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Abstract

The intense unrest of the Yellowstone volcanic plateau is manifested through diffuse seismic
activity, earthquake swarms, and episodes of complex surficial deformation that have been
related to magmatic fluid transfer in the upper crust over the past several decades. While past
studies have focused on modeling contemporary geophysical data, there has not been a fully-
integrated evaluation of seismicity, fault kinematics, and stress field. Here we analyze a catalog of
10,201 relocated earthquakes recorded between 2010 and 2016 and determine 224 well-
constrained double-couple focal mechanisms. The majority of the focal mechanisms (65%) are
associated with the 2010 Madison Plateau seismic swarm. The focal mechanisms are
predominantly strike-slip with subordinate normal faulting mechanisms. Possible causes of this
predominance and of the concurrence of both kinematics are here discussed, in order to unravel
the influence of magmatic processes such as past sill intrusions. The earthquake catalog has been
analyzed in terms of location, time, and kinematics according to the phases of surficial
deformation documented by GPS data in order to identify systematic patterns of deformation and
has been compared to the 1988-2009 seismicity. The continuous downwarping of the overburden
from 2010-2016 was accomodated by structural adjustment of the shallow crust through strike-
slip motions on a multitude of scattered small fault planes. Furthermore, the predominance of
strike-slip faulting during seismic swarms occurs when the fluid overpressure induces horizontal

propagation of vertical fractures with strike-slip motions, followed by horizontal fluid flow.
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1. Introduction

An accurate evaluation of present seismicity in terms of fault kinematics and temporal and
spatial changes in the stress field is a core component of an assessment of the connection
between seismic and magmatic processes, and thus useful for a better comprehension of seismic
and volcanic hazards (Waite and Smith, 2004). In fact, earthquakes probe the state of stress in the
upper crust, complementary to ground deformation with co-located origin. In this study, we focus
on the Yellowstone caldera, located in the 1300-km-long Intermountain Seismic Belt (western
United States, Figure 1; Smith and Arabasz, 1991), characterized by high volcanic and seismic
activity, with an annual rate of 1500-2000 earthquakes per year (Farrell et al., 2009).

Much of the seismicity in Yellowstone occurs as seismic swarms, which are characterized
by a large number of earthquakes clustered in space and time (Farrell, 2007; Massin et al., 2013).
Many periods of intense seismic swarm activity have been accompanied by geodetically-measured
deformation modeled as responses to inflation and deflation of magmatic sills (e.g., Wicks et al.,
2006; Chang et al., 2007, 2010; Russo et al., 2017). These processes are clearly linked (Waite and
Smith, 2002; Shelly et al., 2013). For example, a particularly large seismic swarm that occurred on
the northwest caldera rim in 1985 (Figure 2) occurred in concomitance with caldera wide
subsidence and was attributed to magmatic or hydrothermal fluid flow that originated from
beneath the Mallard Lake resurgent dome and migrated out of the caldera, causing earthquakes
once they reached the brittle crust (Waite and Smith, 2002). Another earthquake swarm in
January 2010 occurred in the same area (Figure 2; Shelly et al., 2013) at the onset of a five-month
period of subsidence of the inner caldera (Chang et al., 2010).

Episodes of surface deformation have also occurred at the northwest caldera margin near
Norris Geyser Basin. One notable period began with uplift in the latter half of 2013, at rates of
over 15 cm/yr, through March 2014. The M, 4.8 earthquake on March 30, 2014 in the Norris
Geyser Basin area, the largest since 1980, (Farrell et al., 2014; Stovall et al., 2014) coincided with a
rapid reversal to subsidence at a very high rate (over 20 cm/yr). At other times, vertical motions
within the caldera are opposite of those on the northwest margin and have been linked to
variations of flux of magmatic fluids from the caldera to the Norris-Mammoth fault corridor (Wicks
et al.,, 2006; Dzurisin et al., 2012). In fact, at Yellowstone and other similar volcanotectonic
settings, recognizing possible precursors of threatening volcanic processes and understanding how

magma transfer can trigger them are key scientific challenges (Acocella, 2006).



Analysis of earthquake source mechanisms at Yellowstone in prior studies has
demonstrated a link between caldera deformation and Focal Mechanism Solutions (FMS) (e.g.,
Waite and Smith; 2004; White et al., 2009; and Russo et al., 2017). Here we expand the focal
mechanism catalog from Russo et al. (2017), which analyzed data from 1988-2009, by including
10,201 additional relocated earthquakes occurring between 2010 and 2016. We selected the best
located 2,080 earthquakes and computed 224 new well-constrained, double-couple FMS for
detailed analysis.

The questions we address here are: i) Are there systematic patterns of deformation that
can be identified by grouping earthquake source mechanisms in terms of space and time? ii) What
is the influence of past sill intrusions on the most recent stress field? jii) Which process causes the
concurrence of normal and strike-slip kinematics? iv) What are the relationships between fault
kinematics, stress changes and magmatic processes? v) What magmatic processes (fluid

properties, dimensions, and dynamics) might have been occurring?

2. Geological and structural settings

2.1 Geological overview

Even though no magmatic eruptions have occurred at the Yellowstone volcanic plateau since
~70 ka ago within or near the caldera, the area is still volcanically active, with high hydrothermal
and seismic activity and periods of magmatic-fluid-triggered deformation well-documented by
Global Navigation Satellite Systems (GNSS) and Interferometric Synthetic Aperture Radar (InSAR)
data recorded over the past several decades (e.g., Wicks et al., 2006; Chang et al., 2007, 2010).
The Yellowstone region is located in the northeastern part of the extending Basin and Range
Province, 1600 km east of the western North American plate boundary (inset in Fig. 1A). According
to measurements of fault plane striations and seismic data, the direction of tectonic extension is:
i) E-W in southern Yellowstone; ii) NE-SW to the north and west of Yellowstone (Fig. 1B); and iii)
locally N-S in the area of the 1959 M7.3 magnitude Hebgen Lake earthquake (Doser, 1985;
Eddington et al., 1986; Zoback, 1992).

The presence of a deep-seated mantle plume defines the nature of Yellowstone as an
intraplate hotspot and is at the origin of a high total heat flux up to 1800 mW/m? (Fournier et al.,
1976). Furthermore, Yellowstone lies at the northeast end of the eastern Snake River Plain, a
northeast-trending structural depression about 350 km long (Kirkham, 1931; Malde and Powers,

1962). The Yellowstone Plateau is a clear example of a compositionally bimodal rhyolite-basalt



igneous field; no intermediate composition is present (Christiansen, 2001). The geological features
in the area are the result of its violent volcanic past, consisting of three catastrophic caldera-
forming eruptions at 2.1, 1.3 and 0.63 Ma, which erupted 2500 km?, 280 km? and 1000 km* of
material, respectively (Christiansen, 2001). Three major sheets of ash-flow tuffs make up the
stratigraphic column, separated by unconformities: from oldest to youngest, i) the Huckleberry
Ridge tuff, which corresponds to the development of the first caldera (2.1 Ma), ii) the Mesa Falls
tuff (composed by the Island Park Rhyolite and Mount Jackson Rhyolite), which represents the
second caldera formation (1.3 Ma), and iii) the Lava Creek tuff and the Plateau Rhyolite,
corresponding to the 0.63 Ma Yellowstone caldera (Fig. 1B; Christiansen, 2001). The most recent
eruption formed the 45 x 70 km Yellowstone caldera that overlies a 5-15% partially molten magma

reservoir (Farrell et al., 2014).

2.2 Fault geometry and kinematics

The Yellowstone Plateau and the eastern Snake River Plain are outlined by mountain ranges
and parallel valleys delimited by normal faults typical of the Basin and Range Province. These
features trend N-S in the south and in the east of the region, whereas they trend NW to NNW in
the northern and western part. The normal faults have an average length of 735 meters. The main
Quaternary faults, shown in Figure 1B (after Christiansen, 2001), strike mostly from N to NNW, as
shown by the rose diagrams presented in Figure 3A, consistently with several NNW alignments of
post-caldera volcanic vents.

Christiansen (2001) distinguished these faults between certain and concealed, based on
the reliability of the location of the structures: the latter structures have a poorly defined trace in
the field and are inferred on the basis of topography, whereas certain faults have been mapped by
photogrammetry on a topographic basemap at a scale of 1:250,000 or more detailed (Machette,
2001). These are all mapped as normal faults, although a detailed reconstruction of their
kinematics that could indicate strike-slip components is not available. A decrease in measured
vertical offset has been observed when approaching the caldera, because of the coverage by
volcanic rocks on the plateau, whereas at distance it is possible to observe cumulative
displacements on faults over time in the order of 396 m (Christiansen, 2001; Love, 1961). Faults
are characterized in most cases by linear trends in plan view, except in some areas as for example
just outside the northeastern caldera rim, where they have an arcuate shape. This shape has been

considered as influenced by movements of the Yellowstone magmatic body at depth in an area



that did not have a strongly developed preexisting system of tectonic faults (e.g. Eaton et al.,
1975). Waldrop (1969) showed that these faults have had renewed rupture during late Quaternary
times. The relation between fault length and azimuth is shown in the graph in Figure 3B. The
maximum fault length reaches 10.4 km, whereas the majority of faults have lengths comprised
between 0.1 and 2 km. Azimuth values do not show preferential intervals.

The 0.63 Ma Yellowstone caldera (third cycle) has an elliptical shape, elongated in an ENE-
WSW direction, and is characterized by the presence of two resurgent domes: the eastern Sour
Creek dome, which formed soon after the caldera, and the western Mallard Lake dome, which
dates to about 0.16 Ma (Christiansen, 2001). Each dome has a ring-fracture zone, which delineates
the margin of the post-caldera uplifted blocks, and a series of NW-striking faults with an average
length of 754 meters that form a complex graben along the structural axis (Fig. 1B). These faults
are related to uplift and doming of the resurgent blocks, not to their collapse (Carr and Quinlivan,
1968; Smith, 1968). The youngest movements along these faults were recognized by Pierce (1973)

as post-dating the last main glaciation of the Rocky Mountains (late Pleistocene).

2.3 Deformation during 2010-2016

Leveling, GPS, and InSAR measurements have captured periods of uplift and subsidence
throughout the volcanic plateau (Pelton and Smith, 1979; Dzurisin et al., 1994; Wicks et al., 1998,
2006; Chang et al., 2007). These episodes of deformation within and adjacent to the caldera have
been attributed to combinations of two processes taking place beneath the caldera: pressurization
and de-pressurization of an alternately self-sealed and leaking hydrothermal fluid reservoir that
traps volatiles exsolved from a crystallizing rhyolitic magma reservoir, or transfer, formation and
crystallization of rhyolitic or basaltic magma (Wicks et al., 2006).

Previous studies (e.g. Chang et al.,, 2010) have shown that the vertical components of
deformation recorded at two stations, WLWY and NRWY (see Fig. 1B), are representative of the
0.63 Ma caldera and the Norris Geyser Basin, respectively. These stations show different phases of
deformation during the temporal window of our analysis (Figure 4): the caldera experienced
subsidence from January 2010 at rates of about 1.5 cm/yr until the M,, 4.8 earthquake in March
2014, which was part of the Norris seismic swarm. This earthquake occurred at the same time of a
reversal in the deformation from subsidence to uplift at about 10 cm/yr (Figure 4; Chang et al.,
2010). Uplift in the Norris Geyser Basin area began in the second half of 2013, reaching rates of

over 15 cm/yr in the beginning of 2014. After the 2014 Norris earthquake, deformation near



Norris reversed to rapid subsidence at a rate exceeding 20 cm/yr (Farrell et al., 2014; Stovall et al.,
2014). In 2016, the 0.63 Ma Yellowstone caldera was subsiding, whereas the Norris Geyser Basin
area was uplifting (Farrell, 2013). According to previous studies (e.g. Shelly et al., 2013), the crustal
transfer of fluids outward from the caldera and inward from the Norris area could be the

underlying cause of the deformation reversals observed in the Yellowstone area.

3. Methods

3.1 Hypocenter relocation and earthquake selection

The University of Utah Seismograph Stations (UUSS) has recently improved the
Yellowstone seismic network, which consists of up to 47 short-period vertical and three-
component broadband seismic stations (Figure 5B). The UUSS records and documents
earthquakes, locates hypocenters, and produces public information and data for scientific
research. We relocated a total of 10,201 earthquakes from the UUSS catalog (Figure 5A) using a
nonlinear relocation approach known as NonLinLoc (Lomax et al., 2000) and a three-dimensional
velocity model computed with local earthquake tomography (Farrell et al., 2014). This relocation
approach assures the high-quality location and uncertainty parameters for each earthquake. We
selected a subset of earthquakes with the aim of identifying the best-quality earthquake locations
for FMS computation and stress-field inversion according to Yang et al. (2012).
We imposed the following criteria: i) 10 or more first-motion observations; ii) the ratio of the
nearest station distance to hypocentral depth must be lower than 1.50; iii) the azimuthal gap must
not exceed 180°; iv) the euclidian distance between the maximum likelihood and the center of the
uncertainty ellipsoid (being fitted over the location PDF) given by the nonlinear location
procedure must not exceed 500 m (larger differences can result from an ill-conditioned location
problem, Lomax et al., 2000); v) the Root Mean Square residual must be lower than 0.5 seconds
and vi) the average of location uncertainties be less than 2 km.
About 20% of the relocated events met all six criteria, yielding 2167 earthquakes for FMS analysis
(Figure 5B).

The histograms in Figure 6 show the depth distribution of the whole set of relocated
hypocenters and of the subset of selected earthquakes. Although most of the earthquakes in the
relocated catalog are shallower than 8 km, the majority of these shallow earthquakes did not

meet the criteria imposed to achieve high-quality FMS. In particular, the requirement that a



station must be within 1.5 times the focal depth severely restricts areas in which shallow events
are located to be close to seismic stations. In other words, it biases the data set toward deeper
events. In fact, the vast majority of the selected earthquakes (79%) were between 8 km and 12 km

depth (Fig. 6B).

3.2 Focal mechanism solutions and stress field

We determined 224 new double-couple FMS out of 2167 selected earthquakes from 2010-
2016 by using the program HASH (Hardebeck and Shearer, 2002), which fits P-wave first motion
polarity to the double-couple focal mechanisms. While fluid-driven earthquakes may produce non-
double-couple events, allowing non-double-couple events increases the ambiguitiy and we are
using only P-wave first motions. Two non-double couple FMS that were robustly constrained in
Yellowstone were interpreted to have been triggered by pressurized hydrothermal fluids in the
upper crustal magma system (Taira et al., 2010).

Four parameters were used to define the quality of resulting solutions (Table 1): average misfit,
Root Mean Square of the fault plane uncertainty, station distribution ratio, and mechanism
probability (Hardebeck and Shearer, 2002). The majority of our data (96%, 216 FMS) is
characterized by D quality, whereas no solutions are characterized by quality A, 2 have quality B,
and 6 quality C. Qualities E and F have been discarded, due to their likely inaccuracy.

Kilb and Hardebeck (2006) found that the single best discriminator of solution quality was the RMS
fault plane uncertainty. The majority of the solutions are rather low quality D which have no
specific classification based on this parameter, but we found that 58% have a value between 35°
and 45°, consistent with quality C.

The lack of highest-quality solutions is due in part to the fact that the solution quality scheme was
developed for California, where station density of the network is higher than in the Yellowstone
volcanic field.

Earthquakes are passive markers of deviatoric stress and individually determined FMS have
been used to estimate the best uniform stress field within limited space-time windows through
different procedures (Angelier, 1984; Gephart and Forsyth, 1984; Michael, 1987; Rivera and
Cisternas, 1990; Horiuchi et al., 1995; Robinson and McGinty, 2000; Abers and Gephart, 2001;

Hardebeck and Shearer, 2003; Hardebeck, 2006). In our study, we use a new iterative stress



inversion method, known as STRESSINVERSE, that modifies Michael’s method (Michael, 1987) and

inverts jointly for stress and fault orientations (Vavrycuk, 2014).

4. Results

4.1 Spatial and temporal distribution of earthquakes

The 10,201 relocated earthquakes are distributed throughout the Yellowstone volcanic
plateau and the areas of especially concentrated seismicity are shown with black rectangles in Fig.
5A. One E-W-trending cluster northwest of the 0.63 Ma Yellowstone caldera lies between Norris
Geyser Basin and the 1959 Hebgen Lake earthquake epicenter. A second region of concentrated
seismicity occupies the NW caldera, north of the Mallard Lake resurgent dome and includes the
2010 Madison Plateau swarm (Shelly et al., 2013). Elsewhere, smaller clusters of seismicity are
found within and adjacent to the 0.63-Ma caldera, especially near the southern margin and within
Yellowstone Lake.

Most of the seismic swarms that have occurred since seismic recording at Yellowstone
began in 1973 are within the area of these two main clusters of concentrated seismicity (Figure 2;
Waite and Smith, 2002; Farrell et al., 2010; Shelly et al., 2013). These swarms, common in volcanic
settings and associated with changes in crustal deformation from uplift to subsidence, have been
attributed to stress changes induced by the movement of magmatic fluids in the subsurface
(Chang et al., 2010). In particular, 1352 earthquakes of our new database (65%) were part of the
2010 Madison Plateau seismic swarm that occurred over a one-month period near the northwest
boundary of the caldera (Massin et al.,2013; Shelly et al., 2013). This swarm, like the 2008-2009
swarm beneath Yellowstone Lake (Farrell et al., 2010) and the 1985 swarm in the northwestern
part of the caldera (Waite and Smith, 2002), was driven by the release of magmatic fluids from the
crustal reservoir to the surrounding area along pre-existing NNW-striking rupture zones (Shelly et
al., 2013). Our database also contains 80 selected earthquakes from another earthquake swarm
that occurred near the Norris Geyser Basin between September 2013 and June 2014, associated
with the M, 4.8 earthquake (Farrell et al., 2014; Stovell et al., 2014). As mentioned before, the
deformation in the Norris area reversed from uplift to rapid subsidence shortly after this
earthquake (Figure 4).

4.2 Focal mechanisms and kinematics

Figure 7 shows the new set of 224 double-couple FMS computed for the time period 2010-
2016. Of the 224 FMS, 154 FMS show a strike-slip faulting mechanism, 23 FMS are normal, 30 are



normal-oblique, and 3 have a reverse-faulting mechanism. The strike-slip events are mostly
associated with the 2010 Madison Plateau seismic swarm; in fact, a total of 146 earthquakes of
our database (out of 224) are part of that seismic swarm.

The presence of normal and normal-oblique kinematics is expected given that the location
of the Yellowstone volcanic plateau is within the Basin and Range Province (Fig. 1A), a region of
NE-SW tectonic extension characterized by many listric and planar normal faults with opposing dip
that produce a “horst and graben” geometry (Christiansen, 2001). Past studies of FMS (e.g., Waite
and Smith, 2002; Russo et al., 2017) have shown that the majority of FMS are consistent with this

regional trend.

4.3 Calculation of the stress field and relation with surficial deformation

FMS have been divided into temporal, spatial, and depth windows with an iterative, trial-
and-error approach, in order to identify variations of the stress field within the Yellowstone region
(Figs. 8-9-10). The upwarping and downwarping episodes of surficial deformation documented by
GPS data (Fig. 4), have been correlated with the focal mechanism inversions of the coeval
seismicity, in order to delineate the stress field associated with the deformation episodes. The
WLWY and NRWY GPS stations have been chosen from among the Yellowstone network according
to previous studies (e.g. Chang et al., 2010) as the most representative of surficial deformation
within the Yellowstone caldera and the Norris Geyser Basin, respectively.

Regarding the spatial windows of analysis, we calculated the stress field of the inner 0.63
Ma Yellowstone caldera and the Norris Geyser Basin separately. Furthermore, we divided our data
into 2 km depth intervals in order to analyze the variations of the stress field from the upper to
the lower crust. This depth interval is slightly less than the estimated uncertainty of the
earthquake locations; the average of the longest uncertainty ellipse axis, usually close to vertical,
is 2.6 km, whereas the average of the shortest is 0.95 km. We interpret only the depth windows
containing at least 6 events.

Focal mechanism solutions have also been divided according to their kinematics prior to
stress field calculation, in order to perform a detailed investigation on temporal and spatial
variations of faulting and related orientation of principal stress axes.

Figure 8 shows the results of focal mechanism inversions and related stress field of the
inner part of the 0.63 Ma Yellowstone caldera divided into kinematics, depth, and temporal

windows, according to phases of surficial deformation recorded at WLWY GPS station between



2010 and 2016. Strike-slip kinematics, occurring between the surface and 10 km, appear to be
shallower than normal and normal oblique, which both extend down to 14 km depth, and in
particular all the normal oblique faults are deeper than 6 km. According to our results, the stress
field associated with the 2010 Madison Plateau seismic swarm, being characterized by normal
oblique and strike-slip kinematics, is characterized by a nearly horizontal greatest principal stress
(o1) with a NW-SE direction in the case of strike-slip faulting and NNW-SSE in the case of normal
oblique faulting. By extending the temporal window of analysis to the subsidence stage up to
2014, we observe that: i) regarding normal-oblique faults, the extension direction has a NNE-SSW
direction between 8 km and 12 km depth; ii) in the case of strike-slip faulting, by looking at the
least principal stress (o3) directions, we notice a slight rotation from a NE-SW orientation to NNE-
SSW between the 6-8 km and 8-10 km depth windows . A single normal oblique FMS during the
stasis between late 2014 and late 2015 hints at the presence of normal oblique faults at the
shallow levels (2-4 km). The smaller number of selected earthquakes during uplift is due to a lower
quality of raw seismic data, which has been then discarded.

In Figure 9, we present the results of focal mechanism inversions and related stress field of
the outer part of the 0.63 Ma Yellowstone caldera, in the Norris Geyser Basin, divided into
kinematics, depth, and temporal windows, according to phases of surficial deformation recorded
at NRWY GPS station between 2010 and 2013, during a period of low-rate subsidence. The
deformation pattern associated with this phase is very heterogeneous, being characterized by
normal, normal-oblique, strike-slip, and subordinate reverse faults, all of them located at depths >
4 km. By taking into account strike-slip faults, which represent the predominant kinematics and
are characterized by depth windows with at least 6 events between 6 km and 12 km, we observe a
clear clockwise rotation of both the o3 and o7 directions, differently from the case of the inner
part of the Yellowstone caldera (Figure 8), where only a slight rotation of o3 is observed.

Focal mechanisms inversion in the Norris Geyser Basin from 2013 on (Figure 10) has not
been performed due to the fact that all depth windows contain less than 6 seismic events and thus

are not considered reliable.

5. Discussion
Seismicity in the Yellowstone caldera occurs both by clusters and by more scattered events.

Our FMS results indicate a complexity of fault slip with the predominance of strike-slip motions

10



during clustered seismic swarms, and subordinate normal motions; both kinematics take place
with different relative percentages during diverse magmatic-tectonic processes. We thus describe
in the following sections: i) the possible control of regional tectonics on preferential orientation of
faults, and ii) a distinct interpretation of the different origins of fault slip during seismic swarms,

sill emplacement and deflation phases.

5.1 Seismic clusters and slip planes

In map view, the epicenters of the 10,201 relocated earthquakes tend to focus in two main
groups, shown with black rectangles (Fig. 5A): i) one located north of the Mallard Lake dome,
which coincides with the 2010 Madison Plateau and 1985 seismic swarm locations (Fig. 2) (Massin
et al., 2013; Shelly et al., 2013), and ii) another group more to the north, in the Norris Geyser Basin
area, whose events occurred from September 2013 to June 2014. At higher detail, the group north
of the Mallard Lake dome is composed of four N-S- to NNW-SSE-elongated clusters. In the western
part of the Norris Geyser Basin area, there is a wide cluster with no clear elongation, whereas in
the eastern part there is another N-S-elongated cluster. This orientation is similar to the NNW-SSE
elongation of smaller clusters at the southern margin of the 0.63-Ma caldera and to the N-S
elongation of the 2008-2009 Yellowstone Lake swarm (Fig. 2). The NNW-SSE to N-S range
coincides with the dominant strike of the Quaternary normal faults present in the whole area
(Figs. 1 and 3). This is also consistent with the FMS obtained in the present work that have slip
planes that strike NW-SE to NNW-SSE, perpendicular to the regional o3 orientation (Zoback, 1992).
The stress orientation based on our seismic analyses, typically horizontal NE-SW o3 especially
during the uplift phases at the Yellowstone caldera, is also consistent with the regional o3
direction of the Basin and Range Province. We thus suggest that the orientation of dominant
coseismic faulting may be influenced by regional tectonics, irrespective of magmatic or tectonic
origin of fault slips.

The unclear orientation of the group of earthquakes in the western part of the Norris
Geyser Basin area, might also depend upon the influence of a fracture network constituted by a
larger range of planes striking WNW-ESE to N-S. This suggestion is consistent with the larger
scattering of o3 directions in the Norris Geyser Basin area and with the complexity of the fault
network and of temporal and spatial evolution of faulting during the 2017 Maple Creek

earthquake swarm (Shelly and Hardebeck, 2019; Pang et al., 2019).
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5.2 Relation between seismic swarms and strike-slip motions

Seismic swarms (Fig. 2) are common in the Yellowstone plateau volcanic history (Waite and
Smith, 2002; Farrell et al., 2010; Shelly et al., 2013), as well as in volcanic settings in general, and
are frequently attributed to the movement of magmatic fluids in the subsurface. Fluid propagation
can be accompanied by enlargement of pre-existing fractures and/or the development of new
fractures and small faults. At Yellowstone, the 1985 and 2010 seismic swarms occurred in
concomitance with or at the beginning of a period of caldera subsidence, suggesting that fluid
escape along the coseismic fractures may have originated a decrease of pressure beneath the
caldera floor and the consequent downsagging.

To explain the concomitance of normal and strike-slip motions during the 2010 Madison
Plateau seismic swarm revealed by our FMS, we adopt the model represented in Figure 11, which
is based on the concept developed by Aglstsdéttir et al. (2016) and Ruch et al. (2016) for the 2014
Bardarbunga-Holuhraun dyke intrusion, and on the strike-slip components measured along
volcano-tectonic fractures in north Iceland by Bonali et al. (2019a,b). We note that also the 1985
swarm was characterized by the presence of strike-slip and oblique strike-slip FMS (Waite and
Smith, 2002). This model suggests that overpressurized fluids can start to escape from the main
magmatic body following a suitably-oriented vertical fracture. At the advancing fluid tip, a new
fracture can develop at an oblique angle in response to stress concentration (Pollard and
Holzhausen, 1979; Bonafede and Olivieri, 1995). If the fluid plane propagates upward, normal
faults with converging dips may form (Fig. 11A), followed by upward fluid flow. If the vertical fluid
plane propagates horizontally, left-lateral or right-lateral strike-slip faults might form at oblique
angles (Fig. 11B), followed by horizontal fluid flow. These faults have left-lateral motions if
oriented clockwise with respect to the strike of the main fluid plane, and right-lateral if rotated
anticlockwise. After the faults are formed, the fluid may advance by intruding into one of the two

faults, thus inducing opening of the fault plane.

5.3 Fault slip and sill development from 1988 to 2016

We contrast the new FMS catalog with the 1988-2009 data by Russo et al. (2017), where
the same kind of analysis has been performed, to more fully interpret the association between
faulting kinematics and deformation. In the 1988-2009 period analyzed by Russo et al. (2017), the

majority of earthquakes (58%) are associated with a normal faulting mechanism, followed by 40%
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associated with strike-slip faulting and subordinate reverse faulting. Normal faults occurred mostly
(93%) between the near-surface and a depth of 10 km, thus indicating that brittle deformation has
developed also at the shallowest level under extension. These authors found no relation between
the orientation of fault planes revealed by FMS and the GPS-measured phases of surficial
deformation. Nevertheless, they found that strike-slip faults were present along the northern
front of the uplifting zone, which has been related to the inflation of a sill between 2004 and 2009
within the 0.63 Ma caldera (Chang et al., 2007, 2010). These faults were the result of a secondary,
widespread adjustment of the shallow crust as block-faulting, showing that the rocks surrounding
an inflating sill may accommodate deformation by transcurrent faulting. These results
complement the classical model of extensional fracturing at the tip of an intruding horizontal
magma sheet (Malthe- Sgrenssen et al., 2004; Kavanagh et al., 2006). Normal motions instead, can
be attributed to the extension that takes place in the extrados zone of an upwarping fold-like
structure under the pressure of the inflating sill (Fig. 12).

The rarer occurrence of normal motions in the 2010-2016 period with respect to the
previous time window, can be explained by the change in the surficial deformation shown by GPS
data, which reveals a switch between uplift (pre-2010) and subsidence (2010-2016) (Figure 4). In
2010, in fact, the sill inflation ended causing a continuous contraction of the overburden. This
contraction has been accommodated by structural adjustment in the form of strike-slip motions
on a multitude of small fault planes, thus providing a further explanation on the occurrence of
strike-slip kinematics apart from the model of seismic swarm development of Figure 11B. The
distribution of deformation at several small faults is consistent again with the low magnitudes of
the seismic events (Fig. 13B). Massin et al. (2013) assumed that multiplets could be defined as
groups of earthquakes produced by re-activation of a self-similar seismic source, and showed that
they preferentially occur during crustal subsidence episodes, and interpreted this as due to the
preferential re-activation of pre-existing structures rather than the occurrence of neo-faulting.
This is consistent with our data, where scattered strike-slip motions may be the effect of

reactivation of already existing fractures under contraction.

5.4 Pervasive extensional stress and the missing eruption
During the sill inflation phases, which occurred in pre-2010 times (Chang et al., 2007, 2010;
Wicks et al., 2006; Tizzani et al., 2015), the dominance of normal-faulting indicates the overburden

was under a extensional state of stress (Russo et al., 2017). This implies that magma moved
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horizontally (sill emplacement) even though the coeval stress state was characterized by
horizontal o3 and a frequently horizontal intermediate principal stress (c;), which would seem to
favor upward migration of fluids. Magma upwelling, giving rise to dykes and possibly eruptions, is
in fact classically envisaged along vertical fractures coinciding with planes containing 6, and &; and
normal to o3 (Odé, 1957; Muller and Pollard, 1977).

Recently (Gonnermann and Taisne, 2015) proposed that the reason basaltic intrusions
typically fail to reach the surface is due to the relatively small volumes of available melt.
Tomography studies and petrologic modeling suggest that magma reservoirs are not continuous
but rather composed of distributed pockets of melt.

At Yellowstone, only one explanation has been proposed to explain the lack of eruptions in
recent times: Christiansen (2001) suggested that the rising of basaltic magmas is here inhibited
because of the presence of the uppermost unconsolidated rhyolites that have higher viscosity and
lower density with respect to the less viscous and denser basalts. Anyway, this explanation has
been put forward before acknowledging that magma emplaces horizontally at Yellowstone and
does not take into account the results of the present work indicating a very favourable stress
state. We thus propose a more structural/mechanical explanation for this situation, based on the
following series of observations: i) The hypocenter distribution shows that the brittle failure of
rocks is scattered in all the examined rock volume in the pre-2010 period (Russo et al., 2017). In
fact, the overall diffuse distribution of hypocenters testifies to a poorly defined pattern in most of
the studied area, especially in a vertical section. This suggests that a main mechanical discontinuity
from the depth of the magma chamber to the surface (through-going fracture) has not developed
yet in most of the caldera floor. This is consistent with the low magnitudes of seismic events from
1988-2009, which indicate faulting with small offset (in the order of few cm) and slip planes (Fig.
13A). An exception is represented by the eastern part of the caldera, where the magma chamber
is shallower (Farrell et al., 2014) and where more organized N-S alignments of hypocenters

suggest a possible fracture zone from a depth of 6-8 km up to 2 km depth.

In fact, this region corresponds to the 2008-2009 Yellowstone Lake swarm, that was interpreted as
resulting from shallow dyke emplacement (Farrell et al., 2010; Massin et al., 2013). Other possible
old and deep fracture zones may have been sealed by the intense gas migration or may not be

suitably-oriented with respect to stresses (Simakin and Ghassemi, 2010).
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ii) Above the new sills there are strata of poorly permeable rocks that act as a trap (Dzurisin
et al.,, 1994), possibly represented by older sills with a high mechanical strength. This can also
create a local stress barrier to vertical dyke propagation, as suggested elsewhere (Gudmundsson,
2011; Geshi et al., 2012), leading to further sill emplacement (Tibaldi and Pasquare, 2008).

iii) Sill emplacement induces arching of the overburden that, in turn, generates horizontal
extension in the extrados as testified by the dominance of normal faulting during sill emplacement
periods. Arching of the overburden generates also compression in the intrados (i.e. lower) zone,
which lies immediately above the sill zone (Fig. 12). Finite element modelling showed that
compression of the intrados and tension in the extrados might also be related to dyke intrusions
along a caldera border (Saunders, 2004).

These three observations indicate that the overburden of Yellowstone includes a limited
diaphragm of rocks where rock stiffness and stresses act as a barrier to magmatic intrusion, and
where through-going fractures did not develop. Different forces are necessary for magma
intrusion in intact host rocks (or poorly fractured rocks) versus intrusion in rocks affected by
continuous long faults. Dyking can occur through a syn-intrusion fracture if magmatic pressure
exceeds the lithostatic pressure, plus the horizontal compressive stress in the host rocks
perpendicular to the dyke, plus the host rock tensile strength (Gudmundsson, 1995). With a
horizontal G, in the intrados of the poorly fractured arching overburden, we suggest that a very
large magma overpressure is necessary to overcome the resistance forces and thus magma is
favoured to migrate horizontally, similar to seismic results for the Yellowstone upper-crustal
magma reservoir (Jiang et al., 2018). This explanation can be also applied to other unrest calderas
in the world, such as Campi Flegrei where sill emplacement and horizontal o3 have also been
recognized (Saccorotti et al., 2007), or at Toba caldera (Jaxybulatov et al., 2014) where multiple sill

intrusions have been detected.

6. Conclusions

We relocated 10,201 earthquake hypocenters of the Yellowstone volcanic plateau, and
calculated 224 new well-constrained, double-couple focal mechanism solutions and stress field for
the period 2010-2016. These earthquakes were analyzed in terms of location, time, and
kinematics according to the most recent phases of surficial deformation documented by GPS data,
and were compared with the 1988-2009 seismicity in order to reveal systematic patterns of

deformation and unravel their origin.
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A strong predominance of strike-slip faulting solutions, and subordinate normal faulting,
has been observed during the 2010 Madison Plateau seismic swarm. The o3 is horizontal and
trends NE-SW to ENE-WSW, an orientation that is consistent with the regional extension.
Considering the hypocenter locations more generally, the elongation of earthquake clusters is
commonly N-S to NNW-SSE, coinciding with the strike of the Quaternary normal faults that crop
out in the area. These data suggest that the orientation of brittle planes of deformation in the
Yellowstone caldera and in the Norris Geyser Basin area is mostly controlled by regional tectonics.

We propose two different magmatic processes to explain the large number of strike-slip
earthquakes and their concurrence with normal kinematics. During the 2010-2016 time window,
subsidence of the Yellowstone caldera did occur as a consequence of the ending of magmatic sill
inflation. This was accompanied by contraction of the overburden with structural adjustments of
this shallow section of the crust mainly by strike-slip motions on a multitude of small fault planes,
given also the low magnitude of seismic events. On the other hand, during 1988-2009, sill
intrusions were accompanied by uplift and dominant normal faulting in the overburden, and
subordinate strike-slip faulting around the uplifting area. In this case, extensional faulting may be
related to arching of the extrados of the overburden, whereas compression in the intrados and
stress barriers due to stiff rock layers might inhibit magma upwelling. These considerations shed
lights on the influence of past sill intrusions on the deformation pattern.

For the 2010 Madison Plateau seismic swarm, we propose different mechanism for strike-
slip faulting, related to the propagation of fluids towards the outer Yellowstone caldera. When the
fluid overpressure induces horizontal propagation of vertical fractures, strike-slip motions may
develop, followed by horizontal fluid flow. If there is upward fracture propagation, this may

produce normal faulting followed by upward magma flow.
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Figure 1: (A) Inset showing location of Yellowstone volcanic plateau and main faults of Basin and
Range Province (modified after Nagorsen-Rinke et al., 2013). ISB = Intermountain Seismic Belt. (B)
Geological map of Yellowstone volcanic plateau modified after Christiansen (2001). ML = Mallard
Lake resurgent dome; SC = Sour Creek resurgent dome; YL = Yellowstone Lake; HL = Hebgen Lake;
NGB = Norris Geyser Basin. The 0.63 Ma caldera is shown as a black line, resurgent domes are
represented as blue lines. Fault data, represented in red, after Christiansen (2001). Dashed lines
indicate concealed faults. Red arrows represent the o3 direction (Puskas and Smith, 2009). Location
of NRWY and WLWY GPS stations is shown as white circles. Shaded view of the Digital Elevation
Model (DEM) provided by the USGS National Elevation Dataset. Coordinate system: WGS84/UTM
zone 12N. Coordinates are expressed in meters. The WLWY and NRWY GPS stations have been
chosen among the Yellowstone network according to previous studies (e.g. Chang et al., 2010) as
the most representative of surficial deformations within the Yellowstone caldera and the Norris

Geyser Basin, respectively.
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Figure 2: Seismic swarms in the Yellowstone volcanic plateau. The black line is the 0.63 Ma
Yellowstone caldera boundary, blue lines are the resurgent domes. Fault data, represented in red,
after Christiansen (2001). Dashed lines indicate concealed faults. Shaded view of the Digital
Elevation Model (DEM) provided by the USGS National Elevation Dataset. Coordinate system:
WGS84/UTM zone 12N. Coordinates are expressed in meters. Earthquake catalogue is from USGS

Earthquake Hazards program.
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Figure 3: (A) Rose diagrams showing strike of Quaternary faults (after Christiansen, 2001),
divided between ‘certain’ and ‘concealed’. (B) Plot of the relation between length and azimuth of

all faults (certain and concealed).
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Figure 4: Vertical component of deformation documented by GPS stations WLWY and NRWY of the

Yellowstone-Contin network between 2010 and 2016, representing intra-caldera and outer caldera

(Norris Geyser Basin) deformation.
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Figure 5: (A) Total of 10,201 relocated earthquakes from 2010 to 2016 and (B) of the 2167 selected
earthquakes. Seismic stations network is shown as red triangles. Fault data, represented in red,
after Christiansen (2001). The 0.63-Ma-old Yellowstone caldera rim is outlined in black, the
resurgent domes in blue. Black rectangles indicate main clusters of seismic activity. Dashed lines
indicate concealed faults. Shaded view of the Digital Elevation Model (DEM) provided by the USGS
National Elevation Dataset. Coordinate system: WGS84/ UTM zone 12N.
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Figure 6: Depth distribution of the whole set of hypocenters (total of 10,201) (A) and of the subset
of selected earthquakes (2167 earthquakes) (B).
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Figure 7: Complete set of 224 new double-couple focal mechanism solutions computed for the time

L W z "
~~ 0.63 Ma caldera i::\ :7 )/”

period 2010-2016. Earthquakes are divided by kinematics: blue beach balls represent strike-slip
faulting, green beach balls represent normal faulting. The black line is the 0.63 Ma Yellowstone
caldera boundary, blue lines are the resurgent domes. Shaded view of the Digital Elevation Model
(DEM) provided by the USGS National Elevation Dataset. Fault data, represented in red, after
Christiansen (2001). Dashed lines indicate concealed faults. Coordinate system: WGS84/UTM zone
12N.
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Figure 8: Seismic events of the inner part of the 0.63 Ma Yellowstone caldera (119 selected
earthquakes) divided into kinematics, depth and temporal windows, according to phases of
surficial deformation recorded at WLWY GPS station between 2010 and 2016. P and T axes are
represented as red circles and blue crosses respectively, the orientation of principal stress axis

(when calculated) is indicated as red circles for 61, green triangles for ¢, and blue squares for cs.
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Diverging white arrows indicate direction of extension (c3), converging black arrows direction of
compression (c1). Earthquake occurrence rate, considering relocated hypocenters of our database,

divided per quarter of year, is shown in the graph.
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Figure 9: Seismic events of the outer part of the 0.63 Ma Yellowstone caldera, in the Norris
Geyser Basin area (44 selected earthquakes), divided into kinematics, depth and temporal
windows, according to phases of surficial deformation recorded at NRWY GPS station between
2010 and 2013. P and T axes are represented as red circles and blue crosses respectively, the

orientation of principal stress axis (when calculated) is indicated as red circles for sigmai, green
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triangles for sigmaz and blue squares for sigmas. Diverging white arrows indicate direction of
extension (sigmas), converging black arrows direction of compression (sigma:). Earthquake
occurrence rate, considering relocated hypocenters of our database, divided per quarter of year

is shown in the graph.
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Figure 10: P and T axes calculations of the outer part of the 0.63 Ma Yellowstone caldera, in the

Norris Geyser Basin area (7 selected earthquakes), divided into kinematic, depth and temporal

windows, according to phases of surficial deformation recorded at NRWY GPS station between

2013 and 2014, and 2015 and 2016. P and T axes are represented as red circles and blue cross

respectively. Earthquake occurrence rate, considering relocated hypocenters of our database,

divided per quarter of year is shown in the graph.
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Figure 11. Geomechanical model of brittle deformations resulting from the stress field linked to the
propagation of fluids in different directions: A) refers to upward propagation of magma, and B) to
horizontal magma propagation along vertical planes. The beach balls give the typical kinematics
revealed by the FMS calculated in this work for Yellowstone (green = normal faulting, blue = strike-
slip faulting). The red zone gives the plane from which magmatic fluids propagate and the black

arrow shows the fluid flow direction.
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Figure 12: Geomechanical model of brittle deformation above an inflating sill and in the
surroundings. Circles define motion of strike-slip faults. Diverging arrows show extension in
the extrados zone of the upwarping overburden, converging arrows show compression in the

intrados zone.
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Figure 13. Graph showing magnitude of seismic events vs. frequency for the period 1988-2009
(A) and 2010-2016 (B).
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Quality Avgrqge RMS fault. plane Station dis_tribution I\/Iechar!igm
misfit uncertainty ratio probability
A <0.15 <25° >0.5 >0.8
B <0.20 <35° >0.4 >0.6
C <0.30 <45° >0.3 >0.7
D maximum azimuthal gap < 90°, maximum takeoff angle gap < 60°
E maximum azimuthal gap > 90°, maximum takeoff angle gap > 60°
F fewer than 8 polarities

Table 1: Focal mechanism quality determination (modified after Hardebeck and Shearer, 2002).
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HIGHLIGHTS

224 new double-couple focal mechanism solutions have been computed at Yellowstone
Most give strike-slip faulting, with subordinate normal and a few reverse motions

Fault kinematics have been compared with magma inflation and deflation phases

The causes of dominant horizontal fluid migration are discussed
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