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Large-scale melting and reworking of the crust and the upper mantle occurs in areas of mantle plume-crust in-
teraction, generating voluminous and bimodal basaltic and silicic magmatism. Continental hot spot track
magmas preserve geochemical and temporal records of these processes. Here, we apply and further develop
the large scale (crust and the upper mantle) I2VIS magmatic-thermomechanical modeling code to investigate
the potential origins of chemical and isotopic trends in the Yellowstone hot spot track, perhaps the best studied
and constrained subcontinental mantle plume system on Earth. We model the propagation of melt via dikes in
solid crust and via percolation in partially molten crust by using Lagrangian markers which also track the chem-
ical and isotopic compositions of the melts that eventually erupt at the surface. Confirming the results of earlier
geophysical and geochemical studies, we show that the eruptive activity at Yellowstone is best explained in
terms of the formation of a ~15 km-thick mid-crustal mafic sill complex with its top at a depth of ~8 km that de-
velops over a period of ~3Myr. This sill complex releases rhyolitic fractionates and creates additional rhyolites by
melting the surrounding crust, driving the voluminous rhyolitic volcanism which characterizes the Yellowstone
system.
We recognize three key trends in the evolution of a continental hot spot volcanic center such as Yellowstone:
(1) frequent, small eruptions results in in larger erupted rhyolite volumes compared to rare and large eruptions,
(2) eruptedmagmas tend to be initially comprised of a large degree of crustal melt, and the relative contribution
of fractionates of basalts from themantle increaseswith time, and (3), the initial depth of the crustwhichmelts to
produce eruptible rhyolites becomes shallowerwith time. The first of these trends is simply a function of the con-
tinuous supply of new basalt to the crust from themantle. The latter trend, which is responsible for low-δ18O rhy-
olites, is produced by a combination of progressive melting of shallower crust as the system becomes hotter,
repeated caldera collapses advecting shallow crust to a depth where it can melt, and the overplating and burial
of shallow crust by repeated intrusions of basalt. The mid- and lower crust is not a significant source of erupted
rhyolitic melts, as both the crustal melting and basalt fractionation takes place in the sill complex which forms
near the bottom of the upper crust. The resulting modeled isotopic evolution of erupted magmas are a good
match with the actual stable and radiogenic isotopic record of Yellowstone hot spot track volcanism preserved
in zircon phenocrysts, and further replicates the results of recent geophysical imaging campaigns, giving us con-
fidence that the assumptions and results of these thermomechanical models are broadly correct.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Silicic magma genesis plays a critical role in processes ranging from
the evolution of continental crust to explosive volcanic eruptions. The
post-Columbia River Basalt part of the Yellowstone hot spot track,
which is one of themost voluminous concentrations of erupted rhyolite
in the Cenozoic Era (Bonnichsen et al., 2008; Pierce and Morgan, 2009),
has received renewed interest in recent years due to advances in
microanalytical geochemical techniques, high-precision geochronology,
high-resolution seismic imaging, and numerical modeling (e.g. Huang
et al., 2015; Wotzlaw et al., 2015; Colón et al., 2018a). These studies
have provided critical constraints on the source materials for the rhyo-
litic melts which fuel the majority of volcanism in the region, including
melts of the Cenozoic upper crust, the Precambrian lower crust, andma-
terial ultimately derived from the Yellowstonemantle plume (e.g. Drew
et al., 2013; Wotzlaw et al., 2015; Colón et al., 2018b). Concurrently,
there has been rapid progress in constraining the timescales over
which these magmatic systems develop prior to erupting, which have
shown that the giant pre-eruptive magma bodies with volumes of
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Fig. 1. Map of the Yellowstone hot spot track in continental North America, showing
15 Myr of magmatic activity. Red dashed ovals are the major named eruptive centers of
the hot spot track (Bonnichsen et al., 2008), culminating in the site of modern activity at
Yellowstone, which has been active since the last ~2.3 Myr. The green shaded area is the
area where hot, seismically slow mantle has been imaged under the continental litho-
sphere, which has been interpreted as the remnant of older parts of the plume currently
located under Yellowstone (Wagner et al., 2010). Solid orange and red represents areas
of exposed Precambrian rocks in the region, of Proterozoic and Archean age, respectively
(Barton et al., 2003), which are likely the source for the rare extremely low-εHf magmas
which occur on parts of the hot spot track. By contrast, voluminous low-δ18O magmas
have been found at every single part of the hot spot track. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to theweb version of this article.)
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103 km3 or more can be assembled in as little as a few kyr, but may also
inherit materials, particularly zircon phenocrysts, which date back mil-
lions of years earlier in the systems' history (Watts et al., 2012; Stelten
et al., 2013; Wotzlaw et al., 2014, 2015; Rivera et al., 2016, 2017;
Szymanowski et al., 2016; Colón et al., 2018b). These systems contrast
strongly with the cooler, wetter, and more slowly assembled volumi-
nous silicic magmas associated with arc magmatism (Christiansen and
McCurry, 2008;Wotzlawet al., 2013). Together, these observations sug-
gest that the magmatic systems that fuel Yellowstone hot spot track
super eruptions are both geometrically and temporally complex.

1.1. Numerical modeling insight into magma petrogenesis

Themodern subsurface structure of theYellowstone volcanic system
has recently been constrained by geophysical imaging (Yuan et al.,
2010; Hopper et al., 2014; Farrell et al., 2014; Huang et al., 2015),
which has revealed a large shallow magma body at depth of 5 to
15 km, underlain by a larger and more diffuse magmatic system at
depths of 25 to 45 km. Further insight into the origins of this structure
are best provided by forward numericalmodeling, which has the poten-
tial to study the physical evolution of a hot spot magmatic system in
both space and time in a way that is inaccessible other methods.

Computermodeling of magmatic systems has been an active field of
research for several decades now, with important insights provided by
models of varying levels of sophistication. Much has been learned
from one-dimensional and quasi-two-dimensional (e.g. axisymmetric
cylindrical) models of magma genesis (Huppert and Sparks, 1988;
Dufek and Bergantz, 2005; Annen and Sparks, 2002; Annen et al.,
2006, 2015). These models continue to yield new results (e.g. Karakas
et al., 2017) especially when coupled with analytical solutions for the
stress fields controlling transport into and out of magma bodies by
dikes (Jellinek and DePaolo, 2003; Karlstrom et al., 2009). More com-
plex thermomechanical treatments of specific magmatic processes at
various scales and resolutions including the emplacement and convec-
tion of melts and the elastic response of the surrounding crust have
also been performed (e.g., Gerya and Burg, 2007; Simakin and
Bindeman, 2012; Schubert et al., 2013; Keller et al., 2013; Gregg et al.,
2015; Cao et al., 2016). These approaches provide high spatial and tem-
poral resolution and allow good control in an investigated parameter
space, but also only consider intrusive or eruptive events over scales
of 1000s of years or less. At the other end of the spectrum, there have
been several recent regional-scale thermomechanical models of mantle
plumes and plume-crust interactions that do operate on the scale of
many Myr (e.g., Burov and Guillou-Frottier, 2005; Burov et al., 2007;
Sobolev et al., 2011; Burov and Gerya, 2014; Gerya et al., 2015), but
have lacked or used very simplified magmatic processes treatments.

The rapid development of computational resources has allowed the
combination of these regional-scale models with more sophisticated
models of magma genesis in the crust. A recent such attempt was our
previous study (Colón et al., 2018a), which used a magmatic-
thermomechanical modeling code modified from the I2VIS code of
Gerya and Yuen (2003). This study is the result of an attempt to bridge
the gap between small and detailed models of individual phenomena
such as advective heat transport (e.g. Annen and Sparks, 2002;
Karakas et al., 2017) or dike propagation (e.g., Jellinek and DePaolo,
2003) with regional-scale models of tectonomagmatic systems such as
mantle plumeswhich lack a detailed treatment of crustalmagmatic pro-
cesses (e.g. Gerya et al., 2015). In that study, we assumed that the pri-
mary mechanism by which rising magmas stall and accumulate in the
crust is the trapping of dikes by rheological discontinuities in the
crust, particularly the brittle-ductile transition that occurs at depths of
5–10 km. Based on this newmodel, we showed that the dominant con-
trol on the distribution of magma in the crust under Yellowstone is the
presence of a large mafic sill complex that forms at depths of 10–20 km
in response to this brittle-ductile transition, providing both heat and
material to the magma bodies above and below it, corroborating
observations of a similar feature under the eastern Snake River Plain
which presumably dates back to the age of eruptions there (Peng and
Humphreys, 1998).

In this new study, we seek to expand upon our previous results by
improving the treatment of melt propagation through the crust and in-
cluding simplemethods for tracking the chemical and isotopic evolution
of erupted melts. We check some of these results by using a simple
modification of the cylindrical axisymmetric Heat2D code of Annen
et al. (2015) which allows crustal melts to be erupted at the surface. Fi-
nally, we compare these results to observed geochemical trends in the
eruptive products of Yellowstone hot spot volcanoes, in particular test-
ing previous hypotheses concerning the origin of the enigmatic low-
δ18O and low-εHf/εNd magmas which are found in great abundance
throughout the hot spot track (Hildreth et al., 1984; Nash et al., 2006;
Watts et al., 2011; Boroughs et al., 2012; Loewen and Bindeman,
2015; Colón et al., 2018b).

2. Geochemical trends in Yellowstone hot spot silicic calderas

We seek to understand the origins of the rhyolites that fueled the
giant eruptions which have taken place along the Yellowstone hot
spot track over the last 15 Myr (Fig. 1; Pierce and Morgan, 2009). To
properly constrain our models, we turn to several important trends
which have been identified by previous workers in both the isotopic
and chemical compositions of the erupted magmas. Understanding
these geochemical trends is important for evaluating our different
models of the sources of erupted magmas, so we describe them here
in some detail.

2.1. Chemical and thermal evolution of erupted rhyolites

The Yellowstone hot spot track is characterized by a pronounced
Daly gap,with all erupted lavas and tuffs during themain phase of activ-
ity being either basaltic or rhyolitic in composition, with intermediate
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melts nearly absent (Christiansen 2001; McCurry et al., 2008;
Szymanowski et al., 2015). Furthermore, the caldera systems them-
selves are almost exclusively rhyolitic, with basaltic eruptions limited
to the margins of the system or the post-caldera phase of activity after
the silicic magma bodies have presumably cooled and crystallized
(Christiansen, 2001; McCurry et al., 2008). Hydrous phases such as am-
phibole and biotite are almost always absent, and calculated tempera-
tures based on zircon saturation, and oxygen isotope phenocryst
thermometry are typically above 800 °C at Yellowstone (Loewen and
Bindeman, 2016; Troch et al., 2017). Along with the highly welded na-
ture of most Yellowstone hot spot tuffs, this indicates that Yellowstone
rhyolites are frequently very hot and dry compared to arc magmas (e.g.
Branney et al., 2008). This is evenmore pronounced in the central Snake
River Plain, where Ti-in-quartz thermometers in very crystal-poor
magmas suggest temperatures approaching 1000 °C (Honjo et al.,
1992; Cathey and Nash, 2009), and melting experiments suggest that
observed mineral assemblages are produced at temperatures above
900 °C with H2O contents not exceeding 2% (Almeev et al., 2012). De-
spite this, a few rhyolites contain up to 6% water with temperatures as
low as 720 °C, most notably the Arbon Valley Tuff, which is coinciden-
tally also one of themost low-εHf magmas in the hot spot track, erupted
at the start of the Picabo cycle (Drew et al., 2013, 2016). Silica content
and temperature trends in Yellowstonehot spotmagmas are not consis-
tent across the hot spot track,with both cooling trendswith increases in
silica (Watts et al., 2012; Loewen and Bindeman, 2015) and heating
trends with increasingly mafic magmas (Bonnichsen et al., 2008) ob-
served at Yellowstone and the central Snake River Plain centers
(Bruneau Jarbidge and Twin Falls), respectively. In contrast, there are
common systematic changes in both the radiogenic and stable isotope
compositions of the erupted rhyolites.
2.2. Radiogenic isotopes

Sr, Pb, Nd, and Hf isotopes clearly differentiate ancient Precambrian
crust frommaterial which has been extracted from themantle more re-
cently. Most rhyolitic magmas on the Yellowstone hot spot track have
radiogenic isotope compositions between those of ancient crust and
the mantle, indicating that they are derived from a combination of ba-
salt fractionation and crustal melting (Nash et al., 2006; Shervais et al.,
2006; McCurry and Rodgers, 2009). All the radiogenic isotope values
along the hot spot track vary significantly between different eruptions,
or even parts of one eruption, indicating that the relative contributions
of crustal melts and mantle differentiates also vary greatly (Doe et al.,
1982; Nash et al., 2006; Shervais et al., 2006; Watts et al., 2012; Drew
et al., 2013; Colón et al., 2015a). The largest dataset available is for Hf
isotopes, as Hf partitions strongly into zircon and is easily measured
by in situ methods (e.g. Fisher et al., 2014). Most magmatic zircon
from the hot spot track have Hf isotope compositions reflectingmoder-
ate involvement of unradiogenic crustal melting, clustering around εHf
values of −10 (Colón et al., 2018b), in line with the bulk-rock values
of most major tuffs from the Snake River Plain (Nash et al., 2006;
Colón et al., 2015a). More rarely, some units have extremely
unradiogenic Hf isotopes, with εHf values ranging from −25 to as low
as −38, including the Arbon Valley Tuff at the Picabo Center (Drew
et al., 2013, 2016) Huckleberry Ridge Tuff C at Yellowstone (Doe et al.,
1982; Wotzlaw et al., 2015), and the Johnstones Camp Rhyolite at
Bruneau-Jarbidge (Colón et al., 2015b). These low-εHf magmas can
only be produced by the melting of Precambrian crust, which is also in-
dicated by the presence of xenoliths and xenocrysts with εHf values as
low as −60 in Snake River plain rhyolites (Leeman et al., 1985; Watts
et al., 2010; Colón et al., 2018b). There is also significant evidence for
the melting of much younger rocks such as the Idaho Batholith, Challis
volcanics, and Paleozoic sediments, which have significantly more
mantle-like radiogenic isotopes (Gaschnig et al., 2010; Boroughs et al.,
2012; Colón et al., 2018b).
Previous studies have documented a trend of gradually increasing
εNd and εHf values with time at each center, moving towards more ra-
diogenic (mantle-like) compositions (Hildreth et al., 1991; Nash et al.,
2006; Colón et al., 2018b). Recently Stelten et al. (2017) found a similar
trend on a smaller scale, showing that the Central Plateau Member rhy-
olite lavas at Yellowstone also became gradually more radiogenic in
theirHf isotopeswith time,which they interpret as the result of the con-
tinuous input of isotopically primitivematerial from themantle into the
parentmagma body. Notably, only one rhyolite with a significant popu-
lation of these very unradiogenic zircon has been found at each major
eruptive center, and they always occurred very early in the eruptive se-
quence at each center (Colón et al., 2018b). The trend of extremely low-
εHf material being erupted early in each volcanic center's evolution has
been interpreted by Colón et al. (2018b) as possibly being the result of
early melting of ancient deep crust followed by the isolation of the shal-
low crustal magma reservoir that fuels the large rhyolitic eruptions by a
growing cumulate pile and mafic sill complex which separates it from
the isotopically ancient deeper rocks. In this study, we seek to test
thesemodels and to considerwhich crustal compositions and structures
yield the observed trends.

2.3. O isotopes

The Yellowstone hot spot track has long been recognized as the larg-
est known concentration of low-δ18O rhyolites in the world, with at
least 104 km3 of low-δ18O tuffs and lavas having erupted in the last
14 Myr (Bindeman and Valley, 2001; Bonnichsen et al., 2008; Watts
et al., 2011; Boroughs et al., 2012; Drew et al., 2013). Low-δ18Omagmas
can only bederived from themelting of shallow, hydrothermally altered
crust, with low-δ18O being defined as anything less than the mantle
value of +5.5–6.0‰ (VSMOW), with normal rhyolites ranging towards
the higher part of this range because of minor isotopic effects during
fractional crystallization (Taylor and Sheppard, 1986). Every major cen-
ter in the Snake River Plain contains low-δ18O rhyolites with values
reaching as low as−2.6‰ in zircon phenocrysts, andwhole-rock values
as low as 0‰ (Bindeman and Simakin, 2014; Colón et al., 2018b). The
caldera centers of the hot spot track in the Snake River Plain and Yellow-
stone (Fig. 1) also all exhibit a crude trend towards lower δ18O values in
erupted rocks through time, with the Picabo, Heise, and Yellowstone
centers in particular opening with normal-δ18O rhyolites and finishing
at low-δ18O values (Bindeman and Valley, 2001; Watts et al., 2011,
2012; Drew et al., 2013). By contrast, the central Snake River Plain cal-
dera centers (Bruneau-Jarbidge and Twin Falls, Fig. 1) have initial erup-
tionswhich are low-δ18O, though still-lower values appear later in time,
suggesting that the same trend of lowering δ18O is at work there, if less
clearly (Boroughs et al., 2012; Bindemanand Simakin, 2014; Colón et al.,
2015a).

Attempts to understand the origin of the voluminous low-δ18O rhy-
olites at the Yellowstone hot spot track have been a source of consider-
able recent debate. In summary, there have been 3 main proposed
mechanisms for the production of low-δ18O rhyolites: (1) intracaldera
tuffs and lavas are hydrothermally altered in systems similar to that
seen at Yellowstone today, making them low-δ18O, and further overlap-
ping caldera collapses bring this material down to depths where it can
bemelted and re-erupted (Watts et al., 2011; Drew et al., 2013), (2) hy-
drothermal alteration along fault lines associated with tectonic exten-
sion related to the early stages of magmatism at each center produced
low-δ18O alteration of some combination of buried volcanic rocks,
preexisting crust (such as the Idaho Batholith or Challis volcanics),
and earlier hot spot-derived mafic intrusions, which later melted and
produced low-δ18O magmas (Drew et al., 2013; Colón et al., 2015a,
2015b; Blum et al., 2016;), and (3) older low-δ18O alteration of the
upper crust associatedwith earliermagmatism unrelated to the Yellow-
stone plume, such as the emplacement of the Idaho Batholith, provides
pre-existing sources of low-δ18Omaterial for melting and eruption dur-
ing Yellowstone plume magmatism (Boroughs et al., 2012; Ellis et al.,
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2013), potentially explaining the fact that central Snake River Plain rhy-
olites are almost exclusively low-δ18O in their composition. In any case,
the trend away from mantle-like δ18O values in erupted rhyolites at
each caldera center stands in marked contrast with the evolution to-
wards primitive values in radiogenic isotopes, which would suggest a
role for some kind of crustal melting even at the latest stages of each
system, but also that the type of crust which is melting changes dis-
tinctly. Understanding these trends is a key goal of this study.

3. Methods

3.1. I2VIS magmatic-thermomechanical models

We employ large-scale 2D marker-in-cell-based magmatic-
thermomechanical finite difference models of the Yellowstone system
modified from those of Colón et al. (2018a) to consider the evolution
of a single part of the Yellowstone hot spot track. In Colón et al.
(2018a), wemodeled the interaction between a deeply-sourcedmantle
plume and overlying lithosphere whichmoves at 25 km/Myr relative to
the plume. Thesemodels solvemomentum (Stokes equation) andmass
and energy conservation equations:

∂σ 0
ij

∂xj
−

∂Pi

∂xi
¼ −ρgi ð1Þ

∂vi
∂xi

¼ Γ ð2Þ

In these equations v is velocity, P pressure, σ’ is the deviatoric stress
tensor, ρ is density, g is (purely vertical) gravitational acceleration, xi are
the spatial coordinates, and Γ is a source term that accounts for local
melt extraction and emplacement. We couple these fluid-flow equa-
tions with a Lagrangian heat equation that includes radioactive, shear
and adiabatic heating:

ρCp
DT
Dt

� �
¼ ∂

∂xi
k
∂T
∂xi

� �
þ Hr þ Hs þ Ha ð3Þ

where T is temperature in kelvin, Cp is the heat capacity, k is thermal
conductivity, Hr is radiogenic heating, which is a predefined constant,
Hs is shear heating, andHa is adiabatic heating/cooling. Latent heat of fu-
sion is considered by modifying the heat capacity for partially molten
materials (see Colón et al., 2018a). These equations are solved on a
two-dimensional fully staggered finite difference grid and temperature
advection is performedwithmarkers. For this model, we use a 2 × 2 km
square finite difference grid with 16 Lagrangian markers per cell at the
start of the run (subject to change during material advection and melt
extraction). For full discussion of themethods viawhich these equations
and the terms within them are computed and solved see Gerya and
Yuen (2003) andGerya (2010), aswell as additional notes in the Appen-
dix for this paper.

3.2. Melt transport in the I2VIS model

We consider four mainmethods by which melt is transported in the
crust and upper mantle, after Solano et al. (2012). (1), melt may be
transported via dikes. This requires a relatively large volume of melt
and rigid, mostly solid crust that can fracture. (2), areas of partial melt
with sufficient permeability may allow the extraction and transport of
melt through them via porous flow. The melt fraction threshold at
which porous flow can occur varies depending on the rock composition
and grain size, but we assume for these models that it can occur at melt
volume fractions as low as 2% (Solano et al., 2012). (3), largemelt bodies
which are over 50% molten will internally convect and/or stratify. Fi-
nally (4), entire melt bodies or areas of partial melt may rise or sink as
buoyant diapirs in thermally weakened lower crust and mantle (Keller
et al., 2013).

Previous workers have mostly attempted to model these types of
melt transport one at a time, as they take place on extremely different
length and timescales (e.g. Ramberg, 1971;Kavanagh et al., 2006;
Maccaferri et al., 2011; Solano et al., 2012; Keller et al., 2013;
Bindeman and Simakin, 2014). To encompass the full behavior of the
magmatic system under hot spot volcanoes, we undertook the task of
considering all these melt transport phenomena simultaneously within
a single computational run. Themovement of diapirs (number 4 above)
is slow enough that it is captured by the bulk physics of our models
(Eqs. (1)–(3)), but diking, porous flow, and internal convection require
modeling techniques beyond the simple Stokes flow equations
discussed above, as they occur on temporal and spatial scales which
are much smaller than the 5 kyr timestep and 2 km grid size of our
model. For simplicity, we assume that all melt that originates in the
mantle intrudes in the crust as dikes, as we are not concerned with
the structure of any intrusions in the upper mantle for this study. We
also make the major assumption that all melt transport of the first
three types is purely vertical, to make the physics muchmore tractable.

Formelt extraction,we consider themelt fraction of each Lagrangian
marker in the model based on their composition, temperature, and
pressure (there are initially 16 such markers per 2 × 2 km cell). For
markers with N50% melt fraction, we consider two melt transport re-
gimes, which are defined bywhether eruptions are permitted. Eruption
triggering mechanisms in large caldera-forming systems are poorly un-
derstood and depend onmany parameters (e.g. Allan et al., 2012; Gregg
et al., 2015; Karlstrom et al., 2012), so we consider their occurrence to
be random for the purposes or ourmodels. A randomnumber generator
gives each time stop an equal probability of having an eruption, and we
adjust the probabilities to give the desired average recurrence interval.
If an eruption is determined to be occurring by this method, we trans-
port all markers in the crust that are at least 50% molten to the surface
if they are buoyant enough for this to be possible (we consider all felsic
magmas to have densities of 100 kg/m3 during eruptions due to volatile
exsolution for this purpose, making them almost always buoyant
enough to erupt). If eruptions are not occurring, markers with a melt
fraction that exceeds 50% initiate a dike, which proceeds vertically up-
ward and produces a distribution of new melt markers via the method
described in detail in Colón et al. (2018a) and the Appendix accompany-
ing this paper. In this dike emplacement method, we use the non-
dimensional value D:

D ¼ ΔP
η

Δt ð4Þ

where ΔP is the magma overpressure in the dike (defined as the differ-
ence between the hydrostatic pressure in the dike and the ambient
pressure as calculated in Eqs. (1)–(2)), η is the viscosity of the host ma-
terial, and Δt is the time step, computed in the entire vertical column
over the source melt marker where ΔP N 0 (where the magma is buoy-
ant). D is computed over the entire column of material in which melt is
buoyant enough to continue to rise, and dikes give rise to sills when
they cross local maxima in this D value, caused by high buoyant over-
pressure and/or weak surrounding crust. The fraction of available melt
which is trapped by a given localmaximum in D is computed as follows:

intrusion fraction∝
Dmax

Dmin

� �0:5

ð5Þ

where Dmax is the value of D at the localmaximum in question, andDmin

is the value of D at the overlying local minimum along the same purely
vertical dike. The 0.5 exponent is used to improve numerical stability
and prevent runaway intrusion at only one depth (Colón et al.,
2018a). In addition to intrusion at local maxima of D, 20% of all available
melt along a dike is also evenly distributed along the entire length of the
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dikewithin the crust (see Colón et al., 2018a). Finally, a key difference in
this model from the work of Colón et al. (2018a) is that dikes are
allowed to have a crystal cargo, and both the melt and crystal parts of
Lagrangian markers which are N50% melt are transported in dikes.

If the melt fraction of the marker is between 2% and 50%, it cannot
feed eruptions, but can still be transported via porous flow up or
down vertically, as long as the average melt content in its local 2
× 2 km cell is above 2%, and the melt cannot propagate into cells
which contain b2% partial melt. This choice of threshold follows the
work of Solano et al. (2012), and changing it does not significantly affect
outcomes, especially early in each model's evolution. In this case only
the liquid part of the original markermoves and it seeks its level of neu-
tral buoyancy. Rising dikes that encounter zones of at least 20% partial
melt will also only continue if they are still buoyant relative to the sur-
roundingmaterial, allowing bodies of evolvedmagma to formbuoyancy
traps for underplating dense mafic magmas. This behavior is unique to
this study and is also not considered in the results of Colón et al.
(2018a). While the 2 km grid resolution of this model clearly exceeds
the volume of individual dikes and sills, we feel that this resolution ad-
equately captures the large-scale rheological features in the crustwhich
trap rising melts, without excessively exaggerating the melt-trapping
power of very small local contrasts in rock strength due to individual
fractures or other weak zones, as can happen at very high resolutions
(b0.5 km grid size) without slight modifications to Eq. (5), which are
still under development.

Finally, in Colón et al. (2018a), we limited the amount ofmelt from a
given marker intruding into a cell above it so that the volume of each
new marker Vint (there may be many such markers per cell) could not
exceed the value D*Vsource marker for that cell, in an attempt to limit ex-
cessive intrusions into cold and brittle crust. We do not employ this
functionality in this study as its effects appear to be not well character-
ized and can lead to unwanted feedbacks in the context of Eq. (5), caus-
ing melt to be trapped in the lower crust and not advance to shallower
levels. For a detailed treatment of themethods bywhichmelt extraction
is treated in the model see the Appendix.

3.3. Isotopic modeling

We also track the isotopic compositions of Lagrangianmarkers, both
molten and solid. Given the large δ18O ranges of different components
in our systems, we assume for simplicity that there is no noticeable frac-
tionation in oxygen isotopes during fractional crystallization or partial
melting, at least relative to the large changes in δ18O values which can
be derived from hydrothermal alteration of the crust (Bindeman,
2008). Similarly, Hf isotopes are completely unchanged during melting
and melt extraction, but can mix as markers melt and advect. We as-
sume that all hydrothermal alteration (lowering the δ18O of rocks/
markers) occurs in the uppermost crust in heated areas, which have
been additionally mechanically disturbed in some way, presumably
opening fractures which allow the circulation of low-δ18Ometeoric wa-
ters. We consider areas in the upper crust which have been weakened
by strain (effective viscosity of b1022 Pa·s) to be vulnerable to penetra-
tion bymeteoric waters and thus hydrothermal alteration (e.g., Gottardi
et al., 2013; Colón et al., 2015b). Lower (Precambrian) crust is assumed
to be impermeable, and thus not prone to alteration. We also require a
heat supply, and only allow hydrothermal alteration to occur in a tem-
perature window of 100–300 °C, above which we assume that the duc-
tile behavior of hot rocks and silica precipitation from solution closes
pores and limits permeability. At T b 100 °C, we assume low-δ18O
rocks cannot form because the fractionation factors between fluids
and rock become large, making equilibrium rock values high rather
than low in δ18O (Taylor, 1968). Finally, we require that hydrothermal
alteration only occurs in areas where an enhanced geothermal gradient
can drive circulation of fluids, with values of at least 40 °C/km. Without
this final requirement, we observe extensive hydrothermal alteration of
the crust in areas where it is likely inappropriate, such as faults in
relatively cold crust with no magmatic activity of any kind nearby. If
these criteria are satisfied, we automatically reset the δ18O value of a
marker to −8‰, suggesting equilibration at high temperature with
very low-δ18O meteoric waters (e.g. Troch et al., 2018). We do not set
amaximumdepth for alteration in the code, but this seems unnecessary
considering our results (see discussion).

3.4. Heat2D modeling

We modify the Heat2D code of Annen et al. (2008) to allow erup-
tions at periodic fixed intervals. This is a pseudo-2D axisymmetric
model designed to mimic the conditions of the I2VIS models (see
below). Intrusions of basalt at a fixed depth displace all surrounding
felsic crustal material downwards. During time steps where there are
eruptions, crustal material which is at least 50% molten is evacuated to
the surface, while partial melts of mafic intrusions are not erupted,
due to the difficulty of separating the liquid and solid parts of partially
molten rocks in the purely thermal model. Any material above the re-
moved molten material is advected downwards until any resulting
gaps are filled, in an extremely simplistic analog of caldera collapse.
We use these models to test some of the observations made in the
thermomechanical models in a simpler geometry, particularly observa-
tions of the relationship between eruption repose times and total cumu-
lative eruptive volumes.

4. Model setup

We use the same 1000 km × 300 kmmodel space with a regularly-
spaced 2 × 2 km finite difference grid as in Colón et al. (2018a), with a
mantle plume generated by a thermal and advective boundary condi-
tion anomaly at the center of the base of the model. In our standard
model, the continental crust is initially 35 km thick with 5 km of
upper crust and 30 km of lower crust. This closely reflects the crustal
structure used in the standard model in Colón et al. (2018a), modified
slightly to reduce the thickness of the uppermost crust to better repro-
duce the observed isotopic trends (see Appendix). The upper crust
(Fig. 2, brown) is assumed to be rheologically weak (wet quartzite law
of Ranalli, 1995), to have a low solidus temperature characteristic of
granite or sediment melting in the presence of fluids, either from their
own hydrous minerals or from fractionating basalts (Johannes, 1985;
Poli and Schmidt, 2002), to have a silica content of 70 wt%, a density
of 2700 kg/m3 (all densities reported for atmospheric temperature sub-
ject to compressibility at depth), and an εHf value of −10 (Gaschnig
et al., 2010; Colón et al., 2018b). The top 2 km of lower crust (Fig. 2, or-
ange) is identical to the upper crust in every way (high silica, fertile, not
dense), except for the fact that it has an εHf value of−60,whichmatches
the most isotopically ancient xenoliths and xenocrysts found in the
Snake River Plain so far (Watts et al., 2010; Colón et al., 2018b). We as-
sume that it has a low solidus temperature like the upper crust, but we
also assume that N30% melt extraction by volume converts this lower
crust to a drymafic cumulate,which is not the case for upper crust,mak-
ing it somewhat less fertile than the upper crust. The rest of the lower
crust (gray) follows the dry mafic melting curve of Hess (1989; see
Fig. 3), the An75 rheology of Ranalli (1995), and has a silica content of
50%, a density of 2900 kg/m3, and an εHf value of −60. The lowermost
5 km of crust above the Moho is a mafic cumulate assumed to have
the same properties as the main part of the lower crust, but is slightly
denser (3000 kg/m3) and has only 45% silica. The mantle also has 45%
silica and a density of 3000 kg/m3, follows the dry olivine rheology of
Ranalli (1995) and the dry mantle melting scheme of Katz et al.,
(2003), and has an εHf value of a+5. For further information onmaterial
properties see Colón et al. (2018a).We initially set all crustalmaterial to
have a normal δ18O value of +7‰ and all mantle to have a δ18O value of
+6‰.

The initial Moho temperature is 700 °C, with a geothermal gradient
of 35 °C/km in the top 15 km of the crust overlying a much shallower



Fig. 2.Development of the Yellowstonemagmatic system in the I2VISmodel. (a) After an initial 2Myr period duringwhich themantle plume is allowed tomature as amelt source,melts it
produces are diverted towards the target area at the base of the crust along the line from 0 to 50 km on the x-axis, after which it ascends naturally. Intrusions gradually build a large mafic
sill complex (b–d), which remains partially moltenwhile basalt intrusions continue. After the intrusion rate drops by 90% after 3Myr, the sill complex cools and solidifies rapidly (e). Note
that the position of the top of the intrusive complex remains relatively constant at 5–6 km, while its bottom reaches progressively deeper depths as new magma intrudes, advecting the
lower crust downward and thickening the crust. At the top of the sill complex and at the surface, significant volumes of granitic intrusions and erupted rhyolites (both light gray),
respectively, form from both crustal melting and fractionation of the large partially molten sill.
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geothermal gradient in the initial model setup. This rapidly equilibrates
to a nearly linear 20–25 °C/km gradient over the entire crustal column
in the 2 Myr period during which the model is allowed to run before
magmatism begins, even in the presence of radiogenic heating in the
upper crust. Below the crust is 45 km of mantle lithosphere, producing
a lithosphere-aesthenosphere boundary at 80 km depth, as constrained
by the modeling of Colón et al. (2018a). These mantle layers differ only
in their initial temperature gradient and are otherwise identical. The as-
thenosphere has an initial adiabatic temperature gradient of 0.5 °C,with
a potential temperature of 1350 °C; the aesthenospheric temperature
gradient connects this with the crustal geotherm (Fig. 2a). The mantle
plume is 175 °C hotter than the surroundingmantle, aswas constrained
in Colón et al. (2018a).
Unlike in the previous Colón et al. (2018a) study,which primarily fo-
cused on interpreting/recreating geophysical images of the Yellowstone
system, we are mostly interested in the isotopic and chemical evolution
of magmas at any given single eruptive center along the hot spot track.
We compensate for the lack of horizontal melt transport (see above) by
evenly distributingmelts from the plume in a 50 km-wide zone of crust,
after an initial 2Myr ofmodel time inwhich the plume is allowed to sta-
bilize. During this initial time, melts from the plume are transported
horizontally far away from the main 50 km-wide zone of intrusion, so
that the crust at the start of intrusion there is initially undisturbed.
After this transport to the base of the crust (Fig. 2a, black arrows), the
melts are allowed to rise in a natural way that is governed by the
methods described above and in the Appendix. This additionally allows



0 200 400 600 800 1000 1200
Temperature (oC)

0

10

20

30

40

50

60

D
ep

th
(k

m
)

0 Myr
0.5 Mr
1.5 Myr
3.0 Myr
4.5 Myr
lower crust solidus
wet basalt solidus
upper crust solidus
upper crust liquidus
dry basalt liquidus

maximum
geothermal
gradient

0 Myr
0.5 1.5

3.0

4.5

Fig. 3. Evolution of the geothermal gradient in the growing magmatic system shown in
Fig. 2, showing the thermal effect of 3 Myr of basalt intrusion at a rate of
20,000 km3/Myr. The initial geothermal gradient (blue) is approximately 20 °C/km, and
produces a Moho temperature of 700 °C at a depth of 35 km. Basaltic magma intrusion
focused at 7–8 km depth rapidly raises the temperature of the upper crust, initiating
melting there after 0.5 Myr, when the solidus temperature of the upper crust is reached
by the hottest part of the growing intrusions. Peak temperatures of approximately 1000
°C are reached inside of the differentiating mafic sill complex at depths of approximately
10 km after 3.0 Myr, after which basalt intrusion from the mantle ceases and the system
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for closer comparison with the Heat2D models, which have no crustal
movement aside from the verticalmovement associatedwith intrusions
and eruptions. Intrusion continues in the 50 km-wide zone for 3 Myr,
consistent with the lifespan of the two most recent caldera centers on
the Yellowstone hot spot track at Yellowstone and Heise
(Christiansen, 2001; Morgan and McIntosh, 2005).

The amount of melt which is intruded into the crust is fixed at
20,000 km3/Myr, which if we divide by an assumed model thickness
of 50 km, gives a basalt intrusion rate identical to that of the preferred
model in Colón et al. (2018a). Crustal thickening is controlled entirely
by intrusions, though it is somewhat counteracted by erosion at the sur-
face and viscoplastic horizontal transport of material away from the in-
trusions. This is all in contrast with the simpler situation in the models
of Colón et al. (2018a), where a ~25 km wide zone of intrusion and
crustal melting moves at a velocity of 25 km/Myr, creating a very clear
and uninterrupted trend in position versus eruption time on the surface
of the hot spot track, but which does not linger long enough at any one
point in the crust to produce the long-lived volcanic systems typical of
the actual hot spot track. After 3 Myr of intrusion into the target zone
seen in Fig. 2, melt is again diverted far away and the system cools,
save for a residual long-lasting intrusion rate of 2000 km3/Myr, 10% of
the intrusion rate of the “peak” volcanic period.

5. Results

5.1. Development of the mid-crustal sill complex

In the new series of models employed here, we confirm themain re-
sult of Colón et al. (2018a), showing that basalts rising from the mantle
primarily accumulate in a mid-crustal sill complex which occupies
depths of 8–25 km by the time it has fully developed after 3 Myr of in-
trusions (Fig. 2d). Combined with other more diffuse intrusions in the
lower crust, these produce a total of 15–20 km of crustal thickening
(Fig. 2d), in line with or slightly higher than previous estimates for the
Yellowstone hot spot track (McCurry and Rodgers, 2009; Yuan et al.,
2010). However, this can be explained by the fact that this is compen-
sated for by adjacent gaps in apparent magmatism, such as between
Yellowstone and Heise, which can be filled in by lower crustal flow as
the system evolves in a more realistic 3D model, allowing us to remain
within existing geophysical and geochemical constraints on the Yellow-
stone system. Additionally, ~4 km of this material is deposited in a dis-
tributed manner in the lower crust and does not contribute noticeably
to the sill complex or to volcanism, and instead heats the crust, and
thus can be considered “missing” from mass balance assessments such
as that of McCurry and Rodgers (2009). The depth of the top of this in-
trusive system corresponds to the brittle-ductile transition, which is the
site of the greatest contrast in D (Dmax/Dmin is maximized, see Eqs. (4),
(5)) and therefore traps the most rising melts. The mafic magmas of
the sill complex drive rhyolite production through their fractionation
to form rhyolitic residual liquids, and by heating andmelting of the sur-
rounding crust, which begins approximately 0.5 Myr after the start of
basalt intrusion in our standard model (Figs. 2–5), when the crust at a
depth of approximately 8 km first reaches its solidus temperature.
With the exception of its uppermost 2 km (orange, Fig. 2), the lower
crust is too refractory to melt, and melts there are fractionating basalts
from the mantle rather than crustal partial melts (Figs. 2–4).)

5.2. Evolution of the geothermal gradient

The addition of mafic melts with temperatures as high as 1350 °C
from the mantle plume into the crust causes extremely rapid heating
of the upper crust, as is documented in Fig. 3. We start with a steady-
state crustal geothermal gradient of ~20 °C/km in both the upper and
lower crust, which stabilizes as such in our model despite having
upper crust which is ~10 times as radioactive as the lower crust.
0.5 Myr after the beginning of basalt intrusion, temperatures at 8 km
depth have already reached ~650 °C, allowing the first rhyolitic liquids
to form (Figs. 3, 4a). This corresponds to the depth of the incipient sill
complex formed by the earliest intrusions (Fig. 2b). By 1.5 Myr after
the start of intrusion (Figs. 2c, 3, 4b), a broad region of crust fromdepths
of 7–13 km depth is heated above its solidus temperature, releasing
large quantities of melt, some of which erupts (graymaterial at the sur-
face in Fig. 2c). The peak in crustal melting occurs at the end of the cal-
dera cycle at 3Myr when rapid intrusions of basalt end, and a very large
and broad magma body occupies the upper crust spanning depths of
5–30 km, fueling voluminous volcanism at the surface (Fig. 4). A note-
worthy result is that the upper crustal geothermal gradient stabilizes
at approximately 150 °C/km for all depths above the melt zone, after
an initial steeper ramping up in the top kilometer of crust. This geother-
mal gradient does not increase over time, and insteadmerely extends it-
self to greater depths as the system matures, eventually reaching peak
temperatures of over 1000 °C at depths of approximately 10 km. This
high temperature does not necessarily mean that the crust there is
nearly pure liquid, as it has been depleted by repeated extractions of
partial melt, and as such is dominated by mafic cumulates. The fact
that the peak in temperature at the base of this gradient always occurs
near the top of the developing basaltic sill complex (Figs. 2, 3) suggests
that most intrusions of new basalt naturally overplate the older solidi-
fied ones near the top of the sill complex.

When intrusion drops to post-caldera levels after 3 Myr, the system
immediately begins to cool, and further crustal melting and rhyolite
production ceases almost instantly (Fig. 5). The silicic melts which
have already formed, however, are able to persist for a long time as
the system cools. The mid-crustal sill complex solidifies before the par-
tially molten crust above and below it, especially in its center where it
consists of highly depleted mafic cumulates, producing a noticeable
amagmatic gap between the partially molten crust above and below it,
as was previously observed in the models of Colón et al. (2018a).



Fig. 4. Evolution of themelt bodies in our standardmodel. The views here are identical to Fig. 2. (a) At 0.5 Myr there are very small amounts of melt throughout the entire crust that represent
rapidly cooling basaltic dikes, and a shallowmagma body has begun to form at ~8 km depth. (b–c) Crustal melting and basalt fractionation rapidly accelerate until 3 Myr after intrusions start,
when the total volume ofmelt in the crust is in excess of 2000 km3. (d). After basalt intrusion drops by 90% after 3Myr, the basaltic sill complex rapidly solidifies, but the lower crust anddeepest
sill complex below it remains partially molten where warm enough (see Fig. 3), and the rhyolitic magma body between 5 and 10 km depth also takes up to a million years to fully solidify.
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5.3. Production of rhyolitic liquids

Rhyolitic liquids begin forming in the upper crust approximately
0.5 Myr after basalt intrusions begin when the temperature at the
upper crust-lower crust boundary reaches the solidus. We plot a
75 kyr moving average of the production rates of different sources of
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Fig. 5. Production rates of felsic liquids from basalt fractionation (including remelting of
solidified basalt) lower crustal melting, and upper crustal melting. Basalt fractionation
and lower crustal melting dominate the first 1.5 Myr of the system's evolution, after
which lower crustal melting is replaced by upper crustal melting, while basalt
fractionation becomes ever more efficient as the temperature of the system climbs. After
3 Myr, basalt intrusion rates drop from 20,000 km3/Myr to 2000 km3/Myr, and the
system can no longer support significant rhyolite production due to a lack of heat,
causing felsic melt production to rapidly cease in as little as 150 kyr after cooling begins.
felsicmelts in the crust in Fig. 5 (reducingnoise related tominor numer-
ical issues). Melting of the upper 2 km of the lower crust, which melts
according to the upper crustal solidus curve (Fig. 3), rapidly increases
and peaks at ~1.3 Myr after the start of basaltic intrusions (Fig. 5).
Lower crustal melting then plateaus and eventually declines as the ma-
terial is depleted by the extraction of silicic melts. The main bulk of the
lower crust does not contribute in any measurable way to the total vol-
ume of crustal melting, as it is too refractory (dry mafic melting curves
in Fig. 3). Upper crustal melting does not begin until about 1.5 Myr after
basalt intrusions begin, reflecting the considerable amount of energy re-
quired to heat such shallow rocks above their solidus temperature.
Upper crust melts in increasing amounts until the caldera cycle ends,
after which it abruptly ends, along with lower crustal melting. The
greatest source of rhyolitic liquids by far, however, is the fractionation
of basalt and the remelting of previously solidified basalt intrusions
(with the latter being subordinate), meaning that while crustal melting
is very important for producing Yellowstone hot spot tracks, most
erupted material by volume is ultimately sourced from the mantle,
even among the most evolved magmas. It begins at the same time as
lower crustal melting, as before that basalts simply quench in the ini-
tially cold crust, and rapidly intensifies until basalt intrusion rates
drop after 3Myr. Thefinal intrusion rate of 2000 km3/Myr is not enough
to produce new felsic liquids, even with the new higher geotherm
(Fig. 3), and the system returns to erupting only basalts.

5.4. Rhyolite production vs eruption rates as a function of frequency of
eruption

Wefind that the total volume of erupted rhyolite depends heavily on
the number of individual eruptions, with systems with more frequent
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and total eruptions producing more material. This is seen by modifying
the base model shown in Figs. 2–6 to change the average interval be-
tween eruptions from our standard model, where eruption repose
times average 0.2 Myr. We see that systems with the average repose
time set to 0.5 or even 1.0 Myr have much less total erupted rhyolite
(Fig. 6a). For all cases, 0.2 Myr, 0.5 Myr, and 1.0 Myr repose times lead
to a total erupted basalt volume of roughly 1000 km3.When the average
eruption repose time is instead decreased to 25 kyr, the amount of ba-
salt that remains in the crust significantly decreases, as basalt passes
to the surface in as many as a fifth of individual time steps, cooling the
system and reducing rhyolite output (Fig. 6a, violet curve). However,
if we take that same model and forbid basalt eruptions, we see a very
large total rhyolite eruptive volume which no other model can match
(green curve). This trend is despite the fact that longer repose times be-
tween eruptions are, intuitively, associated with greater eruptive vol-
umes; this trend is more than counterbalanced by the greater number
of smaller eruptions which occurs with smaller repose times. We fur-
ther note that while total cumulative eruptive volumes strongly vary
with eruption rates, the total volume of felsicmelts produced (including
intrusions) is less significantly affected by changing the eruption rate,
with slightly higher total melt production occurring with longer repose
times (Fig. 6b). Testing the source of this variation, we find that there is
a noticeable correlation between the number of individual eruptions
and the fraction of all felsic melts which erupt (Fig. 6c), and a very
strong correlation between this ratio and the total eruptive volume
(Fig. 6d).
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To further test this observation, we employ the Heat2D models
which, because of their relative simplicity, are easier to interpret. As de-
scribed above, thesemodels involve intrusions of basalt to a fixed depth
(7 km in this case) with melting of the crust occurring purely via con-
ductive heating from the sill. We erupt all crustal material with melt
fractions of at least 50% at regular, nonrandom, intervals, but do not
erupt partially molten basalt sills (see above). In the Heat2D models,
15 km of basaltic sills was intruded over a 2 Myr time period, with all
new intrusions overplating the previous intrusions at a depth of 7 km,
similar to what we observe in the model detailed in Figs. 2–4. Intruding
basalts are assumed to have temperature of 1200 °C. Tracking the total
volume of melt in the crust over time, we find that longer repose
times are associated with significantly greater volumes of melt in the
crust, including melt in both the basaltic intrusions (Fig. 7a), and in
the partially molten surrounding crust (Fig. 7b). This is different from
the total produced melt seen in Fig. 6b, as that adds all melt produced
over the entire model history, which is harder to measure in the
Heat2Dmodels,whereas Fig. 7b simply plots the volumeofmelt present
at any given time. Again, we find that larger repose times are followed
by larger volcanic eruptions, with a maximum erupted volume of pure
crustal melt of 1500 km3 occurring in the case of a single giant eruption
after 2 Myr (Fig. 7c). This increase in eruption size with repose time is
not enough, however, to counter the decreased total number of volcanic
eruptions, andwe observe the same strong inverse correlation between
total erupted volume over the lifetime of the system and the repose
time between eruptions (Fig. 7d). We also compare the trend that we
0 0.2 0.4 0.6 0.8 1
Fraction of felsic melts which erupt

0

2000

4000

6000

8000

To
ta

l e
ru

pt
iv

e 
vo

lu
m

e 
(k

m
)

0 20 40 60

Eruptions over 50 km3

0

2000

4000

6000

8000

10000

12000

14000
eruptions
all felsic melts

(d)

r2=0.94

(b)

r2=0.38

r2=0.56

rvals between eruptions. The yellow curve (0.2 Myr on average between eruptions, is our
d,while for the green curve, they are forbidden. (b) Plot showing that an increasednumber
ts produced in the crust. Multiple data points are from repeated runs with the same initial
thenumber of total eruptionswith a volume of at least 50 km3. (d) Correlation between the
me. The model forming the violet curve in (a) is excluded from (b–d) because of its very
, the reader is referred to the web version of this article.)



0 1 2 3
Time (Myr)

0

2000

4000

6000

8000

In
tru

si
on

 m
el

t v
ol

um
e 

(k
m

3 )

2.0 Myr
0.6 Myr
0.2 Myr

0 1 2 3
Time (Myr)

0

500

1000

1500

2000

2500

C
ru

st
al

 m
el

t v
ol

um
e 

(k
m

3 )

2.0 Myr
0.6 Myr
0.2 Myr

0 1 2 3
Time (Myr)

0

1000

2000

3000

4000

5000

C
um

ul
at

iv
e 

er
up

te
d 

vo
lu

m
e 

(k
m

3 )

2.0 Myr
0.6 Myr
0.2 Myr

0 0.5 1 1.5 2 2.5
Repose time (Myr)

0

1000

2000

3000

4000

5000

6000

To
ta

l e
ru

pt
ed

 v
ol

um
e 

(k
m

3 )

4 km
7 km
15 km

Eruption repose
time:

Eruption repose
time:

Eruption repose
time:

Intrusion
depth:

(a) (b)

(c) (d)

Fig. 7. Melt production in Heat2D assuming an initial geotherm of 20 °C/km, a sill accumulation rate of 7.5 km/Myr for 50 km diameter circular intrusions, which intrude overplating
previous intrusions at 7 km depth (except for part d). (a) Total volume of partial melts in the mid-crustal sill, not including crustal melts. This material is not allowed to be erupted in
these simulations, unlike in the I2VIS models. The total volume of melt steadily increases until 2 Myr, when new basalt intrusions are stopped and the system begins to cool. This
increase is much greater in the models with less frequent eruptions. (b) Total volume of crustal melts in the system. This begins to rise approximately 0.3 Myr after the start of
intrusions, as heating is more focused and efficient than in the I2VIS models because basalt intrusions always occur at the same level. The total melt volume drops when there are
eruptions, but not to zero because partially molten areas with b45% melt cannot erupt. As with mafic melts, there is much more crustal melt at any given time in the models with
infrequent eruptions. (c) Total erupted volume as a function of time, analogous to Fig. 6a. When eruptions occur more rapidly, they are smaller, but the total volume is larger. (d) Plot
of total erupted volume, the final value in the part (c) curves, vs. the repose time, demonstrating the trend or greater total eruptive volume with more frequent eruptions. This trend is
not affected by changing the intrusion depth, though the total volume is.

22 D.P. Colón et al. / Journal of Volcanology and Geothermal Research 370 (2019) 13–30
observe for intrusions at 7 km depth and find it nearly perfectly repli-
cated when the basaltic intrusions accumulate at 4 km or 15 km
depth, but with the expected increase in melting when the intrusions
are at greater depths with higher ambient crustal temperatures, further
confirming the robustness of this effect (e.g. Annen et al., 2006, 2015).

5.5. Variation in the width of the zone of intrusion

We also investigate the effect of varying the width of the intrusive
zone in the crust from the 50 km that we assume for the model repre-
sented in Fig. 2. This is important because the width of the crust that
is subject to basalt intrusions at any given time is not very well
constrained. We suspect it is comparable in size to the calderas along
the hot spot track, but even those vary from 30 to N90 km in length
(Christiansen, 2001; Morgan and McIntosh, 2005; Pierce and Morgan,
2009). Testing this, we keep the total volumetric flux of basaltic melts
from the mantle the same at 20,000 km3/Myr and vary the total dura-
tion of the intrusion depending on the width of the system (Figs. 8–9).
In this way, we fix the total amount of crustal thickening, but change
the time and width of that thickening (width of zone on the right in
Fig. 2a). This tests for uncertainty in thewidth of the plume and its foot-
print in the crust, while preserving the volumetric intrusion rate which
was constrained in Colón et al. (2018a) for themodern Yellowstone sys-
tem. This also allows us to investigate possible effects of having sills ris-
ing from individual dikes spread out over greater or lesser horizontal
areas, whichwe cannot directlymodel in our codewhich only considers
vertical melt transport.
We find that widening the zone of intrusion dramatically reduces
the temperature of the crustal magmatic system (Fig. 8) and decreases
the volume of both intrusive and erupted felsic melts (Fig. 9), despite
the fact that the wider intrusions are allowed to accumulate for more
time. In Fig. 9, we can clearly see that felsic melts are produced (and
erupt) much more quickly in narrower intrusive settings with the
same volumetric intrusion rate, and that the rate of melt production in
wider intrusions never catches up even after the system thermally ma-
tures. This shows that four separate intrusive events that are 25 km
wide and last for 1.5 Myr can be expected to produce far more melt
than a single, 100 km wide distributed intrusive event that lasts for
6 Myr at the same volumetric intrusion rate. This allows us to put con-
straints on the width of the crust which is likely being heated at any
given time by the Yellowstone plume, suggesting that in systems that
are very laterally extensive, such as the roughly 100 km-long Yellow-
stone caldera complex, melt input from the mantle cannot be evenly
distributed over the duration of the system and must be focused
under different subsections of the volcano at any given time, otherwise
the system would cool and fail to produce melts.

5.6. Isotopic trends in erupted rhyolites

The isotopic compositions of the erupted rhyolites in our
thermomechanical models vary significantly over time, and broadly
match many of the observations that have been made by previous
workers for the volcanic products of the hot spot (e.g. Nash et al.,
2006; Shervais et al., 2006; Watts et al., 2012; Drew et al., 2013;



Fig. 8. Comparison of different intrusion widths. Models are compared at the end of the voluminous mafic intrusion time (varying between 1.5 and 6 Myr), which lasts longer for wider
intrusions in order to obtain the same degree of crustal thickening given a fixed basalt intrusion rate of 20,000 km3/Myr. Part (b) is identical to Fig. 2d. Note that with increasing width, the
temperature in the center of the intrusion decreases. In part (a) it is over 1100 °C,while inpart (d) the temperature at the center of the is only about 750 °C, even though heating of the crust
continues for four times as long as in (a).
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Wotzlaw et al., 2015; Colón et al., 2018b). Figure 10shows the evolution
of the Hf and O isotopes both of themelts being produced in the crust at
any given time (solid line) and of the eruptions themselves (open cir-
cles, scaled by eruptive volume). This demonstrates that the erupted
rhyolites are indeed representative of what is beneath the surface at
least in terms of the radiogenic isotopes.We see that thefirstmajor rhy-
olite eruptionshaveHf isotope compositionswhich reflect the extensive
melting of the lower crust (Fig. 10a), and that that signal later gradually
recovers towardsmantle-like values. This match is not as perfect with O
isotopes (Fig. 10b), however, and where the erupted compositions are
frequently considerablymore normal-δ18O than themeltswhich appear
to be generated at the same time. This is likely because of the fact that
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Fig. 9. Comparison of eruptive rates for the different intrusion width scenarios seen in
Fig. 8. Significantly more felsic melt production (dotted lines), and therefore rhyolite
cumulative eruption volume (solid lines), occurs when mafic intrusions are
concentrated in a narrower region of the crust. Note that eruptions cease earlier for the
narrow intrusion zone models, this is because the crustal thickening is achieved earlier,
as the total mafic intrusion rate remains constant. Note the strong negative correlation
between the rate at which felsic melts are formed and the width of the intrusion zone.
the orange curve in Fig. 10b is calculated assuming that all upper crustal
melts are low-δ18O, which is not likely to be entirely true, and because
the cool and shallow low-δ18Omelts that form in the crustmay not typ-
ically reach the 50% melt threshold needed to erupt. That said, we do
successfully reproduce the trend towardsmore depleted 18O concentra-
tions with time at Yellowstone.
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become much more mantle-like, while δ18O values become more depleted, indicating
the involvement of hydrothermal alteration of the crust followed by melting of that
altered low-δ18O material. Here zircon ages are normalized to match the age of the first
eruption in the real world with the age of the first eruption in the model, all zircon ages
are correct relative to each other for each system.
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Fig. 11 shows us an alternate view of the isotopic trends, showing
the stratigraphy of Hf andO isotopes for the up to 5 km-deep nested cal-
dera systemwhichdevelops at the surface in our standardmodel,which
is visible as a thin gray layer at the surface in Fig. 2e. Fig. 11c clearly dem-
onstrates that the low-δ18O magmas are far from evenly distributed in
the crust, and erupt preferentially from one part of the caldera. In the
real world, these magmas would tend to homogenize with adjacent
normal-δ18O melts via horizontal convection, but this is not well-
modeled in our code. This does suggest however that moderately low-
δ18O magmas are assembled in the crust from mixes of initial batches
of more low-δ18O magma (−2‰ or lower, see Colón et al., 2018b) and
moremantle-likematerial. This is confirmed in the realworld by the ex-
istence of moderately low-δ18O rhyolites that are host to zircon crystals
with δ18O values which are several permil lower (Bindeman and
Simakin, 2014; Colón et al., 2015a, 2018b; Watts et al., 2011.

5.7. Chemical and eruptive temperature trends in erupted rhyolites

Fig. 11b shows that the initial magmas to erupt in the system are al-
most exclusively basaltic magmaswith low SiO2 contents, and that after
that basaltic eruptions are confined to themargins of the caldera system
as it develops. Basalts in the center of the system either are trapped by
the rhyolitic melt body and do not erupt or hybridize with the more si-
licic melts. We see that the part of the magmatic system which is pro-
ducing the most upper-crustal melts as seen in the oxygen isotopes
(left side, Fig. 11c), tends to be somewhat more felsic and less volumi-
nous (shallower calderas) than the part that erupts more mantle-like
crustal compositions. There is also a thin layer of basalt capping the cal-
dera sequence which is the result of eruptions of basalt resuming in the
caldera interior after the basaltic intrusion rate drops and rhyolite pro-
duction stops. Fig. 12a shows that basalt eruptions dominate the
Fig. 11. Intracaldera isotopic stratigraphy from the I2VISmodel depicted in Fig. 2. (a) Intracalder
in the sequence with up to 1.5 km-thick deposits. (b) SiO2 content of erupted material, showin
margins of the caldera system. The center of the system is host to the hottest magmas, w
stratigraphy shows that the production of low-δ18O magmas is highly localized in the crust, i
here where magmas only erupt purely vertically. (d) Hf isotope stratigraphy shows a trend to
strong spatial diversity of δ18O and εHf at each level is consistent with the zircon diversity seen
beginning and end of the caldera life cycle, when there are fewer melt
bodies in the crust to intercept them or drown them out through
mixing. As the system heats, erupted rhyolites become more mafic
with time, transitioning from high-silica rhyolites to low-silica rhyolites
(orange circles, Fig. 12a). This trend is simple in our model because the
intrusion rate never varies, we would expect more complexity with a
more geometrically and temporally varying intrusion rate. Fig. 12b
shows the corresponding drop in temperature of the bulk erupted
melts as basaltic eruptions are stopped during the caldera cycle, even
as the rhyolites themselves increase in temperature from b800 °C to
over 900 °C.

6. Discussion

Our coupled magmatic-thermomechanical models provide valuable
insight into the possible origins of the compositional trends that we ob-
serve in Yellowstone hot spot track rhyolites and provide an important
new test for existingmodels. We investigate multiple possible methods
of generating low-δ18O rhyolites, and provide a possible explanation for
the existence of isotopically ancient rhyolites early in the eruptive cycle
of some caldera centers. We also make some preliminary observations
of the types of chemical and thermal trends that occur in erupted
magmas, anticipating possible further research. First, however, we reex-
amine some of the controls on the total volume of melt which erupts at
all.

6.1. Structural controls on cumulative erupted volume

In both the I2VIS and Heat2D models, we observe that models with
smaller and more frequent eruptions yield significantly greater total
eruptive volume than a few extremely large eruptions (Figs. 6, 7)
a stratigraphy,with each eruption assigned its own color. Note the very large eruption late
g that basalts erupt at the start of the system's activity (base of the sequence) and at the
hich are slightly less silicic, though basalts are still essentially absent. (c) O isotope

n real systems these magmas would then likely mix over a greater horizonal area, unlike
wards more mantle-like values (higher εHf) in younger units higher in the sequence. The
in the rock record (Bindeman and Simakin, 2014; Colón et al., 2018b).
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contents increase while temperatures decrease as less basaltic melt erupts, as it is
trapped by the silicic magma body. Considering only felsic melts, we note opposite
trends as erupted rhyolites become less silicic and hotter with time. Finally, the system
eventually returns to erupting almost exclusively hot basalt in the post-caldera stage of
the system's evolution.
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separated by long repose intervals, which are controlled presumably by
structural properties of the uppermost crust beyond the purview of our
models (e.g. Gregg et al., 2015). It appears that at least two separate ef-
fects are at play here. For the Heat2D results, we recall that only crustal
melts are erupted, and that all maficmelts and their fractionates remain
in the crust. In this case, the anticorrelation between eruption repose
time and total erupted volume may be explained by thinking in terms
of the most efficient way to produce and erupt melt. As soon as any
crust ismelted, additional heat to bring it above itsmelting temperature
can be considered “wasted” heat that could be instead devoted to melt-
ing more crust. To avoid this, erupting crustal melts to the surface
shortly after they form allows new cold crust to come into contact
with the hot mafic intrusions. Doing this more often, as occurs in
models with shorter eruption repose times, allows a greater total
volume of crust to melt. By this interpretation, the largest total erup-
tive volumes (aka continuous eruptions) seen in Fig. 7c–d may rep-
resent a limit to the amount of crust that can be melted by a 15 km
sill complex of basalt intruded to 7 km depth over 2 Myr. In Fig. 7a,
we note that there is much less mafic melt in the crust at any time
in the scenario with more eruptions, even though it cannot erupt,
suggesting that the enthalpy of the mafic intrusion is being carried
away by the many eruptions.

This idea is not entirely adequate to explain the same phenomenon
observed in our thermomechanical models (Fig. 6), where basaltic
melts and their fractionates can also erupt. We actually find that there
is a negative correlation between the repose time and the total amount
of melt produced in the crust, including material that never erupts
(Fig. 6b). This suggests that the cooling effect of more eruptions slightly
inhibitsmelt production in the crust. However, there is a stronger corre-
lation between the total amount of melt that erupts and the number of
eruptions. This apparent contradiction is resolved in Fig. 6c, which
shows that more eruptions are associated with a much higher
volcanic-plutonic ratio. This means that despite the somewhat lessened
amount of melt which is produced when there are more eruptions, the
system much more efficiently erupts that material to the surface, more
than canceling out the former effect. Fig. 6d clearly demonstrates that
the increased volcanic-plutonic ratio which occurs shorter eruption re-
pose times is the driver of variations in the total erupted volume. The
very high r2 value of 0.94 also suggests that other variations in eruptive
volume that occur inmodelswith similar eruption repose times can also
be best described not in terms of total melt production but in terms of
how the geometry of the system affects the volcanic-plutonic ratio. An
interesting additional conclusion we can make is that this modeling
suggests that small systems that erupt frequently are more likely to
leavemost of their felsic melts on the surface in the form of volcanic de-
posits, while large systems that erupt infrequently extractmelt less effi-
ciently, thermodynamically speaking, when they do erupt and aremore
likely to leave behind large plutons.

Cooling rates also provide the key explanation for why thewider in-
trusions shown in Figs. 8–9 are so much less magmatically productive,
despite the total enthalpy being delivered to the crust per kilometer of
horizontal model space being the same. At the very shallow depths
where melting primarily takes place in these models, cooling from the
surface is a critical control on the amount of rhyolite melt that can
form. As such, the increased crustal thickening rate for the narrow
models ismuchmore effective at generating rhyolite than the longer in-
trusion duration of thewidermodels. Despite this, many of the eruptive
centers along the Yellowstone hot spot track produced several 1000's of
km3 of rhyolite over durations and areas similar to that seen in Fig. 8d,
especially in the central Snake River Plain. This suggests that to have sig-
nificant rhyolite volumes erupted over 4 Myr or more (e.g. Drew et al.,
2013; Bonnichsen et al., 2008; Knott et al., 2016), basalt intrusion
rates were not the long, slow and steady rates used to make the Fig. 9
models, but were likely either punctuated by brief periods of much
more intense intrusion and heating or where characterized by multiple
separate focused areas of intrusions. Further understanding of the pre-
cise geometry of the intrusive zones that fuel super-eruptive caldera
centers will almost certainly be an important topic for future modeling,
particularly 3D modeling and models what are able to accommodate
nonvertical diking in the crust.
6.2. The origin of isotopically ancient rhyolites

The Yellowstone hot spot track is characterized by several extremely
low-εHf eruptions which require the melting of large volumes of Pre-
cambrian crust, most notably the Johnstones Camp Rhyolite in the cen-
tral Snake River Plain (Colón et al., 2015a), the Arbon Valley Tuff at the
Picabo center (Drew et al., 2013, 2016), and Huckleberry Ridge Tuff
Member C at Yellowstone (Wotzlawet al., 2015). These eruptions all oc-
curred within 1.0 Myr of the start of activity at their respective volcanic
centers (Fig. 1; Colón et al., 2018b). In our models, we successfully rep-
licate a trend of initially low-εHf eruptions at the start of the cycle of ac-
tivity which eventually give way to more mantle-like eruptions
(Fig. 10a). The crustal melts which fuel these low-εHf eruptions are
nearly entirely derived from the melting of the 2 km-thick fertile layer
(orange, Fig. 2) which forms a boundary between the upper crust and
lower crust, but which is isotopically ancient. If we remove this layer
and replace it with more refractory “normal” lower crust (gray, Fig. 2),
or with more upper crust, this effect vanishes, and all erupted rhyolites
are relatively radiogenic with respect to Hf isotopes (see the Appendix).
We therefore propose that the necessary precondition for producing an
initial Precambrian crust-like eruption is a relatively fertile piece of Pre-
cambrian crustwhichmelts before the bulk of the upper crust, largely as
a function of its greater depth. This is confirmed in Fig. 5, in which iso-
topically ancient uppermost lower crust begins melting about 1 Myr
before the upper crust. Such rocks should be relatively rare, as the
long history of Cenozoic volcanism and intrusive magmatism in the
region (Chadwick, 1985; Gaschnig et al., 2010) should have provided
many opportunities for such crust to be heated, melted, and stripped
of its fertile components. This is likely the reason that very low-εHf

magmas are not more common along the Yellowstone hot spot
track, and they appear to be absent among rocks described so far
from the Heise and Twin Falls centers (Fig. 1, Bindeman and
Simakin, 2014; Colón et al., 2018b).
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6.3. Caldera collapse-driven crustal melting and the production of low-δ18O
magmas

The fact that voluminous low-εHf magmas only occur early in the
evolution of Yellowstone volcanic centers, and the fact that low-δ18O
magmas become more common with time suggests that the mix of
crustal rocks that melt to produce erupted rhyolites changes with
time, which we confirm in our models (Fig. 5). Previous workers have
suggested that low-δ18O rhyolites were formed by the burial and
remelting of the earliest rocks in the eruptive cycle, which were hydro-
thermally altered shortly after emplacement by a hydrothermal system
similar to the one at Yellowstone today (Watts et al., 2011; Drew et al.,
2013; Bindeman and Simakin, 2014; Colón et al., 2018b). We test this
model with both the Heat2D and I2VIS codes, and find that, in our
models, that the first erupted rhyolites are never buried deeply enough
beneath the products of later eruptions to be remelted, which likely
rules out the direct remelting of large volumes of older volcanic rocks,
but not of their deeper subvolcanic intrusive equivalents, which may
also include such features as significantly low-δ18O hydrothermally-
derived porphyry deposits.

We do, however, find a clear potential role for caldera collapse in
generating these isotopic trends. As is demonstrated in the illustration
of a Heat2D model in Fig. 13, magma evacuation and caldera collapse
above a mid-crustal basaltic sill complex with stable depth results in
progressively shallower crust melting and erupting at the surface. The
resulting 3–4 km-thick nested caldera complex will thus have the
same isotopic stratigraphy as the 3–4 km of crustal material which lies
above the initial depth of the growing sill complex. If the top of the
mid-crustal sill lies just below the boundary between low-εHf, but fer-
tile, lower crust andmore isotopically primitive upper crust, this transi-
tion will also manifest in the overlying eruptive stratigraphy. Similarly,
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paritial
melt
(sills and
crust)
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Fig. 13. Evolution of a Heat2D model where 15 km of basalt intrudes at a depth of 7 km
over a duration of 2.0 Myr. Four eruptions occur at intervals of 0.5 Myr. Black areas are
the growing sill complex, and red areas are areas of partial melt, in both the sill and the
surrounding crust. The color scheme in the surrounding crust simply corresponds to
depth, but could be thought of as an analog for any isotopic tracer such as O or Hf
isotopes. A ~3 km-deep nested caldera complex forms, with the earliest eruptions
having the “yellow” composition characteristic of the 7 km depth where melting begins,
followed by eruptions with the progressively shallower crust that is advected down
towards the heat source of the sill by repeated magma evacuation and caldera collapse.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
if the upper crust becomes more depleted in 18O with decreasing
depth, the later eruptions, which result from the melting of progres-
sively more shallow crust, should have a more low-δ18O composition
as well.

We see similar patterns when examining the I2VIS models. In
Figs. 11c–d, we show the isotopic stratigraphy resulting from the I2VIS
model seen in Figs. 2–4, specifically recreating the trends seen in
Fig. 10. We see the progression towards progressively more upper
crustal-like εHf and δ18O values as we move higher in the eruptive stra-
tigraphy, though this is obscured by the horizontal variations in what is
melting. Comparing this view to Fig. 13,we see that the story of progres-
sively shallower depths of crustal melting is less clear-cut than in the
Heat2D models, but the Hf isotope stratigraphy seen in Figs. 10–11
again strongly suggests that crust at deeper levels melts first (orange
material in Fig. 2). Adding further credence to the importance of caldera
collapse to producing low-δ18O magmas, we note that the I2VIS model
with short repose times, much greater cumulative eruptive volume
(Fig. 9), and therefore a greater total caldera subsidence depth, shows
smoother trends towards lowδ18O and higher-εHf eruptions over time
than the standard model with less total eruptive volume and hybridiza-
tion of melts. Finally, we note that we cannot entirely rule out the
remelting of buried intracaldera rocks, as caldera collapse structures in
nature can be much more complex than the structures we see in our
models, andmay produce locally very thick sections of intracaldera ma-
terial. Thesemay be produced by concentrating upper crustalmelts into
less laterally-extensive structures through horizontal melt migration to
a more roughly spherical melt body, possibly driven by an incipient
magma body's effect on local dikes (e.g. Karlstrom et al., 2009). The ex-
istence of super-thick intracaldera tuffs from single eruptions in the
geologic record is also confirmed by some of the tilted and dissected
sections seen in the older Basin and Range province south of the Yellow-
stone hot spot track, most notably in the ~4 km thick Caetano Tuff (John
et al., 2008). Again, this may be a fruitful future area for 3D and higher-
resolutionmodelingwithmore a sophisticated treatment of nonvertical
melt transport.

6.4. Origin of low-δ18O magmas by burial of crust under intrusions

Wehere describe an additional possible explanation for the origin of
low-δ18O magmas by examining the distribution of oxygen isotopes in
the I2VIS models. In Fig. 14, we map the δ18O values of the upper and
mid crust in the standard model seen in Fig. 2. Recall that the I2VIS
models use a very simplified scheme for hydrothermal alteration,
where crust is “reset” to low-δ18O values if it is weakened below an ef-
fective viscosity of 1022 Pa·s, has a temperature between 100 and 300
°C, and exists in a geothermal gradient of N40 °C/km. This results in
the rapid development of a zone of low-δ18O crust above the mafic sill
complex which is mature as early as 0.25 Myr after the start of intru-
sions into the crust. As this layer of low-δ18O material is heated from
below, it can melt and erupt at the surface, as in Fig. 13. However, we
also observe that some of this initial low-δ18O crustal layer is overplated
by further intrusions of basalt, and gradually advected down to depths
of as great as 20 km by continued burial by intrusions of basalt over
the next 2 Myr. There, it is heated to temperatures approaching the
liquidus temperature of upper crust (Figs. 2–3), where it melts and re-
leases low-δ18O material to the surface as eruptions. Tellingly, compar-
ing Figs. 11 and 14 shows that the two areas of low-δ18Omaterial in the
lower crust correspond to two equivalent areas in the overlying caldera
withmore low-δ18Omaterial, suggesting that this overplating and deep
burial may be the most important single mechanism for producing vo-
luminous low-δ18O rhyolites in the Yellowstone hot spot track and else-
where. In particular, the hot and voluminous low-δ18O magmas in the
central Snake River Plain may have been partially produced in this
way, especially if the crust there was low-δ18O to begin with
(Boroughs et al., 2012; Colón et al., 2015a), making the overplating
and burial of initially low-δ18O crust a trivial matter.



Fig. 14.Mapof oxygen isotopes in the upper andmid crust in our standard I2VISmodel.We note that a robust layer of low-δ18O crustmanifests above the incipient intrusions by as early as
0.5Myr after intrusions begins (a–b) but cannot advance to greater depths because they are toohot for hydrothermal circulation to occur. Instead,weobserve that thedevelopingmafic sill
complex “bites off” part of the shallow low-δ18O layer, and subsequent repeated overplating by basalt advects that material with a bulk δ18O value as low as +2‰ down to depths of as
great as 20 km (c–f), where it is heated to temperatures of over 900 °C, melting it extensively.
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Fig. 15. Plot of bulk eruption δ18O and εHf values from two I2VIS model runs compared to
the actual isotopic record from zircon from the Yellowstone and Picabo centers of the
hotspot track (Colón et al., 2018b). To better match zircon values which may occur in
eruptions, only erupted markers with at least 70% SiO2 were used to calculate isotopic
values, as we assume more mafic melts are zircon undersaturated. The black circles
represent eruptions from five individual models run with the same initial conditions
and model physics as the model in Fig. 2, to achieve more through coverage of the data
field. We note an excellent match between simulated and real isotopic values. Circle
sizes weight the relative size of eruptions, but do not correspond to particular values
because of the exclusion of the more mafic melts from each value.
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The eventual depletion of this material may cause a temporary “re-
covery” towards normal δ18O values in the erupted material
(Figs. 10–11), as has been documented in both the central Snake River
Plain and in the post-caldera lavas at Yellowstone (Watts et al., 2012;
Loewen and Bindeman, 2015; Colón et al., 2015a). Finally, we note
that the part of the caldera complex in Fig. 11 which is the source of
low-δ18O magmas is less productive (less thick) than the part which
makes more mantle-like magmas, suggesting that there is a significant
thermal penalty to melting significant quantities of upper crust rather
than simply fractionating large amounts of basalt, resulting in some-
what lower melt production overall (making the huge volumes of
low-δ18O magmas erupted at the central Snake River Plain even more
impressive).

6.5. Combining the Hf and O isotopic records

In Fig. 15, we show the bulk eruption Hf and O isotope compositions
from our standard (Fig. 2) I2VIS model and four additional runs where
the only difference was the exact timing of the eruptions, allowing for
a greater sampling of the potential variability of melt compositions. Un-
like in Fig. 10, we plot circles that reflect just theweighted average com-
positions ofmarkerswhich are at least 70% silica, asmoremaficmarkers
are assumed to likely be silica undersaturated. This is why there is a
greater range in isotopic values in Fig. 15 than in Fig. 10, despite being
sourced from the same model, and it greatly improves the match with
the zircon data, which is the same dataset from the Picabo and Yellow-
stone centers (Fig. 1) seen in Fig. 10. This dataset has a characteristic L-
shape, requiring three componentmixing (Colón et al., 2018b), butwith
a distinct lack of mixing between the low-εHf and low-δ18O end-
members. Our models recreate this trend by having melting of isotopi-
cally ancient lower crust and hydrothermally altered upper crust
occur at different times and places in themodel, suggesting that our as-
sumptions about magma transport and the structure of the crust are
broadly correct. Other crustal geometries that, for example, lack a fertile
uppermost lower crust or have thicker upper crust produce melt com-
positions which cover part but not necessarily all of the data field in
Fig. 15. Critically, only models like our standard model in Fig. 2 with
~5 km of upper crust underlain by fertile but isotopically ancient
lower crust produce the initial super-low εHf magmas seen in Fig. 10.
This places an important constraint on the thickness of the fertile
upper crust in the Yellowstone region, one which is broadly supported
by geophysical observations (Peng and Humphreys, 1998) and by
nearby exposures in places like the Teton Range (e.g. Roberts and
Douglas, 1993).

7. Conclusions

We use a modification of the I2VIS code of Gerya and Yuen (2003)
and Colón et al. (2018a) and the Heat2D code of Annen (2009) and
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Annen et al. (2008) to investigate the controls on the compositions of
erupted rhyolites at the nested caldera complexes of the Yellowstone
hot spot track. Building on the work of Colón et al. (2018a), we model
the intrusion of basalt in a 50 km-wide area for 3 Myr, resulting in a
thickening of the crust by approximately 20 km. Intruding basalts pri-
marily accumulate in a large mid-crustal sill complex at depths of
8–24 km, resulting in the extensive reworking of the crustal column
and the eruption of as much as 5000 km3 of rhyolite. We make several
new observations about the chemical and isotopic evolution of the
erupted rhyolites. (1)We find that making volcanic eruptionsmore fre-
quent increases the total volume of melt which erupts through increas-
ing the efficiency of the delivery of heat to the crust, and through
increasing the volcanic-plutonic ratio. (2) The modeled evolution of
the chemical and isotopic compositions of the erupted rhyolites repli-
cates natural trends towards less isotopically ancient Hf isotopes over
time. Later erupted magmas are also hotter and less silica-rich. We in-
terpret this as reflecting a regime in which early eruptions are domi-
nated by melts of the uppermost lower crust, which we assume is
isotopically ancient but fertile, and in which later eruptions are domi-
nated bymelts of the upper crust and fractionates of the growing basal-
tic sill complex. In all of these ways, the erupted rhyolites gradually
more closely resemble the chemical and isotopic composition of the ba-
salts from the mantle that enable their eruption, reflecting the
“mantleization” of and the mid crust during continental hot spot volca-
nism. (3) The sole exception to this trend is in the δ18O values of the
erupted rhyolites, which become progressively lower than normal
mantle-like values over time. We test models for the origin of this
trend, which is well-documented in the actual volcanic products of
the hot spot track (Bindeman and Simakin, 2014; Colón et al., 2018b).
Heat balance modeling suggests that remelting of already-erupted
caldera-filling ignimbrites may be quite minor in the real world but
melting of subcaldera hydrothermally altered crust, especially crust
which is initially slightly shallower than the depth of melting and
dropped into the sill complex by caldera collapse is a viable possibility.
(4), We also find and describe an additional previously unappreciated
means of generating low-δ18O rhyolites through advecting shallow
crust which is altered to low δ18O values and then buried to depths of
20 km or more by repeated overplating of basalt, where it can exten-
sively melt. (5) The good match between our isotopic (O, Hf), chemical
(SiO2), and temperature trends with those of the actual Yellowstone
hotspot track suggests the crustal structure we used (Fig. 2), which
we constrained from both geophysical imaging and the fact that very
different structures fail to reproduce these trends is evidence that this
structure is likely a fairly good match with the actual crustal stratigra-
phy in the region. Finally (6), we note that at Yellowstone, the com-
pleted evolution towards magmas with mantle-like radiogenic
isotopes and low δ18O values, the significant (~5000 km3) cumula-
tive erupted volume, and the presence of an amagmatic gap at
depths of ~20 km (possibly indicating a thick and mature cumulated
pile, as in Figs. 2d–e and 3c–d) indicate that this volcanic systemmay
be relatively close to the end of its life cycle. It is therefore reasonable
to expect the next caldera-forming eruption there will occur in less
thoroughly processed crust to the northeast of the present caldera,
perhaps near Sour Creek Dome, and likely with low εHf and
normal-δ18O magmas.
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