Earth and Planetary Science Letters 616 (2023) 118244

Earth and Planetary Science Letters

Contents lists available at ScienceDirect

EARTH
SPLANETARY
SCIERCE LETTERS

journal homepage: www.elsevier.com/locate/epsl

Extreme seismic anisotropy indicates shallow accumulation of
magmatic sills beneath Yellowstone caldera

Check for
updates

Sin-Mei Wu ®P*, Hsin-Hua Huang ¢.d Fan-Chi Lin?, Jamie Farrell?, Brandon Schmandt ©

2 Dept. of Geology and Geophysics, University of Utah, Salt Lake City, UT, USA

b Swiss Seismological Service (SED), ETH Zurich, Switzerland

¢ Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan

d Dept. of Geosciences, National Taiwan University, Taipei, Taiwan

€ Dept. of Earth and Planetary Sciences, The University of New Mexico, Albuquerque, NM, USA

ARTICLE INFO

Article history:

Received 12 January 2023

Received in revised form 24 April 2023
Accepted 23 May 2023

Available online 8 June 2023

Editor: H. Thybo

Dataset link: https://doi.org/10.7914/SN/WY
Dataset link: https://doi.org/10.7914/SN/MB
Dataset link: https://ds.iris.edu/mda/PB/

Dataset link: https://doi.org/10.7914/SN/US

Dataset link: https://
doi.org/10.7914/vztw-bx83

Keywords:

Yellowstone

magmatic sills

radial anisotropy

large-N array

ambient noise tomography

ABSTRACT

Understanding the distribution and mobility of crystal mushes within modern magmatic systems is
crucial to volcanic hazard assessments as distinct pockets of mobile magma may become interconnected
and lead to melt accumulation on shorter time scales than magma that is broadly distributed in a
homogeneous mush. Here, we reveal that Yellowstone’s upper-crustal magma reservoir in the top 20 km
is heterogeneous in both melt concentration and texture. We exploit ambient noise in an unprecedented
dense temporary seismic network to jointly constrain vertically- and horizontally-polarized shear wave
speeds to create enhanced 3D isotropic and anisotropic shear velocity models. Our models show an
exceptionally low-velocity (>20% reduction) layer 4-7 km beneath the surface, situated near the top
of the reservoir previously-imaged by earthquake P-wave tomography. The presence of strong radial
anisotropy (20%) within this layer indicates the uppermost portion of the modern Yellowstone reservoir
is organized as a sill complex, with up to 28% of melt fraction in horizontally-elongated volumes at
depths where rhyolite was commonly stored before past eruptions. The findings demonstrate that high-
resolution anisotropic imaging through a dense seismic network can constrain both magma distribution
and reservoir texture, which are important to understand the evolution and hazard assessment of volcanic

systems like Yellowstone.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

mic study proposed that the silicic magma reservoir in Yellow-
stone is organized as a sill complex (Jiang et al., 2018), mean-

Since the last caldera-forming eruption at 0.63 Ma, Yellowstone
has experienced several smaller-volume eruptive episodes until
70,000 years ago (Christiansen, 2001). Although the current es-
timates of melt fraction within Yellowstone’s upper-crustal silicic
magma reservoir are considered non-eruptive (5%-15% from Farrell
et al., 2014; Huang et al.,, 2015, and 32% from Chu et al., 2010),
increasing geochemical evidence from Yellowstone indicates that
such a dominantly crystalline state could be ephemeral as por-
tions of the mobile magma could concentrate at shallow depths
over relatively short time scales (<1kyr) (Stelten et al., 2015; Till
et al., 2015; Shamloo and Till, 2019). In addition, a recent seis-
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ing the reservoir has a large-scale fabric created by distinct hor-
izontally elongated volumes that alter between crystal-poor and
crystal-rich. Long-lived magma reservoirs with low average melt
fractions may rapidly increase connectivity among subset volumes
with low-viscosity magmas and aggregate into short-lived erupt-
ible reservoirs (Eddy et al., 2016; Cashman et al., 2017). Therefore,
as opposed to the wide range of prior melt fraction estimates as-
suming a homogenized magma texture, it is of great importance
to evaluate both spatial and textural heterogeneities of the magma
reservoir through enhanced imaging of Yellowstone’s shallow mag-
matic system to advance understanding of its ongoing evolution
and implications for hazard assessment.

Images of Yellowstone’s crustal magmatic system are predom-
inantly shaped by seismic P-wave travel-time tomography studies
using local earthquakes (Husen et al., 2004; Farrell et al., 2014),
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Fig. 1. Maps of Yellowstone volcanic field and seismic stations. (a) An enlargement of the dense array component of the study. Nodal seismometers are shown as yellow
squares. Permanent seismic stations near Yellowstone are shown as solid blue triangles. The 0.63 Ma caldera is delineated by the red-solid line. The thin-black line bounds
Yellowstone National Park. Mallard Lake (MLD) and Sour Creek (SCD) resurgent domes are outlined by black-dashed lines. The caldera inner-ring fracture zone is depicted as
a green-dashed line. The black-solid lines mark the two cross sections shown in Fig. 7. The red triangle marks the virtual source station YNE shown in Fig. 2. (b) the entire

seismic network including the sparse array (open triangles) used in this study.

and joint local and teleseismic travel-time tomography (Huang et
al,, 2015). Along the long axis of the 0.63 Ma caldera, the upper-
crustal magma reservoir is illuminated by an elongated, low-Vp
body ~7-18 km depth beneath the surface with an estimated melt
fraction of 5-15% and cumulative melt volume of 200-900 km?
(Farrell et al., 2014; Huang et al., 2015). The volume is compatible
with two of the three catastrophic eruptions at 1.3 Ma (280 km?)
and 0.63 Ma (1000 km?), although eruptions under the current
state are unlikely if the melt fraction of 5-15% is evenly distributed
within the reservoir. Compared to P-wave velocity, seismic S-wave
velocity bears distinct sensitivity to physical properties and can de-
crease to zero in a melt-dominated medium (e.g., Caricchi et al.,
2008). However, the nature of heterogeneity and high attenuation
in volcanic fields commonly preclude good-quality S wave observa-
tions from earthquake data and consequently Vs models have been
less common. Using regional-scale array data, earlier studies have
resolved 3D Vs structure of Yellowstone magma body using am-
bient noise surface wave tomography (Stachnik et al., 2008; Jiang
et al,, 2018; Maguire et al., 2022a). With the resolution limits im-
posed by previous array configurations (e.g., Maguire et al., 2022b),
prior Vs studies focused on the general properties of the magma
reservoir instead of fine-scale heterogeneity within it.

The resolution of tomographic images from earthquake data
is commonly limited by the distribution of sources and propaga-
tion paths to receivers. In Yellowstone, seismicity usually occurs
as seismic swarms (Farrell et al., 2009). Triggered by magmatic
fluid migration, prominent swarms in 1985, 2010, and 2017-2018
were located near and outside the northwest rim of the 0.63 Ma
caldera (Waite and Smith, 2002; Shelly et al,, 2013; Pang et al,,
2019). Another distinct swarm with a similar cause that occurred
in 2008-2009 was located beneath the northern part of Yellow-
stone Lake (Farrell et al., 2010). The clustering nature of seismic
sources in Yellowstone results in inhomogeneous ray coverage and
limited 3D resolution of volumes that may be important in under-
standing the magmatic system. In contrast to body-wave travel-
time tomography, the depth-dependent sensitivity of seismic sur-
face waves at different periods provides a complementary probe

into the shallow magmatic system of Yellowstone. Utilizing seis-
mic interferometry from ambient noise fields, surface wave prop-
agation can be described by a 2D wave equation between source
and receiver stations at a given period (Tromp and Dahlen, 1993),
with the horizontal ray coverage dictated by the array configura-
tion. A dense array can thus provide denser and importantly, more
homogeneous sampling of the 3D shear-velocity structure of the
magmatic system.

2. Data and methods
2.1. Dense nodal array and regional seismic networks

In the summer of 2020, we deployed a temporary 650-element
3-component dense nodal array throughout Yellowstone National
Park between August 17 and September 21 2020 (Fig. 1; Farrell,
2020). Despite the 5 Hz corner frequency, previous studies have
shown the MagSeis Fairfield geophones we used can record pas-
sive ambient noise signals up to ~10 s period (Wang et al., 2019;
Wells et al., 2022). The nodal array had an aperture of ~140 km
that comprises two spatial scales — a sparse spacing of 1-3 km
across the whole area and two dense lines with a spacing of ~250
m across the 0.63 Ma caldera. In this study, we use data from the
coarser component of the dense array for passive imaging (yellow
squares in Fig. 1a). As the nodal array was deployed along accessi-
ble roads/trails, we also include permanent stations in the vicinity
of the deployment but located in more remote areas to mini-
mize spatial gaps in the path coverage (blue triangles in Fig. 1a).
There are 37 permanent stations that coexisted during deploy-
ment time with a mixture of short-period and broadband sensors
from the Yellowstone Seismic Network (network code: WY), Mon-
tana Regional Seismic Network (MB), Plate Boundary Observatory
Borehole Seismic Network (PB), and United States National Seis-
mic Network (US). In addition, following Jiang et al. (2018), we use
continuous data of 188 stations from USArray Transportable Array
(TA) and regional networks across Idaho, Wyoming, and Montana
that were operating during 2007-2010 (open triangles in Fig. 1b).
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Fig. 2. Examples of cross-correlation record sections using YNE as a virtual source. (a-c) Rayleigh waves from vertical-vertical (ZZ) component cross-correlations at 3-, 5-,
and 8-second periods. (d-f) same as (a-c) but for Love waves from transverse-transverse (TT) component cross-correlations.

All the data are accessible via IRIS MetaData Aggregator (https://
ds.iris.edu/mda/). Because the data from the TA time window have
much larger station spacing (>50 km), for the remainder of the pa-
per, we refer to the TA and concurrent regional networks as the
sparse array and the nodal plus nearby permanent stations as the
dense array.

2.2. Ambient noise cross-correlation

We use continuous recordings from the dense array to calculate
multi-component noise cross-correlations. The following process-
ing is applied: pre-filtering (Butterworth filter bandpass between
0.1 and 33 s periods), removing instrument response, decimating
to 50 samples per sec, and splitting into hourly segments. For each
segment, we calculate multicomponent cross-correlation (i.e., the
combination of vertical (Z), north (N), and east (E)) between all
available station pairs after spectral whitening (Lin et al., 2014; Wu
et al., 2017). The cross-correlations (CC) are normalized based on
their maximum amplitude of vertical-vertical component, linearly
stacked through the entire time period to enhance the signal-to-
noise ratio (SNR), then the horizontal components are rotated into
radial (R) and transverse (T) directions. We use CCs from Jiang
et al. (2018) for the sparse array data, which were obtained via
similar processes. Note the CC from the sparse array dataset is
completely independent of the dense array CC, as many of the
sparse array stations had been dismantled before the nodal de-
ployment. The usage of the large-scale array is mainly to serve
as a reference background model for phase travel time correction
and to provide long-period measurements (i.e., up to 25 s period)
for stabilizing the surface wave inversion. Using a virtual source

station YNE (Fig. 1a) in the northeast of the array as an exam-
ple, coherent Rayleigh and Love wave arrivals propagating across
the study area can be observed from the vertical-vertical (ZZ) and
transverse-transverse (TT) components of the CCs between 3 and
8 sec periods (Fig. 2). The surface waves are stronger in the causal
lag time, implying an inhomogeneous noise source distribution,
consistent with a previous microseismic study in this region (Koper
and Burlacu, 2015). To mitigate potential source distribution bias,
we average the causal and acausal parts of the CCs and use the
symmetric waveform for the remaining processing (e.g., Lin et al.,
2008).

2.3. Dispersion of surface wave phase velocity

The phase travel times and velocities for both Rayleigh and Love
waves are measured through frequency-time analysis (FTAN; Fig.
S1; Bensen et al.,, 2007; Lin et al., 2008). Two data selection crite-
ria are applied to ensure only reliable surface wave data are used:
an SNR larger than 8 and an interstation distance larger than 1.5
wavelengths assuming a phase velocity of 3 km/s. Limited by the
selection criteria and the array geometry, viable periods for sur-
face wave imaging are 3-10 s and 6-25 s for the dense and sparse
array, respectively (Fig. 3). Between both arrays, periods at 7 and
8 s have the most abundant measurements for Love and Rayleigh
waves, respectively. Therefore, we take these two periods as start-
ing/reference periods for Love and Rayleigh waves, respectively, for
correcting 277 ambiguity (cycle skipping) of phase travel time.

For the sparse array dataset, the 277 ambiguity can mostly be
resolved in the FTAN process by taking long-period measurements
as references and requiring the continuity of the dispersion curves
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Fig. 4. Comparison of Rayleigh wave phase velocity maps at 8-s period. (a) Phase map using sparse array data only. (b) Phase map combining sparse and dense array data
after 2w correction. The open triangles and squares represent seismic stations from the sparse and dense array, respectively. (c) The distribution of travel time residuals
before (blue) and after (red) inversion using sparse array data within the area shown in the map. (d) The distribution of travel time residuals before 27 correction combining
both sparse and dense array data (gray). The blue and red show the misfit distributions before and after the inversion, respectively, after the 27 correction.

(Lin et al., 2008). For the dense array dataset, no reliable long-
period measurement is available limited by the short ray paths
and 1.5 wavelength criterion. Here, we first consider all sparse
and dense array travel time data corrected and uncorrected, re-
spectively. Starting at the reference period, we then invert the 2D
reference phase velocity map using all corrected data (Barmin et
al., 2001). We correct all measurements with 27 jumps such that
the predicted and observed travel time differences are smaller than
half of a period. These corrected measurements are used to correct
for measurements from the same station pair but at the neighbor-
ing period assuming the continuity of the dispersion curves. We
repeat this process iteratively with small period steps (0.5 s and
0.2 s above and below 6 s period, respectively) to successively cor-
rect for all traveltime measurements between 3 and 10 sec period.
An example of 2D Rayleigh phase velocity maps at 8-s period is
shown in Fig. 4. The 27 correction appears to be effective in re-
ducing overall travel time residuals and the resultant phase map
with the dense array data exhibits a slower anomaly well con-
fined beneath the 0.63 Ma caldera, broadly consistent with prior
Vp studies (Farrell et al,, 2014; Huang et al.,, 2015). The phase ve-
locity maps at various other periods are shown in Fig. S2.

2.4. Three-dimensional surface wave inversion

To account for the strong lateral and vertical heterogeneity, we
apply a one-step ray-tracing-based 3D tomography to invert the
surface wave dispersion measurements. Conventional surface wave
tomographic methods undergo a two-step process, first obtaining a
2D phase velocity map and then resolving the 1D Vs depth profile
at each gridpoint to construct a semi 3D model (e.g., Barmin et al.,
2001, Bensen et al., 2007; Berg et al., 2020; Mordret et al., 2015;
Lin et al., 2013; Yao et al.,, 2008). In contrast, the determination
of the 3D Vs model via a one-step process has been less common
(e.g., Fang et al., 2015, 2016; Golos et al., 2018). The one-step in-
version we implement takes into account the 3D wave propagation
in the subsurface that avoids potential inconsistency in space intro-
duced by independent inversion/regularization processes between
different periods. Furthermore, such a one-step inversion makes 3D
resolution tests and future joint surface and body wave inversion
possible. After integrating with a ray-tracing-based, off-great-circle
propagation, we deem the 3D surface wave tomographic inversion
is a more realistic scheme for complex areas, particularly in the
volcanic region where over 5% velocity anomalies can be present
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Love misfits from the second step of the independent Rayleigh-only and Love-only inversions using the resultant 3D model from the joint inversion as the initial model.

(e.g., Farrell et al., 2014; Huang et al., 2015; Jaxybulatov et al.,
2014; Mordret et al., 2015; Wang et al., 2017).

Here we briefly summarize the one-step inversion method we
implement. Given a reference 3D velocity model, for each surface
location, period, and surface wave type, we first calculate the phase
velocity and its depth sensitivity (Fig. S3) based on the method of
Herrmann and Ammon (2004) assuming a flat Earth. The phase
velocities at different locations are then combined to construct
the 2D reference phase velocity map. For each source and receiver
pair, we adapt the spherical pseudo-bending ray tracing algorithm
(Koketsu and Sekine, 1998; Huang et al., 2014) to determine the
2D raypath and calculate the predicted phase travel time. The 1D
sensitivity kernels along the ray path are then tri-linearly interpo-
lated to construct the final 3D sensitivity kernel. All measurements
from different periods are combined and a smooth regularization is
used in the iteratively weighted 3D damped least-square inversion
to account for the lateral sensitivity of the surface wave measure-
ments.

The initial reference Vs model follows the previous seismic P-
wave study scaled by a constant Vp/Vs of 1.73 (Farrell et al., 2014).
During the iterative process, the reference Vs model and the corre-
sponding sensitivity kernels are updated as well as the derivative
weighted sum (DWS; Fig. S4), a measure of the 3D spatial sensi-
tivity for the inversion (Huang et al., 2014, 2015). In the inversion,
the Vp and density are scaled with Vs based on generalized crustal
properties (eq. 9 and eq. 1 in Brocher, 2005). We note that sur-
face waves are mostly sensitive to Vs structure and our inversion
result is not very sensitive to both the initial model and the scal-
ing relationship chosen. We set the horizontal grid spacing as 10
km. And for vertical grids, we use 1- and 2-km spacings in the top
10 km and between 10 and 20 km depth, respectively. The verti-
cal spacings are then increased from 6 to 25 km with increasing
depth until 160 km. We do not account for topography variation
in the inversion considering the mild topography change (~500
m) in Yellowstone relative to the wavelength of the surface waves
(mostly much larger than 2 km). We note that the reported depth
in this study is relative to the surface, which is ~2000 m on aver-
age above sea level.

2.5. The joint inversion of Rayleigh and Love waves

We start with independent inversions for Rayleigh and Love
waves to retrieve 3D Vsy and Vsy models, respectively. We ran
five iterations to allow the misfit to converge until there were no
significant improvements at further iterations. Images of Vsy and
Vsy from independent Rayleigh and Love wave inversions exhibit
strikingly distinct structures in the top 15 km (Fig. S5). For ex-
ample, an elongated low Vsy body between 4 and 15 km depth
that resembles the upper crustal magma reservoir is largely absent
in the Vsy model. The Vsy model shows a prominent slow struc-
ture in the uppermost 3 km depth, whereas the Vsy indicates a
rather fast velocity compared to the deeper low-velocity body. The
discrepancy at 4-15 km depth is likely related to the presence of
a sill complex comprising the Yellowstone magmatic system and
hence strong positive radial anisotropy (Jiang et al., 2018). How-
ever, for the shallower depth, we cannot distinguish whether the
difference is from radial anisotropy and/or a mismatched sensitiv-
ity. Love waves generally have a shallower sensitivity compared to
Rayleigh waves, and thus a joint inversion is desired to leverage
the complementary sensitivity (Fig. S3).

To better resolve the anisotropy strength, account for differ-
ent depth sensitivity of Rayleigh and Love waves, and minimize
the trade-off between isotropic and anisotropic parameters, we im-
plemented a two-step inversion scheme to constrain Vsy and Vsy
models for Yellowstone. The first step is a joint inversion combin-
ing Rayleigh and Love wave dispersions, but instead of allowing
the model space to perturb freely, we require the isotropic velocity
to monotonically increase with depth. This step creates a reference
model that can satisfy most of the Rayleigh and Love observations
(Fig. 5). The damping and smoothing parameters are set through a
standard trade-off test (Fig. S6), and we parameterize the weight-
ing factors to have equal weights between Love and Rayleigh waves
based on the number of rays (Fig. 3). We monitored the misfit
evolution and the optimal model at the 5% iteration yields overall
positive and negative misfits for Rayleigh and Love wave measure-
ments, indicating the presence of positive radial anisotropy (Vsy
>Vsv) (Fig. 5).
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Fig. 6. Shear wave speed and radial anisotropy of Yellowstone’s shallow crustal structure. (a) Voigt average velocity and (b) Radial anisotropy depth slides at 1, 3, 5, 7, and 12
km. The red lines mark the cross-sections shown in Fig. 7. The shaded area represents the less-constrained area based on a derivative weighted sum (DWS) threshold shown
in Fig. S4. Open squares mark the seismic stations. Solid and dashed lines delineate the 0.63 Ma caldera, resurgent domes, and Yellowstone Lake.

The 3D model resulting from the first joint inversion step is
then taken as the initial model for the second step, where Rayleigh
and Love waves are inverted separately for Vsy and Vsy, respec-
tively. Here we allow the model to be perturbed freely without
the monotonically increasing constraint to account for all possible
structure variations. The damping and smoothing parameters are
again set through a standard trade-off test (Fig. S6). Like the previ-
ous step, we monitor the misfit evolution and conclude that only
one iteration can effectively reduce the misfit with no prominent
improvements at further iterations. The inverted Vsy and Vsy mod-
els show significant misfit reductions at all periods compared to
the result of the isotropic inversion from the first step (Fig. 5). The
radial anisotropy that describes the difference between the two re-
sultant models in 3D space is defined as

Radial anisotropy = (Vsy — Vsv)/Vvoicr,

where Vyoier =/ (2V2, + VZ,)/3.

The result of the inverted 3D Vyoigr and radial anisotropy
model is summarized in Figs. 6 and 7.

3. Results
3.1. Outside Yellowstone caldera

The Yellowstone caldera boundary delineates distinct geologic
formations from the 0.63 Ma caldera-forming eruption: the Lava
Creek Tuff (LCT) formation outside and the prevalent rhyolites in-
side (Christiansen, 2001). The LCT formation was deposited from
ash flows during eruptive events and is distributed radially sur-
rounding the caldera (Christiansen, 2001; Finn et al,, 2022), con-
sistent with the overall shallow low-Vygicr and negative anisotropy
(Vsy < Vgy) distributions observed in the top 2 km (Fig. 6). High
resistivity (>400 m) is also found for the top 500-1000 m of the
LCT formation (Finn et al., 2022), combined with the low Vs, in-
dicating a dry porous medium. Negative anisotropy indicates the

presence of predominantly vertical crack orientations that may re-
sult from caldera-wide episodic deformation (Wicks et al., 2006;
Chang et al., 2007), or from the local stress induced by the neigh-
boring faulting systems (Christiansen, 2001). Near the NW margin
of the caldera, a particularly low-velocity anomaly confined in the
top 2 km is illuminated. This anomaly has the lowest Vygicr of
~2.3 km/s and is characterized by -10% radial anisotropy, coincid-
ing with previous observations of low Vp and low Vp/Vs related to
the presence of gas-saturated, porous medium (Farrell et al., 2014;
Husen et al., 2004).

On the NE margin of the caldera (NE of the Sour Creek resur-
gent dome; SCD in Fig. 1), we observe a low-velocity anomaly
that has the lowest Vygicr of ~2.6 km/s at 1 km depth (Fig. 6).
This low-velocity appears to extend to 5-7 km depth but the
radial anisotropy transitions from negative to positive around 4
km depth (Fig. 7j). The transition depth is not well-constrained
given the mild (<5%) anisotropy strength but the tendency of a
sign change likely implies a structural change from shallow verti-
cal fractures to a deeper magmatic sill complex. This area overlaps
with the observations of low Vp and the largest negative Bouguer
gravity anomaly, which was interpreted as the newly-developed
structure fueled by hydrothermal fluid and gas following the mi-
gration of the magmatic source relative to North American plate
motion (DeNosaquo et al., 2009; Farrell et al., 2014). Shallow nega-
tive anisotropy found in this study is likely a result of pre-existing
ring fractures that facilitate hydrothermal fluid and gas flow. Con-
sidering the relatively weak shallow sensitivity of Rayleigh waves,
particularly outside of the caldera (Fig. S4), we refrain from fur-
ther modeling of the observed shallow negative anisotropy, which
can be sensitive to crack geometry, temperature, fluid composition,
and porosity of the rock matrix (e.g., Bakulin et al., 2000).

3.2. Central Yellowstone caldera

After the 0.63 Ma caldera-forming event, widespread rhyolitic
lava was deposited from the center to about ten kilometers SW
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outside the caldera. Abundant hydrothermal features with signifi-
cant elevated heat and gas outlets developed adjacent to the edges
of the caldera inner ring fracture (Christiansen et al., 2007). In the
top 3 km, our results show a low Vyoicr (~2.5 km/s) situated in
the central area of the caldera, but instead of extending outward
toward the SW, this low-velocity area is confined within the inner-
caldera ring fractures (Figs. 1 & 6). This suggests the low-velocity
media likely reflects an excess temperature or fracture-dominated
regime instead of compositional variability. Tracking the velocity
with increasing depth, from 4 km depth, Vsy and Vsy start to
show considerable deviation characterized by >20% positive radial
anisotropy (Vsy >Vsy) (Fig. 7). The strong anisotropy indicates a
substantial change in composition or structure, where the struc-
tural variability is preferably related to the presence of a magmatic
sill complex as proposed for multiple silicic caldera-forming sys-
tems (Bastow et al., 2010; Jaxybulatov et al., 2014; Harmon and
Rychert, 2015; Jiang et al., 2018; Chambers et al., 2021).

At 5 km depth, we observe the lowest Vsy 2.25 km/s and Vyoigr
2.5 km/s with >20% velocity reduction relative to the surrounding
crust at the same depth (Fig. 7). The absolute velocity is signifi-
cantly lower than prior estimates based on sparse array data using
ray-based tomography (2.8 kmy/s by Stachnik et al., 2008 and Jiang
et al., 2018) and it is approximately consistent with a recent es-
timate from Rayleigh wave adjoint tomography (Maguire et al.,
2022a). This anomalously low-velocity body outlines a stratified
structure between 4 and 7 km depth, where a much subtler veloc-
ity anomaly of ~10% is observed ~7-20 km depth. The entirety of
the low-velocity structure from 0-20 km depicts the Yellowstone
upper-crustal magma reservoir (Figs. 7d and 7i) with a geometry
that is largely comparable with the previous Vp tomography (Far-
rell et al., 2014; Huang et al., 2015), but with the exception of the
depth of the upper boundary. The depth to the top of the reservoir
is strikingly 2 km shallower than that resolved by Vp tomogra-
phy using earthquake data (7 km beneath the surface; Farrell et

al.,, 2014; Huang et al.,, 2015). Considering the distinct sensitivities
of ambient noise surface wave and earthquake body wave mea-
surements, a joint inversion of the two datasets to reconcile the
apparent differences and further narrow down the model space
will be a focus of future study.

4. Discussion and conclusions

4.1. A low-velocity layer near the top of the upper-crustal magma
reservoir

Depicted by our 3D velocity and radial anisotropy model
(Fig. 7), the Yellowstone upper-crustal magma reservoir shows a
stratified structure between 5 and 20 km depth with an excep-
tionally slow layer situated near the top (~4-7 km depth). This
layer is particularly prominent in the Vsy model, and its strong de-
viation from the Vsy model provides distinct insights into magma
reservoir organization. The strong positive radial anisotropy con-
strains the texture of the mushy magma reservoir as dominantly
composed of horizontally-elongated melt pockets (Fig. 8). Both
isotropic and anisotropic synthetic tests uphold the resolvability of
our method for this distinct layering structure, while the limited
depth resolution of the surface wave measurements prevented us
from accurately resolving layers thinner than 2 km (Supplement
material; Figs. S7-S11). We attribute the shallow exceptionally
low-velocity layer to the presence of an inhomogeneous accumu-
lation of melt and magmatic volatiles within the upper crustal
magma reservoir. The shear velocity is reduced as a result of in-
creasing the bulk volume of liquid or supercritical fluid within the
rock matrix and consequently reduced contact area between crys-
tals within the mush (Fig. 8). It is worth noting that no obvious
Vsy reduction is observed within this shallow layer as Vsy waves
mostly propagate within the horizontally layered crystalline host
rocks and do not need to penetrate the slow concentrated molten
magma in between (Figs. 7b and 7g).
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Fig. 8. Schematic model of the shallow Yellowstone crustal structure and magmatic
sill complex. The orientation follows and extends the cross-section XX’ to the south-
west (SW) toward the Snake River Plain. Shapes of structural boundaries are based
on Farrell et al. (2014) and Huang et al. (2015). The observed shallow magmatic ac-
cumulation is depicted by color gradients and the sill complex is illustrated with
textural signatures in the upper-crustal reservoir.

With the higher-resolution images using dense array data, we
find that the top of the reservoir exhibits +20% radial anisotropy
(Vsy >Vsy), exceeding the previous estimates of the magnitude of
anisotropy by a factor of two (Jiang et al, 2018). We estimate
the melt fraction based on a horizontally layered geometry fol-
lowing the effective Vertical Transversely Isotropic (VTI) modeling
framework (Postma, 1955; Backus, 1962; Jaxybulatov et al., 2014;
Schmandt et al., 2019). VTI considers the observed Vyoicr as the
average of a layered 1D medium composed of crystal-rich rock
(host rock, high Vyoigr) and crystal-poor rock (molten magma, low
Vvoicr), and further searches for optimal parameters of each veloc-
ity and the corresponding volume fraction by predicting theoretical
Vsy, Vsy, and radial anisotropy. We constrain the search using in-
formation derived from this study, which includes ~20% radial
anisotropy, Vsy and Vsy of the low-velocity layer, and a range of
Vyoicr values between 3.2 and 3.8 km/s for crystal-rich rock based
on the Vygigr observation outside the magma reservoir at 5 km
depth. The parameterization yields a 30-63% optimal volume frac-
tion for the crystal-poor rock within the sill complex with a range
of velocities at 1.55-1.85 km/s (Fig. 9).

The low Vygigr of the crystal-poor rock is inferred to represent
a range of melt fractions from 25-28% based on the velocity-melt
relationship from Chu et al. (2010), significantly higher than the
bulk averaged estimates derived previously from Vp tomography
(5-15%, Farrell et al., 2014; Huang et al., 2015) or Vs tomogra-
phy (16-20%, Maguire et al., 2022a). The theoretical relationship of
Chu et al. (2010) was derived assuming an isotropic and melt-filled
pore space with an equilibrium pore aspect ratio of 0.35. Presumed
temperature of 800-900°C and pressure of 0.1 GPa at ~5 km depth
were applied based on geochemical estimates (Perkins and Nash,
2002; Vazquez et al., 2009). Note that our estimates may serve as
the upper bound as we assume the melt-rich sills are much thicker
than the mineral grain size scale (Fig. 8). If the melt pore geometry
has a higher aspect ratio, then the same Vygicr reduction could be
achieved with a lower melt fraction (Takei, 2002). Moreover, the
melt fraction estimate is likely reduced further with the presence
of volcanic volatiles. The proportion of silicate melt and volatiles
exsolved from silicate melt may vary within the extremely low ve-
locity upper crustal reservoir. It is worth noting that significant gas
and dissolved volatile fluxes are measured in surface settings such
as hydrothermal systems, rivers, and soils above the imaged reser-
voir (Hurwitz and Lowenstern, 2014).

4.2. Implications for Yellowstone’s magmatic system

The newly observed low-velocity layer from ~4-7 km depth
overlaps with petrologic estimates of the depths of magma stor-
age for previously erupted Yellowstone rhyolites. Befus and Gard-
ner (2016) estimated the Central Plateau Member Rhyolites and
conclude that CO,-poor and CO,-rich magmas were partially crys-
tallized at 2-3 km and 3-6 km depth before eruption. Shamloo
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and Till (2019) estimated a storage depth of approximately 5 km
from the glass inclusion analysis of the 0.63 Ma LCT. Thus, it ap-
pears that melt in the modern system is concentrated at about the
same depths as in systems that fed prior eruptions, which likely re-
flects the crustal rheological properties for a long-lived magmatic
system. However, the melt fractions estimated for the modern sys-
tem (up to ~28%) are likely lower than at times preceding prior
eruptions given that most erupted rhyolites contained ~35-55%
crystal cargo (Marsh, 1981; Costa et al., 2009; Befus and Gard-
ner, 2016; Myers et al., 2016), implying the Yellowstone magmatic
system is not currently in an eruptible state. Using the view of Yel-
lowstone’s magma concentration and reservoir texture observed in
this study, future numerical modeling studies that account for the
anisotropy reversal and related stress field could put a more accu-
rate constraint on the evolution of Yellowstone’s crustal magmatic
system and eruption cycles (Colén et al., 2018). The shallower melt
accumulation and hence the shallower heat source indicated by
the new shear velocity tomography model may also play an im-
portant role in regulating the overlying hydrothermal circulation
and geyser dynamics (Duan et al., 1992; Hurwitz and Lowenstern,
2014; Wu et al.,, 2019). Jointly constraining seismic compressional
and shear wave speeds and attenuation as well as understanding
compressional wave anisotropy will be important avenues for de-
ciphering fluid and gas fractions of the imaged media to better
evaluate the composition of the mushy magma reservoir beneath
the Yellowstone caldera.
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