View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by UNL | Libraries

University of Nebraska - Lincoln
DigitalCommons@University of Nebraska - Lincoln

USGS Staff - Published Research US Geological Survey

Seismic evidence for significant melt beneath the Long Valley
Caldera, California, USA

Ashton F. Flinders
David R. Shelly
Philip B. Dawson
David P. Hill
Barbara Tripoli

See next page for additional authors

Follow this and additional works at: https://digitalcommons.unl.edu/usgsstaffpub

b Part of the Geology Commons, Oceanography and Atmospheric Sciences and Meteorology Commons,
Other Earth Sciences Commons, and the Other Environmental Sciences Commons

This Article is brought to you for free and open access by the US Geological Survey at DigitalCommons@University of
Nebraska - Lincoln. It has been accepted for inclusion in USGS Staff -- Published Research by an authorized
administrator of DigitalCommons@University of Nebraska - Lincoln.


https://core.ac.uk/display/266214888?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://digitalcommons.unl.edu/
https://digitalcommons.unl.edu/usgsstaffpub
https://digitalcommons.unl.edu/usgs
https://digitalcommons.unl.edu/usgsstaffpub?utm_source=digitalcommons.unl.edu%2Fusgsstaffpub%2F1086&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/156?utm_source=digitalcommons.unl.edu%2Fusgsstaffpub%2F1086&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/186?utm_source=digitalcommons.unl.edu%2Fusgsstaffpub%2F1086&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/166?utm_source=digitalcommons.unl.edu%2Fusgsstaffpub%2F1086&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/173?utm_source=digitalcommons.unl.edu%2Fusgsstaffpub%2F1086&utm_medium=PDF&utm_campaign=PDFCoverPages

Authors
Ashton F. Flinders, David R. Shelly, Philip B. Dawson, David P. Hill, Barbara Tripoli, and Yang Shen



THE GEOLOGICAL SOCIETY
OF AMERICA®

Seismic evidence for significant melt beneath the Long Valley

Caldera, California, USA

Ashton F. Flinders', David R. Shelly’, Philip B. Dawson', David P. Hill', Barbara Tripoli?, and Yang Shen?
'U.S. Geological Survey, California Volcano Observatory, Menlo Park, California 94025, USA

2Department of Earth and Planetary Science, University of California, Berkeley, California 94720, USA

SGraduate School of Oceanography, University of Rhode Island, Narragansett, Rhode Island 02882, USA

ABSTRACT
A little more than 760 ka ago, a supervolcano on the eastern edge of California (United
States) underwent one of North America’s largest Quaternary explosive eruptions. Over this
~6-day-long eruption, pyroclastic flows blanketed the surrounding ~50 km with more than 1400
km?® of the now-iconic Bishop Tuff, with ashfall reaching as far east as Nebraska. Collapse of
the volcano’s magma reservoir created the restless Long Valley Caldera. Although no rhyolitic
eruptions have occurred in 100 k.y., beginning in 1978, ongoing uplift suggests new magma
may have intruded into the reservoir. Alternatively, the reservoir could be approaching final
crystallization, with present-day uplift related to the expulsion of fluid from the last vestiges
of melt. Despite 40 years of diverse investigations, the presence of large volumes of melt in
Long Valley’s magma reservoir remain unresolved. Here we show, through full waveform
seismic tomography, a mid-crustal zone of low shear-wave velocity. We estimate the reservoir
contains considerable quantities of melt, >1000 km?, at melt fractions as high as ~27 %. While
supervolcanoes like Long Valley are rare, understanding the volume and concentration of
melt in their magma reservoirs is critical for determining their potential hazard.

INTRODUCTION

Volcanoes capable of explosive caldera-
forming supereruptions are exceedingly rare, yet
are arguably the most globally catastrophic natu-
ral process on the planet. In a single eruption,
these volcanoes can erupt >1000x the volume
that erupted from Mount St. Helens (Washing-
ton State, USA) in 1980 (1 km?) (Crosweller et
al. 2012). Of the 13 Quaternary-active supervol-
canoes in the world, three are in the continental
United States: Long Valley (California), Valles
(New Mexico), and Yellowstone (Wyoming)
(Crosweller et al. 2012).

At approximately 767 ka, Long Valley vol-
cano in eastern California (Fig. 1) erupted
>1400 km?® of rhyolitic ash and pyroclastics in an

~6-day-long Plinian eruption (tephra equivalent;
Hildreth and Wilson, 2007). With the exception
of the 639 ka eruption of Yellowstone, this is
North America’s most recent supereruption
(Crosweller et al. 2012). Unlike Yellowstone,
Long Valley has no deep-mantle hotspot source,
and regional mafic volcanism is relatively young
(<4 Ma) (Bailey et al., 1976). Tectonically, the
volcano sits in a right-stepping offset in the dex-
tral Walker Lane shear zone (Fig. 1). The region
is bounded by the Sierra Nevada to the west and
the Basin and Range to the east (Fig. 1), with
volcanism focusing at Long Valley at ca. 2.5 Ma
at a left-stepping offset in the Sierra range-front
fault system (Bailey et al., 1976).
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Long Valley’s caldera-forming supereruption
was followed by 120 k.y. of subPlinian activity
and 400 m of resurgent dome uplift (Hildreth,
2017). While minor eruptions continued to 100
ka, there have been no eruptions on this resur-
gent dome in 500 k.y. (Hildreth, 2017). This
quiescence, along with a perceived migration
of volcanism westward toward compositionally
distinct systems (Hildreth, 2017), a post—ca. 300
ka decrease in high-temperature hydrothermal
activity, and the current absence of magmatic
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gases (CO,, *He/*He), have led to the perspective
that the caldera-forming magma reservoir is now
near wholly crystallized (Hildreth, 2017). This
assessment holds crucial implications for the
interpretation of ~30 yr of ongoing uplift cen-
tered on the post-caldera resurgent dome, and
the long-term hazard of the volcano (Hill and
Montgomery-Brown, 2015).

Is uplift at Long Valley driven by the exsolu-
tion of magmatic fluids from the last few ves-
tiges of melt from the caldera-forming reser-
voir; i.e., “second boiling” (Hildreth, 2017)? Or
could the uplift be related to the intrusion of new
magma (Battaglia et al., 1999)? While North
America’s other two Quaternary supervolcanoes,
Valles and Yellowstone, likely contain signifi-
cant quantities of melt (Huang et al., 2015; Steck
et al., 1998), Long Valley remains enigmatic.

Geophysical Overview

The search for a modern magma reservoir
beneath Long Valley led to more than 20 geo-
physical studies over the past 40 yr, most com-
monly based on local-earthquake tomography
(LET) of P-wave and/or S-wave traveltime
(V;, V) or S-wave attenuation. While these stud-
ies agree there is likely no melt within the upper

Figure 1. The 127 seismic
stations (green triangles)
and 11 regional earth-
quakes (M, >4; focal
spheres) used to image
the crustal shear-wave
velocity beneath the Long
Valley Caldera (outlined in
yellow) in California. Red
line shows location of the
cross section in Figure 2.
Inset: Location of the study
area (red box) in the west-
ern United States.
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~6 km (Romero et al., 1993; Foulger et al., 2003;

Seccia et al., 2011; Lin, 2015) their ability to
resolve a deeper magma reservoir (>8 km) is
limited by the focal depths and raypaths of local
earthquakes. Beneath the caldera, LET studies
can, at most, resolve to depths of ~6—-10 km.
Despite this limitation, these studies have found
evidence for a low V,, and V or high S-wave
attenuating zone near the base of their mod-
els (Romero et al., 1993; Foulger et al., 2003;
Seccia et al., 2011; Lin, 2015). However, given
the proximity to the relatively low-temperature
base (100 °C) of the Long Valley Exploration
Well (Sorey et al., 2000), low V,/V, and low
resistivity, many suggest these anomalies reflect
magmatically derived fluids and/or hydrother-
mal alteration (Romero et al., 1993; Lin, 2015;
Peacock et al., 2016).

The best evidence to date for a deep magma
reservoir comes from limited lower-resolution
teleseismic studies, which show an 8-30%
reduction in V, between 7 km and 20 km depth
(Dawson et al., 1990; Steck and Prothero, 1994,
Weiland et al., 1995). The most recent of these
studies imaged two isolated systems: a mid-to-
upper crustal reservoir at ~10-18 km depth, and
a second, deeper, low-velocity zone, centered at

~25 km depth (Weiland et al., 1995). This type

of multilevel storage is similarly observed at
the Valles (Steck et al., 1998) and Yellowstone
calderas (Huang et al., 2015), and is supported
by the latest perspectives on the transcrustal
development of large silicic systems (Cashman
et al., 2017).

METHODS

To address the longstanding uncertainties of
Long Valley’s magma reservoir, we solved for
the caldera’s crustal shear-wave velocity struc-
ture using three-dimensional (3-D) full-wave-
form tomography. We invert for traveltime dif-
ferences between source and forward-modeled
seismograms using a multi-step iterative process
that includes 3-D finite-difference wave propa-
gation simulations and the calculation of 3-D
finite-frequency sensitivity kernels (Flinders and
Shen, 2017). Our method allows us to account
for the complex 3-D spatial sensitivity of wave
propagation, scattering of short-period waves
by topography, and P/S-wave velocity cross-
dependence, phenomena typically ignored in
traditional tomography but potentially signifi-
cant at volcanic settings at short periods (2-30 s).

Source seismograms are Rayleigh-wave,
ambient noise cross correlations, derived from
all seismic stations within 150 km of the caldera
over the past 26 yr (Fig. 1; Figs. DR1 and DR2
in the GSA Data Repository'). These data are

!GSA Data Repository item 2018290, methods
and data, Figures DR1-DR12, and Tables DR1-DR3,
is available online at http://www.geosociety.org
/datarepository/2018/ or on request from editing@
geosociety.org.
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independent of earthquake locations and provide

sensitivity to seismic structure deeper than previ-
ous LET studies at spatial resolutions higher than

teleseismic body-wave studies. In later iterations,
we supplement these data with Rayleigh-wave

records from 11 large regional earthquakes (Fig.
1; Tables DR1 and DR2).

RESULTS

‘We image a spheroidal low shear-wave veloc-
ity (V) zone (30 km in diameter) that underlies
the entire caldera (Fig. 2). Near-surface (<3 km

depth) low velocity is indicative of volcanoclas-
tic caldera infill, with the primary reservoir low-
V, zone extending from ~5 km depth, near the
base of down-dropped Paleozoic metasedimen-
tary roof (Bailey et al., 1976), to more than 20
km (Fig. 2D). On average, this zone is ~20%
slower (2780 m/s) than expected for a mid-
crustal granite (3460 m/s) near its solidus tem-
perature (350 MPa, ~680 °C; Evans et al., 2016;
Ji et al., 2002). The magnitude of the reduced
velocity and the vertical extents agree with what
has been observed teleseismically (Dawson et

-50 km
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Figure 2. Depth slices and west-east profile of the Long Valley (USA) tomographic V, model. A:
Shear-wave velocity at 10 km below sea level (bsl). Black dashed square shows the extents of
two depth slices at 15 and 20 km bsl (B and C). Poorly resolved areas are hachured-shaded.The
caldera is outlined in thick black. Mono Lake is outlined with thin black line. Red line shows
location of the cross section in D and E. D: West-east profile of the V, model. E: The V, model
after removing an average one-dimensional Walker Lane crust velocity profile. Bounds of the
plutonic/volcanic volumes used in melt calculations are shown as contoured lines (5:1, 10:1,
15:1). Near-horizontal lines within the anomaly bound the extrapolated low-V, region imaged
by Seccia et al. (2011). Also shown is the depth and projected location of the Long Valley

Exploration Well (LVEW; Sorey et al., 2000).
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al., 1990; Steck and Prothero, 1994; Weiland
et al., 1995) and with the depths of previously
imaged P-wave reflectors from active-source
seismic refraction experiments (Hill et al., 1985).
The zone also correlates with an ~10% slow V,
zone imaged using regional-scale earthquake
tomography (Thurber et al., 2009). Our low-V
zone encompasses a previously imaged two-
station receiver function reflector at 7-11 km
depth (Fig. 2E) attributed to 30—-60% melt (Sec-
ciaetal.,2011). While hydrothermal alteration
contributes to reduced velocity at shallow depths
(<7 km) (Peacock et al., 2016), it does not likely
have significant effects at greater depths (Barnes,
1997). Similarly, the velocity is too low to be
explained by heat remaining from a crystallized
magma reservoir, and implies the presence of
residual melt.

DISCUSSION

Melt Estimates

To constrain the melt fraction in the low-V
zone, we correct for variations in V in gran-
ite from temperature and pressure (Fig. DR10),
assuming the entire zone is held at lithostatic
pressure and at the mean Bishop Tuff eruptive
temperature (~750 °C; Evans et al., 2016; Ji et
al., 2002). While this temperature correction will
overestimate the average reservoir temperature,
it will provide a conservative/minimum estimate
of the magnitude of the V perturbation attrib-
uted to melt fraction. We limit these estimates to
regions where the minimum contrast between the
reservoir velocity and regional Walker Lane crust
(WLC) are >5% (Fig. 2E). Using two indepen-
dent partial derivatives of V with respect to melt
fraction, one derived experimentally (Caricchi
et al., 2008) (8V/0M,, = =26 m/s) and one we
derived specific to an average mineral composi-
tion of the Bishop Tuff (8V/8M,, = —23 m/s) at
750 °C and 350 MPa (Fig. DR11), we estimate
an average melt content of 23% =+ 4%.

Studies on the generation of ignimbrite erup-
tions and silicic batholiths provide constraints on
the plutonic/volcanic ratios necessary to generate
mid-to-upper crustal rhyolitic magmas (Lipman
and Bachmann, 2015). By increasing the mini-
mum V contrast between the reservoir and WLC,
we can calculate a range of reservoir and melt
volumes across these geologically reasonable
plutonic/volcanic ratios. Ratios are estimated
using our calculated reservoir volume compared
to the 767 ka Bishop Tuff dense-rock-equivalent
volume (650 km?®) (Hildreth and Wilson, 2007).
For a minimum velocity contrast of 12%, the res-
ervoir volume is 3300 km?, equivalent to an ~5:1
plutonic/volcanic ratio, and contains ~900 km?
of rhyolitic melt (27%) (Figs. 2E and 3). Using
a smaller velocity contrast (8.5%), equivalent to
an ~10:1 ratio, the reservoir volume increases
to 6600 km?® and contains ~1400 km?* of melt
(22%) (Figs. 2E and 3). For comparison, based

on P-wave non-full waveform methods, Yel-
lowstone’s upper-crustal reservoir has been
estimated to contain a similar 900-1400 km?®
of rhyolitic melt (Huang et al., 2015; Chu et
al., 2010). While the volumes of melt at these
two supervolcanoes appear equivalent, Yellow-
stone’s total reservoir volume is considerably
larger (4300-10000 km?) (Huang et al., 2015;
Chu et al., 2010). However, at Long Valley, melt
is likely significantly more concentrated.

Irrespective of the thermal history of the
reservoir over the past 500 k.y., our estimate of
~23% melt suggests that a substantial volume
of fluid has exsolved from the reservoir. Crys-
tallization of a 4 wt% H,O pure melt (Hildreth
and Wilson, 2007) to a 0.77 crystal fraction is
approximately equivalent to exsolution of half
of the original water content (Botcharnikov et
al., 2005). Although hydrothermal pathways are
smaller than our tomographic resolution, fol-
lowing the waning of the paleo-hydrothermal
system (300 ka; Hildreth, 2017), fluid could
be accumulating near the roof of the modern
reservoir (Fig. 4). However, sensitivity testing
indicates that it is not possible to reproduce our
imaged low-velocity zone from vertical smear-
ing of a shallow low-velocity or fluid-rich zone
(Figs. DRS8 and DRY).

Thermal Implications

Our melt estimates imply significant intru-
sions occurred following the last resurgent-dome
eruptions at 500 ka. Without continued heat input,
the caldera-forming reservoir, at an assumed
initial 70% melt fraction, would have crystal-
lized to <5% melt in 225 + 100 k.y. through
conductive cooling alone (Fig. DR12A). To
account for ~23% melt solely from the remains
of crystallization would require the reservoir to
be at a 70% melt fraction as recently as 160 ka
+ 50 ka. This seems unlikely given the signifi-
cant decrease in high-temperature hydrothermal
activity in the central caldera after ca. 300 ka
(Hildreth, 2017), and implies even more-recent
intrusion. Assuming intrusions reactivated the
reservoir, the thermal front could take a mini-
mum of ~90 k.y. to emplace an appreciable 25 °C
perturbation above the background geotherm at
the depth of the Long Valley Exploration Well
(Fig. DR12B). Any reactivation more recent than
this would likely not yet be observable.

Recently, the inability of geophysical meth-
ods to consistently identify melt-rich magma res-
ervoirs (>10%) in the upper crust has been used
to argue that large volumes of melt are ephemeral
(Cashman et al., 2017). Although controversial,
lithium diffusion experiments argue that these
reservoirs only approach a melt fraction required
for eruptability (>35%, i.e., above rheological
lock-up) (Cashman et al., 2017) for, at most,
centuries after rapid heating from new intru-
sions (i.e., “cold storage”; Rubin et al., 2017).
So, while the reactivation necessary to produce a
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Figure 3. Range of possible reservoir volumes
and average melt fractions. Contours of aver-
age melt fraction in the Long Valley reservoir
is shown by dashed contours (and color).
Thick black lines are two ranges of estimates
using a span of possible reservoir volumes
and two independent partial derivatives of V
with respect to melt fraction (3V./3M.,). Lower
bound (Caricchi) is calculated from mixtures
of a haplogranitic melt and alumina particles
(Caricchi et al., 2008), and extrapolated to
750 °C. Upper bound (Tripoli; see the Data
Repository [see footnote 1]) is specific to the
mineral assemblage of the Bishop Tuff and
an average of the upper-bound Voight and
lower-bound Reuss derivatives at low melt
fraction (<60% melt) at 750 °C and 350 MPa
(Fig. DR11 in the Data Repository). Plutonic/
volcanic ratios are relative to the volume of
the Bishop Tuff.

v Walker Lane

crust

basalt partial melt ?

upper mantle

Figure 4. Interpretive model of the Long Valley
magmatic system (California, USA).The orien-
tation of the model is along the cross section
A-A’ in Figures 1 and 2.The extent of the rhyo-
lite partial melt reservoir is based on the 10:1
plutonic/volcanic contour in Figure 3, equiva-
lent to ~22% partial melt. The lower-crustal
reservoir (basalt) is adapted from Weiland et
al. (1995). Hydrothermal zones are adapted
from Peacock et al. (2016). Also shown are
the (a) Bishop Tuff and post-caldera rhyolites
(Hill et al., 1985), (b) resurgent dome inflation
source (Hill and Montgomery-Brown, 2015), (c)
ring-fault zone, (d) Paleozoic metasedimen-
tary upper crust, and (e) possible fluid-rich
zone (Hildreth, 2017). Inverted triangles mark
the caldera boundaries.
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contemporary 23% melt fraction at Long Valley
likely occurred no later than 90 ka, these “cold
storage” hypotheses could suggest significantly
more-recent changes to the reservoir.

CONCLUSION
Although we cannot discriminate between

magmatic intrusion and mobilization of exsolved

fluids as the driver of recent uplift at Long Valley,
we can conclude the mid-crustal reservoir is still

melt-rich. We estimate the reservoir currently

contains enough melt to support another super-
eruption comparable in size to the caldera-form-
ing eruption at 767 ka. However, this volume and

arelatively high melt fraction in no way ensures

that the magma is eruptible. Equally important

is how that melt is distributed within the res-
ervoir, a characteristic that remains beyond our
tomographic resolution. As tomography pro-
vides average solutions smoothed over spatial

scales larger than individual melt-filled dikes,
sills, and fissures, it can overestimate volumes

and underestimate melt fractions. Melt at Long

Valley could be concentrated in smaller zones,
at melt fractions above the rheological lock-up

window (35%). Future research focusing on mid-
crustal seismic anisotropy, dense-station receiver
functions, expanded magnetotelluric studies, or
continued scientific drilling would help address

the question of melt distribution, and is crucial

to progressing our understanding of this volcano.
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