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textures and zoning of crystals with physical models of viscous fluid flow in order to interpret the
eruption durations and discharge rates for the most recent effusive volcanic eruptions from Yellowstone.
These large-volume (10-70 km?) crystal-poor rhyolite lavas erupted within the Yellowstone caldera as
100-200 m thick flows and have a cumulative erupted volume of 650 km? that is similar to less frequent

Keywords: caldera-forming events, but occur as individual eruptions spread over ~100 ka. Most of this work is
Yellowstone focused on the axisymmetric 124 ka, ~50 km3 Summit Lake flow. We examined crystallinity, major
rhyolite lavas and trace element concentrations, oxygen and hydrogen isotopic values, and quartz morphology and
quartz morphology zoning in samples from the center to margin of this flow. Water contents down to 0.1 wt% and §D
viscous flow models values of —110%o are low and require closed-system degassing until near-surface lithostatic pressure,

lava flow cooling while major elements are consistent with water-undersaturated pre-eruptive storage and crystallization

at ~4-8 km depth. We found some evidence for subtle km-scale zoning within the lavas but describe
significant microscopic scale compositional diversity including sharp boundaries between high-Ti cores
and ~200 pm thick rims on quartz phenocrysts. Embayed quartz external morphology and rim growth
may be the result of undercooling during coalescence of magma bodies during shallow transport
between dikes and sills. Modeling the emplacement of the lava flow as a simple viscous fluid suggests
that emplacement of rhyolite lava at ~800°C occurred over ~2 to 5 yrs with high discharge rates
>100 m?3/s. Such high magma discharge rates are accommodated through ~6 km-long fissures that
allow for slower magma ascent velocities of <1 cm/s required for eruptions to remain dominantly
effusive. Lower temperatures will result in >10 yr flow durations and significant cooling of the flow front
that should result in a more complex compound flow morphology than observed. Higher temperatures
require unrealistically wide (>50 m) dike widths to accommodate large discharge rates. Petrographic and
isotopic evidence from crystals suggests recharge and merger of individual magma batches occurs on a
similar timescale to the eruption duration and may directly cause overpressure and emplacement of these
rhyolite lava flows from a shallow, ephemeral magma chamber. Large-volume rhyolitic lavas are able to
erupt effusively through elongate fissures that utilize preexisting zones of crustal weaknesses such as
ring fractures. Less-common explosive eruptions at Yellowstone may result when ascending magmas are
forced through narrower conduits or when recharge rates are especially high. The results of this study
provide a unique “top-down” constraint on effusive eruption rates, make new interpretations of common
petrographic textures, and presents a comprehensive model for eruption control.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction the Earth’s history (e.g., Self and Blake, 2008). Their underly-
ing magma systems play a critical role in development and evo-
Large centers of rhyolitic volcanism receive a great deal of at- lution of the Earth’s crust (e.g, Hildreth and Moorbath, 1988;

tention for their caldera-forming “supereruptions.” These largest ~ Huppert and Sparks, 1988). Many recent studies have focused on

eruptions may be responsible for major climate perturbations in ~ the eruption mechanisms and triggers of these largest caldera-
forming tuffs (e.g., Gregg et al., 2015), while less attention has

* Corresponding author. been devoted to the eruption mechanisms of more common but
E-mail address: loewenm@uoregon.edu (M.W. Loewen). less publicized effusive rhyolite flows from these volcanic centers.
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Fig. 1. (A) Overview map outlining Yellowstone Central Plateau Member rhyolite lava flows, vent locations, and the Lava Creek Tuff caldera margin. (B) Elevation map of the
Summit Lake and nearby lavas. Approximate symmetrical dotted circle in line with the A-A’ section has the same area (400 km?) as the mapped flow surface area. Thin flow
morphology lines are shown from Christiansen (2001). A potential 6 km long fissure, is indicated by a thick line that focused to a final vent location at the intersection of
A-A’, B-B’, and C-C'. Topography is from 10 m resolution ASTER data plotted using GeoMapApp (Ryan et al., 2009). (C) Detailed elevation map for the surface of the Summit

Lake flow, with measured river incision depths.

While direct observations exist for small-volume rhyolite erup-
tions and many silicic domes, primarily in arc volcanic settings
(e.g., Castro and Dingwell, 2009; Pallister et al., 2013; Tuffen et
al., 2013), eruption of large-volume rhyolitic lavas have never been
observed. Therefore, interpretation of the eruption processes for
large-volume rhyolite lava flows is constrained only by the ob-
served physical features of prehistoric flows (de Silva et al., 1994;
Manley, 1996; Fink and Griffiths, 1998). In recent years significant
progress of lava flow simulations was achieved starting from an-
alytical solutions (Huppert, 1982) to fully 3D non-isothermal lava
flow models (Hidaka et al., 2005). In the case of prehistoric lava
flows with parameters that are hard to constrain, including dis-
charge rate, vent shape, and emplacement temperature, an obvious
solution is to use a simple modeling strategy to gain first order
constraints on eruption dynamics.

The Yellowstone Plateau is one of the largest and most well-
recognized centers of rhyolitic volcanism in the world, most noted
for its massive caldera-forming “supereruptions” such as the most

recent 630 ka Lava Creek Tuff. Since this eruption the caldera
has been filled with numerous effusive lava flows, including the
products of the most recent Central Plateau Member (CPM) pe-
riod of volcanism from 180-70 ka. These flows have volumes up
to 70 km?3, with 16 individual flows of over 2 km?, and only 2
mapped occurrences of significant tuff deposits (Christiansen et al.,
2007; Fig. 1A). The cumulative 650 km? volume of these flows is
comparable to that of a large caldera-forming supereruption, and
thus the CPM has sometimes been considered a “fourth” caldera
cycle with a series of voluminous flows occurring over a 100 ka
period instead of as a single catastrophic caldera-forming erup-
tion (Christiansen and Blank, 1972; Hildreth et al., 1984). The CPM
rhyolites provide an ideal setting to test models of rhyolite lava
eruption mechanisms with some of these largest and most excep-
tional examples of rhyolite flows on earth.

In this contribution we are interested in understanding the
eruption mechanics of these large-volume rhyolite lava flows. We
constrain eruption timescales and temperature by integrating ob-
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Table 1

Timescale estimates the Summit Lake rhyolite lava at different eruption surface temperatures and erupted via a circular conduit or elongate fissure.
Temperature (°C) 750 775 800 825 850
Ti-in-quartz diffusion (yrs):
08YS-1 96 44 21 11 5
08YS-20 15 7 3 2 1
Gravity driven flow (yrs):
Point source® 16 (120) 5 (37) 2(12) 0.8 (5) 0.3 (2)
Elongate fissure® 39 (290 13 (92) 5(31) 2 (11) 0.8 (4)
Discharge rate (m3/s):
Point source? 120 (16) 340 (50) 920 (150) 2400 (400) 5800 (1100)
Elongate fissure” 46 (6) 140 (20) 370 (60) 950 (160) 2300 (420)
Conductive cooling (yrs):© <14 <18 <22

solid before emplacement easily emplaced before solid

Dike width (m):4
Point source® 2 (0.3) 6 (1) 15(2) 40 (7) 100 (18)
Elongate fissure® 1(0.1) 2 (0.3) 6(1) 16 (3) 39 (7)

4 Point source calculated with eq. (3), V =57 km?, r =11.3 km, and viscosity from Romine and Whittington (2015) using measured Summit Lake whole rock composition

and 0.2 wt.% water (0.1 wt.% water shown for reference in parentheses).

b Elongate fissure calculated eq. (4) using the same inputs but a source fissure length of 14.8 km. Elongate fissure solutions provide overestimates of duration with best

duration estimates closer to the point source solution.

¢ Cooling model of a 100 m thick section representing the flow margin. Times are for complete cooling to the glass transition temperature, while stalling of the front and
resulting flow breakouts, not observed at Summit Lake, will occur earlier than the time indicated here.
d' Dike widths calculated assuming a rectangular dike cross section, a fissure length of 6 km, and an ascent rate of 1 cm/s required to prevent fragmentation.

servations from large, km-scale lava flow topographic morphology
and small pm-scale quartz crystal growth textures with analytical
solutions to gravity-driven viscous fluid flow. These models provide
intersecting constraints on the required rates of eruption, magma
ascent, and conduit size of large-volume rhyolite lava flows at Yel-
lowstone and thus can provide insight into the volcanic hazards
and mechanics of the underlying magma system from this and
other rhyolitic volcanic centers.

2. The Summit Lake rhyolite flow

We have chosen to focus this work on the ~400 km? inter-
glacial Summit Lake rhyolite flow erupted at 124 ka (Christiansen
et al,, 2007; Fig. 1B). The flow is relatively symmetrical compared
to synglacial CPM lavas that were likely constrained by ice dur-
ing eruption and have more complex compound flow morpholo-
gies (Lescinsky and Fink, 2000; Christiansen, 2001). The majority
of the Summit Lake flow margin is exposed except in the north-
west where it is partially overlain by the 114 ka West Yellowstone
flow (Fig. 1A). These characteristics make it especially well-suited
for approximation using physical models of viscous fluid flow.

Despite its 100 ka age and subsequent glaciation, the Summit
Lake flow is remarkably well-preserved. River incision forms sharp
v-shaped valleys typically no more than 10-20 m deep, with only
two instances of river erosion significantly deeper than 30 m: in
a drainage on the southern tip of the flow and along the West
Fork Iron Spring Creek in the northeast (Fig. 1C). Primary flow fea-
tures such as ogives are mapped on this and other Yellowstone
CPM rhyolites by Christiansen (2001) and the surface is vitro-
phyric obsidian, characteristic of an upper quenched flow surface.
These observations suggest that the original flow morphology is
well-preserved and erosion has been minimal. No remnants of any
pyroclastic components have been mapped or reported in this or
other CPM lava flows. Initial glaciation of the Summit Lake flow
occurred by 114 ka when the synglacial West Yellowstone flow
was emplaced (see Fig. 1 for units; Pierce and Obradovich, 1976;
Christiansen, 2001). Glacial cover may have been more or less con-
tinuous from this point until the 14 ka cessation of the Pinedale
glaciation during the last glacial maximum (Licciardi and Pierce,
2008). Geomorphic preservation of this flow may be due to, rather

than in spite of, this extensive glacial history; location along the
continental divide and within the broad Yellowstone Plateau re-
sulted in low basal ice velocities and subsequently minor glacial
erosion.

3. Materials and methods

In order to characterize the entire chronology of the Summit
Lake flow and gain insights into the origin and eruption of its
magma, we have collected 20 samples from the topographic high
and inferred vent location (08YS-01) to the northeast margin of
the flow (08YS-20; see Fig. 1B and supplementary file 1 for exact
locations). These samples represent the final (08YS-01) and earli-
est (08YS-20) erupted products from, as we demonstrate later and
in agreement with Christiansen (2001), a simple rather than com-
pound flow. Whole rock major and trace elements were character-
ized by X-Ray Fluorescence (XRF) at Pomona College. Matrix glass
trace element concentrations determined by Laser Ablation-ICP-MS
at Oregon State University and oxygen isotope values were deter-
mined by Laser Fluorination IRMS at the University of Oregon, and
these results are also reported in Loewen and Bindeman (2015).
Water concentrations and hydrogen isotope values for glass were
determined by a Thermal Conversion Elemental Analyzer (TC/EA)
following the approach of Loewen and Bindeman (2015). Quartz
Ti concentrations were determined on a Cameca SX-100 Electron
Microprobe (EMPA) at the University of Oregon, and Cathode Lumi-
nescence (CL) images obtained on another SX-100 EMPA at Oregon
State University.

4. Summit Lake lava flow composition and mineral textures

The Summit Lake lava is a low-crystallinity (3-6%) high-silica
rhyolite (76 wt.% SiO,; Table 1) typical of other Yellowstone
CPM lavas (Fig. 2A). Quartz and sanidine are the dominant crys-
tal phases with minor Fe-Ti oxides, clinopyroxene, and acces-
sory zircon and chevkinite. Normative major element compositions
plot between the 100 and 200 MPa quartz-feldspar cotectic on
Fig. 2A (Blundy and Cashman, 2001), corresponding to shallow
depths of 4 km and are consistent with cotectic minima for water-
undersaturated rhyolites (Holtz et al., 1992). Quartz-sanidine min-
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Fig. 2. (A) Whole rock compositions plotted on the quartz-feldspar ternary phase diagram. Whole rock compositions for Summit Lake and all other CPM lava flows plot
between 100-200 MPa cotectic lines and are consistent with water-undersaturated cotectic minima from Holtz et al. (1992). Compositions are plotted to include anorthite
influence following Blundy and Cashman (2001), and water-saturated curves are also from this study. (B) Rhyolite-MELTS model of the average Summit Lake whole rock
composition at 100 MPa, QFM oxygen fugacity, and variable initial water concentrations. Quartz and sanidine are near-liquidus phases while plagioclase, not observed at
Summit Lake, does not crystallize until the eutectic at 770-780°C along with water saturation. Increasing pressure to 200 MPa lowers the liquidus temperature by ~50°C

and the eutectic temperature by ~25°C.

eralogy and overall low crystallinity are consistent with Rhyolite-
MELTS (Gualda et al., 2012a) for ~800-850 °C with 2-3 wt.% initial
water (Fig. 2B).

Oxygen isotope values are low (median 8§80 = 4.6%) and sim-
ilar to other CPM rhyolites (Loewen and Bindeman, 2015), requir-
ing magma generation from remelting of a shallow protolith that
experienced hydrothermal alteration (e.g., Bindeman and Valley,
2001). Crystallinity is slightly higher and §'80 slightly lower in
the earliest erupted samples collected closest to the flow mar-
gin (Fig. 3). Other major and trace elements follow these small
changes in crystallinity (e.g. Nb, Ba) but overall show little to no
systematic changes from early to late erupted samples. Whole rock
concentrations of most elements are higher than matrix glass con-
centrations reflecting compatibility with sanidine and accessory
minerals, similar to the pattern observed in other CPM rhyolites
(Loewen and Bindeman, 2015). Glass next to zircon crystals in low
Zr glass exhibit greater Zr concentrations indicative of preerup-
tive heating episode of ~15°C (Loewen and Bindeman, 2015;
Bindeman and Melnik, 2016).

Water concentrations and 8D values are uniformly low across
the entire surface of the Summit Lake and other CPM rhyolites
(Fig. 4). All Summit Lake samples have <0.15 wt.% water con-
sistent with water solubility in a rhyolite melt at <10 m litho-
static pressure (Newman and Lowenstern, 2002). These values are
broadly similar to water concentrations and §D values for other
CPM rhyolites (Loewen and Bindeman, 2015). Higher water con-
tents are observed in other flows at Yellowstone, however, these
higher values are accompanied by 8D values <—130%o that can
only result from secondary hydration with low §D meteoric water
(Fig. 4; Bindeman and Lowenstern, 2016). The typical low wa-
ter glass samples are consistent with two-stage degassing from
primary magmatic water of §D = —50%c and 3 wt.% total water
with closed-system degassing to near-surface lithostatic pressures
followed by open-system degassing (e.g., Newman et al., 1988;
Taylor, 1991). These isotopic values and water contents require that
degassing occurred very near the vent surface or via an open frac-
ture network connected to the surface. This could be accomplished
through fragmentation and degassing at the vent as observed in
the 2011-2012 eruption of Corddén Caulle (Schipper et al., 2013;
Castro et al., 2014). This near-vent fragmentation would also ef-
fectively expose the entire lava pile on all sides to near-surface
conditions resulting in the low water contents observed in all CPM
lavas. Despite this evidence, it remains possible that higher water
contents exist deep within the flow interior under tens of meters
overpressure. Our sampling and water and 8D determinations of
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Fig. 3. Compositions of sampled collected in a transect from the vent to margin
of the Summit Lake flow. Earliest erupted samples are found at the flow mar-
gin and latest erupted closest to the vent. No >95% confidence trends are seen
between these and other (see electronic supplement 1) compositional parameters
and distance from vent. Total crystallinity and oxygen isotope values may increase
and decrease, respectively, towards the flow margin. Quartz cores have consistently
higher Ti than quartz rims, and matrix glass has higher trace element concentra-
tions for all elements except Nb (shown here), Rb, Pb, and U.

30 samples from Summit Lake and other Yellowstone lava flows—
some of which likely sampled flow interiors exposed by glacial
or other erosion—did not reveal magmatic water concentrations in
matrix glass higher than 0.22 wt.%.
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Fig. 4. Water concentrations and hydrogen isotope ratios in obsidian glass for
Summit Lake and other Central Plateau Member rhyolites. Most glass compositions
are low water (~0.1 wt.%) with §D of —110 to —140%o consistent with closed fol-
lowed by near-surface open system degassing. Initial water concentrations and §D
based on amphibole values from the Lava Creek Tuff (LCT) amphibole-melt fraction-
ation of —30%o (Graham et al., 1984). Degassing lines calculated following Taylor
(1991).

Quartz phenocrysts imaged from across the Summit Lake flow
display zoning patterns of dark CL and low-Ti rims surround-
ing bright CL, higher-Ti cores (Figs. 5, 6). The cores are typically
rounded, and their internal oscillatory zoning is often truncated
by the rim overgrowth (e.g., Fig. 5G). Similar quartz zoning pat-
terns have been observed in most other CPM flows, including the
adjacent Buffalo Lake, West Yellowstone, and Pitchstone Plateau
flows (Vazquez et al., 2009; Girard and Stix, 2010). Girard and Stix
(2010) also noted that quartz phenocrysts without the strong zon-
ing have identical Ti concentrations as the rims of zoned crystals
from the same flow. Quartz cores with higher and lower-Ti con-
centrations occur side by side suggesting magma batches merge
with slightly different temperature and/or Ti concentrations and
activities. We do not observe any changes of quartz rim or core Ti
concentrations from early to late erupted samples (Fig. 3). Quartz
phenocrysts display complex external morphologies ranging from
anhedral crystals (Fig. 5F, G) to euhedral hexagonal forms with
(Fig. 5C, D, E, 1, J, M) and without (Fig. 5A, B, H, K, L) embay-
ments. Quartz phenocrysts in the earliest erupted sample are often
fragmented (Fig. 5N, O, P).

5. Origin of quartz morphology and low-Ti rims

In this work we investigate the possibility that the embay-
ments and low-Ti rims in quartz are a result of rapid growth
occurring within a few years of eruption. Embayments in crys-
tals can be a result of either dissolution (reentrants), or as a
result of rapid crystal growth where crystal edges and corners
grow preferentially to crystal faces resulting in a hopper or skele-
tal morphology (Roedder, 1979). Embayed quartz phenocrysts, as
observed in Summit Lake and other CPM rhyolites, are commonly
assumed to be reentrants resulting from partial dissolution (e.g.,
Girard and Stix, 2010). We document, however, that the quartz
embayments observed in the Summit Lake and other CPM lavas
are more consistent with long-standing observational (Lemmlein,
1930; Anderson, 1991) and experimental (Swanson and Fenn,
1986; Cabane et al., 2001) descriptions of quartz habits that are
a result of primary late-stage hopper-style growth.

Many of the quartz textural features illustrated in Fig. 5 can
only be explained by crystal growth. Complete to partial anneal-
ing of hopper growth habits are clearly shown in Fig. 5D, where
internal oscillatory zoning traces hopper growth patterns. The

growth bands eventually enclose some embayments resulting in
fully entrapped melt inclusions or embayments connected to ex-
ternal melt only by narrow necks. These “hourglass-type” melt
inclusions (see also Fig. 5C, E, and M), as described by Anderson
(1991), are difficult to envision forming by crystal dissolution and
therefore are a diagnostic feature of crystal growth. In all sam-
ples examined by us and previous studies (Vazquez et al., 2009;
Girard and Stix, 2010), we have found only one case where an
embayment is not confined entirely to the crystal rim (Fig. 5C).
It is possible that in this one crystal, hopper overgrowth (forming
the narrow neck) occurs coincidently as an extension of an ear-
lier reentrant-type embayment in the core. In addition to the em-
bayments, we observe euhedral quartz phenocryst external forms
with strongly faceted faces and hexagonal beta-quartz symmetry
(Fig. 5A, B, C, D, E, H, [, ], K, L, M). These hexagonal forms and
even the less common rounded quartz phenocrysts (Fig. 5F, G) are
likely to represent equilibrium quartz growth textures, not dissolu-
tion (e.g., Cabane et al., 2001).

Unlike embayments that are primarily confined to low-Ti rims,
there is evidence for complex history of high-Ti crystal cores in-
cluding convincing evidence for an earlier history crystal dissolu-
tion. This earlier dissolution event is illustrated in Fig. 5G, where
the bright-CL core has oscillatory zoning that is truncated by rim
overgrowth. The core also has a reentrant-type embayment with a
small melt inclusion. Other bright CL-cores, however, provide evi-
dence for earlier periods of skeletal growth, notably Fig. 5 and L,
suggesting a potentially diverse origin for quartz phenocrysts. Pre-
vious studies have described declining quartz rim and core Ti con-
centrations through time with core compositions strikingly similar
to rim compositions from previous CPM eruptions (Vazquez et al.,
2009; Girard and Stix, 2010; see electronic supplement 2). These
observations support that the high-Ti cores must represent an an-
tecrystic history of melt composition.

Perhaps more important is the preservation of a sharp bound-
ary between high-Ti cores and low-Ti rims that provides some
constraints on the timescale of rim growth. EMPA profiles were
measured across core-rim boundaries on two quartz phenocrysts,
one from an early and one from a late erupted sample (Fig. 6).
The transition from ~150 ppm core to ~100 ppm rim Ti con-
centrations occurs over less than the 10-20 pm spacing of EMPA
analyses. We use CL-grayscale calibrated to Ti concentrations deter-
mined by EMPA, following Wark et al. (2007), in order to charac-
terize this transition at higher spatial resolution. In both transects,
the transition occurs over a 5-7 pm distance, equivalent to <10
pixels in the original CL image. At this short distance, we cannot
be certain that some of the diffusion profile could be due to the
resolution limits of our images and detector. As a result, we con-
sider that models fit to this compositional profile provide only an
estimate of maximum timescale; the actual compositional profile
could be an even sharper step function than what we model.

We fit diffusion curves following the approach of Gualda et al.
(2012b), using temperature dependent diffusion coefficients from
Cherniak et al. (2007). The resulting timescale for the best-fit dif-
fusion curves shown in Fig. 6 are highly dependent on assumed
temperature. The sharpest Ti profile from 08YS-20 could be pre-
served for only 1 yr at 850°C, 3 yrs at 800°C, and 15 yrs at 750°C
(Fig. 6B; Table 1). The later erupted 08YS-02 has a slightly longer
profile modeled with 5-6x longer durations (Fig. 6A), although this
more relaxed profile could be due to an oblique intersection of
zoning that will also result in longer time estimates.

The formation of hopper growth patterns and low-Ti rims must
occur in response to an abrupt undercooling event within a few
years to decades of eruption and quenching to preserve sharp
Ti-zonation (Fig. 6). Based on the transitional hopper to equant
morphology that we observe here (Fig. 5) and experimental ob-
servations of Swanson and Fenn (1986), this undercooling must
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Fig. 5. CL-images of quartz phenocrysts in thin sections from samples collected across the Summit Lake flow. No significant changes in phenocryst morphology or zoning
are indicated in early to late erupted samples, except for more common occurrence of broken crystals in the earliest erupted sample (08YS-20). Bright-CL cores are common
(>50% of examined phenocrysts), along with hexagonal faceted external morphology, and embayments. Some embayments have extremely narrow necks (C, D, E, M, see
arrows in sketches) that can be formed by annealing of rapid, skeletal growth features, and are difficult to imagine forming from dissolution processes. Crystal D resembles a
classic skeletal growth pattern, with internal CL-zoning reflecting rapid growth at crystal corners followed by annealing and trapping of melt inclusions within embayments.
Only three crystals are clearly anhedral in form (F, B, O) and these may result from the angle of crystal sectioning. Interpreted sketches of selected phenocrysts are shown at
the bottom, with bright-CL cores in light grey, rims in dark-gray, and surrounding melt, melt embayments, and melt inclusions in white.

have been somewhat less than 50 °C with larger degrees of under-
cooling resulting in more dendritic growth forms (e.g., spherulites
at the surface; Befus et al., 2015a). Decompression during magma
ascent is an easy mechanism to produced large degrees of under-
cooling, and is associated with microlite development in Summit
Lake and other CPM rhyolites (Befus et al., 2015b). However, de-
compression will also shift the quartz-feldspar cotectic (Fig. 2A),
resulting in the observed crystallization of feldspar microlites with
no quartz microlite or rim growth (Blundy and Cashman, 2001).
Instead, we propose that quartz growth occurs in response to
magma mixing within years of and/or during eruption. Yellow-
stone-Snake River Plain rhyolites are noted for exceptionally high
(850-950°C) and bimodal temperature distributions (Loewen and
Bindeman, 2016). The high Ti antecrystic cores can be incorporated
into a magma in a hot melt zone, as described in Loewen and
Bindeman (2015). Rapid growth textures forming typical ~200 pm

low-Ti rims occur during undercooling as the magmas are abruptly
brought into a colder, pre-eruptive magma chamber via inter-
connected dikes and sills within hydrothermally-cooled shallow
country rocks. Quartz rims will require ~6 yrs to form using quartz
growth rates proposed by other studies (Pamukcu et al., 2015),
closely matching the diffusive time scales from Ti zoning and the
eruption durations that we model below.

6. Lava flow morphology and topographic profiles

We here demonstrate that the Summit Lake rhyolite is a prime
example of an axisymmetric lava flow propagated over a horizon-
tal surface, and thus is well-suited for application of an analytical
solution of simple Newtonian fluid flow to estimate the duration
of its emplacement. First, we can demonstrate that the underlying
surface of the Summit Lake flow is essentially horizontal. We can
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Fig. 6. Strong zoning present in Summit Lake quartz crystals is characterized by a
sharp transition between high-Ti cores and low-Ti rims in both late (A) and early
(B) erupted samples. Calibrating Cathode Luminescence (CL) grayscale to electron
microprobe determinations (following Wark et al., 2007) resolve a <7 pm boundary
between core and rim. The dashed curve is best-fit diffusion model following the
approach of Gualda et al. (2012a, 2012b). Using temperature dependent diffusion
coefficients (Cherniak et al., 2007), this line represents a diffusive duration of 96, 21,
and 5 yrs for (A) and 15, 3, and 1 yr for (B) at 750, 800, and 850 °C, respectively.
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Fig. 7. Cross-sections from Fig. 1. Surface topography is shown in grey. The maxi-
mum potential average slopes (m) are shown in grey dashed lines. The dashed black
line shows a more likely inferred topography below the Summit Lake Flow that can
explain external flow morphology. The black dotted line is a shape predicted by a
model of viscous flow over a horizontal surface, from eq. (1). Final vent location is
shown with a star, and the length of our proposed fissure-style vent is shown with
a rectangle along C-C'.

estimate the maximum potential underlying slopes by projecting
the typical 92 m thickness at the margin toward the center of the
flow, following Christiansen et al. (2007; Fig. 7). The resulting av-
erage slopes are <2°, suggesting emplacement on essentially the
flat surface. The low angle creates minimal potential for influence
on lava flow velocity from the typical underlying slope (e.g., Lister,
1992).

Further analysis of the Summit Lake flow shape and surround-
ing topography can provide insight into its likely thickness and
volume, and the geometry of the underlying topography. The B-B’
section is notably asymmetric with the flow extending 2 km to the
north and over 22 km to the south of the topographic high and lo-
cation of the inferred vent. There is no current topographic high to
the north that would constrict the lava flow in this direction. In-
stead, there must be a preexisting topographic high restricting flow
to the north and quickly sloping downward towards the Summit
Lake vent. In the southern limb of the B-B’ section, the older Buf-
falo Lake and Bechler River flows bound the Summit Lake flow to
the east and west. This boundary channelized the flow and, along
with an apparent break in the underlying slope of ~3.6°, resulted
in an elongate lobe.

Compared to the B-B’ section, A-A’ has a symmetrical topo-
graphic profile to 11.3 km on either side of the inferred vent
(Fig. 1B). A circle with this same radius has exactly the same
400 km? surface area as the mapped Summit Lake flow. The sim-
ilarity of this surface area, the lack of channelized flow features,
and generally even flow margins (Fig. 1), all suggest that the Sum-
mit Lake lava flow was a simple rather than compound flow and
well-suited for modeling with a symmetrical, gravity-driven vis-
cous flow model over a near-horizontal surface. They symmetry
of the A-A’ profile also supports making a simplifying assumption
that the base elevation was essentially horizontal along this axis
of the flow. Therefore, we can estimate a potential maximum flow
thickness of 230 m below the vent.

7. Vent characteristics

Our field examination of the center of the Summit Lake flow
and examination of topographic surfaces using digital elevation
models (Figs. 1, 7) suggests that the eruption originated from a
NW-SE trending fissure-like vent consisting of a series of craters
now filled with lakes or swamps (Fig. 1, electronic supplement 3).
We estimate that this vent was likely no longer than 6 km based
on the length of the topographic high along C-C" (Fig. 7). It likely
coalesced into one or two isolated vents on the northern end of
this fissure towards the end of the eruption, possibly at the crater-
like topographic features visible in Fig. 1C (see also electronic
supplement 3). Christiansen (2001) identified single-point vent lo-
cations at this and other CPM rhyolites, although Christiansen et
al. (2007) proposed that at least the Pitchstone Plateau initiated as
a more elongate fissure. In agreement with our observations, Befus
et al. (2015b) used microlite sizes, orientation, and inferred as-
cent rates to propose that other large CPM rhyolites erupted from
5-10 km long fissures. For our models, we consider both point-
source and elongate fissure solutions.

8. Magma-discharge estimates by a viscous flow model

Previous analog studies (e.g., Fink and Griffiths, 1998) demon-
strated that low crystallinity and axisymmetric lava flows can be
modeled with isothermal Newtonian models of viscous fluids (e.g.,
Huppert et al., 1982). As a lava flow cools, however, the yield
strength of a thickening cooled crust will exert primary control
on lava flow behavior, requiring application of a viscoelastic model
(e.g., Blake, 1990; Balmforth and Craster, 2000), but also resulting
in more complex compound flow morphologies (Fink and Griffiths,
1998). As we have demonstrated in our examination of the Sum-
mit Lake and surrounding topography, these complicating features
are virtually absent and thus this large volume rhyolite flow is an
ideal candidate for modeling with a simple gravity-driven viscous
fluid model over an essentially horizontal surface following ana-
lytical solutions from Huppert (1982). We first consider a point
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source (axisymmetric) solution that we later compare to an elon-
gate source (plane-symmetric) solution.

We apply a simple magma-discharge analytical solution from
Huppert (1982) relating flow shape and thickness, discharge, and
magma ascent rates to the symmetrical A-A’ section. Asymptotic
analysis of this thin-layer approximation for Stokes equations pre-
dicts the shape for a flow generated from a point source with
constant discharge:

F(z)=(1-2'3(1 - 0.0762). (1)

Here F(z) = h(z)/h(0), the dimensionless thickness of the flow,
and z =r/r,, the dimensionless radius of the flow where h(0) is
the thickness above the vent and r, is the flow front radii. We
apply this equation to r, = 11.3 km and h(0) = 230 m. The flow
shape modeled using eq. (1) closely matches the observed flow
profile along A-A’ (Fig. 7). Assuming a flat underlying surface and
symmetric flow with the shape and dimensions described above,
we calculate flow volume, V, to be 57 km3. This volume is 1.5
times the 37 km? volume estimated by Christiansen et al. (2007)
who assumed a constant 92 m thickness, which we demonstrated
above to be not feasible given the overall flow shape. Nonethe-
less, the two volume estimates are reasonably similar given the
unknowable topography of the underlying surface.

Following Huppert (1982) the relation between discharge rate
Q (m3[s), magma density p, viscosity 1, acceleration of gravity g,
time t, and the radius of the flow front r,;, can be written as:

3.1/8
m=0715( 28X o, 2)
3u

Substituting t = V/Q, using the symmetrical radius (r,) and vol-
ume (V') approximation determined for the Summit Lake flow, as-
suming p = 2350 kg/m> for rhyolite lava®? and g =9.8 m/s?, one
can obtain the following relationship between the discharge rate
and emplacement viscosity, n (Pas) of the magma:

_2x108
o

We estimate melt viscosities with the recently published formula-
tion of Romine and Whittington (2015) that is specifically designed
to estimate high silica rhyolite viscosity at low water concentra-
tions experienced at near surface pressures. Temperature and wa-
ter concentrations are the critical unconstrained variables in this
calculation. We use a water concentration of 0.2 wt.%, slightly
higher than our typical measured water concentrations (Fig. 4),
reasoning that the bulk lava flow should be an average of these
low water surface samples and slightly higher water concentra-
tions that may be possible at depth within the flow. However,
based on our measurements of water we consider a lower end
of 0.1 wt.% also to be realistic estimate, should the magmatic de-
gassing be more efficient, and we thus quote solutions for 0.1 wt.%
water in Table 1. We consider a temperature range between 750
and 850°C. Low-crystallinity (3-6%) and low vesicularity in the

(3)

T Wadge (1981) showed that significant decay in eruption intensity with time
is commonly observed based on the analysis of a large number of effusive erup-
tions. The characteristic decay time depended on the size of a magma chamber,
magma compressibility, and wallrock elastic properties. These factors cannot be es-
timated with desirable accuracy for these prehistoric eruptions. In addition, Huppert
(1982) predicts different flow shapes for increasing or decreasing discharge rates,
while the Summit Lake flow shape closely matches the profile predicted for con-
stant discharge (Fig. 7). In our study, we propose that batch coalescence caused by
contemporaneous refills prior to eruptions creates such constant discharge condi-
tion from a shallow reservoir.

2 Densities for high silica rhyolite may be 2-5% lower than the value we use here
(Saubin et al., 2016), but any change within this range will have an insignificant
effect on the results of these calculations.

Summit Lake and other CPM lavas supports our direct use of melt
viscosity.

The resulting viscosities are 10°-10!! Pas for surface lavas
with temperatures between 750 and 850°C, and these values
overlap the range of other rhyolite lava viscosity estimates (e.g.,
Farquharson et al., 2015). Overall, we consider that estimates of
potential viscosities have an uncertainty of perhaps one order of
magnitude (based on different published viscosity models, temper-
ature, water concentration, influence of microlites, etc.) compared
to a factor of 1.5 uncertainty in volume estimates. Since tempera-
ture is the most unconstrained variable in melt viscosity at the sur-
face, lava temperature is also the largest variable in our discharge
estimates. The temperature is most likely between 800-850°C
based on the crystal-poor, near-liquidus character of lavas and
multiple petrologic estimates of CPM temperatures (Bindeman
and Valley, 2001; Vazquez et al., 2009; Girard and Stix, 2010;
Watts et al., 2012; Loewen and Bindeman, 2015), with the excep-
tion of Befus and Gardner (2016) who advocate ~750°C.

Examples of our modeling results are summarized in Table 1.
Using eq. (3) at a temperature of 850 °C we estimate a ~6000 m3/s
average discharge rate with a 4-month lava flow duration. At
800 °C we estimate a ~900 m3/s average discharge rate with a 2-yr
duration. At near-solidus temperatures of 750 °C, the discharge rate
would decrease to 120 m3/s and duration increases to 16 yrs. Sim-
ilar compositions, eruption temperatures, volume, and comparable
vent geometries of other CPM lavas should give similar durations.
For example, calculations for the 79 ka Pitchstone Plateau flow
gives broadly similar eruption-rate estimates (500 to 23,000 m3/s
over 1 month to 5 yrs for 750 to 850°C temperatures, see elec-
tronic supplement 4). However the younger rhyolites erupted in
the vicinity, against or beneath glaciers complicated their morphol-
ogy (Lescinsky and Fink, 2000; Christiansen, 2001; Fig. 1) and the
above analysis of pure gravity driven flow may not be strictly ap-
plicable.

Eruption of the Summit Lake lava along an elongate fis-
sure presents a challenge to application of a point-source dis-
charge model. Thus, we consider another end-member case:
two-dimensional plane-symmetric solution for an outflow from an
elongate fracture with laterally symmetrical outflow. The solution
from Huppert (1982) gives

5.6 x 108Ly
Q=—"—.
"

where Ly is the length of the feeding dike. To match the 57 km?>
observed lava flow volume with the volume predicted by the ge-
ometry of the equation solution, a Ly = 14.8 km is required. For
the temperature of 850 °C this solution results in a Q = 2000 m3/s
compared to 6000 m3/s estimated from eq. (3) for a point source,
and a total lava flow duration of 10 months (Table 1). This leads
to an increase in the duration of the eruption by a factor of 2.5
compared to the case of the point source. Similarly, the elongate
(plain-source) source solution at 800°C is 400 m3/s over 5 yrs and
at 750°C is 50 m3/s over 40 yrs.

The topographic high of the Summit Lake flow that we observe
(Figs. 1, 7) suggests that fissure length was likely ~6 km long and
did not span the entire north-south extent of the flow. Because
eqg. (4) only assumes flow perpendicular to the fissure, volumes
calculated using Ly = 6 km will be smaller than the minimum
37 km? estimated by Christiansen (2001). This volume discrepancy
demonstrates that for a likely 6 km-length fissure, flow behavior
will have both elements of the plane-symmetric solution (eq. (4))
with flow perpendicular to the fissure, and axisymmetric behavior
modeled by egs. (1)-(3). As a result, discharge rates and associated
lava flow durations will be somewhere between these two solu-
tions (Table 1).

(4)
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Given these approximate discharge rates and flow durations at
850°C, we can also estimate the maximum rate of flow advance
using the point source solution. Assuming constant discharge rates
and the geometric relationship of volume and a circular flow prop-
agation, the lavas should initially advance at ~400 m/day and slow
to 50 m/day. These results demonstrate that even extraordinar-
ily large-volume rhyolite flows may advance relatively slowly and
life-threatening hazards from such eruptions will be primarily re-
lated to any potential explosive activity proximal to the vent. While
these advance rates are slow from the perspective of personal haz-
ards, they are 1-2 orders of magnitude faster than advance rates
observed at Cord6n Caulle at the end of its eruption (Tuffen et al.,
2013). Only the <3 m/day velocities calculated for the final weeks
of eruption at 750 °C overlap these observed velocities. The slower
velocities at Cordén Caulle are also reflected in the strongly lobate
morphology of these flows, a feature not observed in likely hotter
and rapidly erupted Yellowstone lavas.

9. Eruption duration constraints from surface cooling of lava

Feasible lava flow durations are constrained by a flow’s abil-
ity to advance along the surface without significant temperature
decreases that would result in a large increase in viscosity. Slow
or periodic magma discharge will result in compound flows built
up on top of each other as the flow front solidifies and advances
require new lava to breakout over this solidified front (e.g. com-
posite lava domes, Fink and Griffiths, 1998). We do not observe
these features in the Summit Lake flow (Fig. 1). We thus estimate
maximum thermal cooling timescales as required by the conduc-
tive cooling of a rapidly emplaced slab following the approach of
Farquharson et al. (2015; see cited reference or electronic sup-
plement 5 for equations and constants). Conductive cooling will
overestimate the actual duration of lava cooling as it ignores radia-
tive cooling at the surface and convection of precipitation through
the fractured upper surface of the flow. This simplified model for
the maximum duration of lava cooling, however, provides an end-
member constraint on feasible solutions to the discharge-duration
estimates that we make at different eruption temperatures.

We model cooling of a 100 m-thick lava section represent-
ing the margin thickness of the Summit Lake flow (see Fig. 7),
which as discussed above will control the style of flow advance-
ment (Fig. 8 and electronic supplement 5). A lava flow front will
certainly cool to the point of stalling before the entire flow front
cools to the solidus or glass transition temperature at a ~10!? Pas
viscosity (~720°C following Romine and Whittington, 2015). This
will occur in less than 13 yrs for a 750°C flow. Given the >15 yr
duration that we estimate for flows at 750 °C (Table 1) this thermal
model prohibits eruption and emplacement of the Summit Lake
flow at 750°C without resulting in more complex flow morphol-
ogy than we observe (e.g., Blake and Bruno, 2000).

Discharge and duration solutions at 800 and especially 850 °C
are feasible given these cooling models (Table 1). While cooling to
the glass transition provides the maximum estimate for flow front
solidification, in reality viscosity increases with decreasing tem-
peratures and will slow the front advance enough to break down
application of our discharge solutions in equations (2)-(4). Fig. 8A
shows that at any initial temperature no part of a 100 m thick flow
front will retain its initial temperature and viscosity after about
5 yrs. Given a 2-5 yr duration at 800°C, it is possible that the
flow could be largely emplaced at its initial magmatic temperature
and viscosity. Lava cooling will not place any constraints on em-
placement in <1 yr at 850°C, with over 50% of the flow margin
thickness remaining at its initial temperature.
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Fig. 8. Conductive cooling model for a 100 m thick lava flow margin (see Fig. 6)
following the approach Farquharson et al. (2015). Solidification of the flow margin
will control flow morphology and the occurrence of lava breakouts which are not
observed for Summit Lake (see Fig. 1). (A) Compares the minimum viscosity over
time. A conductive cooling front will reach the center of a 100 m thick section after
about 5 yrs for any initial temperature, resulting in sharp increases in viscosity.
(B) The proportion of flow below the glass transition temperature (Tg) increases
through time, reaching 100% by ~13 yrs for a 750 °C initial temperature, 18 yrs for
800°C, and 22 yrs for 850°C.

10. Implications for vent character and magma ascent rate

Our calculated discharge rates coupled with constraints on
magma ascent required for effusive eruptive character can be in-
tegrated to characterize possible vent dimensions. In order to have
predominantly effusive eruption, the conduit cross-section area
must be large enough and/or magma ascent rate slow enough to
allow nearly complete degassing of ascending magma by gas flow
through permeable networks (e.g., Woods and Koyaguchi, 1994;
Melnik and Sparks, 1999). At the Soufriere Hills volcano the tran-
sition to explosive eruptions occurred for magma discharge rate
of about 7-8 m3/s for a 700 m? conduit cross-section area cor-
responding to <1 cm/s ascent rate (Melnik and Sparks, 1999;
Druitt et al., 2002). This threshold does not strongly depend on
the composition and crystallinity of the magma because it is based
on gas permeability of the magma that is primarily determined by
bubble volume fraction. Estimates for ascent rates at effusive rhy-
olite eruptions are broadly similar: 0.3-0.6 cm/s for Cordén Caulle
(Castro et al., 2013) and 0.4-1.7 cm/s for Inyo Domes (Castro and
Gardner, 2008). Befus et al. (2015b) use experimental microlite
growth rates to constrain ascent rates of Yellowstone CPM mag-
mas to 0.2-0.25 cm/s.

For Yellowstone rhyolite lavas, having ascent velocity <1 cm/s
with an estimated temperature of 850°C and discharge rate of
6000 m3/s will require an unrealistically large cylindrical conduit
more than 800 m in diameter. At 800°C a 350 m diameter conduit
is still required. There is no topographic evidence on the Summit
Lake flow for a conduit close to this diameter, but as discussed pre-
viously the topography is consistent with eruption from an elon-
gate fissure around 6 km long. In order to keep ascent rates <1
cm/s, a fissure of this length will require a dike width of ~100 m
for the 850°C discharge rate (Table 1). For discharge rates associ-
ated with an 800 °C lava, dike widths are 15 m. In addition, and as
discussed previously, discharge rates will likely be less than es-
timated for a point-source model given eruption from a fissure
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source. These smaller discharge rates will result in narrower dike
widths of 40 m for 850°C and 6 m for 800 °C.

We are not aware of any rhyolite dike with widths >50 m
on earth, and there is no evidence within lavas for significant
wall rock erosion required to accommodate such a large dike
(Petford et al., 1993). In addition, intracaldera dikes intruding the
early Yellowstone hot spot 16 Ma Tuff of Leslie Gulch or 31 Ma
Crooked River Caldera linked to Yellowstone hot spot are typi-
cally ~15-30 m wide (Benson and Mahood, 2016; Seligman et
al.,, 2014). Although it is possible that the especially large-volume
Summit Lake flow was fed by an unusually wide dike, we con-
sider a <30 m width more likely. Therefore, the eruption tem-
peratures of 850°C or greater require geologically unfeasible dike
widths or conduit diameters (Table 1). Only magmas erupted at
<850°C permit for ascent rates slow enough (<1 cm/sec) to al-
low a dominantly effusive eruption character through geologically
feasible dike geometries.

11. Integrating petrological observations and physical model to
explain eruption triggers

By considering both discharge implications from our viscous
flow model with constraints from lava cooling and vent dimen-
sions, we conclude a most likely eruption temperature of ~800°C
and duration of 2-5 yrs. We note that this duration is strikingly
similar to the timescales for preservation of quartz Ti zonation
(Table 1, Fig. 6). This similarity suggests that the recharge event
we propose initiates quartz rim growth also may trigger eruption
of the lavas. We note other evidence for magma mixing shortly
proceeding or during eruption from Loewen and Bindeman (2015)
that describes cm-scale trace element heterogeneities preserved in
glass but homogenized on km-scale across the lava flow (Fig. 3)
and evidence for zircon dissolution prior to eruption. Trace ele-
ment diffusion through the melt would homogenize this hetero-
geneity over time, while Bindeman and Simakin (2014) demon-
strate through numerical modeling that thorough mixing of melt
micro-domains by compositional convection can easily be achieved
over a several-year eruption duration.

The eruption to the surface through elongate fissures must be
driven by overpressure resulting from addition of magmas dur-
ing this recharge event, as illustrated in our summary diagram
in Fig. 9A. Whole rock compositions suggest that magmas were
water-undersaturated in a pre-eruptive magma chamber at ~4 km
depth (Fig. 2A), precluding water exsolution and buoyancy as a
driving force for eruption. Magma recharge, however, will pro-
vide a direct magma overpressure that can be relieved through
readily available fractures in the overlying crust provided by the
vent-coincident Lava Creek tuff caldera ring fracture and regional
fault lineaments that intersect the caldera (Fig. 1A; Girard and Stix,
2012). The recharge event will not only generate new melt but lead
to merger of similarly generated or preexisting melt pools (Fig. 9),
creating overall flow of melt to the surface. This recharge and melt
redistribution model also provides an explanation for the lack of
surface subsidence in surrounding older lava flows despite the ex-
trusion of 10 s of km? lava, as the recharge magma mass should be
equivalent to the discharge. Not all recharge events may result in
eruption, however as surface inflation is evident at Yellowstone via
the Mallard Lake and Sour Creek resurgent domes (Christiansen,
2001).

Eruption through easily established fissures in the upper crust
may be a critical component necessary for effusive eruption style.
Our modeling suggests that the large-volume axisymmetric rhyo-
lite flows of Yellowstone’s CPM must be emplaced at high tempera-
ture over short time periods and at high discharge rates, driven by
similar magma recharge rates. In order to maintain slower, effusive
ascent rates an elongate conduit is required. The two tuff deposits
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Fig. 9. (A) Synthesis diagram of the eruption of large volume rhyolite lavas.
1. Remelting and merger of hot near-solidus intracaldera rhyolitic batches; high-
Ti cores of quartz crystals are inherited from crystalline remnants of earlier CPM
magmatic episodes or remobilized from a near-solidus crystal mush. Pyroxene and
magnetite crystallize here at near-liquidus temperatures >900°C, and preservation
of magnetite oxygen isotope compositions constrains the melting event to occur
<~103 yrs from eruption (Loewen and Bindeman, 2016). 2. A pre-eruptive, per-
haps ephemeral, magma body is formed at shallow depths from amalgamation
of generated melts via dikes and sills and results in lower <850°C temperatures
and saturation of accessory minerals zircon and chevkinite, consistent with lower
temperature zircon crystallization and geochemical trends observed within individ-
ual CPM units. Quartz carried within recharge magmas are undercooled resulting
in hopper-style rim growth at the same composition/temperature as low-Ti phe-
nocrysts. The sharpest observed core-rim boundaries constrain the final shallow
amalgamation of magmas to within years to decades of eruption and quenching.
3. Eruption proceeds due to batch merger and gravitational redistribution of melt
and solid that sustains overpressure, (stages 1-2), and volatile exsolution is only
achieved during ascent within conduit and triggers microlite crystallization. Erup-
tion proceeds along elongate fissures tracking the LCT caldera boundary (Fig. 1) and
likely at the edge of the magma body as is predicted from stress fields in overpres-
sured magma bodies modeled by Bindeman and Simakin (2014; indicated by colors
and arrows in the top part of diagram). 4. Gravity-driven flow at ~800°C will occur
in 2-5 yrs. Spherulite growth occurs during subsequent subsolidus cooling (Befus et
al., 2015a). (B) The origin of effusive vs explosive rhyolite eruptions of Yellowstone
in response to episodes of high recharge and merger rates. Voluminous lavas: high
discharge rate (Q) along zones of preexisting crustal weakness, such as along the
caldera ring fractures, results from low ascent velocity through large cross-section
dikes (LxW). Tuff eruptions: ascent is via more constricted conduits (smaller LxW)
and leads to higher ascent rate at equal discharge Q, leading to magma vesiculation
and fragmentation during ascent.

in the CPM, the Cold Mountain Creek and Bluff Point, even at
the same recharge rate, may have been constricted to a narrower
vent away from the ring fracture resulting in >1 cm/s magma as-
cent rates, greater degrees of fragmentation during magma ascent,
and subsequent deposition as pyroclastic flows (Fig. 9B). The pre-
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dominance of effusive post-caldera eruptions at Yellowstone that
trace ring fracture of LCT caldera (Figs. 1, 9) or regional fault lin-
eaments, may be a direct result of the crustal structure allowing
slow ascent through fissures. Similar structural controls are seen in
post-caldera volcanism from other worldwide silicic centers such
as Long Valley’s Inyo Domes (Bailey et al., 1976).

12. Conclusions

This study provides an integrative approach to understanding
the eruption of large-volume rhyolite lavas:

(1) Integrating models of lava flow discharge, cooling, and vent
character provides important constraints on how the large-volume
rhyolitic lavas of Yellowstone erupted. The eruption most likely
occurred over 2-5 yrs at around 800°C. Cooler eruption temper-
atures require emplacement durations >10 yrs slow enough for
the flow front to solidify resulting in compound flow morphology.
Higher temperatures require geologically unreasonable dike widths
>50 m.

(2) Eruption of Summit Lake and other large volume Yellow-
stone rhyolites was accommodated through fissures of 4-6 km
length, coincident with regional fault structures that intersect the
ring fracture of Lava Creek Tuff caldera and the eruption foci of
other CPM lava flows. These pathways allowed slower magma as-
cent to prevent explosive eruption despite high discharge rates.
The fissure-style eruptions that we describe here are a critical
component of effusive eruption of the Yellowstone-Snake River
Plain system and in similar hot-dry rhyolites worldwide.

(3) An abrupt crystal growth event occurred on a timescale re-
markably similar to the estimated eruption duration and extrusion
rates. We suggest that this growth was triggered by magma assem-
bly into the upper reservoir via influx of a geochemically similar
rhyolite magma leading to nearly contemporaneous magma trans-
port and mixing and overpressure that triggered and maintained
the eruption.

(4) At a given recharge rate, when large preexisting fissures
are not available, eruption may proceed through narrower conduits
with high ascent rates that will promote fragmentation and result
in deposition of pyroclastic flows instead of lavas. This can explain
effusive vs. explosive eruptions of Yellowstone and worldwide.

(5) Embayed quartz textures result from growth rather than dis-
solution, and this interpretation may prove useful in understanding
other silicic volcanic systems worldwide.

While these observations have focused on Yellowstone’s rhyolite
lavas, our approach of examining crystal textures with vent charac-
teristic and dynamics can improve understanding of rhyolitic lava
flows elsewhere. Our modeling provides “top-down” constraints on
magmatic processes and can be adapted in future work to provide
better models of rhyolitic lava flow behavior.
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