JGR Planets

RESEARCH ARTICLE
10.1029/2023JE007949

Key Points:

e The 3 stages of Tempe Terra's tectonic
activity have different origins, with
local and regional scale magmatic
sources driving deformation

e Magmatectonic activity began in
Tempe Terra prior to development of
the Tharsis Rise topographic bulge
and associated major volcanoes

e Only 2 Tempe Terra fault trends
(NNE and ENE), both Hesperian age,
represent stresses related to the growth
of the Tharsis Rise

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

C.J. Orlov,
eecjo@leeds.ac.uk

Citation:

Orlov, C. J., Bramham, E. K., Byrne,

P. K., Piazolo, S., & Thomas, M.

(2023). Magmatic origins of extensional
structures in Tempe Terra, Mars. Journal
of Geophysical Research: Planets,

128, €2023JE007949. https://doi.
org/10.1029/2023JE007949

Received 7 JUN 2023
Accepted 4 AUG 2023

© 2023. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

A ’ I l ADVANCING
nu EARTH AND

= SPACE SCIENCES

ok

Magmatic Origins of Extensional Structures in Tempe Terra,
Mars

C. J. Orlov! (2, E. K. Bramham'! (), P. K. Byrne? (2, S. Piazolo! (®, and M. Thomas!

!School of Earth and Environment, University of Leeds, Leeds, UK, 2Department of Earth and Planetary Sciences,
Washington University in St. Louis, St. Louis, MO, USA

Abstract Numerous graben features transect the Tempe Terra plateau in the northeastern Tharsis

Rise, Mars, making it one of the most heavily structured regions of Tharsis. The origin of the complex

fault geometries, generated over three distinct stages of tectonic activity, is poorly understood. This work
distinguishes between Tempe Terra structures of local and regional origin, to isolate regional deformation
patterns related to the general development of the Tharsis Rise from the patterns due to effects of local stress
mechanisms. Comparison of structural observations to predicted deformation patterns from different drivers
of graben formation in the Martian crust demonstrates the important role of magmatic activity at a variety

of scales in driving tectonism in Tempe Terra. Noachian (Stage 1) faulting resulted from local magmatic
underplating and associated heating and uplift, which formed part of an incipient stage of widespread Tharsis
volcanism that predated development of the main Tharsis Rise. Early Hesperian (Stage 2) faults reflect the
interaction of regional stresses from growth of Tharsis with magmatic activity highly localized along the
Tharsis Montes Axial Trend—a linear volcanotectonic trendline including the alignment of the Tharsis
Montes volcanoes. Early—Late Hesperian (Stage 3) faulting resulted from a series of dyke swarms from a
Tharsis-centered plume, which propagated in a regional stress field generated by growth of the Tharsis Rise. As
only Stage 2 NNE faults and Stage 3 ENE faults are linked to regional, Tharsis-related stresses, other observed
Tempe Terra fault trends can be excluded when evaluating models of Tharsis's tectonic evolution.

Plain Language Summary Tharsis is the largest volcanic province on Mars and its formation was
a major driver of the deformation we see at the surface. Tectonic structures that record this deformation are
therefore used to understand how and when Tharsis formed. However, local structural patterns may obscure
regional trends associated with Tharsis-forming stresses, complicating our ability to assess models for how
Tharsis developed. As such, distinguishing between faults with local and regional origins is essential. We
study the Tempe Terra region in northeastern Tharsis to determine the origin of the region's extensive faulting,
generated over three stages of tectonic activity. By comparing surface observations to expected evidence of
different sources of stress, such as uplift from local volcanoes or dyke intrusion, we found that each stage of
tectonic activity had a different origin. A combination of local (from within Tempe Terra) and regional (from
Tharsis) magmatic sources drove deformation, and tectonic activity began before the main structures and
volcanoes of Tharsis had developed. Only two fault trends in Tempe Terra can be linked to regional stresses
related to the growth of Tharsis: NNE-trending and ENE-trending faults. Isolating these regional trends
provides clearer criteria for assessing models of Tharsis development in the future.

1. Introduction

The development of the Tharsis Rise is suggested to be a major driver of planetary-scale deformation and
structural processes on Mars (Banerdt et al., 1992; Golombek & Phillips, 2010). However, the fundamental
mechanisms responsible for this development remain disputed, with proposed models including isostasy, flex-
ure, mantle plume uplift, and dynamic mantle support (e.g., Baker et al., 2007; Banerdt et al., 1982; Mege &
Masson, 1996a; Solomon & Head, 1982; Tanaka et al., 1991). Surface deformation patterns can tell us about
the timing, nature, and orientation of stress regimes, and form a primary source of evidence for interpreting
the timing and mechanism of Tharsis's development. Extensive systems of radiating normal faults and circum-
ferential wrinkle ridges (the surface expression of thrust faults) are centered on the topographic bulge of the
Tharsis Rise (Figure 1a). Since these observed structures have been primarily attributed to Tharsis's growth and
activity through time, faults patterns have been used to constrain and/or test various models of Tharsis devel-
opment (e.g., Anderson et al., 2001; Banerdt et al., 1982; Dohm et al., 2007; Mége & Masson, 1996a; Tanaka
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Figure 1. Tempe Terra in the context of the Tharsis Rise. (a) Western hemisphere of Mars showing the Tharsis Rise, Tharsis Montes Axial Trend, and extensional and
shortening structures from Tanaka et al. (2014). Additional graben axes in Tempe Terra subsampled from Orlov (2022). UM = Uranius Mons, SM = Sirenum Mons,
ST = Sirenum Tholus. (b—d) Fault set maps of Tempe Terra for each tectonic stage from Orlov et al. (2022). Fault set names and associated colors for each stage are
shown on each image, with all other Tempe Terra faults shown in gray. Ages and relative timing of fault sets are shown on timeline. Background to all images is shaded
relief HRSC-MOLA digital elevation model.

etal., 1991). However, the surface deformation around Tharsis is often highly complex and can vary significantly
in character across the region, with the potential for multiple overprinting effects in different locations. There-
fore, to fully utilize the surface deformation features and provide the most accurate criteria for Tharsis models, a
two-step evaluation is needed. First, we need to distinguish between features formed as a result of Tharsis-related
regional stress fields or magmatic processes, and those related to local processes and heterogeneities. Second,
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locally driven structures should be excluded from assessments of regional-scale stress. This process of isolating
regional patterns from local complexities may help to further clarify the mechanisms of Tharsis's development.

Here, we distinguish between faults with local and regional origins using their surface features and spatial rela-
tionships in one of the most heavily faulted areas of Tharsis: Tempe Terra (black outlined area, Figure 1a). Tempe
Terra's structural complexity can provide important information regarding Tharsis's development. Its location has
allowed preservation of older rocks and structures which have been buried by younger lava flows in most other
areas in the northern half of Tharsis. It consists of a plateau dominated by extensional structures, mostly in the
form of graben, with complex patterns of crosscutting faults. Tempe Terra also lies along the “Tharsis Montes
Axial Trend” (yellow arc, Figure 1a), an alignment of volcanoes and extensional structures along a single great
circle stretching over 6,500 km through the center of the Tharsis Rise, including the three Tharsis Montes volca-
noes and the Tempe Rift system in Tempe Terra (Carr, 1974; Hauber & Kronberg, 2001; Wise et al., 1979). The
scale and striking linear nature of this trend indicate it is significant in the geological history of the Tharsis Rise,
and may be controlled by some pre-Tharsis structure (e.g., Carr, 1974; Schultz, 1984; Wise et al., 1979).

Orlov et al. (2022) identified three primary stages of tectonic activity in Tempe Terra, spanning from the Middle
Noachian to Late Hesperian (Figure 1). The origin of these specific stages has not yet been defined, and the
complexity of Tempe Terra's fault patterns has not been reflected in previous assessments of formation mecha-
nisms for these faults. Outside of a general association with stress from Tharsis (e.g., Hauber et al., 2010; Tanaka
et al., 1991; Wise et al., 1979), the origin of extension in Tempe Terra has not previously been examined in
the detail required to explain the observed differences in structural character through time. Past studies have
suggested faulting in Tempe Terra is a result of dyke intrusion (e.g., Davis et al., 1995; Mege & Masson, 1996a)
or volcanic rifting (Hauber & Kronberg, 2001; Mege et al., 2003), with later interpretation proposing oblique
rifting for the Tempe Rift (Fernandez & Anguita, 2007). However, these studies have typically applied a single
interpretation for all of Tempe Terra's faults, or have investigated only the Tempe Rift, which is insufficient to
distinguish between locally-driven and regionally-generated deformation.

This study aims to determine the origin of extensional faults produced during each stage of Tempe Terra's
tectonic development, to better understand the interplay of local and regional mechanisms and ultimately shed
light on processes associated with Tharsis's development. We propose a new conceptual model for the origin of
Tempe Terra's fault system and show how this kind of detailed study over large geographic regions can provide
a pathway for answering some of the longstanding questions around Tharsis's evolution. This work builds upon
the foundation of geometric observations and age assignments from Orlov et al. (2022) to extract the origin of
specific structural trends through time. Our approach analyses fault data and associated features from each stage
to identify surface evidence of different sources of extensional stress and graben formation in the Martian crust.
To further expand on this analysis and understand the complexities involved in interpretation, we also investigate
the likelihood of fault reactivation throughout the evolution of Tempe Terra. We are then able to extract regionally
relevant trends and consider their implication for future models of Tharsis's evolution.

1.1. Geological Background and Tectonic Stages of Tempe Terra

Tempe Terra is a large plateau (~2 million km?) of Noachian and Hesperian volcanic and highland units (Tanaka
et al., 2014) at the NE edge of the Tharsis Rise (Figure 1a). Over 23,700 normal faults have been mapped
across Tempe Terra and separated into 16 fault sets based on their orientation and age, using a combination of
relative age (i.e., cross-cutting relationships) and absolute model ages based on buffered crater counting (Orlov
et al., 2022). These faults range in age from Middle Noachian to Amazonian but the majority of tectonic activity
occurred in Tempe Terra during the Early Hesperian (Figure 1; Orlov et al., 2022). The fault sets are separated
into three stages, each with a different primary orientation (Orlov et al., 2022). Each stage represents a continuous
period where tectonic features developed with a similar alignment and spatial distribution, before a resolvable
shift in fault patterns is observed in the relative timeline. Stage 1 (Middle Noachian to Early Hesperian) consists
of predominantly N-trending graben with minor NW-trending structures which together comprise seven fault sets
(Figure 1b). These faults are contained to the western half of Tempe Terra. Stage 2 (Early Hesperian) consists of
NNE- to NE-trending normal faults across three fault sets (Figure 1c). Structures from this stage form a localized
zone of high fault spatial density through the center of Tempe Terra and form the Tempe Rift system. Stage 3
(Early Hesperian to Late Hesperian) consists of ENE-trending graben from five fault sets (Figure 1d). These
faults are distributed across the full width of the plateau.
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1.2. Assessing the Origin of Extensional Surface Structures on Mars

Given the lack of plate tectonics on Mars, we must look to other sources such as large-scale volcanism and/or
magmatic activity, impact processes, and global contraction as major drivers of deformation (Banerdt et al., 1992).
As a basis to assess the origin of the observed extensional structures in Tempe Terra, we compiled expected
surface evidence of different proposed origins capable of graben formation on Mars (Table 1). Different origins
of extension may produce either narrow graben systems (with faults that only penetrate the upper few kilome-
ters of the crust) or rifting (with faults that potentially cut through the entire brittle lithosphere), both of which
are observed in Tempe Terra (Hauber & Kronberg, 2001; Tanaka et al., 1991). However, as natural systems are
inherently complex and heterogeneous, a clear-cut relationship between observable evidence and an interpreted
source may be lacking. Even between volcanic and non-volcanic sources there is often non-unique evidence and
solutions, such as radial fault patterns that can be associated with volcanic uplift, dyke intrusion, or flexural load-
ing. This lack of clear evidence—source relationships makes it necessary to use a wide range of observations and
evidence wherever possible, noting that not all listed evidence in Table 1 is required nor expected to be present.

In addition to sources for stress perturbations (i.e., differential stresses) in the crust, strain localization is an
important factor which can help initiate extension and allows for the formation of rift systems (Buck, 2007). This
localization may occur through magmatic intrusion and heating, pre-existing structures or zones of weakness,
fault weakening (cohesion loss), and thermal advection due to stretching (Buck, 2007). Magmatic processes play
a particularly important role in localizing strain on volcanic planets by creating weak zones in the lithosphere,
and these weak zones can interact with any form of stress generation (Corti et al., 2007; Grott et al., 2007; Hauber
et al., 2010). Strain localization within a fault population may be expressed in the spatial distribution of structures
and their accumulated displacement, commonly in the form of large border faults and/or zones of densely spaced
or intense faulting (Buck, 2007; Schultz et al., 2010). As such, deep seated origins that influence the rheological
behavior through crust and mantle may need to be considered (Table 1).

Based on our compilation of expected surface evidence (Table 1), it is necessary for rigorous assessment to
characterize the following key features: surface patterns of faults in terms of orientation, degree of extension, and
relationship to topography; graben morphology; large scale topography; crustal thickness variations; and spatial
relationships of faults to volcanic and other non-tectonic surface features.

2. Data and Methods

The goal of our analyses is to characterize the identified key features (Section 1.2) in order to assess the evidence
of different drivers of faulting and distinguish between the options outlined in Table 1. All analyses are combined
and presented based on the three tectonic stages in Tempe Terra (Section 1.1; Orlov et al., 2022). Throughout
this study, we use the term “local” to indicate effects isolated to Tempe Terra, and “regional” to indicate far-field
effects extending beyond Tempe Terra—often across large parts of Tharsis.

Our analysis was conducted using the Tempe Terra fault data set from Orlov (2022) and satellite imagery and
topography from the Mars Reconnaissance Orbiter High Resolution Stereo Camera (HRSC), which has a typical
image resolution of 12-25 m/pixel and digital elevation model (DEM) grid size of 75 m/pixel and 1 m height
resolution within Tempe Terra (Jaumann et al., 2007; Neukum et al., 2004). Additional images were used from
the Context Camera (CTX) which has a 6 m/pixel resolution (Malin et al., 2007). Topography data was also used
from the Mars Orbiter Laser Altimeter and HRSC combined product (HRSC-MOLA DEM), which has a 200 m/
pixel horizontal resolution and elevation accuracy of +3 m (Fergason et al., 2018).

2.1. Analysis of Fault Geometries and Graben Morphology

In order to assess the likelihood of a volcanic or magmatic origin of faulting, we examined the spatial patterns
of faults, their cross-sectional graben morphology, and their relationship to known regional and local features
such as volcanic centers and regional tectonic trends. We assessed these potential relationships through visual
comparisons, where an association between features is indicated by the orientation and distribution of mapped
faults following the trends expected from a certain source of stress (e.g., radial pattern centered on a volcano).
Using ESRI ArcGIS software, we traced geodesic paths for radial and circumferential patterns associated
with each of the major Tharsis volcanoes (Tharsis Montes, Alba Mons, Olympus Mons) as well as the smaller
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volcanoes Labeatis Mons, Uranius Mons, Ceraunius Tholus, and Tharsis Tholus. Through visual inspection, we
then compared these expected orientations to the position and alignment of fault sets from each tectonic stage.
For radial patterns we consider both fanning relationships and subparallel patterns which converge on a common
point (Ernst et al., 2001). This is a simplified approach and ignores the influence of interacting stress fields on
otherwise potentially radial or circumferential stress patterns, such as those modeled for graben around Alba
Mons (Cailleau et al., 2003, 2005).

We compared the spatial relationship of the faults from each stage to large regional patterns such as the Tharsis
Montes Axial Trend and general radial orientation to the Tharsis Rise. Alignment with the Tharsis Montes Axial
Trend is indicated when observed features visually share the same orientation as, and are spatially concentrated
along, the trend. Within Tempe Terra, a radial relationship to the Tharsis Rise is suggested by structures being
oriented NE to ENE. Spatial relations of faults to volcanic or non-volcanic surface features such as small vents,
pit crater chains, channels, flows, and canyons were also considered.

We also digitised published stress trajectory maps from the Tharsis development models of Banerdt et al. (1992),
Dimitrova et al. (2006), and Mege and Masson (1996a, 1996b) and compared Tempe Terra faults to the predicted
orientations and styles of faulting. We calculated approximations of the predicted structure orientations from
each model assuming faults oriented perpendicular to the extension direction. These vary across the study area
as the stress trajectories follow curved paths along the surface. We visually compared the mapped and predicted
structures in terms of their strain type (i.e., extension or shortening) and orientation, as well as calculating the
difference between the predicted structure orientations and the average strike of local faults at locations across
the study area. We assessed the fit of six models which represent a variety of sources from Table 1, including:
flexural loading, isostatic compensation, and flexural uplift (Banerdt et al., 1992); a Tharsis mantle plume (Mege
& Masson, 1996a); detached crustal cap, which combines loading and isostasy models (Tanaka et al., 1991); and
gradients of gravitational potential energy (GPE; Dimitrova et al., 2006).

For strain type, when mapped normal faults occur in areas with predicted extension the model is a good fit, if they
occur both in areas of predicted extension and shortening the model is a partial fit, and if they occur in areas with
predicted shortening the model is a poor fit. For structure orientation, if the difference in strike between the predicted
and mapped structures is <10° then the model is a good fit, if the difference is <20° and/or only a subset of the
structures are aligned with the model then it is a partial fit, and if the difference is >20° then the model is a poor fit.

Using the HRSC-MOLA DEM we looked for areas of high or low topography in relation to faulted regions
for each stage, in order to identify features such as domes or flexural troughs. We also took a series of topo-
graphic profiles (total of 60 profiles across 30 representative graben) from the HRSC DEMs across representative
graben from the different tectonic stages to determine the typical cross-sectional graben shape of each stage.
A flat or concave up (ski ramp) shape to the graben flanks is expected for a standard, “tectonic” graben while
convex graben flanks are an indicator of the presence of a dyke (Goudy & Schultz, 2005; Rubin, 1992; Rubin
& Pollard, 1988; Schultz et al., 2004). Some areas were difficult to assess with this method due to variability in
DEM quality in comparison to graben width, and dense faulting which means there is limited space to observe
any topographic effects on the flanks of each individual graben. Our assessment of topographic patterns more
generally is complicated by later volcanic cover and/or the effects of erosion.

2.2. Extension Analysis: Quantification and Spatial Variation

To visualize spatial variations in extensional strain across Tempe Terra, we produced a series of extension profiles
for all fault sets and combined these for each tectonic stage. We extracted topographic profiles spaced 100 km
apart, covering the spatial extent of each fault set and aligned perpendicular to each set's average strike. This gave
us 39 profiles for Stage 1 capturing a total of 419 fault intersections, 55 profiles for Stage 2 capturing 1777 fault
intersections, and 63 profiles for Stage 3 capturing 1290 fault intersections. We measured the vertical displace-
ment (d) of each fault along a profile and converted this to heave (e) using the approach of Golombek et al. (1996):

d
e =
tan a

We assumed a consistent dip (@) of 60° for all faults, and while this necessary simplification is typical for studies
of Martian extensional faults, it introduces error into the calculation (Golombek et al., 1996). Total extension
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across each profile is taken as the sum of the heaves of all intersected faults. We favor this expression of deforma-
tion as calculations of strain (which divide the total extension by a reference length) are highly dependent on the
chosen length of a reference profile and are therefore difficult to compare between published works. Neverthe-
less, sources of error persist in defining the amount of total crustal extension. Data resolution may fall below the
threshold needed to image narrow graben and has inherent uncertainty in vertical accuracy, while environmental
considerations such as erosion of the footwall and graben infill may reduce the observable surface displacement
(Golombek et al., 1996; Ziegler & Cloetingh, 2004). Measurements of vertical offset used in our calculations are
therefore considered a minimum.

To visualize spatial variations in strain accommodation between faults from the same temporal stage, we gridded our
measurements of individual fault heave for each fault intersection into 2D heat maps. For each tectonic stage we used
inverse distance weighted interpolation in ArcGIS to convert our point measurements of fault heave into continuous
rasters colored by magnitude. Inverse distance weighted is a simple and efficient interpolation method but is sensitive
to data outliers (Wu & Hung, 2016) and the heave parameter itself has the same limitations as the extension calcula-
tion. A detailed description of the gridding method, including parameters, can be found in Supporting Information S1.

2.3. Fault Reactivation: Slip and Dilation Tendency

Fault reactivation is a common complicating factor when attempting to interpret the origin of faults so it is
helpful to understand when and where it is likely to have occurred. Slip and dilation tendency analysis (Ferrill
et al., 1999; Morris et al., 1996) can be used to quantify and visualize the likelihood of fault reactivation: where
faults have a high tendency for slip and/or dilation in a given stress field, they are considered likely locations
for reactivation (Morris et al., 1996; Worum et al., 2004). Physically, slip tendency describes the likelihood of
shear failure resulting in the accumulation of additional displacement through dip-slip motion along the fault
plane, while dilation tendency describes the likelihood of tensile failure resulting in horizontal motion (Ferrill
et al., 2020). Slip tendency (7)) is calculated as the ratio of shear stress (r) to normal stress (c,) on a given surface
(Morris et al., 1996):

Dilation tendency (T,) is calculated using the normal stress (¢,), maximum (¢,) and minimum (o;) principal
compressive stress for a given surface (Ferrill et al., 1999):

_ (o1 —0n)

‘T o1 —o3)

Faults are considered to be ideally oriented for slip when they have a slip tendency T, > 0.6 (Ferrill et al., 1999). In
our analysis we describe faults as being optimally oriented for slip (7, > 0.6), well oriented for slip (0.5 < 7, < 0.6),
moderately oriented for slip (0.3 < T, < 0.5), or poorly oriented for slip (7, < 0.3). We define the dilation tendency
of faults as high (7, > 0.6), moderate (0.4 < T, < 0.6), and low (T, < 0.4).

We created maps of slip and dilation tendency to examine the extent of likely fault reactivation during Tempe
Terra's structural evolution. Our approach involved a geometrical analysis of fault orientations within a series of
simple Andersonian stress fields where o, is vertical, o, is parallel to the average fault strike and 66% of ¢,, and
o, is perpendicular to the average fault strike and 32% of ¢,. We made no assumptions about the local magnitudes
of stress active in Tempe Terra as only the ratio of stress matters in this approach (Worum et al., 2004). For this
analysis we examined the effects of stress fields representing Stage 2 (o, azimuth 117°) and Stage 3 (o, azimuth
150°) activity on Stage 1 and Stage 2 faults. We could not assess reactivation of Stage 3 faults as we lack indi-
cators of major Amazonian activity within Tempe Terra on which to base stress fields after Stage 3. To remain
consistent with our approach for extension, we used an assumed dip of 60° for all faults. The reliability of the
results depends on the validity of our input stress fields, as well as uncertainty regarding the fault dip. A detailed
description of the analysis method can be found in Supporting Information S1.

2.4. Gravity and Crustal Thickness

Variations in thickness and gravity response of the Martian crust provide evidence for several potential
sources of stress (Table 1). We therefore include qualitative observations of local gravity anomalies and crus-
tal thickness within Tempe Terra from the Goddard Mars Model-3 (GMM-3) Bouguer gravity and derived
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crustal thickness models (Genova et al., 2016). GMM-3 utilizes gravity data from the Mars Global Surveyor,
Mars Odyssey, and Mars Reconnaissance Orbiter and has a global surface resolution of ~115 km, although
this can vary with latitude and other factors (Genova et al., 2016). The Bouguer anomaly map of Genova
et al. (2016) was calculated assuming a bulk density for the crust of 2,900 kg/m? and removing the effects of
the hemispheric dichotomy and polar flattening. Their map of crustal thickness was derived from a nonlin-
ear inversion for relief on the crust-mantle boundary, assuming a mantle density of 3,500 kg/m? (Genova
et al., 2016).

It is important to keep in mind that what we can observe in these datasets is the current state of the Martian crust,
which is the combined result of Tempe Terra's geologic and tectonic history. It is therefore challenging to separate
the effects of different stages of activity on the gravity response or crustal thickness, or assign ages to the various
observed features.

3. Results and Analysis

3.1. Geometrical and Extensional Characteristics

3.1.1. Stage 1 (Middle Noachian—Early Hesperian)

3.1.1.1. Fault Patterns, Geometries and Relationships to Regional Trends

The N-S faults which make up the bulk of Stage 1 (82% of Stage 1 faults) do not have a radial or circumferential
relationship to any Tharsis volcanoes or to the Tharsis Rise as a whole and are instead aligned tangentially to
Tharsis. Stage 1 is not well represented by Tharsis stress trajectory models, as while most models predict exten-
sion over Stage 1 faults, the orientation of the stresses from all models is a poor fit for the primarily N-oriented,
observed structures (Table 2; Figure 2a, blue arrows). The patches of NW-oriented faults which are dispersed
across western Tempe Terra align partially with circumferential trends around the Tharsis Montes, Uranius Mons
and Tharsis Tholus volcanoes, as well as the Tharsis Rise generally, but they do not form a continuous system.
Neither the orientation nor location of Stage 1 faults are aligned with the Tharsis Montes Axial Trend. The
primary N-S trend is approximately perpendicular to the highland—lowland dichotomy boundary, regardless if
that is drawn along the north edge of Tempe Terra (Wilhelms & Squyres, 1984) or farther to the south of Tharsis
(Andrews-Hanna et al., 2008).

The N-S structures are also parallel with the large, linear canyons of Tanais Fossae (Figure 2b). This canyon
system occupies an exposed Middle Noachian unit that lacks Noachian faults but is surrounded by Stage 1 struc-
tures (Figure 2a, purple outline). This canyon system has been heavily eroded (Figure 2b), and other structures
in the same north-western part of Tempe Terra, such as the large Quepem Fossa graben (Figure 2a), also have
a degraded appearance compared to faults further south. At the central western edge of Tempe Terra there is
a system of narrow, symmetrical, linear ridges that trend mostly N and NW and sometimes intersect to form
branching networks (Figure 2c). The ridges occur only on blocks of Late Noachian terrain that are exposed above
younger lava flows and are cut by faults from Stage 1 and Stage 2 (Figure 2c). They are associated with the graben
of Stage 1 both spatially and in orientation. While not located in close proximity to the faults, a volcano edifice
at 70°W, 44.5°E (UV2 on Figure 2a) is a volcanic surface feature similar in age to Stage 1 tectonic activity. UV2
is the only exposed Early Noachian unit in Tempe Terra (Figure 2a, red outline; Tanaka et al., 2014) and appears
morphologically similar to Tyrrhenus Mons (formally Tyrrhena Patera) in the southern highlands near the Hellas
impact basin.

Faults tend to occur in topographically high regions which have not been buried by later lava flows. There is an
area of locally high topography that links faults from the south of Tempe Terra to the northern edge of the plateau
(Figure 2a), including the Tanais Fossae canyon system. Despite the impact of post-tectonic modification and
erosion, the largest graben and canyon systems are in the areas of highest topography. We clearly have an incom-
plete record of structures from this period in the west of Tempe Terra (Figure 2a, purple outline and surrounds),
but we lack any structures of comparable age or orientation in the eastern half of the plateau.

Graben topographic profiles typically have flat or concave flanks (Figure 3a), while convex flank uplift is rare.
Other graben dimensions (length, width, depth) are not uniform across Tempe Terra, with regions of long, narrow
graben in the south (<1 km wide) contrasted with shorter, en echelon graben in Ascuris Planum (1-3 km wide),
and a ~25 km wide, rift-style graben at Quepem Fossa.
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Table 2

Fit of Tempe Terra Tectonic Patterns to Tharsis Stress Trajectory Models

Fit to stage 3

Tharsis model Model prediction in Tempe Terra Fit to stage 1 structures Fit to stage 2 structures structures
Flexural loading® Strain type Extension in east two thirds; No Partial (Figure 4a) Partial
shortening in west third
Structure orientation Faults radial to Tharsis; oriented No Partly aligned to rift axis only ~ Yes
~50-65° (Figure 4a)
Isostatic compensation®  Strain type Extension in west two thirds; Yes (Figure 2a) Partial Partial
shortening in east third
Structure orientation Faults radial to Tharsis; oriented No (Figure 2a) Partly aligned to rift axis only ~ Yes
~50-70°
Flexural uplift? Strain type Extension Yes Yes Yes
Structure orientation Faults concentric to Tharsis; Aligned to NW faults only No No
oriented ~120-135°
Detached crustal cap® Strain type Extension Yes Yes Yes
Structure orientation Faults radial to Tharsis; oriented No Fartly aligned to rift axis only ~ Yes
~50-70°
Plume* Strain type Extension Yes Yes Yes (Figure 5a)
Structure orientation  Faults radial to Tharsis; oriented No Partly aligned to rift axis only ~ Yes (Figure 5a)
~50-70°
Gravitational potential  Strain type Normal & oblique extension in Yes Partial Partial
energy (GPE)¢ west half; oblique shortening in
east half
Structure orientation Faults radial to Tharsis; oriented No Fartly aligned to rift axis only ~ Yes
~50-70°

Note. Predictions from models of stress from the development of Tharsis are compared to structures from each tectonic stage and assessed for fit. Red indicates poor fit,
orange partial fit, and green good fit (see Section 2.1 for definitions).

aBanerdt et al. (1992). Tanaka et al. (1991) with crustal cap outline from Mége and Masson (1996b). ‘Meége and Masson (1996a). “Dimitrova et al. (2006).

3.1.1.2. Graben Extension and Heave

Total extension across Stage 1 faults is variable but generally higher in the north of Tempe Terra (Figure 2d).
Extension ranges from 0.2 to 9.2 km, which is the lowest of all the stages. However, it is important to note
that this stage also has the smallest number of faults and many Noachian structures have likely been buried or
modified, so we are not seeing the full picture and these strain estimates are minima. The heave map shows that
extension has not been accommodated uniformly across the faults (Figure 2e), with individual values ranging
from 6 to 3,528 m and a median of 103 m per fault. There is localization of heave onto a few large faults making
up Quepem Fossa, with the rest of the faulted region displaying a more even distribution of heave between the
smaller graben (Figure 2e). While there is a relatively large amount of extension where heave is localized, the
greatest total extension is in areas where there is a high density of smaller-offset faults with evenly distributed
heave.

3.1.2. Stage 2 (Early Hesperian)
3.1.2.1. Fault Patterns, Geometries and Relationships to Regional Trends

Faults of Stage 2 have strong spatial relationships to the Tharsis Rise, being both broadly radial to a region south
of the Tharsis Montes on the topographic bulge and aligned with the Tharsis Montes Axial Trend. The axis of
the Tempe Rift and region of highest spatial density of faulting occur along the line of the Tharsis Montes Axial
Trend (Figure 4a, white dashed line), with both rift-parallel faults and rift-oblique faults only having minimal
occurrence outside this area. All Tharsis stress models predict extension in at least part of the area covered by
Stage 2 faults, but the predicted structure orientations align only with rift-parallel faults and not rift-oblique faults
(Figure 4a, blue arrows; Table 2). The faults lack any fanning pattern but if we consider subparallel patterns that
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Figure 2. Stage 1 tectonic patterns and associated observations. (a) Extent of Stage 1 faults with overlay of predicted stress type and orientation from isostatic
compensation model of Banerdt et al. (1992). UV2 = unnamed volcanic center. Background is colorized terrain from the HRSC-MOLA digital elevation model. (b)
Tanais Fossae canyon system. (c) Branching systems of narrow linear ridges shown on CTX image. (d) Total extension across Stage 1, colored by magnitude. (e) Heat

map of individual fault heave.

radiate from a common point, then rift-oblique faults are radial to Syria Planum (Figure 4a, purple arrow) and
partially radial to Tharsis Tholus, and rift-parallel faults are radial to the Tharsis Montes. There is also an arcuate
pattern of faults circumferential to Labeatis Mons which forms a wristwatch pattern in combination with the
Tempe Rift (Figure 4b).

There is clear evidence of volcanic surface features associated with Stage 2, with three intra-rift volcanoes:
Labeatis Mons and two unnamed volcanic centers (UV1 and UV2; Figure 4a). Labeatis Mons and UV 1 have
impacted the shape of the rift, with the main rift graben being deflected around Labeatis Mons (Figure 4b)
and an hourglass pattern centered on UV1 formed to the southeast of the main rift axis (Figures 4a and 4b).
UV2 sits across the main rift graben at the NE end of the rift and has been highly modified by Stage 2 faulting
(Figure 4c). All three volcanoes have locally elevated topography representing the volcanic edifice. Pit crater
chains are a minor feature associated with graben from this stage, with a few occurring in the western half
of Tempe Terra, but the majority are aligned with Stage 3 structures. Aligned with a narrow graben on the
eastern side of the main rift is an oval-shaped collapse depression and associated NE-trending narrow, linear
ridges (Figure 4d), which are similar to those described for Stage 1 but are fewer in number and lack branching
intersections.

Across Tempe Terra, the topography shows an overall decline in elevation from SW to NE (Figure 4a, black
arrow). Where faulting is concentrated, there is a broadly uplifted region around Labeatis Mons as well as at the
SW end of the rift. There is also a region of lower elevation directly around the Labeatis Mons edifice, forming
a semi-circular trough that is most pronounced on the northern side (Figure 4b). This trough is surrounded by a
ring of higher elevation where the majority of circumferential faults appear (Figure 4b).

Graben profiles are variable in morphology but most commonly have flat or concave flanks (Figure 3b). The
graben typically occur in zones of numerous, closely spaced, cross-cutting faults, rather than as long continuous
trends such as in Tantalus Fossae at Alba Mons. Graben dimensions are variable across the region and there is
a distinct separation between the narrow graben (1-3 km wide) that make up the majority of structures, and the
large rift graben which are significantly longer, wider (>15 km), and deeper (Figure 4b).
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Figure 3. Representative graben profiles for each tectonic stage. (a) Profile of Stage 1 graben with flat and concave flanks,
location shown on Figure 2a. (b) Profile of Stage 2 graben with flat flanks, location shown on Figure 4a. (c) Profile of Stage
3 graben with convex flanks, location shown on Figure 5a. All profiles from High Resolution Stereo Camera digital elevation
model. Note that horizontal scale is consistent but vertical scale changes for each subfigure.

3.1.2.2. Graben Extension and Heave

The pattern of total extension across Stage 2 faults shows a clear increase from NE to SW, that is, with increasing
proximity to Tharsis (Figure 4e, black arrow). Extension ranges from 1.1 to 45.4 km, which is the highest of all
stages and reflects that faulting from this stage accounts for over half the total cuamulative fault length in Tempe
Terra (Orlov et al., 2022). Extension measurements along the western edge of the plateau are affected by Late
Hesperian lava flow cover, with faults only preserved on remaining high blocks. As with Stage 1, the heave map
shows the extension has not been accommodated uniformly across the faults, with localization of heave onto large
border faults along the central axis of the Tempe Rift (Figure 4f). Individual fault heaves range from 3 to 7,040 m,
with a median of 169 m per fault. Along the rift axis there is a change from high heave localized on a few faults
in the NE to lower heave evenly distributed across a wider zone of high density faults in the SW, closer to Tharsis
(Figure 4f). This change mirrors the increase in extension, with the greatest total extension accommodated where
there is evenly distributed heave across many faults.

3.1.3. Stage 3 (Early—Late Hesperian)
3.1.3.1. Fault Patterns, Geometries and Relationships to Regional Trends

Stage 3 faults are broadly radial to a region just north of the Tharsis Montes on the Tharsis Rise, and generally
align most closely of all the Tempe Terra stages to the various proposed Tharsis stress models (Table 2). The
Tharsis plume model (Figure 5a; Mége & Masson, 1996a) and detached crustal cap model (Tanaka et al., 1991)
best match the style and orientation of faults from this stage, but the flexural loading and isostasy models (Banerdt
et al., 1992) also have partial fits (Table 2). The fault orientations have no strong radial or circumferential relation-
ship to any specific Tharsis volcanoes, and are not aligned with or concentrated along the Tharsis Montes Axial
Trend. The youngest fault sets from this stage, which are found on the western edge of the plateau (Figure 1d, sets
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Figure 4. Stage 2 tectonic patterns and associated observations. (a) Extent of Stage 2 faults with overlay of predicted stress type and orientation from flexural loading
model of Banerdt et al. (1992). See Figure 2a for legend. White dashed line is Tharsis Montes Axial Trend. LM = Labeatis Mons, UM = Uranius Mons, UV1 and

UV2 = unnamed volcanic centers. Background is colorized terrain from the HRSC-MOLA digital elevation model. (b) Labeatis Mons volcano showing associated
circumferential faults and topographic low surrounding central edifice. Inset shows schematic of hourglass and wristwatch fault patterns. (c) Unnamed volcanic center at
north-eastern end of rift, showing local elevation and eroded morphology. (d) Collapse depression and linear ridges along same trend as rift, shown on CTX image. (e)

Total extension across Stage 2, colored by magnitude. (f) Heat map of individual fault heave.
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Figure 5. Stage 3 tectonic patterns and associated observations. (a) Extent of Stage 3 faults with overlay of predicted stress orientation from Late Hesperian—

Amazonian plume model of Mége and Masson (1996a). Background is colorized terrain from the HRSC-MOLA digital elevation model. (b) Pit crater chain along
center of graben cutting across earlier, Stage 2 rift-related faults. (c) Linear chasmata along ENE trend of Stage 3 graben in Ascuris Planum. (d) Small shield volcanoes

with visible central vents. (e) Total extension across Stage 3, colored by magnitude. (f) Heat map of individual fault heave.

ORLOV ET AL.

14 of 28

95U9017 SUOWIWOD 9A1TERID 3qedljdde au Ag pausenob aJe sajolLe YO ‘8sh Jo o[ 10j Aleid1 8UIUO AB|IAA UO (SUONIPUOD-pUe-sWLBY/WoY A3 1M Aleq Ul juo//:Sdny) SUOTIPUOD pue swie | 8L 885 *[£202/60/80] U0 Ariqiauljuo As|Im 91 Aq 6v6.003rE202/620T 0T/10p/W0d Ao |imArelqpul|uo'sgndnBe//sdny wolj pepeojumod ‘8 ‘€202 ‘00T669TZ



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2023JE007949

H9, H10, H11), continue outside of the study area toward the center of Tharsis, and in the north join the Tantalus
Fossae graben system around Alba Mons (Figure 5a).

There are over 100 linear surface features of various morphologies aligned with Stage 3 faults across Tempe
Terra. Almost all pit crater chains in Tempe Terra are associated with graben from this stage or follow the same
ENE trend (Figure 5b). Linear chasmata and U-shaped troughs (as described by Mege et al., 2003) are common,
particularly in Ascuris Planum and the west of the plateau, and are aligned with or directly continue from graben
(Figure 5c). Small volcanic features such as lines of vents, fissures and low shields (Figure 5d) are also aligned
with faults at the western edge of Tempe Terra (Moore, 2001). At the southern edge of the plateau, the Labeatis
Fossae flood canyon feature and many of its associated linear cracks are parallel to sub-parallel with the graben
orientation (Figure 5a).

Graben cut across the full width of Tempe Terra and the full range of plateau topography in continuous linear
trends (Figure 5a). The pattern of faults is not concentrated along or uniquely associated with areas of high or
low topography. Profiles of the graben themselves commonly show convex flank uplift in the ~2—4 km surround-
ing the border faults (Figure 3c). Rather than the zones of crosscutting graben seen in Stage 2, we see long,
continuous trends formed by the alignment of many graben with typically uniform dimensions (Figure 5a). While
graben along strike from each other tend to be consistent, across Tempe Terra there is some variation in width,
from very narrow (<1 km wide) in the south, to more typical dimensions for Tempe Terra (1-3 km wide), to
graben around Labeatis Mons and the northeast of the plateau that are slightly wider (3—6 km wide).

3.1.3.2. Graben Extension and Heave

Total extension across Stage 3 faults generally increases toward the center of Tempe Terra, peaking just west of the
Labeatis Mons volcanic center (Figure 5e, black arrow). Extension ranges from 1.1 to 24.2 km, placing it in the middle
of the range of extension across the three stages. As with Stage 1 and Stage 2, total extension measurements are
affected by overlying lava flows at the western edge of the plateau (Figure Sa, purple area). Earlier fault sets from this
stage are buried by volcanic units that were then cut through by more recent fault sets (Figure 5a; Orlov et al., 2022).
The heave map shows extension has been accommodated in a more uniform way between faults (Figure 5f). Individ-
ual fault heaves are from 3 to 2,228 m, with a median of 119 m, which is the smallest range of all the stages. This is
also reflected spatially, with an even distribution of heave between faults spread all across Tempe Terra.

3.2. Patterns of Fault Reactivation
3.2.1. Stage 1 Fault Reactivation During Stage 2

For Stage 1 faults under the Stage 2 stress field (o, oriented 117°), slip and dilation tendency is highest on
N-trending faults and lowest for NW-trending faults (Figures 6a and 6b). Most N-trending faults are optimally
or well oriented for slip in the Stage 2 stress field, with high average slip tendency (0.54) and dilation tendency
(0.69), so have a high possibility of reactivation during Stage 2. NW-trending faults are generally poorly oriented
for slip, with low average slip tendency (0.28) and moderate dilatation tendency (0.44), so are less likely to have
been reactivated during Stage 2. In all scenarios, there is commonly significant along-strike variations in slip
and dilation tendency for a single fault due to corrugations in the fault trace or changes in orientation (Figure 6,
insets).

3.2.2. Stage 1 and 2 Fault Reactivation During Stage 3

Under the Stage 3 stress field (o, oriented 150°), Stage 1 faults have lower overall slip and dilation tendency
than in the Stage 2 stress field, with the highest values on the few WNW-trending faults and lowest values for
NNW-trending faults (Figures 6¢c and 6d). N-trending faults are generally moderately oriented for slip, with
moderate average slip tendency (0.37) and moderate dilatation tendency (0.51), so are unlikely to have been
extensively reactivated during Stage 3. NW-trending faults range from moderately to poorly orientated for slip,
with low average slip tendency (0.31) and moderate dilatation tendency (0.46), which is higher than in Stage 2
but still represents a low likelihood of reactivation during Stage 3.

For Stage 2 faults, slip and dilation tendency is highest in rift-axis-parallel faults (average strike 45°) and lowest
for faults in the N-trending, sigmoidal section of the rift (Figures 6e and 6f, inset). Rift-parallel faults, including
the majority of the large rift border faults, are optimally or well oriented for slip and dilation, while rift-oblique
faults are only moderately well oriented. The circumferential faults around Labeatis Mons vary with strike, from
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Figure 6. Assessment of fault reactivation potential under different stress regimes, for 60° fault dip scenario. Colors show slip and dilation tendency, see legends in (a
and b). Insets show zoom illustrating along-fault variation. Background is shaded relief HRSC-MOLA digital elevation model. (a) Slip tendency of Stage 1 faults under
Stage 2 stress field (o, oriented 117°). (b) Dilation tendency of Stage 1 faults under Stage 2 stress field. (c) Slip tendency of Stage 1 faults under Stage 3 stress field

(o, oriented 150°). (d) Dilation tendency of Stage 1 faults under Stage 3 stress field. (e) Slip tendency of Stage 2 faults under Stage 3 stress field (o, oriented 150°). (f)
Dilation tendency of Stage 2 faults under Stage 3 stress field.
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well-oriented for slip and dilation when rift-parallel, to poorly oriented when rift-perpendicular (Figures 6e
and 6f). Overall, Stage 2 faults have a high average slip tendency (0.50) and dilatation tendency (0.63), so there
is a high possibility of reactivation of many of these faults during Stage 3.

3.3. Local Crustal Thickness and Density Variations

Gravity within Tempe Terra ranges from —329 to 78 mGal. A large negative Bouguer anomaly (—329 mGal) lies
over central Tempe Terra and is the dominant feature of the local gravity response (Figure 7a). All of the volcano
edifices within Tempe Terra are located within this broad anomaly, but are not associated with any additional
smaller anomalies (Figure 7a). The negative gravity response indicates either lower density near-surface crustal
material and/or a deeper crust-mantle transition and therefore thicker crust. This feature is one of three substantial
negative Bouguer anomalies within Tharsis, the others being over Alba Mons (—488 mGal) and around Arsia
Mons and the Thaumasia Highlands (—426 mGal).

Crustal thickness ranges from 36.7 to 65.6 km across the study area (Figure 7b, white outline). This nearly 30 km
variation reflects the contrast between the Tempe Terra plateau and parts of the northern lowlands captured at the
northern and eastern edges of the study area. The crust is thickest in central and northern Tempe Terra, largely
corresponding to the regions of lowest gravity (Figure 7). There is also a ring of thick crust surrounding Labeatis
Mons (Figure 7b), which correlates with the location of circumferential faults which surround the volcano. We
do not see any thinning of the crust under the large graben of the Tempe Rift from Stage 2, nor under Quepem
Fossa and the Tanais Fossae canyon system from Stage 1, and in some places the crust is actually thickened
under these highly extended areas (Figure 7b). We also see no clear relationship between crustal thickness and
the changing style of the Tempe Rift from a single deep graben in the NE to a wide zone of distributed faulting
the SW (Figure 7b).

4. Discussion
4.1. Assessing Fault Patterns in the Presence of Reactivation and Other Complicating Factors

It is difficult to determine the origin of faults from their surface expression when that surface expression no longer
reflects just their initial formation mechanism. This obscuring of original conditions can result from post-tectonic
modification (e.g., via erosion, mass wasting, or ice-related processes), burial of earlier structures by lava, which
is particularly prevalent for Noachian structures around Tharsis, and reactivation of faults during later tectonic
activity. Such effects are observed for every tectonic stage, with Stage 1 being affected most strongly by modifi-

b) 'érus/tlai’Thit':knes_s /! e
jcaly thick crust over v
@uepem

Figure 7. Local Bouguer anomaly and crustal thickness within Tempe Terra. White outline is study area. Red triangles are
volcanoes: LM = Labeatis Mons, UM = Uranius Mons, UV1 and UV2 = unnamed volcanic centers. Background is shaded
relief HRSC-MOLA digital elevation model. (a) Bouguer anomaly map of Tempe Terra in mGal. (b) Crustal thickness map
of Tempe Terra in km. Color bar is stretched to thickness range within study area only.
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cation, burial, and reactivation (Figures 6a—6d), Stage 2 by burial and reactivation (Figures 6e and 6f), and Stage
3 by modification and burial.

Throughout the structural evolution of Tempe Terra there is a high likelihood of extensive fault reactivation due
to the similar stress state (type and orientation) through time. This long-lived stress stability, with only small,
progressive changes in orientation through time, means there are increased opportunities for fault reactivation
(Morris et al., 2016). Planets with a one-plate lithosphere such as Mars could be more prone to this kind of rela-
tive stress stability given the reduced crustal movement and increased surface preservation in the absence of plate
tectonics. A lack of plate motions means stresses from the growing load of Tharsis and/or a stable mantle plume
can continue to accumulate over the same areas of lithosphere over geologically long time periods.

The total displacement associated with reactivated faults is a combination of both their formation and later reac-
tivation, so any measured extension assigned to a given tectonic stage is therefore more accurately described as
a picture of the cumulative extension after the accommodating faults began to grow. However, slip and dilation
tendency are only an indication of the likelihood of fault reactivation and not the magnitude of any further slip
(Worum et al., 2004). For earlier stages (Stage 1 and 2), some of the calculated total extension only accumulated
on the faults in later stages of activity, resulting in higher extension values than the initial conditions produced.
For later stages (Stage 2 and 3), some of the total extension that should be attributed to that tectonic activity
is not counted as it was accumulated on pre-existing faults, resulting in lower values of extension than truly
occurred. These complexities ultimately make it difficult interpret patterns of extension where reactivation has
been widespread.

4.2. Origin of Tempe Terra's Observed Fault Patterns

By comparing the results outlined above with the expected evidence of different sources from Table 1, we first
discuss which suggested models are supported or not by observations for each of Tempe Terra's tectonic stages.
We subsequently present a conceptual model for the origin of the observed structural features.

4.2.1. Stage 1: Local Magmatic Underplating With Associated Heating and Uplift

Most notable for Stage 1 is the lack of geometric relationships to Tharsis trends or alignment with any of the
proposed Tharsis development models (Table 2; Figure 2a). This indicates the extension recorded in Tempe Terra
during Stage 1 predates regional stresses from the growth of the Tharsis Rise in this region. The predominantly
N orientation of structures implies Tempe Terra underwent E-W extension, and observations support volcanic
uplift, magmatic underplating, dyke intrusion, or gradients of gravitational potential energy (GPE) as potential
origins of this extension. Given the location of Stage 1 structures relative to the highland—lowland dichotomy
boundary, N-S faults could be favored by pre-existing fractures or damage zones radiating from the Borealis
Basin, a massive impact interpreted to have formed the northern lowlands (Andrews-Hanna et al., 2008; Frey
& Schultz, 1988; Wilhelms & Squyres, 1984). A direct impact origin is not supported by our observations, but
earlier in Mars's history the resulting damage to the crust could have had a stronger influence in the form of struc-
tural inheritance (Schultz, 1984), before stresses and volcanic material from Tharsis eclipsed this effect.

Local magmatism appears to have played an important role in this stage, either as the driving force for extension
or as a facilitating mechanism for strain localization and lithosphere weakening. This magmatic activity is indi-
cated in local surface features and topography. First, the Tanais Fossae canyon system (Figure 2b), which aligns
with Stage 1 faults, may have formed as a result of collapse after magma withdrawal or from ground ice melting
or sublimating due to magmatic heating (Moore, 2001). A similar mechanism was proposed for the formation of
Valles Marineris (McKenzie & Nimmo, 1999). The shape, scale and alignment of the canyons could indicate they
have a structural origin and may have originally formed as graben during this tectonic stage, although this does
not preclude later modification by the suggested magmatic processes. If we include the Tanais Fossae canyon
system as past extensional structures, then Stage 1 could represent an early rift system that extends over 900 km.
This was first interpreted by Hauber et al. (2010) as the “X-rift,” and they assessed it as compatible with far-field
stresses related to GPE but not Tharsis. The concentration of heave into large graben (Figure 2e) supports the rift
interpretation, and local heating, such as from magmatic intrusions or underplating, could result in strain parti-
tioning and produce the narrow rift geometry we observe (Buck, 2007). A similar localization by magmatism and
associated lithospheric weak zones is interpreted to be responsible for the Thaumasia Double Rift, which is also
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oriented tangential to Tharsis and does not reflect circumferential stresses related to the growth of the Tharsis
Rise (Grott et al., 2007). The variation in the way extension is accommodated could also suggest local heteroge-
neity in crustal properties in the context of rifting—especially as the area with distributed fault heave is in the
same location for both Stage 1 and Stage 2.

The narrow, linear ridges on the exposed Late Noachian units (Figure 2c) were proposed as possible dykes that
were formed by injection of lava into vertical conjugate fractures (Moore, 2001). These dykes were later exposed
by erosion during a fluvial resurfacing event that predates the main NE-trending faulting in Tempe Terra (Frey &
Grant, 1990; Moore, 2001). This exposure through widespread erosion suggests the dykes cannot be associated
with later stages of magmatectonic activity, as the crisp preservation of the graben, which also cross-cut the
ridges (Figure 2c), suggest the faults have not been subject to the same modification. With variable graben dimen-
sions, no convex graben flank uplift (Figure 3a), and non-uniform accommodation of extension (Figure 2e), Stage
1 lacks many of the indicators of dyke intrusion as the main driver of graben formation (Table 1). The visible
dykes therefore act more as an indication of local magmatic activity that was contemporaneous with Stage 1.
The correlation between the orientation of these exposed dykes and the graben could indicate the same fracture
set is controlling the alignment of these structures, particularly for patches of NW-oriented faulting which are
oblique to the primary extension direction. The initial formation of the irregular fracture pattern could reflect
doming from volcanic or magmatic uplift (Carr, 1974) or, given the associated fluvial resurfacing, aqueous fluid
pressure driven by heating from magma intrusion (Table 1).

Faults being concentrated where topography is high may be a simple matter of preferential preservation, but such
a concentration if true could be the result of remnant uplift from local magmatic activity that concentrated stress in
these zones. Faulted and uplifted regions may therefore give an indication of the extent of this magmatic activity.
The presence of thickened crust in the same areas as this permanent topographic uplift could suggest magmatic
underplating (Table 1). The thick crust over the deep Quepem Fossa graben (Figure 7b), as well as Tanais Fossae,
would therefore indicate underplating provided magmatic compensation of any crustal thinning due to exten-
sion, a phenomenon observed at some rifts on Earth (Thybo & Artemieva, 2013; Thybo & Nielsen, 2009). The
presence of a local magma source underlying the faulted zones in western Tempe Terra is further supported by
the presence of the Early Noachian volcano UV2 (Figures 2a, Figure 4c), which suggests volcanic activity was
already ongoing in this region in the Noachian. There is striking similarity in timing and morphology between
UV2 and a system of 43 small, Early-Middle Noachian volcanic constructs identified around the southern margin
of Tharsis (Xiao et al., 2012). This timing suggests they may be part of the same widespread early volcanic system,
that produced numerous small shields and fissure volcanism, which is proposed as an incipient stage of Tharsis
development before the main-stage centralized volcanism which produced the Tharsis Rise (Werner, 2009; Xiao
et al., 2012). This distributed system of volcanoes throughout the Noachian provides a possible source for under-
plated magmatic material in western Tempe Terra. The areas around Quepem Fossa and Tanais Fossae are also
visually similar to a subset of Noachian volcanic edifices which have been modified by tectonic deformation and
may result from fissure-central eruptions (Xiao et al., 2012).

A non-magmatic origin for the observed relationship between faults and elevated topography is also possible. The
concentration of extensional faults in regions of high topography, and parallel to the trend of these elevated zones,
is also evidence of stresses from horizontal gradients of GPE (Table 1; Molnar & Lyon-Caen, 1988)—as long as
these areas were also elevated at the time of faulting. However, this gravity spreading from GPE typically needs to
be facilitated by a sufficiently warm and therefore weak lithosphere and/or the presence of a detachment surface or
ductile layer (Schultz-Ela, 2001; Sonder et al., 1987). Jones et al. (1996) calculated GPE was capable of producing
significant strain rates in the Basin and Range Province in southwestern USA when coupled with a sufficiently
weak lithosphere. Locally warm and weak lithosphere could be facilitated by the higher heat flux and thermal
gradients on Mars during the Noachian (Broquet & Wieczorek, 2019; McGovern et al., 2002, 2004) or through the
presence of a magmatic center under western Tempe Terra due to underplating. Intrusions of hot material from such
magmatic underplating could also help sustain the extension for longer (Molnar & Lyon-Caen, 1988). For the Thau-
masia Plateau, Montgomery et al. (2009) proposed extensive buried salt-rich deposits as a factor that enabled large
scale gravity spreading and produced structures including margin-parallel, extensional grabens. A similar ductile
layer or detachment surface may be possible in Tempe Terra given the significant negative anomaly in the Bouguer
gravity (Figure 7a) which is consistent with accumulation of lower density material, possibly including salt.
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Preservation bias and the extensive reactivation of N-S faults during Stage 2 (Figures 6a and 6b), as well as
potential further reactivation during Stage 3 (Figures 6¢ and 6d), has added additional complexity to the inter-
pretation of this stage. Reactivation has likely contributed to the apparently Early Hesperian age of some faults,
despite the bulk of tectonic activity occurring in the Noachian. While the original scope of structural activity was
probably more extensive than what is preserved, the lack of structures in the eastern half of the plateau—where
we would likely see some structures preserved due to the lack of younger cover were they present in the first
place—suggests Stage 1 tectonic activity was still contained to the west of Tempe Terra. Ultimately, we do not
have enough information to completely narrow down the origin of faults in this stage, but we present one plausi-
ble model in Section 4.2.4.

4.2.2. Stage 2: Far-Field Regional Stress and Local Magmatism Along the Tharsis Montes Axial Trend

The defining feature of Stage 2 evolution is the combination of regional and local sources to create the complex
fault patterns of the Tempe Rift, with multiple local volcanic sources interacting with regional far-field stress.
The fact that structures are radial to Tharsis and concentrated along the Tharsis Montes Axial Trend suggests
a genetic link between these features, which has been suggested in past studies of Tempe Terra (Fernandez &
Anguita, 2007; Hauber & Kronberg, 2001; Tanaka et al., 1991). In particular, the clear alignment of the rift axis
to the Tharsis Montes Axial Trend (Figure 4a) indicates that this trend has played a significant role in controlling
and localizing tectonic activity in Stage 2.

The Tempe Rift is interpreted to be a product of sinistral oblique rifting caused by the interaction of a zone of
weakness along the Tharsis Montes Axial Trend with local heterogeneities, reactivation of Stage 1 structures,
and regional far-field stresses (Fernandez & Anguita, 2007; Orlov et al., 2022). Rift axis-parallel faults reflect
the localizing effect of the Tharsis Montes Axial Trend, while rift-oblique faults reflect the far-field stress and
are orthogonal to the oblique extension direction (Fernandez & Anguita, 2007; Orlov et al., 2022). This indi-
cates that the regional extension direction was ESE-WNW, despite the NE orientation of the rift axis. The trend
of these extension-orthogonal faults traces back to Syria Planum (Figure 4a, purple arrow), an uplifted region
in the south of Tharsis (Figure 1a) proposed to be an early center for Tharsis growth (Anderson et al., 2001). The
far-field stress is therefore likely related to growth of the Tharsis Rise topographic bulge and main-stage Tharsis
volcanism. The regional decline in elevation from SW to NE across Tempe Terra forms part of this topographic
bulge (Figure 4a), and the increase in total extension with proximity to the center of Tharsis (Figure 4e), also
observed by Golombek et al. (1996), could reflect higher stress closer to the source (i.e., Tharsis) (Cailleau
et al., 2003). The subparallel radial relationship of rift-oblique faults to the Syria Planum center supports several
modes of Tharsis development (flexural loading, isostatic compensation, detached crustal cap; Table 2), as well
as volcanic uplift (i.e., Tharsis plume) or injection of a dyke swarm as potential origins (Table 1; Table 2). There
is a mismatch between the orientation of Stage 2 extension and the currently available stress trajectory models
for Tharsis (Table 2; Figure 4a), as the central point for these models is located at the Tharsis Montes rather than
Syria Planum.

Since the majority of the Tharsis Montes Axial Trend is defined by volcanic features, including volcanic centers
within Tempe Terra itself, it stands to reason that the trend can be considered a linear zone of high magmatic
activity—regardless of the underlying mechanism for its linear nature (discussed in Section 4.3). This magmatic
zone could have weakened the lithosphere through heating and initiated and concentrated extension into a narrow
rift (Buck, 2007; Hauber et al., 2010; Tanaka et al., 1991). This strain localization is reflected in the uneven
distribution of fault heave (Figure 4f). Regional domal uplift over a mantle plume, and associated volcanism, has
been proposed as the mechanism for the development of the Tempe Rift (Hauber & Kronberg, 2001). Volcanic
uplift over a local plume is supported by the elevated topography around the rift, the low density anomaly in the
Bouguer gravity (Figure 7a), and the presence of three intra-rift volcanic centers (Labeatis Mons, UV1, UV2;
Figures 4a—4c; Table 1). However, the Tempe Rift faults do not have the characteristic radial pattern expected
with uplift, nor the hourglass pattern associated with uplift in a regional extensional stress field (Table 1). There-
fore, rather than a volcanic uplift model, a plume may instead have produced local magmatic underplating and
formed a single, NE-oriented magma reservoir or a series of magma bodies along the Tharsis Montes Axial
Trend which fed the local volcanoes. The lack of local crustal thinning under the Tempe Rift (Figure 7b) suggests
the Moho is relatively flat beneath the large rift graben, indicating crustal thinning during rift formation may
have been compensated by such magmatic underplating (Table 1). Together, these volcanic sources could have
contributed to oblique rifting by providing heating and uplift that weakened the crust and helped initiate faulting
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in conjunction with regional stresses from Tharsis to create a complex pattern of extensional structures, an effect
also observed at Alba Mons (Cailleau et al., 2003, 2005). The magmatism responsible for Stage 1 activity does
not exert spatial control on Stage 2 faulting so it possibly cooled as magma became localized along the Tharsis
Montes Axial Trend. This localization is consistent with a gradual transition from widespread, plain-style volcan-
ism to more mantle plume-controlled, Tharsis-central volcanism from the Late Noachian to Late Hesperian (Xiao
etal., 2012).

It is also possible that a system of dykes was involved in forming some graben given the underlying magmatic
zone, either propagating vertically from a magma body below or propagating laterally along the Tharsis Montes
Axial Trend. Hauber et al. (2010) interpreted the linear ridges near the Tempe Rift (Figure 4d) as exposed
dykes, and the accompanying collapse depression as a result of magma withdrawal. However, Stage 2 lacks other
observable evidence of widespread dyke intrusion, such as the expected convex flank uplift (Figure 3b), uniform
dimensions, continuous trends, or consistent alignment perpendicular to the direction of minimum compressive
stress (Table 1). This lack of surface evidence may indicate that the signature of any putative dykes here has been
lost in the scale of the localized extension and effects of general magmatic heating, or that dykes were not the
driving force behind tectonic activity.

Superimposed on this regional system are the effects of local volcanic sources. The intra-rift volcanoes UV2,
UV1, and Labeatis Mons were active pre- to syn-rift, syn-rift, and syn- to post-rift respectively (Hauber &
Kronberg, 2001; Mege & Masson, 1996a). The effect of UV2 on the structures of Stage 2 is unclear but it has
been heavily modified by the rift (Figure 4c). The hourglass pattern of faults centered on UV1 (Figure 4b), along
with local doming and association with Tempe Terra's negative gravity anomaly (Figure 7a), indicates volcanic
uplift has been a driver of local graben formation in this area (Table 1; Mege et al., 2003). However, the largest
structural effects are related to Labeatis Mons at the center of the rift. The circumferential pattern of arcuate
faults around the edifice (Figure 4b), which, when combined with the Tempe rift, forms a smaller scale version
of the wristwatch pattern observed at Alba Mons and modeled by Cailleau et al. (2003), is suggestive of volcanic
deflation in a regional extensional stress field (Table 1). The combination of this circumferential faulting with
the concentric topographic trough around the edifice (Figure 4b) supports some combination of local volcanic
loading and deflation as the origin for these structures (Table 1).

4.2.3. Stage 3: Lateral Dyke Propagation From a Tharsis Plume Under Far-Field Regional Stress

The correlation between Stage 3 faults and most stress models for the development of Tharsis (Table 2) suggests
this stage is genetically related to the growth of the Tharsis Rise, and that regional far-field stresses played an
important role in controlling the location of tectonic activity. The lack of relationship between Stage 3 faults and
the Tharsis Montes Axial Trend, which had such a major role in Stage 2 activity, indicates that by this time its
localizing influence had ceased or been overpowered by other sources of stress. The widespread occurrence of
graben across Tempe Terra (Figure 5a), along with the more uniform accommodation of extension reflected in
the spatial distribution of heave between faults (Figure 5f), suggests Stage 3 lacks the kind of local magmatic
zone and accompanying heating effect which dominated earlier stages. The ENE orientation of structures implies
the local extension direction for Tempe Terra was SSE-NNW, and observations support regional volcanic uplift
(plume), flexural loading, isostasy, dyke intrusion, and aqueous fluid pressure as potential origins of this exten-
sion (Table 1).

While regional far-field stresses were important during Stage 3 tectonic activity, a range of evidence indicates that
dykes were widespread and likely the catalysts for graben formation within this background stress environment.
The continuous linear trends formed by graben (Figure 5a), with convex flank uplift (Figure 3c) and consistent
along-strike dimensions that cut through all terrain types (Figure 5a), are indicative of dykes (Table 1). These
linear trends are also perpendicular to the minimum compressive stress predicted by the plume, flexural loading,
and isostatic compensation Tharsis models (Table 2), and are aligned with linear and volcanic surface features
that further support a dyke interpretation (Figures Sb—5d). The pit crater chains are most strongly correlated with
Stage 3 (Figure 5b) but are also associated with some Stage 2 graben that have high dilation tendency under the
Stage 3 stress regime. These features are an indication of subsurface dilation and could be related to stress from
aqueous fluid pressure, dykes, or dilational normal faults and fractures (Wyrick et al., 2004). However, in the
context of the other surface evidence for volcanic activity along the same trends (e.g., lines of vents) it is plausible
that dykes are the cause of that dilation.
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The system of dykes at Tempe Terra is similar in scale to the Mackenzie Dyke Swarm in northern Canada
(~1,900 km and 2,200 km long, respectively) and may represent one branch of a radiating dyke swarm centered
on Tharsis (Ernst et al., 2001; Mége & Masson, 1996a; Tanaka et al., 1991). A Tharsis-centered dyke swarm
suggests lateral propagation over large distances (1000 s of kilometers) from the source (Ernst et al., 2001),
which is reflected in the total extension decreasing toward the far eastern edge of Tempe Terra (Figure Se).
There was also continued tectonic activity while volcanism was ongoing, as indicated by the faults being
buried by, and then propagating through, overlying volcanic flows in the west of Tempe Terra (Figure 5a;
Orlov et al., 2022). The dykes themselves could have acted as feeders for these volcanic flows that cover much
of central Tharsis (Plescia, 1981). The continued tectonic activity could reflect different pulses of dyke activity
or several subswarms. The variation in the width of the linear graben systems across Tempe Terra could also
suggest several pulses of dyking, resulting from variations in the size of these dykes. Later pulses of activity
may have waned over time as the youngest graben do not reach as far, only appearing at the western edge of
Tempe Terra (Figure 1d).

The magmatic source for the dykes would have existed within Tharsis, but the lack of radial relationships to any
of the main volcanic edifices indicates these are unlikely the source. The compatibility between Stage 3 faults and
the Mége and Masson (1996a) Tharsis mantle plume model (Figure 5a; Table 2) provides a plausible origin for the
dyke swarms. High magmatic pressures could allow for dykes to travel the far distance from a Tharsis-centered
plume to Tempe Terra or other distal locations (Tanaka et al., 1991). An active plume under Tharsis was also
suggested by Broquet and Wieczorek (2019) for their gravity models of the Tharsis Montes volcanoes. Such a
plume may have been the source of the far-field stress in Tempe Terra if it were responsible for the growth of the
Tharsis bulge (as proposed by Mege and Masson (1996a)), or it may have acted only as the magma source for the
dykes as Tempe Terra was subject to other Tharsis-related stresses.

4.2.4. Conceptual Model for Tempe Terra's Magma- and Volcanotectonic Evolution

Based on the observations and discussion above, we present our interpretation for the origin of the fault
system at Tempe Terra through time, which is summarized in Figure 8. Volcanic activity began in Tempe
Terra in the Early Noachian, as part of an early stage of widespread volcanism in the Tharsis region which
predates regional circumferential stress from large scale growth of the Tharsis Rise. In the Middle to Late
Noachian (Stage 1), local magmatic underplating and associated heating and uplift in western Tempe Terra
weakened the lithosphere and formed a N-oriented rift system (Figure 8a). Vertical fractures above the
magma intrusion provided pathways for dyke injection and controlled the alignment of NW-oriented faults.
Stage 1 structures therefore represent the effects of local sources of stress without relationship to the evolu-
tion of the Tharsis Rise.

In the Early Hesperian (Stage 2), magmatic activity was localized along the Tharsis Montes Axial Trend as
the previous magmatic centers cooled and volcanism became centralized to larger Tharsis mantle plumes.
This NE-trending magmatic activity interacted with ESE-WNW extension from a regional stress regime
from the growth of the Tharsis Rise, centered on Syria Planum, to create oblique rifting in Tempe Terra
(Figure 8b). Underplated magmatic material and a system of vertically-propagating dykes weakened the
lithosphere and acted as a locus for extension, controlling the axis of the Tempe Rift and its parallel fault
trend, as well as acting as a source for the intra-rift volcanoes. While rifting was ongoing, volcanic loading
and deflation around Labeatis Mons produced local circumferential faults and the wristwatch graben pattern
at the center of the rift, while volcanic uplift under UV1 produced an hourglass fault pattern in a small
section of the rift. Stage 2 structures therefore represent a combination of local and regional, Tharsis-related
sources of stress.

From the Early to Late Hesperian (Stage 3), a series of laterally-propagating dyke swarms from a Tharsis-centered
plume produced an extensive system of graben across Tempe Terra (Figure 8c). This system of dykes occurred
within a regional stress field related to the growth of the Tharsis Rise, but with a center located further north
than in Stage 2. This regional stress regime produced SSE-NNW extension within Tempe Terra, which primarily
controlled dyke and graben orientations as the localizing effect of magmatism along the Tharsis Montes Axial
Trend waned. Dyke injection was made up of a series of pulses and continued while major Tharsis volcanism was
ongoing, causing faults to propagate through overlying volcanic flows in some areas. Stage 3 structures therefore
represent the effects of a regional, magmatectonic, Tharsis-centered source of stress.
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Figure 8. Conceptual models of the origin of tectonic stages in Tempe Terra. (a) Stage 1 formation by local magmatic
underplating predating regional influence from Tharsis. (b) Stage 2 formation by oblique rifting from localization along
a magmatic zone on the Tharsis Montes Axial Trend and regional stress from growth of Tharsis. (c) Stage 3 formation by
laterally propagating dyke swarms from a Tharsis-centered plume.

4.3. Volcanism and Potential Origins of the Tharsis Montes Axial Trend

The linear alignment of the Tharsis Montes and other volcanoes and structures that make up what we refer to as
the Tharsis Montes Axial Trend (Figure 1a), has been a recognised feature of the Tharsis Rise since early investi-
gations of Martian tectonics (e.g., Carr, 1974; Wise et al., 1979). Over the intervening decades several hypotheses
have been proposed for the underlying mechanism controlling this linear trend. The most common model involves
a zone of weakness and fracturing (Crumpler & Aubele, 1978; Hauber & Kronberg, 2001; Wise et al., 1979) or
a bisecting rift zone (McGovern & Solomon, 1993) beneath the Tharsis Montes which has controlled the loca-
tion of volcanism. This fracturing may be the result of a monocline formed by asymmetric mantle convection
(Carr, 1974) or stress concentration along the crustal dichotomy boundary (Wise et al., 1979). Other proposed
mechanisms include volcanism concentrated along the edge of an impact basin (Schultz, 1984), a migrating
mantle plume (Leone, 2016), and a subduction zone with island arc volcanism in a Martian plate tectonics regime
(Sleep, 1994; Tanaka, 1990). All of these scenarios remain speculative and require further investigation via
approaches such as numerical modeling.

There is a progression in age and size between the volcanic centers of the Tharsis Montes Axial Trend, from older
and smaller volcanoes at the edges to younger and larger volcanoes toward the center. This trend in volcano ages
has also been explored in the context of a migrating mantle plume hypothesis (Leone, 2016; Leone et al., 2022),
but this model is unable to explain the inward trend of ages along the Tharsis Montes Axial Trend. From the

ORLOV ET AL.

23 of 28

95U9017 SUOWIWOD 9A1TERID 3qedljdde au Ag pausenob aJe sajolLe YO ‘8sh Jo o[ 10j Aleid1 8UIUO AB|IAA UO (SUONIPUOD-pUe-sWLBY/WoY A3 1M Aleq Ul juo//:Sdny) SUOTIPUOD pue swie | 8L 885 *[£202/60/80] U0 Ariqiauljuo As|Im 91 Aq 6v6.003rE202/620T 0T/10p/W0d Ao |imArelqpul|uo'sgndnBe//sdny wolj pepeojumod ‘8 ‘€202 ‘00T669TZ



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2023JE007949

northeast extent of the trend at Tempe Terra there is first the Early Noachian pre-rift volcano UV2 (Tanaka
et al., 2014), then the Early Hesperian-aged Labeatis Mons (Hauber & Kronberg, 2001), the Late Hesperian
Uranius Mons Group volcanoes (Plescia, 2000), and finally the three Amazonian-aged Tharsis Montes (Robbins
etal., 2011). Although the trend is less obvious on the southeast side of the Tharsis Montes toward Terra Sirenum,
the same inward age and size progression is present. At the furthest extent of the trend is the Early Noachian Sire-
num Mons (Xiao et al., 2012), followed by the Early-Middle Noachian Sirenum Tholus (Xiao et al., 2012), which
is the same ~2,000 km distance from the Tharsis Montes as Labeatis Mons (Figure 1a). These ages refer to the
last activity of the volcano (i.e., surface age) and not necessarily the development of the edifice itself. This trend
in active volcanism could reflect a progressive cooling or loss of magma supply which meant volcanic centers at
the edges of the Tharsis Montes Axial Trend could not grow as large and their activity stopped earlier.

This pattern of volcanic activity along the Tharsis Montes Axial Trend is consistent with a transition from an
incipient Tharsis volcanic province with widespread small volcanoes, to larger, focused, mantle plume-driven
volcanism which produced the topographic bulge and major volcanoes of the Tharsis Rise (Werner, 2009; Xiao
et al., 2012). The alignment of the Noachian volcanic edifices at UV2 and Terra Sirenum indicate that the under-
lying structure controlling the Tharsis Montes Axial Trend was in place during the initial Early Noachian volcanic
period, predating development of the main Tharsis Rise. However, this structure did not exert a major control on
tectonic activity until magma became highly localized along the trend in the Late Noachian—Early Hesperian.
Further consolidation of that magma within central Tharsis later in the Hesperian could be why a shift is observed
from faulting aligned with the Tempe Rift and Tharsis Montes Axial Trend to more dispersed faulting in Stage
3. As active heating and extension controlled by magma supply under Tempe Terra reduced, an injection of
dykes from the now more centralized plume could cut through, forming new faults rather than only reactivating
pre-existing ones despite the similarity in stress field. Ultimately, our results provide evidence for the timing of
the Tharsis Montes Axial Trend but cannot determine the mechanism controlling the trend.

4.4. Implications for Models of Tharsis Development

Our findings have implications for models of both the mechanism and timing of development of the Tharsis Rise.
In terms of formation mechanism, we can clarify and focus the criteria for plausible formation models for Thar-
sis. The complex faulting in Tempe Terra is a combination of overprinted regional and local patterns. Many of
the fault sets can therefore be put aside when evaluating models of Tharsis's tectonic evolution—either because
they predate Tharsis, they reflect local processes, or they relate to specific causes such as magmatism along the
Tharsis Montes Axial Trend. Given the complexity of structural features associated with Tharsis in many areas,
having subsets of faults which reflect local processes is also likely to be true elsewhere. For Tempe Terra, there
are only two far-field stress regimes which relate to growth of the Tharsis Rise: one that produced NNE-trending,
rift-oblique faults in Stage 2; and one that produced ENE-trending faults in Stage 3. These are therefore the only
regional fault trends that Tharsis models need to match in Tempe Terra. Of the models compared here, the fault
trends of Stage 3 are better reproduced than those of Stage 2 (Table 2), indicating an incomplete understanding
of early, Tharsis-derived stresses and how they influenced faulting.

There is the potential to simplify our criteria for models of Tharsis development if we utilize the range of detailed
geological studies on specific regions (e.g., Anderson et al., 2019; Cailleau et al., 2005; Kling et al., 2021) to
identify structures that reflect only local volcanic, magmatic, and tectonic activity, and remove these from future
regional tectonic analyses. Doing so would make it easier to see the regional trends relevant to the large-scale
processes involved in Tharsis's development, which is made substantially more complex where it interacts with
the variety of local processes also at play.

In terms of the timing of Tharsis's development, our results support the idea of long-lasting volcanism in the Thar-
sis region (Early Noachian to Amazonian), but a later (Early Hesperian) development of the deformation resulting
from the large-scale growth of what we now consider the Tharsis Rise (i.e., the topographic bulge and main-stage
volcanism which produced the five major Tharsis volcanoes). Stage 1 in Tempe Terra predating main-stage Thar-
sis activity supports this later evolution compared to some earlier models (e.g., Anderson et al., 2001; Phillips
etal., 2001), and we see an increasing role of regional, Tharsis-related stresses as local magmatism within Tempe
Terra wanes and development of the Tharsis Rise begins. This Early Hesperian age for development of the
Tharsis Rise is supported by proposed Tharsis-driven true polar wander during the Early—Late Hesperian period
(Bouley et al., 2016). However, Tempe Terra's location at the periphery of Tharsis means it could have experi-
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enced the regional stresses from the growth of Tharsis later than more central locations on the Rise, and therefore
initial Tharsis activity may have been underway elsewhere in the Late Noachian. A Late Noachian—Early Hesper-
ian development for Tharsis has been proposed previously (e.g., Bouley et al., 2016; Bouley et al., 2018; Tanaka
et al., 1991) but we include in our interpretation a precursor period of distributed volcanism and development of
the Tharsis Montes Axial Trend as early phases in the evolution of the Tharsis region.

5. Conclusions

We compared surface observations of tectonic stages in Tempe Terra with predicted structural outcomes for
different formation hypotheses to determine the origin of extensional structures through time. Our interpretations
are complicated by the effects of fault reactivation, burial, and post-tectonic modification, particularly for earlier
stages, but we make the following conclusions:

e Each of the three stages of tectonic activity in Tempe Terra have a different origin which has influenced their
expression, with a combination of local and regional magmatic sources being the cause of faulting in each stage.

e Middle to Late Noachian Stage 1 faulting was the result of local magmatic underplating and associated heating
and uplift in western Tempe Terra. Extension from these local sources of stress produced an early N-oriented
rift system which predates development of the Tharsis Rise.

e Early Hesperian Stage 2 faulting was produced by the interaction of local magmatic activity along the Tharsis
Montes Axial Trend with far-field regional stresses from the growth of the Tharsis Rise. The combination of
these effects with local stresses from intra-rift volcanoes created NE-oriented oblique rifting.

e Early to Late Hesperian Stage 3 faulting was the result of a series of laterally-propagating dyke swarms from a
Tharsis-centered plume, which formed in a far-field regional stress field related to the growth of the Tharsis Rise.

¢ The Tharsis Montes Axial Trend has been present since the Early Noachian, forming during an early phase
of widespread volcanism in the Tharsis region, but prior to growth of the topographic bulge and centralized
volcanism of the Tharsis Rise.

¢ Our findings support a Late Noachian—Early Hesperian development of the Tharsis Rise and provide clearer
criteria for Tharsis formation models in terms of their expression in Tempe Terra. Only two fault orientations
(NNE in Stage 2 and ENE in Stage 3) reflect Tharsis-related regional stresses and need to be reproduced by
regional models, while the rest of the faults can be put aside for these assessments.

¢ Our study shows that utilizing a similar process that focuses on isolating regional trends from other areas across
Tharsis has the potential to provide not only improved criteria for evaluating models of Tharsis development in the
future, but also could prove valuable when assessing complicated surface features on planetary bodies generally.
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