of
the Tharsis Montes volcanoes are dominated by linear depressions and associated flow-like units
(Bleacher et al., 2007). However, on the northern and western slopes of the Arsia Mons volcano,
there is evidence of volcanism-induced melting of glaciers (Scanlon et al., 2014, 2015) which
also involved the formation of linear features. This provides clear evidence that linear features of
various origins can occur in close proximity to one another. In this study, to morphologically
characterize volcanic linear features, we chose the particular region that is situated south of
Ascraeus Mons as it constitutes a part of the Late Amazonian dike-fed volcanic field (Pieterek et
al., 2022b; Richardson et al., 2021). This allows us to unambiguously identify differences
between the studied linear structures comprising (i) the eruptive fissure vent and (ii) the lava
channel. Even though the mapped features are of volcanic origin, they have been formed, by
different volcanic processes.

We demonstrated that the width of both volcanic structures is within a similar range of
values (234-494 vs. 213-575 meters for fissure and channel, respectively); however, the
parameter that differs significantly is depth (Fig. 7). Using CTX-based cross-sections, we
demonstrated that the fissure vent is almost two times deeper (16—53 meters) than the lava
channel (5-22 meters). A similar fissure depth range (~20 to 58 meters) has been determined for
the fissure vent to the east of the volcano Jovis Tholus (Mouginis-Mark & Christensen, 2005)
that is accompanied by spatter rampart deposits investigated by Wilson et al. (2009). Also,
Pieterek and Jones (2023) showed that the fissure system south of Pavonis Mons, with elevated
rims interpreted as spatter ramparts, has vent depths ranging from ~30 up to as much as ~120
meters. These results indicate that, in general, fissure vents are typically deeper than lava
channels (Fig. 7). Furthermore, the observed fissure depth is likely to be a minimum due to the
drain back of lava during the waning eruption stages (Jones et al., 2017). Moreover, we found
that the thickness of proximal deposits might also differentiate fissure vents from lava channels
(Fig. 7¢). As fissure vents are often the source of lava fountaining, they are commonly associated

with pyroclastic/spatter ramparts. Such proximal rampart formation along fissure vents differs
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from proximal deposit formation at lava channels which is likely controlled by lava overspills

that result in the formation of relatively low levees and small volume secondary lava flows.

6 Conclusions

Here, we presented high-resolution mapping of vent-proximal deposits coupled with
CTX-based topographic data for a Martian fissure system. Our investigation has documented
accumulations of pyroclastic deposits, likely spatter, along the fissure vent due to lava
fountaining episodes representing eruptions on the very cusp of explosive activity. The clear
spatial association between the fissure vent and a connected lava channel showed that the
volcanic system experienced both explosive and effusive eruptions that occurred temporally
close, and likely simultaneously. The preservation of both types of deposit allowed us to conduct
a comparative analysis and reconstruct the late-stage eruption dynamics of the fissure system.
We demonstrated that the spatial distribution of the spatter rampart deposits along the fissure
vent is heterogeneous and likely caused by localization of more intense lava fountaining. On the
other hand, channel-proximal deposits comprise levees produced by successive lava overspills
whose emplacement was topographically controlled. Moreover, we found that the depth may
constitute the parameter that best differentiates between these two volcanic structures (fissure
vent vs. channel). These morphological characteristics can now be used to aid planetary mapping
and the robust identification of linear features. Our observations indicate that although
Amazonian-aged volcanism on Mars was predominantly controlled by effusive eruptions of low-
viscosity magmas, the explosive-origin landforms, especially those formed by small volume,
low-intensity eruptions, might have been overlooked in previous studies. Therefore, we suggest
that additional studies are required to better understand the dynamic nature of Martian fissure

eruptions and associated volatile release.

Data Availability Statement

The Mars Reconnaissance Orbiter Context Camera (CTX) images used for geological mapping
in this study are freely available at the NASA Planetary Data System website (Malin, 2007). The
global THEMIS-IR day time mosaic image is from Edwards et al. (2011) and the Mars Orbiter
Laser Altimeter (MOLA) topographic data blended with the High Resolution Stereo Camera
(HRSC) digital elevation model (DEM) used in this work are available in Fergason et al. (2018).
The CTX-based DEM used for topographic measurements and 3D visualizations has been
produced using MarsSI (Mars System of Information) — a system designed to process Martian
orbital data (Quantin-Nataf et al., 2018). This system is available on the website
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https://marssi.univ-lyonl.fr. The produced DEMs is available at the MARSSI repository and in
the Zenodo repository (Pieterek & Jones, 2024). The shapefiles containing the outlines of
geological units, data pertaining to the thickness measurements of the spatter deposits, and Excel
sheets that were used to prepare the figures, tables, and maps are available in the Zenodo
repository (Pieterek & Jones, 2024).
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