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Abstract The Valles Caldera (VC), one of the largest Quaternary silicic calderas in North America, formed
by explosive rhyolitic eruptions. Seismic studies suggest a crustal magmatic reservoir beneath the caldera with
low‐velocity anomalies, but resolving the detailed geometry of localized melt requires constraints from seismic
anisotropy. To image P‐wave velocity and radial anisotropy using dense nodal array data, we develop a
teleseismic tomography method that integrates an eikonal solver with the adjoint‐state approach. Our results
reveal a pronounced low‐velocity anomaly (>20% reduction) extending laterally across the resurgent dome and
down to 15–20 km depth, consistent with a crustal magma chamber. We also identify a colocated zone showing
a previously unrecognized pattern of strong positive P‐wave radial anisotropy (up to 8%) where horizontally
polarized P‐waves travel faster than vertically polarized ones. This anisotropy indicates a laterally extensive
magmatic sill complex and provides new constraints on magma distribution and reservoir architecture beneath
the VC.

Plain Language Summary The Valles Caldera (VC) in New Mexico is a large volcanic crater
formed by past explosive eruptions. While it is well established that a magma reservoir exists beneath the
caldera, how this magma is stored underground remains unclear. In this study, we used seismic waves from
distant earthquakes (teleseismic waves) recorded by recently deployed dense arrays of seismometers to
construct a 3D image of the magmatic reservoir. We discovered a large region with unusually low seismic
velocities and strong directional differences in wave speeds, suggesting the presence of partially molten rock
stored in horizontal layers. These findings indicate that magma beneath the VC is organized as a sill complex, a
structure that may influence how magma accumulates and eventually erupts. This improved understanding of
the reservoir architecture has important implications for assessing the dynamics and potential hazards of future
eruptions.

1. Introduction
The three largest Quaternary calderas in North America, Yellowstone (YS), Long Valley (LV), and Valles
Caldera (VC) have experienced explosive eruptions and sustained magmatic activity (Figure 1a). These volcanic
centers serve as key natural laboratories for investigating magma storage, crust–mantle interactions, and the
dynamics of continental extension (Schmandt et al., 2019). Among them, the VC is located within the Jemez
Volcanic Field (JVF) in northern New Mexico (Figure 1b). It formed during two massive rhyolitic eruptions at
approximately 1.6 Ma and 1.23 Ma, and is widely regarded as a classic example of a resurgent caldera charac-
terized by a resurgent dome, Redondo Peak (Figure 1c). Although its geological record provides a clear account of
past caldera‐forming processes, the present‐day state of the underlying magmatic system remains uncertain
(Wilgus et al., 2023). To better constrain the current magmatic structure beneath the caldera, seismic imaging
provides a powerful means of investigation.

Previous seismic investigations, ranging from the Jemez Tomography Experiment (JTEX) in the 1990s (Aprea
et al., 2002; Roberts et al., 1995; Steck et al., 1998) to recent deployments of dense nodal array (Wilgus
et al., 2023), have revealed anomalous velocity and attenuation beneath the VC. These results consistently point to
the existence of a crustal magma reservoir, yet the fine‐scale geometry and physical state of the melt remain
poorly constrained. Seismic anisotropy provides a means to overcome this limitation. In particular, radial
anisotropy, which distinguishes between vertically and horizontally polarized waves, is sensitive to the cumu-
lative effects of small‐scale melt features such as sills and dikes (Schmandt et al., 2019). Strong positive shear‐
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wave radial anisotropy was first reported beneath the Toba Caldera (Jaxybulatov et al., 2014) and interpreted as
evidence for a crustal‐scale sill complex, consistent with incremental models of magma accumulation through
repeated sill intrusions (Annen et al., 2006). Similar signatures have since been documented beneath YS and LV
(Jiang et al., 2018; Wu et al., 2023). For the VC, whether comparable anisotropic structures exist remained
uncertain for a long time. Recently, Song et al. (2026) presented the first S‐wave anisotropic model beneath the
VC, providing compelling evidence for anisotropic structure consistent with a silicic magma reservoir. To date,
all studies have focused on S‐wave anisotropy imaged by ambient‐noise tomography, leaving the potential of P‐
wave anisotropy largely unexplored (Schmandt et al., 2019).

To address these issues, we image the P‐wave radial anisotropic structure beneath the VC by recently deployed
dense seismic nodal arrays using teleseismic tomography (Figure 1c). Although teleseismic tomography has
traditionally been applied to mantle‐scale imaging, its application to crustal‐scale structures remains rare (Ter-
hemba et al., 2022; Yao et al., 2025). A key advantage is that teleseismic waveforms exhibit high similarity,
allowing for precise phase picking, while their long ray paths sample the full crustal column (Bai et al., 2020). Our
inversion framework builds on a recently developed approach (Guo et al., 2025) that combines an efficient
eikonal solver with the adjoint‐state method, enabling stable gradient‐based inversion of strongly heterogeneous
media and straightforward extension to anisotropic cases (Li et al., 2022; Rawlinson et al., 2006; Tong, 2021). The
computational cost depends on the number of distant earthquakes rather than the number of stations, making this
method particularly well suited for dense nodal arrays.

The paper is organized as follows. We first summarize the geological and geophysical setting of the VC region.
Next, we describe the anisotropic teleseismic tomography, including the forward modeling and inversion scheme.
We then present and interpret the results for P‐wave velocity structures and radial anisotropy of the crust beneath
the caldera in comparison with previous studies. Finally, we discuss the implications for magmatic processes and
outline key perspectives for future research.

2. Geological and Geophysical Setting
The VC formed at the intersection of the north‐trending Rio Grande Rift (RGF) and the northeast‐trending Jemez
Lineament, a prominent volcanic chain within the JVF. Rifting initiated at about 25 Ma (Ricketts et al., 2016), and
volcanism in the JVF began near 16 Ma, evolving from mafic to more silicic compositions after 7–8 Ma as crustal

Figure 1. (a) Topographic map of the western United States with locations of Quaternary volcanism (red dots) (Walker
et al., 2006). (b) Simplified tectonic map of the study area showing the Vs model at 75 km depth (Shen & Ritzwoller, 2016).
Regions with Vs ≤ 4.2 km/s, indicative of partial melt (Schmandt et al., 2019). (c) Detailed map of the Valles Caldera (VC). Red‐
and blue‐edged triangles mark the Valles 3C transect (network 4E) (Schmandt, 2019) and the VC–Gallina Fault Array (network
Y5) (Schmandt & Chaput, 2021), respectively. The black line shows the 1.23 Ma ring fracture; the yellow line outlines
geothermal gradients >300°C/km (Morgan et al., 1996). The green star marks Redondo Peak. (d) Polar projection showing the
74 teleseismic events (red dots) used in the inversion; the green triangle marks the center of the study area.
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melting became increasingly significant (Goff et al., 2011). Two major eruptions of the Bandelier Tuff produced
the Toledo Caldera at ∼1.6 Ma and the VC at ∼1.23 Ma. Redondo Peak rose shortly after the 1.23 Ma collapse as a
resurgent dome, recording renewed magmatic intrusion and pressurization, accompanied by extensive rhyolite
emplacement along the ring fracture between ∼1.23 and 0.5 Ma (Kennedy et al., 2012). Late‐stage activity,
including the El Cajete pyroclastic deposits (∼74 ka) and the Banco Bonito lava flow (∼69 ka), reflects episodic
rejuvenation of the shallow magma reservoir (Nasholds & Zimmerer, 2022).

Despite its extensive eruptive history, the VC shows little evidence of current volcanic unrest compared with the
YS and LV. Seismicity within the caldera is sparse, in contrast to the moderate levels observed in the surrounding
regions (House & Roberts, 2019), and no significant geodetic deformation or seismic velocity variations have
been detected (Maier et al., 2025). The paucity of earthquakes likely reflects ductile deformation facilitated by
elevated subcaldera crustal temperatures, reaching up to 350°C (Morgan et al., 1996) (Figure 1c), as a result of
episodic volcanism and repeated magma intrusion over the past 13 Myr. These temperatures substantially exceed
those estimated at the LV (∼130°C; Hurwitz et al. (2010)) and YS (240–340°C; Dobson et al. (2003); Hurwitz and
Lowenstern (2014)). Alternatively, the lack of seismicity may result from a stable cooling reservoir and the
absence of active triggering processes such as magma intrusion, fluid pressurization, or gas migration (Maier
et al., 2025).

Seismic imaging nevertheless provides compelling evidence for a crustal magma system beneath the VC. Early
evidence came from a joint inversion of local earthquake and explosion traveltimes, which revealed a ∼15 km‐
wide low‐velocity zone beneath the caldera, with P‐wave velocities up to 7% lower than the surrounding crust
(Ankeny et al., 1986). Subsequent investigations during the JTEX experiment confirmed this feature through P‐
wave tomography, resolving a vertically elongated, ellipsoidal low‐Vp anomaly with reductions of up to 23%
(Steck et al., 1998). Using the same data set, Aprea et al. (2002) imaged abrupt interfaces from backscattered
teleseismic P waves and revealed pronounced attenuation anomalies (Roberts et al., 1995), suggesting strong
heterogeneity in the shallow crust. After a long dormant period in seismic monitoring, the region has regained
attention with the deployment of the Valles 3C Node Transect (Schmandt, 2019) and the VC–Gallina Fault Array
(Schmandt & Chaput, 2021). Ambient‐noise tomography using these nodal arrays has identified complementary
S‐wave velocity and radial‐anisotropy structures, including a colocated low‐Vs anomaly with velocity reduction
of ∼32% (Wilgus et al., 2023) and a radial‐anisotropy increase exceeding 15% (Song et al., 2026). Together, these
findings point to the presence of partial melt in the upper crust and provide key geophysical constraints on the
present‐day magmatic system beneath the VC.

3. Method
Teleseismic tomography that integrates the eikonal solver and the adjoint‐state technique has been developed in
two different formulations by Chen et al. (2023) and Guo et al. (2025), respectively. Both implementations share a
unified theoretical framework that originated in exploration seismology (Guo et al., 2022; Leung & Qian, 2006).
Here, we extend it to jointly invert for velocity and radial anisotropy using relative teleseismic arrivals.

3.1. Eikonal Equation for Radially Anisotropic Media

Teleseismic P‐wave traveltimes in a radially anisotropic medium are obtained by solving

⎧⎨

⎩

∇ts(x) r(x)∇ts(x)T = 1, x∈ Ω,

ts (xs) = g(xs), xs ∈ Γ,
(1)

where r(x) = diag( v2
pv(x),v2

ph(x),v2
ph(x)) defines vertical and horizontal P‐wave velocities vpv and vph, respec-

tively and g(xs) specifies the analytical traveltime at the lower boundary Γ (Text S1 in Supporting Information S1
for details) from AK135 Earth model (Kennett et al., 1995). This equation is solved using the lock sweeping
method (Zhou et al., 2023), and simulated traveltimes are interpolated to receiver positions using B‐splines:

ts,r = Bs,r, ts(x). (2)
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To reduce the influence of structures outside the model domain, we define relative traveltime residuals (Raw-
linson et al., 2006) as

ds,r = ( ts,r − tref
s,r) −

1
Ns

r
∑

Ns
r

r=1
( ts,r − tref

s,r), (3)

where tref
s,r is predicted by a reference model and Ns

r is the number of arrivals for event s.

3.2. Adjoint‐State Method for Teleseismic Radial Anisotropy Tomography

The damped least‐squares misfit function for teleseismic tomography is defined as:

J (m) =
1
2
∑

Ns

s=1
∑

Ns
r

r=1
(
d∗
s,r − ds,r(m)

Cd
s,r

)

2

+
ϵ
2
∑

NM

i=1
(
m(xi) − mref (xi)

CM
i

)

2

, (4)

where m = (vpv(x),vph(x)) = ∑
NM

i=1
m(xi) denotes the model parameters to be updated, d∗

s,r and ds,r(m) are the

observed and predicted relative traveltime residuals, Cd and CM are the data and model covariance terms, and ϵ is
a regularization factor. The gradient of the misfit is computed following the adjoint‐state method (Plessix, 2006),
by solving:

∇ · (− λs(x)r(x)∇ts (x))Ω = ∑

Nr
s

r=1
BT
s,r
ds,r (m) − d∗

s,r
(Cd

s,r)
2 (1 −

1
Ns

r
), (5)

where λs is the adjoint field. Once λs is obtained (Text S1 in Supporting Information S1), the gradient with respect
to vpv and vph is:

∂J
∂vpv(x)

= vpv(x)∑
Ns

s=1
λs(x)trs(x)

2, (6a)

∂J
∂vph(x)

= vph(x)∑
Ns

s=1
λs(x)( tθs (x)

2
+ tϕs (x)

2
). (6b)

We update the model using a preconditioned L‐BFGS algorithm (Métivier & Brossier, 2016) within the
framework of adjoint‐state simulation (Guo et al., 2025; Zhang et al., 2025). Finally, the averaged isotropic
velocity (vpmean) and radial anisotropy (β) are defined as (Hu et al., 2020):

vpmean(x) =
vpv(x) + vph(x)

2
, (7a)

β(x) =
vph(x) − vpv(x)

vpmean(x)
. (7b)

4. Data Processing and Tomographic Results
4.1. Data Set

To investigate the 3D crustal structure beneath the VC, we analyzed teleseismic waveforms recorded by 189 nodal
seismometers deployed across two temporary arrays (Figure 1c). The first array, the Valles 3C Node Transect,
consisted of 97 nodes along a ∼70 km SSW–NNE line crossing the VC center and operated for one month during
October–November 2019 (Schmandt, 2019). The second array, the VC–Gallina Fault Array, comprised 72 nodes
in a 2D layout extending the transect and was deployed for one month during September–October 2021
(Schmandt & Chaput, 2021). The transect has been used by Wilgus et al. (2023) to obtain a Vs profile, and
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combined data sets were subsequently used by Song et al. (2026) to infer 3D Vs and radial anisotropy from
ambient‐noise tomography. Wilgus et al. (2023) also analyzed P‐wave arrivals from a single teleseismic event to
infer a low‐velocity magma reservoir, although no tomographic inversion was performed. To address these
limitations, we incorporated many more teleseismic events and carried out a full 3D tomographic inversion using
data from both arrays. Raw waveforms were corrected for instrument response, mean, and linear trend, and band‐
pass filtered between 0.1 and 2.0 Hz. We selected earthquakes with magnitudes greater than 4.6 that generated
clear direct P‐wave arrivals at no fewer than four stations at epicentral distances of 30°–94° (Figure 1d). The final
data set contains 2,797 relative P‐wave traveltime residuals from 74 teleseismic events. Traveltimes were
manually picked using waveform stacking and multichannel cross‐correlation (Lou et al., 2013).

4.2. Inversion Configuration

For radially anisotropic tomography, trade‐offs between 3D isotropic heterogeneity and radial anisotropy are a
key challenge. To reduce this ambiguity, we adopt a two‐step inversion strategy. We first invert for an isotropic
model until further misfit reduction becomes negligible, and then introduce radial anisotropy by jointly solving
for the horizontal and vertical P‐wave velocity components. We subsequently compute the isotropic velocity and
radial‐anisotropy parameters using Equation 7. Details of the model configuration and damping selection are
provided in Texts S2 and S3 of Supporting Information S1.

The inversion performance is further evaluated using azimuthally averaged relative traveltime residuals
(Figure 2). The observed residuals (Figure 2a) show that the negative delay times correspond to negative velocity
anomalies in the east, whereas positive delays indicate positive velocity anomalies in the west. In the center of the
VC, strong negative delays reveal a pronounced low‐velocity anomaly. After isotropic inversion, delay times are
significantly reduced at most stations; however, strong negative delays persist at the VC center (Figure 2b),
suggesting that the structure cannot be fully explained by isotropy alone and motivating the implementation of
radial anisotropy inversion. As expected, delay times at the VC center are further reduced after anisotropic
inversion, highlighting the presence of radial anisotropy beneath the caldera (Figure 2c). Several stations along
the western margin also display delay patterns, possibly related to anisotropic structure, but these are not dis-
cussed in detail due to edge effects.

4.3. Averaged Isotropic Velocity and Radial Anisotropy From Teleseismic Tomography

The results of the teleseismic isotropic inversion are presented in Text S4 of Supporting Information S1. These
results exhibit large‐scale features similar to the averaged velocity model from the anisotropic inversion.
Therefore, our analysis primarily focuses on the radial anisotropic inversion results presented in Figure 3,
revealing prominent P‐wave velocity and anisotropy anomalies beneath the VC. At 8 km depth, the northeastern
portion of the model is generally characterized by low P‐wave velocities, whereas the southwestern portion
exhibits relatively higher velocities (Figure 3a). This large‐scale east–west contrast is a first‐order feature of the

Figure 2. Sector diagrams of azimuthally averaged relative traveltime anomalies. (a) Observed anomalies before inversion.
(b) After isotropic inversion. (c) After radial anisotropic inversion. Each sector diagram represents normalized relative
traveltime anomalies within a 30° back‐azimuth window at each station. The sector length denotes the number of
measurements, and the color indicates the average relative traveltime anomaly. The black line outlines the 1.23 Ma caldera ring
fracture. The plotting is inspired by Liang et al. (2016).
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velocity model. However, due to the sparse two‐dimensional distribution of seismic stations outside the main NS
linear array, we refrain from overinterpreting this lateral variation, as the resolution in peripheral areas is likely
limited. More locally, a pronounced low‐velocity zone is observed beneath the resurgent dome, Redondo Peak of
northwestern VC region (Figure 1c), with P‐wave velocity perturbations reaching up to − 20% (Figure 3a). This
low‐velocity feature is laterally extensive and vertically continuous down to 15–20 km depth, as shown in the A1–
A2 and B1–B2 cross‐sections. In parallel, the radial anisotropy at the same depth (depth 8 km in Figure 3b) shows

Figure 3. Results of teleseismic radial anisotropic inversions beneath the linear Valles Caldera nodal array. (a) Horizontal
slice of P‐wave averaged velocity perturbations at 8 km depth and vertical cross‐sections along profiles A1–A2 and B1–B2,
respectively. (b) Horizontal slice of radial anisotropy at the same depth and corresponding vertical cross‐sections. Triangles
denote seismic stations. The surface trace of the ring fracture is indicated by the black line and by the black lines shaded in
dark yellow. The yellow contour outlines the area with geothermal gradients ≥350°C/km. Topography is projected above
each vertical cross‐section for reference. Green lines in each panel show the positions of profiles A1–A2 and B1–B2.
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strong positive values (up to 8%), indicating a significant contrast between horizontally and vertically polarized P‐
wave velocities. The high‐anisotropy anomalies are concentrated beneath the VC and persist in depth along both
cross‐sections (Figure 3b), spatially coinciding with the low P‐velocity zones. The observed colocation of low P
velocities and strong radial anisotropy outlines a distinct structural domain in the upper to middle crust beneath
the VC.

4.4. Assessing Resolution Through Checkerboard and Recovery Tests

The anisotropic inversion shows a weak, first‐order lateral gradient in the averaged P‐wave velocity perturbations
across the model domain. More robustly, it images a pronounced low‐velocity anomaly and strong positive radial
anisotropy beneath the VC. Given the predominantly steep incidence angles of teleseismic P waves, the data are
generally more sensitive to vpv than to vph, which may lead to trade‐offs between 3D isotropic heterogeneity and
inferred radial anisotropy. We therefore evaluate model resolution and parameter assessment using checkerboard
(Text S6 in Supporting Information S1) and recovery tests (Text S7 in Supporting Information S1). As shown in
Figures S5–S7 in Supporting Information S1, the first‐order lateral velocity pattern, along with the low‐velocity
anomaly and positive radial anisotropy, is well recovered. Although the velocity perturbations are damped with
depth, the anisotropic features are better preserved. We also show ray density and distribution for both the initial
and final models to illustrate the illumination provided by teleseismic data (Figures S8–S9 in Supporting In-
formation S1). The results confirm that the VC is well illuminated along the main profile, supporting the
robustness of the low‐velocity and radial anisotropy.

5. Discussion
The first‐order velocity anomaly pattern, negative in the northeast and positive in the southwest flank of the VC, is
consistent with the S‐wave velocity structure along the VC transect (Wilgus et al., 2023). This may result from
mid‐Miocene intermediate‐to‐mafic volcanism on the northeastern flank where extrusive rocks could reduce
upper crustal velocities, in contrast to the southwestern side. In the following, we mainly focus on the central low‐
Vp anomaly and positive radial anisotropy beneath VC, and their implications for the present magmatic system.

5.1. Middle‐to‐Upper Crustal Magmatic Sill Complex Beneath the VC

The spatial correlation between pronounced low P‐wave velocity anomalies and strong radial anisotropy beneath
the VC provides compelling evidence for a laterally extensive magmatic sill complex within the middle to upper
crust, as illustrated in Figure 4. This interpretation follows the model proposed by Annen et al. (2006) and is

Figure 4. Conceptual cross‐section of the magmatic system beneath the Valles Caldera, constrained by seismic observations.
A sill complex, inferred from zones of low seismic velocity and strong positive radial anisotropy, intrudes laterally into the
upper crust and supplies fluids to the overlying hydrothermal system. A deeper magmatic source in the mantle may act as the
ultimate feeder through a magma conduit. The resurgent dome, Redondo Peak, is shown at the surface.
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consistent with recent observations beneath the Toba (Jaxybulatov et al., 2014; Wang et al., 2025), YS, and LV
calderas (Jiang et al., 2018; Wu et al., 2023). We further discuss our results in the context of this model,
considering the velocity and anisotropy structures separately.

As shown in Figure 3a, the depth range of this low‐velocity anomaly beneath the VC overlaps the petrologically
estimated storage depths of erupted rhyolites (2.5–9 km) (Huang et al., 2015), suggesting that the observed
velocity depression represents a partially molten or highly fractured magmatic body (Figure 4). This interpre-
tation is consistent with previous studies that attributed similar low‐velocity features beneath large caldera
systems to melt‐rich sills or intrusions (Jiang et al., 2018; Maguire et al., 2022). The location and magnitude of the
P anomaly beneath the VC in our images are generally consistent with a comparable feature with maximum Vp
reductions of ∼23% by teleseismic tomography of JTEX (Steck et al., 1998). Based on a recent S‐wave velocity
model, the corresponding velocity perturbation within this volume reaches about 32% (Wilgus et al., 2023). The
greater reduction in S‐wave velocity likely reflects the higher sensitivity of shear waves to partial melt which
strongly reduce the shear modulus but have a smaller effect on the bulk modulus. Spatially, the low‐velocity
anomaly exhibits a slight asymmetry, rising from beneath the central sector toward the north‐northwestern rim
of the caldera. The location of this feature agrees well with Steck et al. (1998), although its lateral extent differs
slightly, likely reflecting the denser spatial sampling provided by the node array used in this study, which yields a
substantially improved constraint on the geometry of the anomaly. The depth extent of the low‐velocity zone
remains uncertain, as the predominantly vertical propagation of teleseismic rays limits vertical resolution.
Nevertheless, the overall depth distribution is broadly consistent with the S‐wave velocity model (Wilgus
et al., 2023).

The positive radial anisotropy anomaly exhibits amplitudes of up to 8% in the shallow crust along profile A
(Figure 3b), decreasing to approximately 4% within the middle crust. Spatially, this anisotropy anomaly coincides
with the low‐velocity anomaly, but displays a somewhat broader lateral extent. This pattern likely reflects hor-
izontally aligned melt‐filled cracks or layered intrusive bodies that enhance horizontal relative to vertical P‐wave
velocities. This anisotropic signature points to a sill‐dominated magmatic architecture, where repeated
emplacement of subhorizontal intrusions gives rise to a laminated crustal structure (Figure 4). To our knowledge,
this represents the first observation of P‐wave radial anisotropy associated with a magma chamber beneath the
caldera. Importantly, it is consistent with the recent ambient‐noise S‐wave model that reports strong positive
radial anisotropy exceeding 15% beneath the VC (Song et al., 2026). Analogous S‐wave studies in other caldera
systems also show pronounced positive radial anisotropy above crustal magma reservoirs. For example, Jax-
ybulatov et al. (2014) first reported a positive S‐wave radial anisotropy anomaly beneath the Toba caldera, which
was later re‐evaluated by Wang et al. (2025) using advanced waveform tomography, yielding an anisotropy of
nearly 30%. Comparable anomalies, with mean strengths of 8% in LV and 12% in YS at depths of 5–18 km, were
documented by Jiang et al. (2018). More recently, this anisotropy beneath YS was re‐evaluated by Wu
et al. (2023) using a denser nodal array, yielding a higher estimate of about 20% at the top of the reservoir.
Although the inferred anisotropy amplitudes vary due to differences in data coverage and inversion methodology,
all consistently indicate pronounced positive radial anisotropy associated with crustal magma reservoirs. Overall,
the P‐wave radial anisotropy beneath the VC reveals a sill‐dominated magma system formed by subhorizontal
intrusions, consistent with S‐wave anisotropy patterns in other large calderas and reflecting a common process of
magma accumulation in the middle‐to‐upper crust.

The shallow (0–5 km) low‐velocity but comparatively weak and spatially heterogeneous signal (Figures 3a
and 3b) may reflect a transition from intrusion‐dominated fabric at mid‐crustal levels to hydrothermal alteration
and fracture‐controlled properties in the uppermost crust. In this zone, pervasive alteration, elevated pore‐fluid
pressure, and dense fracturing can reduce Vp, whereas the net radial‐anisotropy signal may remain modest if
fractures are variably oriented or heterogeneous over length scales smaller than our resolution. This interpretation
is consistent with a dynamically coupled magmatic–hydrothermal system (Wilks et al., 2020).

5.2. Implications for the Magmatic System of the VC

The integrated tomographic and interpretive results (Figure 4) indicate that the current VC magmatic system
comprises a vertically connected network linking a possible deep magmatic source in the upper mantle to a
middle‐to‐upper crustal sill complex and an overlying hydrothermal system. To better understand magma storage
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conditions and assess the likelihood of future eruptions beneath the VC, it is essential to quantify the total melt
content. Although there are significant uncertainties in estimating the melt fraction and volume from seismic
tomography alone (Paulatto et al., 2022), our P‐wave model provides a first‐order approximation of the average
melt fraction within the VC magma reservoir. Following Huang et al. (2015), we adopt a 7% vpmean reduction as a
proxy for partial melt in the middle to upper crust and estimated the anomaly volume by integrating the 3D grid
cells that satisfy a prescribed velocity‐reduction threshold 7% in the tomographic model. Using this threshold‐
based approach, we obtain a low‐velocity anomaly volume of ∼1450 km3 for the largest connected low‐
velocity body (363 grid cells; ∼4 km3 per cell), comparable to the partially molten volume of ∼1,200 km3

inferred from the recent S‐wave model (Song et al., 2026). Using the approach of Chu et al. (2010) developed for
the YS system, we estimate the melt fraction beneath the VC. The background velocity increases gradually from
∼5.8 km/s at 2 km depth to 6.5 km/s at 30 km, whereas the average isotropic P‐wave velocity within the
anomalous zone is approximately 4.6–5.2 km/s, yielding an average melt fraction of about 9%–18%. This cor-
responds to an estimated melt volume of ∼130.5–261 km3 distributed within a 1,450 km3 domain extending from
the surface to ∼20 km depth (Figure 4). This estimate is also consistent with the ∼100–200 km3 melt volume
inferred from the S‐wave model (Song et al., 2026). Considering the strong damping of the P‐wave velocity model
in teleseismic tomography, this estimate likely represents a lower bound (Lin et al., 2014) and is therefore
comparable to the 17%–22% inferred from the S‐wave model.

These melt fractions for the VC magmatic system are likely lower than those that prevailed prior to past eruptions,
as most erupted rhyolites contained 35%–55% crystal cargo (Myers et al., 2016; Wu et al., 2023). This comparison
suggests that the present‐day VC reservoir lacks the melt‐rich domains that characterized its pre‐eruptive state,
indicating that it is not currently in an eruptible condition. This inference is consistent with the limited seismicity
and the absence of measurable surface deformation. Nevertheless, our eikonal‐based inversion likely un-
derestimates the true magnitude of the low‐velocity anomaly and consequently the melt fraction. Future studies
that jointly invert P‐ and S‐wave velocities, anisotropy, and attenuation using advanced waveform‐based to-
mography (Wang et al., 2021; Xu et al., 2025) will be essential for constraining melt, fluid, and gas fractions,
thereby refining our understanding of the mush‐dominated magma reservoir beneath the VC.

6. Conclusions
We present the first anisotropic P‐wave velocity model for the VC, New Mexico, derived from a teleseismic
tomography approach. The observed pronounced low P‐velocity anomaly and positive radial anisotropy indicate
the presence of a magmatic sill complex beneath the VC. This structure, likely formed by horizontally layered
melt accumulations, may play a key role in magma storage and transport. Our results demonstrate the capability of
teleseismic anisotropic imaging using dense nodal arrays to resolve the detailed architecture of magmatic res-
ervoirs. However, the absolute amplitudes of the velocity and anisotropy anomalies remain uncertain. Future
studies incorporating multiparameter inversions within advanced waveform tomography frameworks will further
constrain the melt fraction and physical properties of the magmatic system.
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