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Geology of the polyphase Olympica - Jovis Fossae channel system

Anita Zambrowska, Daniel Mége and Sam Poppe

Centrum Badan Kosmicznych Polskiej Akademii Nauk (CBK PAN), Warszawa, Poland

ABSTRACT

Outflow channels of the Tharsis province on Mars testify to the drainage of groundwater
reservoirs through magmatic and tectonic processes. The Olympica — Jovis Fossae system
extends over 500 km, but the significance of its deep and narrow channels for the Tharsis
dome is poorly understood. We present a new geologic map of Olympica-Jovis Fossae
where we mapped landforms and geological units, dated them relatively, and identified the
chronological succession of outflow events and deposition of lava flows, airfall, and
sedimentary units. Cross-cutting relationships indicate a complex succession of 28 channel
incisions in the volcanic stratigraphy. The five identified morphological channel types
indicate different flow dynamics at different times and places. The map highlights the role
of intensive volcanic activity in releasing water from overpressurized aquifers and possible
subglacial flows, and will assist in a better understanding of the general conditions for
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catastrophic groundwater flooding in a volcanic context.

Key policy highlights

o We present a detailed geologic map of Olympica and Jovis Fossae in the Tharsis volcanic

province on Mars.

o We identified 28 channels classified into five morphological types.
o Cross-cutting channel relationships demonstrate a polyphase development of the system.

1. Introduction

Mars, like Earth, bears the scars of a dynamic past,
shaped by various geological processes such as tec-
tonic, hydrologic, and volcanic activity. The Tharsis
region is the broadest and most complex of the volca-
nic provinces on Mars and boasts several major volca-
noes: Olympus Mons, Alba Mons, and Tharsis
Montes: Arsia Mons, Pavonis Mons, and Ascraeus
Mons (Cassanelli & Head, 2019; Werner, 2009). The
formation of the largest volcano, Olympus Mons,
started in the Hesperian (Werner, 2009). The first
deformations of the growing Tharsis date to 3.7 billion
years ago (Bouley et al., 2016; Carr & Head, 2010),
while the youngest lava flows date back to the Late
Amazonian epoch (Neukum et al., 2004).

The first map of the Tharsis region based on Vik-
ing pictures was published by Scott & Tanaka in
1986. Their geologic map of the western equatorial
region of Mars presented a comprehensive view of
tectonic structures pertaining to global scale map-
ping in the Tharsis region. Scott and Tanaka
(1986) demonstrated the density of the tectonic
structures proving, that compressional features
occur mostly on the east part of Tharsis, while

extensional features, mostly grabens, are concen-
trated close to Tharsis volcanoes (Knapmeyer et al.,
2006). Those extensional features were suggested to
be part of the global structural system, and evidence
volcano-tectonic interactions (e.g. Banerdt et al,
1982; Mege & Masson, 1996). The main lines of
the volcanic and tectonic evolution of the Tharsis
province have been detailed in many works (e.g.
Meége et al.,, 2003) and consequences for hydrology
have been acknowledged (Phillips, 2001).

During the Noachian and Early Hesperian periods,
Mars likely had significant snow and ice accumulation
trapped in the Tharsis region (Cassanelli & Head,
2019). Glaciation-deglaciation cycles were interpreted
to be involved in the formation of Hesperian valley
networks such as Kasei Valles and Mangala Valles,
based on morphological features at the surface similar
to those found in glacial environments on Earth
(Chapman & Tanaka, 2002; Wilson & Head, 2004).
Also, the morphology of more recent outflow channels
has been explained by the occurrence of catastrophic
floods of large volumes of abruptly released ground-
water(e.g. Burr et al,, 2009; Rodriguez et al., 2015).
Some of the channels were incised in lava flows
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Figure 1. Topography of the Tharsis region with the location of Olympica Fossae and Jovis Fossae with an elevation bar. A polygon
marks the area mapped in this study. Globe inset shows the displayed area on Mars. Image background: MOLA shaded relief by

NASA/MGS/MOLA Science Team.

which may be only a few hundred million years old.
The dissimilarities in the water cycle between Mars
and Earth likely result from differences on both pla-
nets in the initial water budget, crustal evolution,
and the consequences of lower gravity on volatile stab-
ility and atmospheric escape (Mangold et al., 2016).

The Olympica-Jovis Fossae hydrological system
formed between the large volcanic edifices of north-
ern Tharsis and Olympus Mons (Figure 1). The
Olympica-Jovis Fossae system extends from Cerau-
nius Fossae, a network of grabens filled with lava,
to Jovis Tholus, a collapsed caldera volcano. This
system is part of the development of channels within
the Amazonian deposits of the Tharsis volcanoes
(Hargitai & Gulick, 2018; Sutton et al., 2022), and
provides one of the best opportunities to understand
the development of young channels on Mars. The
earliest geologic map from the Tharsis region
includes geologic units and a system of grabens
(Scott & Tanaka, 1986). It was then updated, and
marked the Olympica Fossae as an outflow channel
(Tanaka et al, 2014). Vijayan and Sinha (2017)
identified outflow channels in a channel system at
the southwestern tip of Jovis Fossae, but their
detailed local map does not encompass the entire
Olympica - Jovis Fossae system. A more recent
map of channels of the east of Olympus Mons
includes the Olympica — Jovis Fossae as a part of
this extended channelized region (Hargitai & Gulick,
2022). It does not identify individual channel units
and cross-cutting relationships between them.

To provide a more holistic view of the region and
mitigate limitations with previous mapping efforts,
we present a detailed geologic map of the Olympica-
Jovis Fossae hydrological system (Online Sup-
plement). By morphologically classifying the mapped
valleys and channels, and analyzing cross-cutting
relationships, we can infer a minimum number of
hydrological events.

2. Data, software, and methods

To map morphological and geological features, we
used visible imagery from the Mars Reconnaissance
Orbiter (MRO) Context Camera (CTX) with a resol-
ution of 6 meters per pixel (Fergason et al, 2021;
Malin et al.,, 2007) and MRO High-Resolution Ima-
ging Science Experiment (HiRISE) camera with a
resolution of 25 cm per pixel (McEwen et al,
2007). To constrain the intersecting relationships
between channels we used the newest DEM topogra-
phy data (2021-2023) from the Mars Express High
Resolution Stereo Camera (HRSC) with a resolution
of ~20-40 meters per pixel (Jaumann et al., 2007;
Neukum et al., 2004), and from the ExoMars Trace
Gas Orbiter, Colour and Stereo Surface Imaging Sys-
tem (CaSSIS) with a resolution of 4.8 meters per
pixel (Thomas et al., 2017). The daytime infrared
global mosaic from the Mars Odyssey Thermal Emis-
sion Imaging System (THEMIS) with a resolution of
~100 meters per pixel (Edwards et al., 2011), in com-
bination with the CTX images, allowed us to identify
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Table 1. Description of the mapped units and geological features along with their symbology and interpretation of possible
origin.
Image of type

area Unit name Description Interpretation
Main channel Linear, narrow, troughs of width 200-600 m. In the central A tectonic origin probably related to
part mostly meandering channels. The tripple-junction and catastrophic outburst floods or/and volcanic
junction of Olympica and Jovis Fossae controlled by deep processes.

tectonic structures (grabens) with NS orientation.

Anastomosing A network of interconnected shallow (~20 m) channels with  Channel formation likely involves fluvial
channel mid-channel bars. The length of the channels is up to 350 processes requiring the presence of large
km. volumes of fluid, probably water.

Outflow channel  Channels spanning 30 km in width and 40 km in length with  Fluvial outflow originating from nearby breaches
streamlined islands indicating the direction of the flow. of fissures/grabens.
Channels associated with fissures/grabens, which are
oriented along the SW-EW direction.

Meandering Narrow (up to 400 m) meandering channels with parallel Can be the result of fluvial or ultramafic lava flow
channel banks and no visible source of flow. Length up to 70 km. erosion from a single source.

-4 Terraced valley Consists of flat-topped platforms located along the Olympica  Remnants of former floodplain surfaces that
Fossae. The surfaces of the platforms are flat and dipping at were incised by water flow.
_g_“y/ a low angle (~2°) toward 15-20° steep main channel walls.
Width up to 7 km and depth up to 500 m.

% / Glacial lineation Linear depressions in the bedrock along the central and Likely developed by an ice stream/glacier along
western part of Olympica Fossae. This pattern continues the Olympica Fossae.
south-westward and ends ~10 km by the junction of

Olympica and Jovis Fossae. Length and width of the
lineated surface are up to 13-30 and 8 km, respectively.

Image of type area Unit name

Impact craters of diameter < 15 km

Rampart ejecta

Simple ejecta

Crater palimpsest

Crater rim

Infilling

Faulted rim

Crater floor

Unit name Description Interpretation

Amazonian lava flow Lobate sheets of dense fluid extend for tens to hundreds  Lava originating from volcanic fissures.
from fissure of kilometers in length.

(Continued)
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Table 1. Continued.

Image of type area

Unit name

Description

Interpretation

-

=

—

Late Hesperian lava
flow

Lava channel

Volcanic construct/
crater

Lava tubes

Volcanic edifice

Volcanic vent/fissure

Amazonian airfall
deposit

Early Amazonian
volcanic unit

Hesperian Unit

Hesperian highland
edifice unit

Early Amazonian/Late
Hesperian edifice
unit

Widespread, covering over 800 km? sheet of rough
surface texture material. Length of a few kilometers to
hundreds of kilometers.

Channels with levees. Length up to hundreds of
kilometers.

Elongated open rim filled surrounded by ejecta.

Partly covered sinuous channels.

Shield structure covered by lava flows.

Circular or linear depression on top of lava flows. Extend
from tens to hundreds of kilometers.

Smooth unit at HiRISE image scale forming a layer of
thickness up to ~20 meters of layer on the walls of
Olympica and Jovis Fossae.

Rugged and pitted terrain covering ~250,000 km? with
lobate flows meters to tens of meters thick and
hundreds of kilometers long.

Narrow, parallel troughs. Several kilometers wide, 100-
800 m deep.

Unit cover around 4 500 km Rugged morphology.

Rugged lobate flows. Surface area covered:
~20,000 km?

Voluminous lava flows erupted from several
volcanoes in the Jovis Tholus region
(18.40°N, 117.40°W).

Lava flow originating from volcanic fissures
and/or vents.

Breached volcanic edifice with eruptive
crater, or impact crater from an oblique
impact.

Lava tubes.

Volcanic edifice.

Volcanic vent, fissure.

Dust and/or pyroclastic deposits.

Lava flows erupted from volcanoes and

fissures around Ceraunius Fossae.

Grabens.

Intensely eroded lava flow.

Eroded lava flows from an unknown source.

and map the outlines of lava flows. All imagery data
were integrated into a geographic information sys-
tem (GIS) in the open-source QGIS software
(https://qgis.org/en/site/). The geologic map was pro-
duced with the Geographic Coordinate System Mars
2000 spheroid projection system with a central mer-
idian at 180 degrees. The THEMIS basemap was
used as the optical background, and the HRSC -
derived Digital Elevation Model (DEM) was used
to present the topography.

The map covers ~1.1*10° km? in the latitude and
longitude ranges 19.50°N — 28.03°N and 109.15°W
— 119.40°W. We mapped water and lava channels,
lava flows, glacial landforms, fractures, and impact
craters. We also determined chronological relation-
ships between the channels, summarized in a chart
of 28 mapped fluvial channels and their stratigraphic

position with respect to the geological timescale for
Mars (Werner & Tanaka, 2011). The defined ages of
the Hesperian fractured terrain and Amazonian lava
surfaces are based on Tanaka et al. (2014). The unit
boundaries were refined by using higher-resolution
mapping.

The boundaries of glacial and fluvial landforms,
impact craters of diameter larger than 200 m, and
landforms were primarily mapped on CTX imagery.
The boundaries of individual lava flows were
mapped using THEMIS data and verified with
CTX imagery. We grouped the mapped channels
based on morphological characteristics (Table 1)
identified on CTX, CaSSIS, and HiRISE imagery.
Some linear features in the CTX imagery data were
interpreted as grabens, cracks, and normal faults.
The airfall unit was interpreted and mapped using
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Figure 2. Chart of cross-section relationships between 28 mapped fluvial channels. Arrowheads indicate younger flows.

HiRISE images. The map also shows interpreted gla-
cial lineations observed on CTX, CaSSIS, and HiR-
ISE imagery, located in the central part of
Olympica — Jovis Fossae. Arrows indicate water
and lava flow direction.

3. Description of units

Table 1 provides a detailed description and interpret-
ation of the mapped units. The map presents five
major groups of geological and morphological units
(see online Supplementary): geological structures
defined as linear cracks, grabens, and three gener-
ations of faults; volcanic features which include vol-
canic vents, lava flows, lava channels, and the
direction of lava flows; basement units, from oldest
to youngest: Noachian/Hesperian highland edifice
unit, Hesperian unit, Hesperian/Early Amazonian
unit, the most extensive Early Amazonian volcanic
unit; (a) twenty-eight fluvial units grouped into five
morphological types of channels: anastomosing
channels, terraced valleys, meandering channels,
outflow channels, and the main channel; (b) glacial
lineations; (c) impact craters; and (d) airfall deposit
unit. A general investigation of the mapped units
reveals the correlation between volcanic activity on
Tharsis and Amazonian flooding events. The geo-
logical map displays many lava flows and volcanic

edifices, partially covering the Tharsis volcanic
plains, that formed after the Amazonian flooding
events.

(a) The chronology of the 28 fluvial units is presented
as a chart (Figure 2), in which the relative ages and
relationships between channels were determined
from cross-cutting relationships. For example,
channels 5, 6, and 7 may correspond to a single
event, as well as channels 10-11, and 14-18. Mor-
phologic analysis and chronology made the categ-
orization of five channel groups possible.

e The oldest among the fluvial units are terraced
valleys that resulted from variations in water
level in channels (Garde, 2006). Both valleys
10 and 11 contain visible step-like features
along the banks. Channel 11 reaches up to 5
km wide and 6 km long. Channel 10 is wider,
reaching up to 7 km. The length of the channel
is 14 km long. All of the mapped terraced val-
leys are partially preserved.

The second oldest channel group includes ana-

stomosing channels, which are shallower and

wider than other channels. Anastomosing
channeling can result from, among other fac-
tors, flow rate variation, composition of riv-
erbed material, rate and distribution of
sediment transport, and the width, depth,
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Figure 3. (a) Overview of the east part of Olympica Fossae with visible crack, anastomosing channel (blue), and terrace channel
(pink); (b) crack as the possible origin of water outflow for the strongly eroded, anastomosing system shown in a; blue arrows
indicate flow Abc4; (b) area of possible glacial regression/ice stream. Eroded channel floor of the terraced channel, with visible
striations indicating flow orientation, terraces, and the main channel. ® cross-cutting boundary observed between channels
Amc1 and Abc4. Image background: CTX scenes.

slope, and other morphometric bed properties channel 4 is a branching crack system
(Ro Charlton, 2008). The floods on Tharsis (Figure 3).
could be released from surface fissures, as it is ¢ Due to the absence of cross-cutting relationships

visible in channels 2, 3, and 5. The source of with other channels, the relative age of
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Figure 4. Example of outflow channels with streamlined islands indicating the direction of water flow. The black rectangle in the
inset shows the location in the Olympica-Jovis system. The arrows point out the upstream tips of the streamlined islands. Image
background: CTX imagery.

meandering channels is usually difficult to esti-
mate. Geologic mapping reveals that channel 19
is the longest (135 km), with a width of ~ 250
m. The source of the flow of channel 19 is a
fissure, but the upper course of channel 22 is com-
ing from the Hesperian highland edifice unit.

¢ Outflow channels located on the southwest
part of the Olympica — Jovis Fossae (20. 52°
N, 118.54°W) (Figure 4) are characterized by
broad channels and streamlined islands indi-
cating the direction of the flow. The map
shows that the outflows initiate from the Jovis
Fossae fissure system. The collapse of the wall
of the source fissure resulted in water flooding
in the outflow channel 25. The walls of the
fissures close to channels 26 and 27 are intact,
which makes it difficult to determine where
the water source was.

¢ The main channel represents the latest event
and is the largest and most distinct feature in
the mapped region. It heads at a network of
elongated troughs (with NS tends) and cross-
passing ridges (e.g. 25.40°N, 113.20°W or
22.50°N, 117.20°W). The depth of the main
channel is different for each section of the
channel, starting with ~900 m at the junction
of troughs (26.06°N; 111.39°W) and decreasing
to ~110 m at the junction between Olympica
and Jovis Fossae (22.95°N, 117.14°W).

(b) Detailed mapping of Olympica Fossae channels

reveals striated surfaces reminiscent of

glacial lineations (Figure 7). They are located
in the middle of the channel system (23.10°N,
116.61°W).

(c) The geologic map includes two types of craters,
depending on diameter (Table 1). Impact craters
<15 km in diameter are either bowl-shaped
(sometimes with a central peak), and display ram-
part or simple ejecta, palimpsest. The larger cra-
ters are flat-floored and show discontinuous
infilling (Osinski & Pierazzzo, 2013).

(d) The airfall unit presented on the geologic map is a
several meters thick layer of ash deposits or dust,
visible on the walls of the junction of Olympica
Fossae (26.00°N, 111.60°W). This layer is smooth
at the HiRISE resolution scale. It is mostly con-
centrated near the source of Olympica Fossae. It
may be composed of volcanic ash or dust. The
TES Dust Cover Index (Ruff & Christensen,
2002) does not show dust thickness variations
throughout the mapped area, suggesting that
either this material is ash, or that the dust cover
is thicker than what TES can reveal throughout
the mapped area.

4. Discussion and conclusions

We presented a detailed geological map of the
Olympica Fossae and Jovis Fossae region, which
had never been studied in detail before. We ident-
ified 28 individual fluvial units, grouped into five
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Figure 5. (a) Example of lava tubes (purple) in the middle part of Olympica Fossae. The red dot in the inset shows the location in
the Olympica-Jovis system, CTX mosaic. (b) zoom of lava tubes (/t) with pit chains that cross-sected older channels, indicated by

arrows on CaSSIS MY35_013159_026_0_NPB.

major types (outflow channels, meandering chan-
nels, anastomosing channels, the main channel,
and terraced valleys) and a glacial unit in addition
to impact craters, volcanic flows, volcanic edifices,
vents, and tectonic structures. Volcanic units
include long and narrow lava flows previously
unmapped, and an abundance of small volcanic
edifices that developed on the eastern side of the
study area. Partly collapsed lava tubes that predate
some of the water flows could be mapped in the
central part of Olympica Fossae (Figure 5). The
complex cross-cutting relationships between the
channels are presented as a chart on the Main Map.

In Olympica and Jovis Fossae, morphological fea-
tures such as terraces, longitudinal grooves, stream-
lined islands, and a network of anastomosing
channels are interpreted as resulting from water flow.

We did not find evidence of surface runoft. In contrast,
some channels are observed to originate from fissures.
This finding indicates that the water flowed from a
groundwater reservoir. Consequently, magmatic heat-
ing is a plausible mechanism of water release. Whereas
earlier mapping suggested (Tanaka et al., 2014) or is
consistent with (Hargitai & Gulick, 2022) a single
water flooding event, the presented map shows recur-
ring water flows. Previous works on outflow channels
usually advocated catastrophic floods from aquifers,
possibly also related to igneous activity, in one or sev-
eral flooding events (e.g. Burr et al., 2009; Carr, 2006).
The originality of Olympica and Jovis Fossae in this
respect is the absence of chaotic terrains upstream,
which removes the main observable used to infer the
catastrophic nature of the floods, as well as the very
large number of channels, unreported at outflow
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Figure 6. Complex generation of different types of channels are identified from their cross-cutting relationships; (a) east part of
the Olympica - Jovis, (b) west part of the Olympica - Jovis. Insets show the location in the wider Olympica-Jovis system. For the
color legend, please refer to Table 1 and the geological map in the Online supplementary material. Image background: CTX scenes.

channels of Hesperian or Amazonian age elsewhere so
far. Some channels may have formed simultaneously,
and cross-cutting relationships reported in the
chronologic chart suggest a minimum of 5 distinct
periods of flooding.

Outflow channels have alternatively been inter-
preted as the result of volcanic flows, supported by
the observation of similar channel morphological
properties on the Moon, Mercury, and Venus, where
a volcanic origin appears to be required by the absence
of crustal water (e.g. Leverington, 2011, 2021). In this
interpretation, an ultramafic composition is probably
required (Arndt et al, 2008; Huppert & Sparks,
1985; Staude et al., 2017). On Earth, ultramafic flows
are of Precambrian age, a consequence of the required

high source rock melting temperature. On Mars, ultra-
mafic lava flows have been interpreted in ridged ter-
rains in the Ladon basin, at similar Amazonian ages
(Mége et al., 2023), consistent with a still active
internal heating source (Duran et al., 2022) and
suggesting that a volcanic origin of at least part of
Olympica and Jovis Fossae flows cannot be ruled
out. For instance, the bottom of the main channel,
Amcl, displays a continuous lava flow. The map pre-
sented in this work, however, follows the dominant
view for Hesperian and Amazonian channels on
Mars that the channels are primarily formed in
response to subsurface water release and water ero-
sion, though interactions with igneous processes are
likely (Huppert & Sparks, 1985).
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Figure 7. (a) Overview of lineations in the bedrock, probably formed by glacial flow along the channel. (b), (c) black arrows indi-
cate the border of the earliest Amazonian lava flows. The blue arrow shows flow direction. The black rectangle in the inset shows
the location in the Olympica-Jovis system. Image background: CTX scenes.

On high-resolution imagery, we observed linea-
tions, which we interpret to be of glacial origin (Figure
7). This interpretation is based on similarities with
lineations generated by fast flowing ice streams
(Krabbendam et al., 2016) and is coherent with glacial
landforms identified on the side volcanoes of the
Tharsis dome and Olympus Mons (Head & Marchant,
2003; Head et al., 2005; Head & Weiss, 2014; Neukum
et al., 2004; Parsons et al., 2020; Schiff & Gregg, 2022;

Shean et al.,, 2007) formed during periods of high obli-
quity (Fastook et al., 2008; Forget et al., 2006).

The geologic map highlights the complexity of the
Olympica and Jovis Fossae hydrologic system in
space and time (Figure 6), providing a basis for under-
standing the recent hydrologic and volcanic activity at
the top of the Tharsis dome. In particular, the diversity
of channel dynamics implied by morphological obser-
vations testifies to a range of groundwater flow triggers



and surface flow conditions. The map also underlines
the close association between volcanic activity and
local control by the crustal fabric. These elements
shall be taken into account in future efforts aiming
at better understanding the igneous, tectonic, and
hydrogeologic interactions in a region of Mars where
igneous activity is probably still ongoing owing to
the very recent age of the most recent lava flows ident-
ified (Hauber et al., 2011; Neukum et al., 2004; Pie-
terek et al, 2022; Richardson et al., 2017) and
current seismicity, with InSight events located on
both the eastern and western sides of the Tharsis
dome (Drilleau et al., 2024).

Software

All collected data were stored in a digital georefer-
enced database and a digital geological map was
designed using the 3.28 version of the free and open
source QGIS software (QGIS.org, 2023, QGIS Geo-
graphic Information System, Open Source Geospatial
Foundation Project, http://qgis.org).
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