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Thrust fault-related landforms, smooth plains units, and impact craters and basins have all
been observed on the surface of Mercury. While tectonic landforms point to a long-lived
history of global cooling and contraction, smooth plains units have been inferred to
represent more punctuated periods of effusive volcanism. The timings of these processes
are inferred through impact cratering records to have overlapped, yet the stress regimes
implied by the processes are contradictory. Effusive volcanism on Mercury is believed to
have produced flood basalts through dikes, the propagation of which is dependent on
being able to open and fill vertical tensile cracks when horizontal stresses are small. On the
contrary, thrust faults propagate when at least one horizontal stress is very large relative to
the vertical compressive stress. We made sense of conflicting stress regimes through
modeling with frictional faulting theory and Earth analogue work. Frictional faulting theory
equations predict that the minimum and maximum principal stresses have a predictable
relationship when thrust faulting is observed. The Griffith Criterion and Kirsch equations
similarly predict a relationship between these stresses when tensile fractures are observed.
Together, both sets of equations limit the range of stresses possible when dikes and
thrusts are observed and permitted us to calculate deviatoric stresses for regions of Earth
and Mercury. Deviatoric stress was applied to test a physical model for dike propagation
distance in the horizontally compressive stress regime of the Columbia River Flood Basalt
Province, an Earth analogue for Borealis Planitia, the northern smooth plains, of Mercury.
By confirming that dike propagation distances from sources observed in the province can
be generated with the physical model, we confidently apply the model to confirm that dikes
on Mercury can propagate in a horizontally compressive stress regime and calculate the
depth to the source for the plains materials. Results imply that dikes could travel from
∼89 km depth to bring material from deep within the lithosphere to the surface, and that
Mercury’s lithosphere is mechanically layered, with only the uppermost layer being weak.
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1 INTRODUCTION

The geologic history of Mercury has been dominated by global
contraction—a reduction in the volume of the planet due to
cooling (Solomon, 1977). This process, along with possible others
like tidal despinning, polar reorientation, and changes in orbital
characteristics, have resulted in a global population of thrust
faults inferred from thousands of observations of thrust fault-
related landforms (Watters and Nimmo, 2010; Watters et al.,
2015). These landforms deform Mercury’s entire surface
including smooth plains units (Byrne et al., 2014; Crane and
Klimczak, 2019a). Smooth plains units are inferred to be of flood
volcanic origins and likely emplaced through diking (Strom et al.,
1975; Head et al., 2011; Denevi et al., 2013); however, no vents or
exposed dikes have been observed. Volcanic plains cover 40% of
Mercury’s surface (Denevi et al., 2009). The density of thrust
fault-related landforms is lower in the smooth plains compared to
the rest of the planet’s surface (Watters et al., 2015; Crane and
Klimczak, 2019a). Still, many studies observe linear to arcuate,
high topography landforms occasionally bounded by surface
breaking faults cross cutting smooth plains units (e.g., Byrne
et al., 2014). Impact craters and basins are observed cutting and
crosscut by thrust fault-related landforms and plains deposits
(Freed et al., 2012; Klimczak et al., 2012), highlighting the longest-
lived process effecting the terrestrial planet’s surface—impact
cratering.

Stratigraphic relationships of thrust fault-related landforms
and Smooth Plains deposits indicate that global contraction both
preceded and continued after the effusive volcanism that
produced the plains (Klimczak et al., 2012; Banks et al., 2015;
Galluzzi et al., 2019). The oldest thrust fault-related landforms are
crosscut by impact craters estimated to have formed during the
Tolstojan Period [∼3.9–3.7 Ga, Marchi et al. (2009)]. Thus, faults
must have begun propagating and global contraction operating
prior to this time (Crane and Klimczak, 2017). The youngest

thrust-fault related landforms are estimated to be less than 50 Ma
due to their small sizes and crisp morphologies (Watters et al.,
2016). Based on the stratigraphic relationships of thrust fault-
related landforms and aged impact craters, global contraction was
most active during and before the Calorian period (3.9–3.25 Ga or
3.7–1.7 Ga); (Spudis and Guest, 1988; Marchi et al., 2009; Crane
and Klimczak, 2017). The magnitude of estimated strain rates due
to global contraction for these periods depends on the length of
the time period used in the calculation; however, estimates of the
absolute age limits for time periods vary (Spudis and Guest, 1988;
Banks et al., 2017). Applying the time systems from Spudis and
Guest (1988), the Calorian ended ∼3.25 Ga, and a quieter period
of global contraction began. Unlike the long history of global
contraction, the Smooth Plains have been estimated to be
emplaced in <100 Ma, between 3.1 and 3.9 Ga (Ostrach et al.,
2015; Byrne et al., 2016).

Although the periods of strongest global contraction and
volcanism overlap, the stress regimes implied by these
processes are contradictory (Figure 1). The causal stresses
associated with both processes can be broken down
simplistically into three perpendicular, principal compressive
stresses: two horizontal stresses (SH and Sh where SH > Sh)
and one vertical stress (Sv).

Stresses expected to produce a global population of thrust faults
must be strongly horizontally compressive (Solomon, 1978). Even
when considered in the context of other geologic processes, global
contraction is considered to have been pervasive and intense
enough to produce and influence the formation of thrust faults
(Klimczak, 2015). The observation of these thrust faults (or
geomorphology associated with blind, non-surface breaking
thrusts) implies that SH > Sh > Sv where Sv must be the least
compressive principal stress (Anderson, 1905; Zoback, 2010). A
small Sv allows for the development of positive topographywhich is
observed and characterizes thrust fault-related landforms (Crane,
2020). Volcanic sills (filled, horizontal, tensile cracks) may also

FIGURE 1 | This figure illustrates the expected landforms from stress regimes associated with global contraction and effusive volcanism. (A) A globally contracting
lithosphere is expected to produce maximum horizontal stresses andminimum vertical stresses that promote the formation of thrust faults and horizontal sills (Anderson,
1905). (B) Effusive volcanism is facilitated by minimum horizontal stresses (Anderson, 1951), which when combined with maximum vertical stresses, also produce
normal faults and graben (Anderson, 1905).
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form in this stress regime and will open perpendicular to the least
principal stress (Gretener, 1969). However, strong horizontally
compressive stresses should limit dike (filled, vertical, tensile
cracks) propagation, effectively closing off pathways for magma
to rise to the surface (Solomon, 1977).

In some settings, effusive volcanic deposits have been
attributed to sill complexes and sill-fed dikes. For example,
flood basalts in the Ferrar Large Igneous Province (LIP) were
at least partially emplaced by sill-fed dikes at shallow depths
(Muirhead et al., 2014; Elliot and Fleming, 2018); however, these
studies note that sills are most likely to contribute to volcanism
when extensional stresses are negligible and in sedimentary basin
settings. TheWarakurna LIP ofWestern Australia is an exception
in which igneous sills intruded through crystalline bedrock
(Magee et al., 2019a). Dikes and sills are certainly related to
each other and regional stresses during the upward migration of
magmas (Magee et al., 2019b), but understanding the roles that
each play in bringing igneous material to the surface relies on
studies of surface exposures, seismic data, or topographic
signatures of uplift associated with sill emplacement (Magee
et al., 2019a). A lack of erosion and limited data resolution
has left the surface of Mercury with no visually resolvable,
exposed outcrops of sill and dike complexes, and obviously no
seismic data are available. The only resolvable topographic high,
the Northern Rise, is magnitudes larger than observed forced
folds associated with sill intrusion (Magee et al., 2017), and has a
genetic connection to a magnetic signature from the core-mantle
boundary (Plattner and Johnson, 2021), suggesting a deeper
influence on this topography. It may be possible that sills
contribute to the emplacement of smooth plains units on
Mercury, but until more information can be gained through
future missions, emplacement through dikes can allow for end
member models of plains emplacement to be investigated.

In such models, effusive volcanism is a process attributed to
sub-vertical to vertical dikes bringing magma to the surface
(Anderson, 1951; Rubin, 1995; Rivalta et al., 2015). Vertical
dikes should result from minimum horizontal compressive
stresses such that two stress regimes are possible when dikes
are observed: Sv > SH > Sh or SH > Sv > Sh (Anderson, 1951). If
paired with a maximum vertical compressive stress (Sv > SH > Sh),
minimum horizontal compressive stresses should also result in
normal faulting or graben formation (Anderson, 1905). Normal
faults may also be used as pathways for magma to migrate
upwards. However, normal faults are not observed on Mercury
outside of impact craters and basins (Watters and Nimmo, 2010).
Strong vertically compressive stresses would have also prevented
or limited the formation of thrust faults, and therefore this stress
scenario is unlikely. If Sv was an intermediate stress (SH > Sv > Sh),
vertical dikes could still form perpendicular to Sh and would be
expected to propagate laterally in the direction of SH. This regime
would not be expected to form normal faults or thrust faults,
although strike-slip faulting could be possible (Anderson, 1905).

From observations of thrust fault-related landforms and plains
deposits, two stress regimes are then possible: SH > Sh > Sv and SH >
Sv > Sh—with the first regime limiting the ability for magma to be
transported to the surface and the second preventing the formation
of thrust faults. In this paper, we make sense of these conflicting

stress regimes using frictional faulting theory and deduce that
diking must have happened in a horizontally compressive stress
regime. We then use Earth analogues to 1) confirm that such a
scenario is possible on a large scale to produce a massive flood
basalt province and 2) derive depths for potential sources for the
flood basalts that produced Mercury’s Smooth Plains.

2 METHODS

A three-step methodology allowed us to address dike propagation
in the horizontally compressive stress setting of a globally
contracting Mercury. First, we queried frictional faulting
theory to determine the stress state of the planet and the
possibility that diking could occur in a horizontally
compressive regime. We then test the viability of dike
propagation by applying an equation for the distance that
dikes propagate in a compressed, physical analogue model to
an Earth analogue setting. Finally, with confidence, we apply this
model to Mercury to calculate the propagation distance for dikes
that produced the smooth plains units.

2.1 Dike Propagation in a Compressive
Stress Regime
Frictional faulting theory is a set of equations that relate the three
principal compressive stresses and that when satisfied, indicate if
and what type of faults can form (Zoback, 2010). The equations
are derived from the Coulomb failure envelope and Mohr circle
(Anderson, 1905; Jaeger et al., 2007) and are therefore also
dependent on the friction coefficient and pore pressure. The
theory has been graphically illustrated in Zoback (2010) as a
polygon with edges defined by the equations where points along
the edges of the polygon define stress combinations associated
with normal, strike-slip, and reverse or thrust faulting
(Figure 2A). Reverse and thrust faulting are represented along
the upper edge, which (neglecting pore pressure) is defined as

SH
Sv

� ( �����
μ2 + 1

√
+ μ)2

,

where μ is the coefficient of internal friction, 0.6 for most rocks
(Byerlee, 1968). This equation simplifies to

SH � 3.1Sv,

when μ is 0.6 and thus plots as a horizontal line in Zoback’s
polygon when Sv is known and constant. This equation can also
be interpreted to state that whenever SH is 3.1 times greater than
Sv, the Mohr circle with diameter defined by these endpoints is
tangential to a failure envelope defined by a μ of 0.6. Because
thrust faults are observed on Mercury, (Sh, SH) must plot as a
point on the line defined by the equation above. The possibilities
for the location of that point are limited due to the additional
observation of the flood volcanic nature of the smooth
plains units.

Tensile cracks can form in compression, parallel to the
greatest principal stress (Schultz, 2019). The Griffith
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Criterion, which defines the stresses necessary for crack
formation, allows for the relation of the maximum and
minimum principal stress when cracks are opening (Hoek
and Martin, 2014). Hoek (1965) found that as opening mode
cracks lengthen compared to wingtip cracks, a maximum to
minimum principal stress ratio of 5.88 is approached, limiting
the maximum principal stress (steep blue line, Figure 2). For
rocks with lower friction angles, this ratio may be even less
(Hoek and Martin, 2014). An equation for the relationship
between Sh and SH when tensile cracks are observed is also
derived from the Kirsch equations, which are most often used
for predicting borehole stresses during drilling (Zoback, 2010,
shallow blue line, Figure 2). Although the tensile fractures for
which the Kirsch equations are applied are specifically produced
during drilling, the stresses that produce the fractures directly at
the borehole wall are often reflections of the far field stresses.

The application of this second equation also narrows the
window of possible stress relationships. This equation,

SH � 3Sh − 2Pp or SH � 3Sh.

When neglecting pore pressure (Pp), closely follows the
frictional faulting equation (and edge in the Zoback polygon)
for strike-slip faults. Note that by increasing the slope of this line
to 5.88, one can show the relationship between stresses for the
Griffith Criterion. The window, or range of stresses between the
Kirsch equation and the Griffith Criterion overlaps the polygon.
This window is visualized as the light blue zone overlapping the
polygon in Figure 2. Most of this window overlaps with the
strike-slip portion of the polygon indicating that tensile cracks
can propagate in transpressive stress settings. However, some
portion of this window intersects the upper edge of the polygon
describing stresses associated with reverse and thrust faulting.

FIGURE 2 | A graphical representation of frictional faulting theory (adapted from Zoback, 2010) illustrates the stress relationships that must be satisfied when
normal, strike-slip, or reverse faults are observed along the black lines of the polygon (A). The combinations of Sh and SH along the outer, black edges of the polygon are
defined by the relationship between these values that must be observed when a Mohr circle defined by these stresses and Sv is tangential to a Mohr Coulomb failure
envelope with a given coefficient of internal friction. Points along the lower vertical edge, sloping edge, and upper horizontal edge represent stress combinations
that would produce normal, strike-slip, and reverse faulting, respectively, and points below these edges represent stresses not capable of producing faulting. The blue
window conveys the relative Sh and SH stresses that are expected when tensile cracks are observed or inferred either through borehole imaging or outcrop exposures.
The steep edge of this window is defined by the Griffith Criterion while the shallower edge is defined by the Kirsch equations. Gray lines simply show the relationship
between Sv and other stresses. The representations of equations governing the stress relationships between SV and SH when reverse faults are observed and SH and Sh

when tensile cracks are observed do intersect, and for this narrow window of stresses (red dashed circle), both dikes and thrust faults could propagate. (B) Evidence of
such syn-volcanic tectonism is observed in the Yakima fold province where flows thin or show onlapping (white arrow) in the direction of dip (tadpole) for large scale thrust
fault-related landforms. (C) Large, vertical dikes observed near the surface are inferred to be feeder dikes. Here, we show an example of Steens dikes (black arrows)
exposed at the surface and photographed during our fieldwork in Fields, OR.
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This treatment of tensile crack propagation does not address
stresses under which cracks can open in extensional stress
domains.

It follows that in theory, the stress relationships described by
the intersection of these two equations must closely reflect the
relative stresses associated with global contraction and effusive
volcanism: SH >> Sh ≥ Sv. Dikes must be able to propagate in a
compressive stress regime when the vertical stress is minimum
but similar in magnitude to the minimum horizontal stress.

2.1.1 Numerical and Physical Models of Dike
Propagation
Numerical models of dike propagation have shown the prediction
of propagation direction to be influenced by many factors over
the last 2 decades (Dahm, 2000; Kuhn and Dahm, 2004;
Maccaferri et al., 2011). After simulating fluid-filled fracture
growth through numerical modeling, Dahm (2000) found that
the direction of propagation is controlled by tectonic stress,
apparent buoyancy, and fracture length. Propagation paths of
mid-ocean ridge dikes have been found to be affected by mantle
rock flow, which builds dynamic pressure, increases deviatoric
stresses, and increases the buoyancy force (Kuhn and Dahm,
2004). A dike-dike interaction has also been found to affect dike
propagation paths with dikes converging to areas with evenly
spaced, high dike density in mid-ocean ridge settings (Kuhn and
Dahm, 2008). Maccaferri and others (2011) also studied dikes as
systems, finding that volcanic system dike propagation paths can
be affected by differences in tensile strength of rock layers,
topographic loads, buoyancy of magma, and inhomogeneity of
layers. Roman and Jaupart (2014) also found that topographic
loads from volcanic structures affect dike propagation paths.

Maccaferri et al. (2011) specifically address criterion that
promote dike eruption. They determine that buoyant magma
migrating upwards into weaker materials and beneath
topographic loads increases the chances for dike eruption.
Without the ability to image below the surface of Mercury, we
cannot address the influence of magma chambers, mantle flow,
and volcanic systems. Similarly, unexposed dikes prevent an
analysis of the influence of dike density and dike-dike
interactions. However, we are able to observe that smooth
plains materials must have imposed a load upon previously
excavated terrain (via impact cratering), and assume that
weaker, more fractured strata superpose stronger, more intact
volcanic materials onMercury. We therefore impose load stresses
from the plains in determining deviatoric stresses and turn to
physical models to learn about the affects that rock strength and
these deviatoric stresses have on dike propagation.

Physical models have shown that dikes can propagate in
compressive stress regimes (Menand et al., 2010). Hardened
gelatin has been shown to accurately represent the lithosphere,
and fluids like air, water, or oils have been injected to study the
path of dikes through the subsurface (Rivalta et al., 2015).
Menand et al. (2010) modeled the path of dike propagation in
a horizontally compressive stress regime by injecting gelatin with
air while the gelatin was horizontally compressed in one direction
and the other was held constant. Modeled dikes were observed to

propagate upward a certain distance, d, before rotating into a sill,
the orientation expected for the stress regime.

The vertical propagation distance, d, was found to be a
function of the tensile strength of the host rock (Ts), density
difference between the magma and the host rock (Δρ), gravity (g),
and the deviatoric or differential stress Δσ. Other models for sill
transition involve the dike reaching neutral buoyancy, magma
stalling or pooling at levels where the density contrast between the
magma and surrounding rock is too low (Lister, 1991;Wilson and
Head, 2008). Contrasts in rigidity can also limit magmamigration
from low rigidity stratum into high rigidity stratum (Kavanagh
et al., 2006). The physical model fromMenand et al. (2010) allows
us to focus on stresses and how the differential stress would limit
dike propagation with

d ≈
Ts

Δρge
(0.10±0.1)TsΔσ .

This equation was derived from laboratory experiments, and
we were unable to locate studies in which it was directly tested
against observations of volcanic systems. The experiments
neglected the driving force for vertical propagation that may
come from the overpressure of the dikes’ source (Menand et al.,
2010). Despite this, the result that dikes can propagate vertically
in horizontally compressive stress settings before becoming sills is
supported by other experiments on dike rotation that model
propagation through vertical stress gradients (Dahm, 2000;
Watanabe et al., 2002). Observations of convergent margins
on Earth also indicate that magmas must be able to propagate
to the surface in compressive stress settings. Stratovolcanoes
within the Andes, basalt flows and cinder cones within the
Mojave Desert, and Aragats stratovolcano in Armenia are all
examples of volcanism produced in horizontally compressive
stress settings where thrust and reverse faults were active
during emplacement (Tibaldi et al., 2010).

Based on the frictional faulting equation for reverse faults and
the modified Kirsch equation, we can estimate a minimum
differential stress to be the difference between SH and Sv. If SH
is 3.1 Sv, then the difference in stress must be 2.1 Sv for locations
on Mercury’s surface where thrusts and dikes were
simultaneously active. Before applying this equation to
Mercury to derive potential distances for smooth plains dikes,
we must determine if this is applicable to Earth. We therefore
investigate if the equation could accurately reproduce the
estimated necessary depths for sources of large-scale flood
basalt provinces on Earth.

2.2 Earth Analogue Diking and Faulting
Dikes must be able to propagate from depth and produce enough
magma to be a viable source for a large volcanic province. While
Menand et al. (2010) were able to mathematically show that their
equation would scale for an Earth-scale effusive event, we aimed to
test if the physically derived equation for dike propagation would
hold for a well-known Earth analogue site to the Smooth Plains: the
Columbia River Flood Basalt and Yakima Fold Provinces (Plescia
and Golombek, 1986; Watters, 1992; Crane, 2020).
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The smooth plains of Mercury, and Borealis Planitia, the
northern smooth plains, in particular, share important
similarities with the Columbia River Basalt and Yakima Fold
Provinces. The smooth plains are volcanically emplaced units
with mafic, presumed basaltic, composition covering a laterally
extensive region (5.59 × 106 km2) in ∼0–2 km of volcanic material
(Head et al., 2011; Denevi et al., 2013; Ostrach et al., 2015). These
units were emplaced through multiple episodes of effusive
volcanism over ∼100Ma (Ostrach et al., 2015), a short span
compared to the long-lived processes of impact cratering and
thrust faulting. Northern plains deposits cover 6–7% of
Mercury’s surface (Head et al., 2011) and cover the northern
hemisphere in what have been inferred to be low magnesium
basalts (Stockstill-Cahill et al., 2012; Weider et al., 2012; Weider
et al., 2015). Thrust fault-related landforms propagate through the
plain units representing post- or syn-depositional tectonics
(Figure 3A). Fault propagation depths are estimated to be
∼2.5 km in Suisei Planitia, a terrain within the northern plains
(Crane, 2020); however, other fault models that do not consider the
effects of folding derive much greater depths (>15 km and >30 km,
Peterson et al., 2020 and Egea-González et al., 2012, respectively).
Comparing the emplacement time estimates for the smooth plains
with the strain rate estimates for various periods in Mercury’s
geologic history, we infer that emplacement occurred during the
most intense periods of global contraction—the Calorian and
Tolstojan periods (before 3.25 Ga, Spudis and Guest (1988)).
After these periods, stratigraphic relationships with craters show
that large scale volcanism ceased, and tectonism slowed
substantially (Crane and Klimczak, 2017).

The Columbia River Flood Basalt Province is an extensive
flood basalt province often tied to crustal extension and melting
due to the mantle plume also associated with the Snake River
Plain Hot Spot Track (Camp et al., 2013). However, the northern

section of the basalt province is deformed through thrusting and
folding of its sub-basalt, basalt, and intra-volcanic strata (Reidel
et al., 2013a). Multiple effusive events covered ∼210,000 km2 of
Washington, Oregon, and Idaho in relatively thick (∼4 km)
volcanics of largely basaltic composition (Reidel et al., 2013b).
The basalts were emplaced over a geologically short period of
time in multiple events between 16.8 and 5 Ma, with dikes
exposed in multiple locations (Figure 2C; Camp et al., 2017).
Most importantly for this study, the basalts were deforming
contemporaneously with deposition in the Yakima Fold
Province, a structural region of southern Washington
contained within the boundaries of the Columbia River Flood
Basalt Province (Figure 3B; Reidel, 1984; Kelsey et al., 2017).
Faults that cut the basalts here extend to 4 km depth (Casale and
Pratt, 2015; Crane and Klimczak, 2019b). In this region, uplifted,
folded basalts show thinning of deposited units toward
topographically elevated fold hinges (Figure 2B) and
thickening in synclines and structural lows, indicating syn-
volcanic thrusting and deformation (personal observations
during fieldwork). Estimations of uplift from aged terraces and
structural models indicate that uplift and volcanism were largely
coeval, and that the intensity of both processes decreased with
time (Bender et al., 2016; Staisch et al., 2018).

The Columbia River Flood Basalt Province is also a superb
analogue because of the abundance of mapped dikes associated
with basalt emplacement. Three main dike swarms have been
described: the oldest, Steens Mountain dikes which sourced the
southernmost flows, the younger, Monument dikes to the
northwest of Steens Mountain, and the youngest and largest
Chief Joseph dikes to the north (Barry et al., 2013). The Chief
Joseph dike swarm covers northeastern Oregon and eastern
Washington and was responsible for multiple basalt flows that
cover the Yakima Fold Province and are deformed by its thrusts

FIGURE 3 | This figure compares the geomorphology, subsurface structural interpretation, and timing of formation for thrust fault-related landforms in Mercury’s
smooth plains units (A) and faults and folds of the Yakima Fold Province (B). Both sets of structures have been modeled with listric thrusts that root into sub-basalt units
and both likely formed topographic expressions during volcanism (Crane and Klimczak, 2019b; Crane, 2020). Imagery and digital elevation models for (A) and (B) are
MDIS Global Monochrome Mosaic and DLR DEM for Mercury and NAIP imagery and USGS DEM for Earth. Timing of deformation and volcanism for Mercury
(Ostrach et al., 2015; Crane and Klimczak, 2017) and Earth (Reidel, 1984; Reidel et al., 2013a; Kelsey et al., 2017) are shown on billion-year and million-year scales,
respectively.
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(Morriss et al., 2020). The depths to sources for the dikes are
largely constrained to mid- to lower crustal sources. Davenport
et al. (2017) observed a high velocity region at ∼20 km depth
below a small section of the Chief Joseph dike swarm in their
geophysical study of the Western Idaho Shear Zone that could be
inferred to be a source. Morriss et al. (2020) estimate depths
between 15 and 30 km, but state that these depths are simply the
half and full thickness of the crust in the study region. Other
geophysical studies constrain sources to similar depths (Hales
et al., 2005; Wolff et al., 2008).

A new digitized dataset compiled from the fieldnotes of
Columbia River Basalt researcher Dr. W. H. Taubeneck
contains the location and description of many identified dikes.
Combined with other vectorized Columbia River Basalt dikes
from other dike swarms, Morriss et al. (2020) have produced a
digital dataset that we used to test the physical dike propagation
model of Menand et al. (2010).

We utilized a Geographic Information System and ESRI’s
ArcMap to perform analyses on the dike data. All dikes and
dike swarms from the dataset were combined into a single
shapefile in ArcMap for analysis. The Data Management
Toolbox was then used to divide each dike into 500 m long
separate segments. Each segment was assigned a unique
identification number and row in the new shapefile. Dividing
dikes, especially very long dikes (>100 km), into segments
allowed us to reflect the changing geologic conditions that
might lead to varying propagation distance estimates along the
length of a single dike.

Parameters were then added to this shapefile. The physically
modeled equation for propagation distance relies on estimates for
density of the dike magma and tensile strength and density of the
dikes’ host rocks. Dike composition (usually basaltic but
sometimes andesitic basalt) was recorded in the Morriss et al.
combined dataset, and 2.7 g/cm3, an average density for flood
basalt lavas was used (Hartley and Maclennan, 2018). Accepted
values for the density of basaltic and andesitic-basaltic lavas were
added to the shapefile attribute table for the dike segments. The
statewide, vectorized geologic maps forWashington, Oregon, and
Idaho were also imported into the GIS.

The geologic maps were used to identify the rock type through
which the dikes propagated. We divided the rock mass through
which the dikes propagated into a basement and bedrock layered
stratigraphy. Seismic and well data for the Yakima fold Province
suggest bedrock-basement contacts near 8 km (Casale and Pratt,
2015; Crane and Klimczak, 2019b). Because studies estimate
crustal thicknesses between 20 and 39 km for the region
(Catchings and Saltus, 1994; Das and Nolet, 1998; Davenport
et al., 2017), we repeated calculations for propagation depth with
three model stratigraphies to reflect maximum and minimum
stratigraphic arrangements. These model stratigraphies assume
that over the total distance propagated, one-tenth, one quarter,
and one half of the strata are bedrock and nine-tenths, three
quarters, and one half are underlying basement, respectively. We
only assumed relative thicknesses for each. The equation for dike
propagation distance was modified to reflect these two layers by
scaling the contribution of each layer to the distance, similar to
the calculation of a weighted sum.

Basement composition was assumed to be gabbro west of the
Hite fault and granite east of the Hite fault, the boundary between
accreted ocean crust and the North American craton (Reidel et al.,
2013a). Above the gabbro or granite basement, we defined the
bedrock composition as that which was recorded in the geologic
map. When shallow surficial deposits were recorded as the
geologic unit (i.e., alluvium or till), we instead used the host
rock data recorded in the Morriss et al. (2020) dataset. The values
for tensile strength and density for each of these rock types were
taken from engineering sources described in Supplementary
Table S1 in the Supplementary Materials. When the geologic
map units were generic, we used values for rocks which most
closely aligned with these descriptions. For example, values for
parameters associated with shale were used when the geology was
defined as “offshore marine sedimentary rock”. Tensile strength
and density values for the bedrock and basement were added to
the shapefile attribute table in the GIS. Once these attributes had
been added, the shapefile was exported as a spreadsheet.

Dike propagation distance, d, was calculated for each dike
segment. In order to calculate d, we first needed to estimate the
vertical stress Sv, associated with thrust fault propagation. Based
on previous estimates, thrust faults were believed to propagate
upward from ∼4 km or deeper (Casale and Pratt, 2015; Kelsey
et al., 2017; Crane and Klimczak, 2019b). At any depth, vertical
stress can be estimated using the following formula for lithostatic
stress:

sv � ρgz,

where ρ is bulk density of the overlying rock, g is gravity, and z is
depth (Jaeger et al., 2007). Although Sv can deviate from this value
and principal stresses can rotate due to local heterogeneities such
as magma chambers, some previous studies have not observed
these features in the seismic data for the province and others only
observe them locally (Wolff et al., 2008; Crane and Klimczak,
2019b). We therefore use the equation above to estimate Sv. For
the Yakima Fold Province, ρ � 2,700 kg/m3, g � 9.81 m/s2, z �
4,000 m, provide an estimate of Sv of 106 MPa. Because we know
from frictional faulting theory that differential stress is estimated
to be 2.1 Sv, we could predict that the differential stress at depth at
the time of fault propagation in the Yakima Fold Province was
222 MPa. With the calculation of differential stress, an estimate
for d could be provided for each dike segment.

The d value was added to the shapefile so that dike segments
could be color coded by their propagation distance. The distances
and trends in distances for dikes in the Columbia River Basalt
Province were compared to previously established estimates.
Similarities (discussed in section 3 Results) supported the
application of the equation for propagation distance to Mercury’s
Smooth Plains.

2.3 Estimating Dike Propagation Distance
for Mercury
Dike propagation distance was calculated for Mercury’s smooth
plains using the equation for d. Gravity on Mercury was taken to
be 3.71 m/s2. Tensile strength for the presumed basaltic surface
composition was taken to be 14.9 MPa (Van Noort et al., 2017),
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although we acknowledge that depending on the degree of
fracturing due to impact cratering, this value could be as low
as 2 MPa (Schultz, 1993). The range in tensile strengths
contribute to upper and lower bounds in our calculation of
dike propagation distance.

The vertical and horizontal stresses at depth for Mercury were
derived from our knowledge of frictional faulting theory and
stresses associated with the topographic load of smooth plains
emplacement. Topographic load was considered as this factor
would have increased the vertical stresses for thrust faults to
overcome and has been shown to affect the magnitude and
orientation of principal stresses (Hooper et al., 2011; Roman
and Jaupart, 2014). Vertical, horizontal, and shear load stresses
associated with a uniform smooth plains deposit 50 km-wide and
4 km deep were calculated (Figure 4; Davis and Selvadurai, 1996;
Dahm, 2000). The vertical stresses associated with this load were
superimposed on the vertical lithostatic stress, and together, these
stresses determined the magnitude of the maximum horizontal
stress needed to overcome the yield strength of the rock mass.
Some horizontal stress was also induced through loading, but the
remainder was accommodated through tectonic stresses.
Although we discuss global contraction as the cause for this
stress, many other processes could have also produced horizontal
stresses. The source of this stress is less important than its
magnitude, for which a lower bound can be determined as
3.1 times the vertical stress.

The vertical stress at the depth of thrust fault initiation
(2.5 km) due to a rock mass with a bulk basalt density of

2,850 kg/m3 is ∼64 MPa, and horizontal stresses associated
with loading and tectonic activity were estimated to be ∼39
and ∼160 MPa, respectively. Differential stress was therefore
calculated to be ∼135 MPa. Magma density was assumed to be
2,800 kg/m3 based on estimates for Earth analogue lavas and
lunar basalt melts (Delano, 1990; Greeley et al., 1998). This higher
density is more appropriate for Mercury, as it is believed that the
surface composition of Mercury may be closer to a komatiite
composition (Head et al., 2011). Applying the given parameters,
upper and lower bounds for propagation distance were
calculated.

3 RESULTS

3.1 Earth Analogue Results
Model results approximate current estimates for dike propagation
distances in the Columbia River Basalts. Mid-crustal estimates from
Davenport et al. (2017) and Morriss et al. (2020) range from 15 to
∼20 km while lar2gest d values in this study are ∼33 km, with most d
values between 10 and 25 km. The largest values are associated with
dikes that propagated through gabbro basement and meta-volcanic
bedrock. Most large values (20–25 km) are generally instead
associated with granite basement rock.

Trends in d values show a shallowing to the north (Figure 5).
Propagation distances between 20 and 30 km were more
commonly observed in the Steens and Monument dike
swarms while values in the Chief Joseph dike swarm were

FIGURE 4 | These graphs depict the maximum and minimum principal stresses associated with the (left) load of a 50 km-wide, 4 km-deep section of thick
northern smooth plains deposits, (center) superimposed tectonic and load stresses, and (right) tectonic stresses necessary to produce thrust faults in the stress
context of the smooth plains. Only the right half of the affected space is shown. Stress tensors associated with each scenario are also provided where σxxL, σzzL, and τ are
horizontal, vertical, and shear stresses associated with the load, Sv and SH are the vertical and horizontal stresses associated with thrust faulting, and σ1 and σ3 are
the total principal stresses.
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closer to 7–10 km. Outside of the extent of the Columbia River
Basalt Province, dike propagation depth variability increases with
few trends in dike depth associated with direction.

3.2 Mercury Smooth Plains Results
Dike propagation distances for Mercury’s smooth plains were
variable depending on the tensile strength for basalt used in the
calculation. For intact basalt with a tensile strength of 14.9 MPa, d
values ranged from 81.3 to 88.7 km. For heavily impacted basalt
with a reduced tensile strength of 2 MPa, d values ranged from
10.8 to 10.9 km.

4 DISCUSSION

4.1 Earth Analogue
The application of an Earth analogue to this research confirmed
that theoretical and physical models of dike propagation could be
applied to Mercury. Dike propagation distance estimates for the
Columbia River Basalt Province suggest a lower to mid-crustal

source for the basalts consistent with geophysical evidence (Hales
et al., 2005; Wolff et al., 2008; Davenport et al., 2017). We also
observed a trend in source depths shallowing to the northern
region of the province. The northward progression of decreasing
source depth reflects the observed age progression of dikes
younging to the north (Barry et al., 2013). These observations
are consistent with the prevailing hypotheses for the origin of the
basalts.

Evidence that such a large volume of basalt erupted in a short
period of time and in a setting with low rates of back arc extension
supports a plume origin for the basalts. A plume hypothesis holds
that as the North American craton moved southwest over a
mantle plume, the head and tail of the plume separated.While the
tail of the plume moved along the Snake River Plain hot spot
track, the head of the plume promoted melting and formation of
the flood basalts (Camp and Ross, 2004). Plume models can
include a delamination of the upper mantle and lower crust. The
convecting plume head migrated northward and surfaceward,
producing shallower crustal melt sources for the basalts over time.
Segments of delaminated lower crust could have been entrained
and melted within the plume head consistent with compositional
data from the basalts (Camp and Hanan, 2008). Alternatively, a
plume fed magma chamber with crustal contamination of craton
material could produce similar compositions (Wolff et al., 2008).
In either case, the high magnesium, high silica compositions of all
but one flow unit imply a melted, mafic crustal source. Advancing
plume heads in these models have also been connected to the
development of shortening structures in front of the head (Camp
and Hanan, 2008).

Other hypotheses for the flood basalt origins also align with
the younging and shallowing northward pattern in the dikes. Liu
and Stegman (2012) propose a model with an opening slap tear
(tearing to the north) contributing to the production and
northward migration of basalt. Others contend that the
passive, northward propagating back-arc extension associated
with the subduction of the Farallon slab would have promoted
the volcanism (Carlson and Hart, 1987).

Despite an overall northward propagation pattern, the
dikes indicative of the deepest source are not located near
the Steens flows. Instead, they are located farther north, in the
southern region of the Chief Joseph dike swarm (red points,
Northeastern Oregon, Figure 5). The high d values calculated
for this region are located within the Wallowa Mountains.
While some studies conclude that this particular area
represents the location of a plume fed and crustally
contaminated magma chamber (Wolff et al., 2008), others
contend that this area, characterized by at least 2 km of uplift,
represents the relative zone of interaction between a plume
and the granitic root of the Wallowa Mountains (Hales et al.,
2005). These authors hypothesize that a plume triggered a
gravitational instability, encouraging the delamination of the
plutonic mountains and their subsequent uplift. In either case,
these studies imply that this region may be a center of dike
propagation, and so it follows that it should be characterized
by the deepest source.

Our results likely reflect these important spatial patterns due
to the compositions of the basement rocks and the surface rocks

FIGURE 5 | This map shows the spatial relationships of the faults within
the Yakima Fold Province (black lines), Columbia River Basalt Province (gray
region; Camp and Ross, 2004), and dikes which have been color coded by
their propagation distances. Warmer hues indicate deeper depths from
which the dikes have propagated, and cooler hues indicate shallower
propagation depths. Color coding is based on the Jenks method of
classification which groups lengths in a way that maximizes across group
differences. State boundaries are shown in gray. CJ � Chief Joseph Dike
Swarm, M � Monument Dike Swarm, S � Steens Dikes.
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which formed as a consequence of these processes. If the depths
had been strictly divided based on basement rock, then we would
expect to only see two general dike propagation distances.
Instead, the variability to the north outside of the extent of the
basalt province and the deep propagation depths near the
Wallowa Mountains indicate that bedrock composition also
plays a role in determining the dike patterns. Smaller d values
are associated with sedimentary bedrock or andesite volcanic
bedrock over gabbro basement rock, due to the smaller tensile
strength of sedimentary rocks and large density difference
between andesite and gabbro.

4.2 Mercury
Dike propagation depths for Mercury have consequences for
understanding potential sources for the effusive deposits and
the geologic history of the planet as a whole. When tied to
compositional data, they allow us to speculate on the sources
and causes of melting. Our upper bound estimates of
∼81–89 km likely correspond to some depth within
Mercury’s upper mantle early in the planet’s history
(Figure 6). Mantle melts would be expected to be higher in
magnesium than is observed, at least in the northern plains
deposits (Weider et al., 2012; Weider et al., 2015) where lower
magnesium and an inferred majority plagioclase composition
are observed (Namur and Charlier, 2017). This implies that
for the northern plains either a thicker crust had already
developed, or by analogy to the Columbia River Basalt
generation, some kind of delamination had occurred to
melt crustal material at mantle depths.

These depths are also consistent with depths estimated by
Wilson and Head (2008). These authors considered dike

propagation as function of density, crustal thickness, and the
distance a dike would have to travel through the mantle before
reaching the crust. They consider the stress the dike material must
exert in order to keep the crack open. However, Wilson and Head
present a range of solutions because this stress was unconstrained.
They calculate possible dike propagation paths over a reasonable
parameter space.

Our work constrains this space by calculating a narrower
range of deviatoric stresses through which the dikes propagated.
Our source of variability arises largely from the host rock tensile
strengths. We can however learn something about mechanical
stratigraphy of the lithosphere as a consequence. The lower
bounds for d values (∼10 km) are not consistent with a
reasonable range proposed by Wilson and Head (2008). It
seems unlikely that in Mercury’s thick shell enough melt could
be produced at 10 km depth to cover 40% of the planet or the vast
expanse of Borealis Planitia. We take this to mean that the tensile
strength of impacted basalt (2 MPa) is not indicative of a
significant portion of the lithosphere. This supports the
conclusions of Byrne et al. (2016) who observe nonporous
(stronger) target rock and porous (weaker) target rock
parameters to produce better fitting crater chronologies for
larger and smaller craters, respectively. This implies that larger
craters deform deeper (but still relatively shallow), stronger rock.

Global contraction is often cited as the reason that volcanism
slowed (e.g., Solomon, 1978); however, finding that both
processes can operate together opens up new possibilities for
causal mechanisms. It is important to notice that the most intense
periods of global contraction and volcanism overlap and that both
processes slow contemporaneously. This implies that the
shrinking lithosphere may not have been the cause for the

FIGURE 6 | This conceptual diagram (not to scale) shows dikes and thrust faults propagating simultaneously in a horizontally compressive stress regime where
propagation distances range between 10 and 89 km, and the lithosphere through which dike propagation occurs is mechanically layered.
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waning volcanism. Instead, global cooling may have decreased
the ability for magmagenesis and melting while simultaneously
prompting contraction. The slowed rate of impact cratering
would have also brought less heat to the planet, decreasing the
likelihood of melting.

Viewing thrust faulting and volcanism as connected
processes from a compressional stress perspective paves the
way for future work studying the cessation of global contraction.
Because global contraction would have peaked during the earlier
periods- the time coincident with volcanism-we can assume that
horizontal compressive stresses only decreased with time. Thus,
by studying faults that represent a spectrum of ages postdating
the smooth plains emplacement and estimating fault
propagation depth, one could track the relative relaxation of
stresses by calculating the deviatoric stresses associated with
each fault population. It may also be possible to study pre-plains
fault populations and calculate minimum deviatoric and
horizontal compressive stresses for older thrusts and early
periods of global contraction on Mercury.

The depths of older faults outside of the plains, but that
propagated around the same time, also provide some insight
into the character of diking at depth. Geometric models of
faults ∼4.0 Ga place their lower tips near 30–40 km, with the
elastic lithosphere extending to the same depths (Watters
et al., 2002; Egea-González et al., 2012). More recent
models show the present-day brittle-ductile transition
(BDT) between ∼75 and 125 km (Klimczak et al., 2019).
Thus, during the diking associated with smooth plains
emplacement, the BDT must have ranged between these
values, but closer to 40 km depth. If the maximum estimate
for dike propagation distance (81–89 km) is accurate, then
much of dike propagation was through the ductile regions of
the lithosphere. Dikes can still propagate upward through this
region, as observed in the Scandinavian Caledonides (Kjøll
et al., 2019). Dikes propagating through ductile regimes have
undulating contacts with host rocks, rounded shapes, and
pinch and swell structures due to viscoelastic fingering and
fracturing (Bertelsen et al., 2018; Kjøll et al., 2019), but
importantly, dikes still migrate upwards as long as tectonic
strain rates are much slower than dike propagation rates
(Rivalta et al., 2015).

Because thrust fault-related landforms- and thrust faults by
association-have been shown to have preferred orientations
within Borealis Planitia (Crane and Klimczak, 2019a), it may
be possible to map stress orientations and magnitudes through
time within these plains. These stresses and their orientations and
magnitudes could be linked to causes other than global
contraction to explore tidal despinning and changes in orbital
parameters with absolute stress values.

The methodology described here could furthermore be used to
differentiate magma sources for different plains units. The
differential stress value used in the source depths calculation
presented in this study was derived from the fault observations in
Borealis Planitia. This unit has a distinct composition from other
plains units (Weider et al., 2015). At least three compositions
have been inferred from spectral data (Denevi et al., 2013) and at
least one of these units could represent higher degrees of partial

melting and a komatiite composition- possibly implying a deeper
source (Head et al., 2011). If faults in these regions are modeled,
then their derived depths could be used for differential stress and
d value calculations.

5 CONCLUSION

Global contraction and effusive volcanism are often presented as
conflicting processes. While there is no doubt that strong,
horizontal compressive stresses do not encourage volcanism,
these stresses also do not necessarily prevent magma from
reaching the surface.

We examined the possibility of coincident dike (tensile crack)
and thrust fault propagation. We applied frictional faulting
theory and a window of possible stresses for tensile crack
propagation produced from the Griffith Criterion and Kirsch
equations to limit the estimations of maximum and minimum
horizontal stresses. The frictional faulting theory equation for
reverse faulting overlaps with the window of stresses capable of
producing tensile cracks. This allows us to recognize that there
must be a limited range of stress scenarios where diking and
thrust faulting can be coincident. It is possible that dikes
propagated vertically on Mercury while thrust faults were
deforming the planet’s lithosphere.

We then applied our working knowledge of the depth of
faulting on Earth and Mercury, to calculate a range for
horizontal and vertical stresses during tectonic and volcanic
activity on Mercury and at an Earth analogue site in the
Columbia River Basalt Province. These stresses permitted the
calculation of the deviatoric stress and the testing of an
application of a physically derived equation for dike
propagation depth at the Earth analogue site. Many studies
had already proposed a narrow window of magma source
depths for this site, and dikes had been well mapped and
characterized.

Upon validation on a large scale of the model, we calculated
dike propagation depths for Mercury’s smooth plains units.
We conclude that 1) global contraction did not preclude
effusive volcanism and 2) the dikes that produced the
plains could have been sourced from ∼89 km depth.
Importantly, this result explains a possible deep source for
the massive expanses of volcanic plains that cover 40% of
Mercury’s surface. Now that this method has been tested, it
can be applied to further advance our understanding of global
contraction, Mercury’s paleostress regimes, and melt sources
within Mercury’s crust and upper mantle. In particular, the
broad distribution of plains materials and thrust faulting may
allow for a deeper understanding of the depths to melt sources
across the planet.
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