
Earth and Planetary Science Letters 412 (2015) 209–219
Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

The effect of pressurized magma chamber growth on melt migration 

and pre-caldera vent locations through time at Mount Mazama, Crater 

Lake, Oregon

Leif Karlstrom a,∗, Heather M. Wright b, Charles R. Bacon c

a Department of Geological Sciences, University of Oregon, 1272 University of Oregon, Eugene, OR 97403, USA
b U.S. Geological Survey, Cascades Volcano Observatory, 1300 SE Cardinal Court, Building 10, Suite 100, Vancouver, WA 98683, USA
c U.S. Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025, USA

a r t i c l e i n f o a b s t r a c t

Article history:
Received 6 January 2014
Received in revised form 25 October 2014
Accepted 1 December 2014
Available online xxxx
Editor: T. Elliott

Keywords:
Mount Mazama
magma chambers
eruptive history
Crater Lake

The pattern of eruptions at long-lived volcanic centers provides a window into the co-evolution of crustal 
magma transport, tectonic stresses, and unsteady magma generation at depth. Mount Mazama in the 
Oregon Cascades has seen variable activity over the last 400 ky, including the 50 km3 climactic eruption 
at ca. 7.7 ka that produced Crater Lake caldera. The physical mechanisms responsible for the assembly 
of silicic magma reservoirs that are the precursors to caldera-forming eruptions are poorly understood. 
Here we argue that the spatial and temporal distribution of geographically clustered volcanic vents near 
Mazama reflects the development of a centralized magma chamber that fed the climactic eruption. Time-
averaged eruption rates at Mount Mazama imply an order of magnitude increase in deep magma influx 
prior to the caldera-forming event, suggesting that unsteady mantle melting triggered a chamber growth 
episode that culminated in caldera formation. We model magma chamber–dike interactions over ∼50 ky 
preceding the climactic eruption to fit the observed distribution of surface eruptive vents in space and 
time, as well as petrologically estimated deep influx rates. Best fitting models predict an expanding zone 
of dike capture caused by a growing, oblate spheroidal magma chamber with 10–30 MPa of overpressure. 
This growing zone of chamber influence causes closest approaching regional mafic vent locations as well 
as more compositionally evolved Mazama eruptions to migrate away from the climactic eruptive center, 
returning as observed to the center after the chamber drains during the caldera-forming eruption.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Long-lived volcanic centers commonly exhibit a wide variety of 
eruptions, including those that emanate from a centralized vol-
canic edifice as well as from regionally scattered monogenetic 
vents and shield volcanoes. The pattern of eruptions is generally 
highly variable in space and episodic in time: even from a single 
volcanic edifice, eruption style may vary widely in magnitude and 
intensity. Physical controls on the spatial and temporal organiza-
tion of eruptions are poorly constrained. At some volcanic centers, 
a long history of repeated activity includes explosive eruptions of 
sufficient size to cause collapse of the central edifice, producing 
a caldera. Evaluation of which volcanoes are capable of caldera-
forming eruptions (thereby defining the maximum potential haz-
ard at a given center; Marzocchi and Bebbington, 2012) requires 
finding evidence for the presence of a large volume of eruptible 
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magma at depth. Such evidence may be found in long-term pat-
terns of eruptive activity that precede caldera collapse, outputs of 
the subsurface crustal magma transport network.

Volcanically active regions also exhibit spatially variable erup-
tion patterns, such as the common along-strike volcanic vent den-
sity variation observed in active volcanic arcs (Siebert et al., 2011). 
This spatial localization is inexorably tied to temporal variability 
in eruption style and composition. A variety of mechanisms have 
been proposed for focusing of melt towards volcanic centers, all of 
which fall into three general classes of models for volcano spacing: 
“bottom up” models propose localization in the melt source region 
through buoyancy instabilities (e.g., Marsh and Carmichael, 1974;
Olson and Singer, 1985), “top down” models propose dike focusing 
through stress interactions with surface edifice loads (e.g., Muller 
et al., 2001), while “internal” models rely on stress interactions be-
tween magma chambers – storage zones in which melt fractions 
are high enough that pressure gradients are homogenized by flow 
– and dikes to generate spatially discrete volcanic centers (e.g., 
Karlstrom et al., 2009).
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Fig. 1. Location of Mount Mazama and Crater Lake caldera in the Cascades chain 
(yellow asterisk). Other identified Quaternary calderas are shown with red asterisks. 
Modified after Hildreth (2007). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

Here we use the eruptive history at Mount Mazama, Oregon 
(Fig. 1; Bacon and Lanphere, 2006; Wright et al., 2012), to probe 
evolving subsurface architecture of magma transport leading to the 
Mazama climactic caldera-forming eruption at ca. 7.7 ka (CFE here-
after) through application of a mechanical model for the plumb-
ing system. Trends in erupted compositions and volumes, along 
with the caldera structure itself, indicate that an evolving magma 
chamber played a key role in the style and distribution of sur-
face volcanism. Therefore we focus efforts on the “internal” class 
of models described above, using known locations and timing of 
eruptive episodes over 55 ky along with petrologically based esti-
mates of melt influx to constrain models for silicic chamber growth 
and dike capture. Although the idea that mafic magma may be 
trapped or stalled by a shallow, less dense magma reservoir is not 
new (e.g., Walker, 1974; Smith and Shaw, 1975; Hildreth, 1981;
de Silva, 1989), here we hypothesize that overpressure within the 
growing climactic chamber generates a deviatoric stress field that 
reorients more distant rising dikes (Karlstrom et al., 2009, 2010) to 
control the rate of chamber growth and surface eruption locations.

2. Mount Mazama eruptive history

The geologic record of Mount Mazama includes remarkable ex-
posures of volcanic sequences in the caldera walls at Crater Lake 
that offer a rare opportunity to see otherwise buried deposits. Vol-
canic activity at Mount Mazama has persisted for >400 ky, with 
andesite and low-silica dacite lava flows dominating the eruptive 
products from the central volcano (Bacon and Lanphere, 2006;
Bacon, 2008). The appearance of silicic dacites and rhyodacites oc-
curs late in the eruptive sequence (71 ka and 27 ka, respectively), 
culminating in the 50 km3 zoned eruption of Mount Mazama 
(CFE) that led to caldera collapse ca. 7.7 ka (Bacon, 1983; cf. 
7627 ± 150 cal. yr. BP age of Zdanowicz et al., 1999).

For the present study we have compiled a database of Mazama 
volcanism that includes compositions, ages, and volumes of erup-
tive units along with vent locations (additional discussion of map-
ping and data selection in the Supplementary Material). Fig. 2
shows the distribution of eruptive vent locations for the last 
400 ky, as a function of map distance (in km) from the caldera 
center for the Mazama climactic eruption, along with correspond-
ing volumes (symbol size) and maximum SiO2 contents (symbol 
color). Eruptions with increasing maximum silica content through 
time (Bacon and Lanphere, 2006; their Fig. 7) and a weak corre-
lation between erupted volume and maximum silica content for 
the entire dataset (correlation coefficient 0.229, p-value 0.029) 
imply increased crustal storage in time (e.g., Bacon and Druitt, 
1988).

This work focuses on the last 55 ky of Mazama eruptive his-
tory leading up to CFE, in which vents appear progressively farther 
from the climactic caldera center (Fig. 2.B). Starting with near-
summit domes of the dacite of Munson Valley and the mingled 
lava of Williams Crater (both ∼35 ka), evolved silicic eruptions 
migrate steadily away from the climactic center, with some radial 
dike controlled patterns that reflect shallow fault control (Bacon, 
2008), until two substantial rhyodacitic units (Llao Rock precli-
mactic rhyodacite and Cleetwood preclimactic rhyodacite) erupted 
near the climactic center decades before CFE. These eruptions are 
interpreted by Bacon (1983) as failed attempts or precursors to 
the climactic eruption. Nowhere prior in the Mazama history do 
regional eruptions and evolved silicic eruptions spatially migrate 
away from a large volume eruption (and CFE is the largest eruption 
recorded). Furthermore, silicic vents appear ∼6 km farther away 
from the climactic center during this period than elsewhere in 
the eruptive history (Fig. 2.A). Closest approaching regional mafic 
eruptions occur farther from the center than the evolved Mazama 
eruptions. After the caldera-forming event, eruptive activity again 
appears close to the climactic vent location.

2.1. Mazama melt influx estimates

We model melt evolution at Mazama using the Rhyolite MELTS 
program (RMELTS; Gualda et al., 2012). The initial magma com-
position in these petrologic simulations is equivalent to the whole 
rock composition of basaltic andesite of Red Cone (unit abbrevia-
tions br and brp; Bacon, 2008), a monogenetic volcano northwest 
of Crater Lake taken as a proxy for primary compositions of mag-
mas entering the Mazama plumbing system. Additional discussion 
of these samples and RMELTS models may be found in the Supple-
mentary Material.

The range of erupted magma compositions at Mount Mazama 
reflects a combination of fractional crystallization, assimilation and 
recharge (Bacon and Druitt, 1988; Bacon et al., 1994; Bacon and 
Lanphere, 2006; Wright et al., 2012). However much of this com-
positional variation can be explained as due to crystallization from 
parental melt (Bacon and Druitt, 1988). Therefore, we do not in-
clude magma mixing, recharge, or assimilation in RMELTS models. 
We recognize that recharge likely has important effects on magma 
chamber compositions in long-lived reservoirs such as at Mazama 
(e.g., Eichelberger, 1974). Our goal is not to model the details of 
Mazama compositional evolution but rather general trends, for 
which a melt mass fraction-composition parameterization based 
on fractional crystallization is sufficient.

We assume isobaric crystallization at 3 kbar with initial
H2O = 1 wt%, fitting compositional data to find a polynomial re-
lation between melt mass fraction and wt% SiO2 (Supplementary 
Material Fig. S1)

% melt = 48809.2 − 2973.58XSiO2 + 67.932X2
SiO2

− 0.6888X3
SiO2

+ 0.0026X4
SiO2

, (1)

where XSiO2 is the weight percent SiO2 in the melt.
Eruptive volumes and ages are then corrected via Eq. (1) to 

infer primary melt influx (Fig. 3) using a moving average over a 
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Fig. 2. A. Mazama region eruptive history since 400 ka, plotted against map distance from the center of Crater Lake caldera. Symbol size scales with eruption volume (Dense 
Rock Equivalent DRE) while symbol color is maximum silica content. B. Eruptive history since 55 ka separated into “Mazama” eruptions fed from the long-lived magma 
system and “regional” eruptions from High Cascades monogenetic and shield volcanoes, and post-caldera eruptions. Arrow indicates migration of regional and silicic Mazama 
vents away from the caldera center preceding the climactic eruption, creating a gap near the eventual caldera where no eruptions occur. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. A. 20 ky moving average of eruptive flux in the Mazama region. B. Eruptive flux corrected for fractional crystallization using Eq. (1), an estimate of primary magmatic 
input rate. The inferred influx increase in the last time bin is due to the CFE.
time window of 20 ky (where the window includes eruption infor-
mation that precedes the age of interest). These influx estimates 
are a lower bound due to incomplete preservation of lavas, proba-
ble effect of recharge, and possible un-erupted residuum. Different 
choices of window for time averaging somewhat affect the overall 
magnitudes but do not affect the pattern of inferred input (Sup-
plementary Material).

Stratovolcanoes, in general, grow in spurts (Hildreth, 2007). 
That an increase in magma input rate could trigger caldera-forming 
eruption of an evolved magma storage reservoir has long been sug-
gested (e.g., Shaw, 1985), as has a general correlation between 
eruption volume and repose time (e.g., Smith, 1979). White et 
al. (2006) plots crystal residence times vs. eruptive repose inter-
vals, arguing that large eruptions require multiple intrusions be-
fore eruption, though not necessarily that the rate increased. At 
Mazama, average eruption rates corrected for fractional crystal-
lization over 400 ky suggest that magma influx increased by as 
much as an order of magnitude prior to the climactic eruption 
(Fig. 3.B).
2.2. Statistics of the vent distribution

Eruptive vents in the Mazama region are a proxy for sub-
surface magma transport processes. Statistical characterization of 
vent locations through time provides a predictive measure to 
compare proposed crustal transport pathways with the surface. 
The null hypothesis is a Poissonian spatial vent distribution, in 
which each eruption location is random and independent of oth-
ers. This distribution is found at some monogenetic cone fields 
although many others deviate from it (e.g., Wadge and Cross, 1989;
Connor and Hill, 1995). A Poissonian vent distribution would im-
ply negligible control of subsurface magma storage zones on vent 
locations.

We apply a nearest neighbor analysis to the Mazama vicinity 
that uses statistics derived from a Poisson Nearest Neighbor test 
(Baloga et al., 2007)

R = μ
, C = μ − μs (2)
μs φs
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Fig. 4. Nearest neighbor analysis of eruptive vent locations, using the 400 ky eruptive history of the Mazama region from Fig. 2 divided into bins to test for Poissonian spatial 
vent distribution. Symbol color corresponds to oldest eruption in a bin, while symbol size corresponds to length in ky of bins. Points that lie below the gray sample size 
dependent 2σ bounds indicate a clustered distribution, which is the case for bin sizes less than 400 ky. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)
Here μ is the mean nearest neighbor Euclidean distance observed 
in the dataset, while μs and φs are the mean and standard devi-
ation of nearest neighbor distances drawn from a Poisson distri-
bution. These test statistics provide a measure for the randomness 
of vent distributions: large R and C values indicate a tendency 
toward uniform spacing of vents, while small values indicate clus-
tering. R and C within a sample-size dependent standard error 
distance of unity indicate a Poissonian vent distribution (Fig. 4).

Applied to the entire 400 ky eruptive history (largest symbols 
in Fig. 4), these statistics would imply that vents are distributed 
randomly, consistent with a Poisson distribution. However, this ig-
nores temporal variations of eruptive output. If we decrease the 
temporal windows for computing the test statistics to 200 ky, 
eruptions exhibit more clustering behavior than is expected by a 
Poisson model. The distribution of surface eruptions at Mazama 
is thus consistent with some focusing mechanism at depth that 
guides vent locations over the entire eruptive history. Shifts in the 
center of eruptive focus are well documented at Mazama (Bacon 
and Lanphere, 2006), are common throughout Quaternary Cascades 
volcanism and otherwise (e.g., Marti and Gudmundsson, 2000;
Hildreth, 2007), so it is not surprising that temporally resolved 
eruptive data are necessary to observe spatial clustering.

Statistical analysis applied to the time domain in our dataset 
(using time between eruptive episodes or inter-event times) does 
not yield similar results. Of course, temporal statistics are consid-
erably less well constrained than in the spatial domain. Age errors 
are much larger than errors in vent location, mapped eruptive 
units may contain more than one eruption, and roughly a quar-
ter of eruptive units in the last 200 ky have overlapping estimated 
ages. Nevertheless, for completeness we test for Poissonian be-
havior in inter-event times in the database. We normalize unique 
inter-event times by the average inter-event time, then follow the 
procedure of Marzocchi and Zaccarelli (2006).

Similar to our spatial study, the test statistic

η = φt

μt
(3)

where μt is the mean inter-event time and φt is the standard 
deviation of inter-event times, provides the metric to test for Pois-
sonian behavior (Cox and Lewis, 1966). η > 1 indicates clustering 
while η < 1 is more periodic in time than the null hypothesis of a 
random distribution of inter-event times.
We determine the significance of this statistic by comparing η
as calculated from data to 1000 synthetic Poissonian distributions 
(ηs = 1). The distributions ηs have the same number of eruptions 
or eruptive units as the dataset they are compared to. Significance 
α is then calculated as α = 2 × min(C+, C−), where C+, C− are 
the fraction of synthetic simulations for which ηs ≥ η and ηs < η, 
respectively (Marzocchi and Zaccarelli, 2006).

We perform this test on the entire set (eruptions <400 ky), 
and on smaller temporal subsets (<200 ky and <100 ky). In all 
cases we cannot reject the Poisson distribution at a >95% confi-
dence level. We do not test for higher order Poisson-type distri-
butions that may more accurately account for history dependence 
of eruption timing (Marzocchi and Zaccarelli, 2006; Nathenson et 
al., 2012). For the purposes here, eruption times are difficult to 
distinguish from a random distribution, while eruption locations 
are demonstrably clustered, implying interaction with and possibly 
control by a long lived centralized magma storage zone.

3. Model for an evolving Mazama plumbing system

A variety of observations thus suggest that magma storage 
times increased prior to the CFE, and that surface eruption lo-
cations reflect the influence of a focusing zone that defines the 
Mazama volcanic center. Eruptive episodes during the ∼40–50 ky 
preceding caldera formation show a migration of vents (both re-
gional monogenetic and Mazama related) away from the CFE cen-
ter. We hypothesize that the spatial and temporal gap in erup-
tive vents before the CFE reflects growth and/or pressurization 
of a shallow silicic crustal reservoir beneath the central Mazama 
edifice. To test this hypothesis, we develop a model for magma 
chamber growth fed by melt rising through dikes from the magma 
source region.

3.1. Magma chamber mechanics

The mechanical stability of magma chambers and their sur-
rounding stress fields depends on a number of factors both in-
ternal and external to the chamber. In general, relative over-
pressure and/or buoyancy of stored magma with respect to host 
rocks in excess of isotropic lithostatic stress drive all mechani-
cal magma chamber dynamics. However, chamber geometry, back-
ground stresses, and host rock rheology all contribute to the trans-
lation of this stress source to magma chamber failure and interac-
tions with magma rising from depth (e.g., Dufek et al., 2013).
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Observations of active magma chambers are limited to rela-
tively small volume systems over short timescales (e.g., Anderson 
and Segall, 2011; Poland et al., 2012), while exhumed cham-
bers provide an integrated frozen window into long-term magma 
transport and storage but do not resolve eruption-scale processes 
(e.g., Zak and Paterson, 2005; Coleman et al., 2004). Insights into 
magma chamber dynamics thus rely heavily on modeling. In gen-
eral such models must account for complex elastic stresses (e.g., 
Gudmundsson, 2006), thermomechanical effects and time depen-
dent viscoelastic/plastic behavior of host rocks (e.g., de Silva and 
Gregg, 2014; Currenti and Williams, 2014), making simple charac-
terization of magma chamber behavior difficult.

However, most of the parameters relevant to magma chamber 
mechanics such as overpressure, crustal mechanical layering, host 
rock rheology, and chamber geometry are poorly constrained. Be-
cause of this, it is sufficient to model a much simpler system to 
test the plausibility of our hypothesis. Thus we model the Mazama 
magma chamber as a uniformly overpressured oblate spheroidal 
cavity in an elastic half space.

We solve the equations of quasi-static linear elasticity in an 
isotropic solid

∂σi j

∂x j
= 0, (4)

σi j = λEεkkδi j + 2μEεi j, (5)

where σ is the stress tensor, ε the strain tensor, λE , μE are the 
Lamé constants and δ the Kroneker delta. Repeated indices are 
summed. The magma chamber is described by an oblate spheroidal 
cavity with surface S in Cartesian coordinates (x j = x1, x2, x3) with 
semi-major axis a and semi-minor axis c (a ≥ c)

x2
1 + x2

2

a2
+ x2

3

c2
= 1. (6)

On S we have an overpressure boundary condition

σi jnin j = 
P , (7)

where n is an outward unit normal vector. The free surface x3 = D
is stress free, and stresses decay with distance from the cham-
ber.

Cervelli (2013) provides an approximate analytic solution to 
the problem of a pressurized ellipsoidal inclusion in an elas-
tic half space that matches boundary conditions on the chamber 
and free surface in successive higher order terms (McTigue, 1987;
Segall, 2010), extending the results of Yang et al. (1988). Exam-
ple von Mises stresses for an oblate chamber at relevant depths 
and overpressure for Mazama are contoured in Fig. 5.A, along 
with trajectories of least compressive principal deviatoric stresses 
projected onto the vertical medial plane of the chamber (black 
lines). Evidently only near the surface is there rotation of principal 
stresses out-of-plane. Opening mode cracks (such as dikes) propa-
gate approximately perpendicular to these trajectories. Away from 
the chamber the direction of dike propagation (in the absence of 
other background stress) is vertical, but this example shows that 
near to the chamber (both below and above) significant reorienta-
tion of dikes may occur.

The Earth’s free surface affects deviatoric stress magnitudes as 
well as orientations, becoming important as the lateral dimension 
of a magma chamber becomes similar to its depth (Supplemen-
tary Material Fig. S2). The free surface is ultimately responsible for 
generating stress concentrations that produce ring fractures and 
caldera collapse (Gudmundsson, 1998; Marti et al., 2008). As the 
chamber grows larger laterally, the free surface begins to project 
a larger capture zone at depth as the load better approximates 
a surface load (Karlstrom et al., 2009). Because estimates based 
on dissolved H2O in melt inclusions place the top of the Mazama 
chamber at ∼5 km with a thickness of perhaps several kilometers 
(Bacon et al., 1992; Mandeville et al., 2009), we can expect that 
free surface stress effects are non-negligible. Of course, the stress 
field below the chamber approaches that of the infinite space so-
lution as depth increases (McTigue, 1987), and we use this fact to 
explore the role of extensional background stress on dike capture 
in the Supplementary Material.

It is also probable that the long eruptive history at Mazama 
resulted in warmed host rocks and viscoelastic host rocks sur-
rounding the magma chamber. Viscoelastic effects promote the sta-
bility of magma chambers through relaxation of deviatoric cham-
ber stresses that otherwise lead to failure (Dragoni and Magna-
nensi, 1989). The spatial extent and influence of viscoelastic host 
rocks depends on the enthalpy influx and thermal state of host 
rocks. Karlstrom et al. (2010) show that a stability criterion is 
the ratio of a chamber pressurization timescale τE ≈ 
P V Ch/E Q
and relaxation timescale τVE ≈ μCh/E (defining a Deborah number 
De = τVE/τE ). Here V Ch is the chamber volume, Q the magma in-
flux rate, E is Young’s modulus of host rocks, and μCh the viscosity 
of the shell. De � 1 results in rapid pressurization and chamber 
failure, while for De � 1 chambers do not pressurize but may 
freeze in time if there is insufficient magma influx. De ∼ 1 results 
in rapid chamber growth with melt influx and pressurization bal-
anced by relaxation of host rock stress.

Using parameters appropriate for Mazama in the 20–30 ky pre-
ceding caldera collapse, Q = 1–15 km3/ky, V Ch = 100–500 km3

chamber volume (spherical radius of 3–5 km based on caldera 
radius), E = 10 GPa, μCh = 1016–1017 Pa s (we expect some pre-
warming of the mid to shallow crust due to the prior history of 
magma transport), and 
P = 10–100 MPa, we find generally that 
τE and τV E do not differ by more than an order of magnitude.

3.2. Magma chamber–dike interactions

The source of overpressure in our model is recharge from rising 
dikes. Dikes are assumed highly pressurized, directed towards the 
magma chamber after encountering chamber deviatoric stress of 
sufficient magnitude (e.g., magma flows down pressure gradients, 
illustrated in Fig. 5). Such one way coupling is an upper bound 
on magmatic focusing, but provides a simple model for sourcing 
of magmas from a broad region at depth that scales with cham-
ber size and pressure. We do not rule out the possibility that the 
Mazama vent distribution reflects a variety of focusing processes 
operating at different levels in the plumbing system. However, the 
presence of the caldera, along with petrologic (Section 2.1) and sta-
tistical (Section 2.2) evidence suggests that chamber effects may 
reasonably dominate. Deviatoric stress magnitude in host rocks 
falls off as ∼1/distance3 from a pressurized magma chamber. But 
the capture zone still extends up to 10–20 km from the chamber 
for large volume systems at reasonable overpressures, dominat-
ing edifice effects for large chambers (Karlstrom et al., 2009) and 
providing an upper crustal mechanism to mix dissimilar source 
magmas (e.g., Eichelberger, 1974).

Compositions of eruptive units leading up to CFE show evidence 
for two classes of magmas: those that represent relatively primi-
tive magmas that ascended to the surface without significant dif-
ferentiation during crustal storage (regional eruptions), and those 
that represent small-volume tapping of the growing centralized 
magma chamber (Mazama eruptions, Bacon and Lanphere, 2006). 
Both regional and Mazama eruptions migrate away from the even-
tual caldera center with regional eruptions outboard of Mazama 
eruptions (Fig. 2.B). The lensing model predicts that magma cham-
ber growth is reflected at the surface as a growing zone of silence 
in which no regional eruptions occur, mirroring dike capture and 
stresses surrounding the chamber (Fig. 5.A), and Mazama erup-
tions that follow evolving stress trajectories to the surface. Grow-
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Fig. 5. A. Stress magnitudes (contoured) and least compressive principal deviatoric stress trajectories (black lines are vectors projected onto a vertical plane) around a 
pressurized magma chamber (
P = 20 MPa, no extension) beneath a stress free surface. The thick 1 MPa contour is the modeled capture zone inside which dikes, propagating 
in planes perpendicular to the normal vectors plotted, could be affected by chamber stresses. B. Sketch of the Mazama plumbing system, showing dikes that escape chamber 
influence to erupt as regional volcanics, rising dikes focused towards the chamber to be trapped and Mazama eruptions that tap the reservoir, following chamber stresses 
and/or shallow faults to the surface. Dike trajectories in thin black lines here are schematic. Dashed line indicates a shell of anelastic wall rocks surrounding the chamber in 
which deviatoric stresses are relaxed.
ing stress influence determines the maximum lateral distance of 
Mazama-related eruptions from the center, which then mirrors 
the zone of silence for regional eruptions. Following large central 
vent eruptions that drain the chamber and release accumulated 
overpressure, both regional and Mazama eruptions could return 
to proximal areas as the effective chamber volume and deviatoric 
stresses are reduced.

Thus there is a positive feedback between recharge, pressuriza-
tion, and magmatic lensing efficacy. A dike recharge event will in-
crease stresses around the magma chamber at fixed volume, which 
will in turn enlarge the capture zone and cause increased influence 
on subsequent rising dikes. Chamber growth alone at fixed (even 
zero) pressure also matters, as capture zone size scales with cham-
ber volume.

3.3. Magma chamber growth

Magma chamber pressurization with variable flux, extensional 
background stresses, and viscoelastic relaxation follows from three 
coupled ordinary differential equations that describe time evo-
lution of chamber overpressure 
P , chamber volume, V Ch and 
magma influx rate Q to the chamber:

d
P

dt
= K

(
Q

V Ch
− 
P

μCh

)
, (8)

dV Ch

dt
= Q , (9)

dQ

dt
= d

dt
(q Acap) = Acap

dq

dt
+ q

(
dAcap

d
P

d
P

dt
+ dAcap

dV Ch

dV Ch

dt

)
.

(10)

Here t is time, K is the bulk modulus of chamber material 
plus country rocks, and μCh is wall rock viscosity. In general these 
equations contain additional contributions from pressure-volume 
accommodation due to extension ε̇ext (e.g., Jellinek and DePaolo, 
2003), chamber heating/cooling and volatile exsolution that mod-
ifies the effective compressibility of the system and potential for 
failure through second boiling (e.g., Woods and Huppert, 2003;
Fowler and Spera, 2008; Degruyter and Huber, 2014). The geologic 
tectonic extension rate ε̇ext ∼ 10−8 yr−1 translates to 0.17 mm/yr 
averaged over the ∼15 km E–W extent of volcanism (Bacon et al., 
1999), negligible in influence for the range of fluxes and chamber 
sizes considered here. We thus focus primarily on the role of in-
flux through Eq. (10). q is the vertical flux of magma from depth 
(in m/s, assumed an average rate over the Mazama region), and 
Acap is the capture region over which magma is drawn toward the 
chamber at depth. Eq. (10) accounts for the possibility that Acap

may depend on chamber pressure and volume and that the source 
flux may be unsteady in time.

The detailed history of a magma storage zone through multiple 
recharge and eruptive events is complex. Relatively small volume 
eruptions that bear resemblance in composition to CFE magmas 
(Figs. 2, 6 and Supplementary Material) indicate that the chamber 
was tapped multiple times leading up to the caldera forming erup-
tion (Bacon and Lanphere, 2006). We do not attempt to model this 
eruptive history explicitly, assuming that small eruptions do not 
significantly affect longer term evolution. This is a requirement for 
net growth of the reservoir.

Instead, we model time-averaged Mazama magma chamber 
growth following a rapid increase in melt influx q to the Mazama 
plumbing system 40–50 ky before the CFE with two mechanical 
end member growth scenarios. Model 1 in what follows assumes 
that viscoelastic relaxation of stresses by creeping wall rocks is 
rapid so there is no appreciable overpressure in the chamber dur-
ing growth (Jellinek and DePaolo, 2003). The chamber grows by 
trapping magmas that rise beneath it as a “density filter” (e.g., 
Walker, 1974; Smith, 1979; Shaw, 1985). Model 2 in what follows 
assumes that recharge and pressurization dominate expansion so 
an elastic stress field is maintained in wall rocks. In this case 
the chamber is assumed buffered towards a constant overpressure 
during growth, and capture of rising mafic magmas reflects dike 
reorientation and capture by chamber stresses as well as chamber 
growth.

Models 1 and 2 are distinct limits to Eqs. (8)–(10), both of 
which involve d
P/dt → 0 (more detailed discussion in the Sup-
plementary Material). Model 1 assumes that the Deborah number 
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Fig. 6. A. Geologic map of the Mazama region, modified after Bacon and Lanphere (2006), showing mapped eruptive units (colored) and vents (asterisks) younger than 55 ka 
as well as the caldera rim and regional faults. B. Example von Mises stress field in excess of regional extensional stress (Supplementary Material) at maximum capture zone 
4.5 km below the medial plane of an oblate spheroidal chamber with a = 5 km and σext = 1 MPa. Overpressure 
P = 40 MPa, color in log scale with thick black contour the 
1 MPa capture radius. Background vents, faults and caldera rim as in part A. C. Map view time series illustrating the expansion of the capture zone during chamber growth 
(Model 2 with parameters as in B). Plotted in 10 ky increments starting at 30 ka are primary vent locations <55 ka as in Supplementary Material (symbol color indicates 
whether a given eruption has occurred at given time stamp), magma chamber radius and capture radius. Arrows in top panel indicate the modeled vent locations in Table 1. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
De = τV E/τE � 1 (again noting that we neglect thermal effects 
here). In this case 
P → 0 on timescale τV E , while the cham-
ber grows as V Ch = Q t + V Ch (t = 0). The capture zone for dikes is 
then the footprint of the chamber (the classic density filter model 
for silicic systems invokes this implicitly). Model 2 takes the case 
De ∼1, and assumes a prolonged time period in which chamber 
pressure is buffered at 
Pcrit . The duration of pressure buffering 
scales with the effective compressibility of the system but can be 
up to 104 × τE (Supplementary Material). The regime De � 1 re-
sults in pressurization that dominates growth, so that overpressure 
through Eq. (8) exponentially increases past the critical overpres-
sure 
Pcrit on the elastic timescale τE . The chamber is unstable in 
this regime.
Thermal arguments in Section 3.1 suggest that, leading up to 
CFE, Mazama may have been in a regime of De ∼ 1. Model 2 
requires that, even if rapid pressurization and failure of the cham-
ber occurs (the De � 1 scenario), time averaged chamber pressure 
is buffered towards 
Pcrit . Long-term volumetric growth of the 
chamber is then mostly unaffected by small volume eruptions that 
may tap the reservoir. A finite thickness low viscosity shell (not a 
feature of the present simplified model, which assumes constant 
wall rock viscosity) is one way to produce this behavior (Karlstrom 
et al., 2010). We recognize that the pressure at which magma 
chambers can be buffered could also vary in time as the cham-
ber grows and wall rock viscosity evolves on a diffusion timescale 
(Jellinek and DePaolo, 2003), however we assume that it is con-
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Table 1
Eruptive vents forming closest approach to climactic collapse center for regional and Mazama fits, along with mean and standard error of all model runs that totaled less 
than 3 km total misfit. Model 1 has sample number n = 32 and Model 2 has n = 172 for calculating mean and standard deviation. Further information on these eruptions 
may be found in the Supplementary Material. Eruption asb labeled ‘Reg*’ was sourced from the Mazama chamber but is used to provide an anchor to start the regional vent 
fitting.

Age 
(ka)

UTM Easting 
NAD 1927

UTM 
Northing NAD 
1927

Distance from 
caldera center 
(km)

Azimuth 
(degrees from E)

Unit label 
(Bacon, 2008)

Regional or 
Mazama 
fitting

Model 1 error 
(km) mean ± std

Model 2 error 
(km) mean ± std

10 561960 4747260 12.96 −145.8 bc Reg 1.4 ± 0.4 −0.4 ± 1.5
35 566700 4755800 5.82 167.6 bw Reg 1.5 ± 0.4 1.4 ± 0.6
43 571840 4756770 2.4 167.6 asb Reg* 0.3 ± 0.6 −0.1 ± 0.6
18 580990 4761220 10.7 138.8 rs Maz 2.5 ± 0.1 0.5 ± 1.5
27 577700 4754020 5.0 −6.0 re Maz 0.5 ± 0.2 0.3 ± 0.7
27 571560 4758630 4.2 105.2 re Maz −0.3 ± 0.2 −0.8 ± 0.7
35 571210 4753780 1.7 −152.5 dv Maz 0.2 ± 0.2 −0.2 ± 0.6
stant here. Models 1 and 2 both allow for a positive feedback 
between influx and growth, while Model 2 exhibits the additional 
feedback that the dike capture zone scales with chamber size even 
at fixed pressure.

We neglect time variation in the source flux of magma apart 
from a single step increase that begins the period of chamber 
growth. Thus dq/dt = 0 in Eq. (10), and the time evolution equa-
tions, reduce to

dV Ch

dt
= Q (11)

dQ

dt
= q

dAcap

dV Ch

dV Ch

dt
(12)

where Acap is set by the maximum footprint under the chamber 
in which deviatoric stresses measured by the von Mises stress σVM

exceed a threshold stress σCrit

σVM = 3
√

J2 = σCrit. (13)

We assume that rising dikes have a time averaged constant in-
flux throughout the Mazama region (q = const), consistent with the 
statistically random temporal and clustered spatial distribution of 
vents (Fig. 4).

If extension is present the capture footprint is elongated per-
pendicular to the extension direction, and axisymmetric otherwise 
(illustration of von Mises stresses and capture zone in the presence 
of extension shown in Fig. 6.B, further details in the Supplemen-
tary Material). J2 is the second deviatoric stress invariant, and al-
though poorly constrained we assume σCrit = 1 MPa (Rubin, 1995;
Karlstrom et al., 2009). If overpressures are small or zero, Acap re-
duces to the chamber area and dAcap/dV Ch = 3/4c. Model 1 uses 

P = 0 while Model 2 takes constant 
P > 0. Scalar metrics of 
deviatoric stress other than von Mises such as a Coulomb or least 
principal deviatoric stress do not result in significantly different 
predictions of chamber stress magnitudes (Karlstrom et al., 2012), 
so we use von Mises for simplicity.

4. Simulation procedure and results

We model the closest approaching vents to the caldera center 
until the CFE at 7.7 ka and the two (possibly related) eruptions im-
mediately preceding (map unit rh, Fig. 6). For regional eruptions, 
dikes not captured by the magma chamber rise freely to the sur-
face without chamber influence (Fig. 5), resulting in monogenetic 
cones surrounding the central vent zone. For each simulation we 
fit, in a least squares sense, the evolving extent of the capture 
zone defined by Eq. (13) (Model 2) or chamber radius (Model 1) 
to the distance, azimuth, and time of nearest surface eruptions. No 
other vent locations are modeled. We fit Mazama eruptions and re-
gional eruptions separately, consistent with the different depths of 
origin (Table 1, additional discussion in Supplementary Material). 
This provides some measure of uncertainty in parameter estima-
tions in light of simplifying model assumptions. The governing 
differential–algebraic equations (11) and (12) are solved with a 4th 
order Runge–Kutta method beginning 30–55 ky before the CFE.

The complete set of eruptions younger than 55 ka (including 
eruptions not fit) is shown in Fig. 6.A along with mapped flow 
units. Fig. 6.C shows an example Model 2 fit in map view, plot-
ting the maximum extent of the capture zone (used to fit Mazama 
eruptions in this case) and the chamber radius along with surface 
eruptions. Note that the depth at which the von Mises stresses 
are evaluated in Fig. 6.C varies since the maximum extent of lat-
eral capture zone scales with chamber size (contoured stresses in 
Fig. 5).

A number of model input parameters are uncertain: cham-
ber overpressure (Model 1 versus Model 2), initial time (onset of 
chamber growth), extensional stress, chamber geometry, and ini-
tial chamber size. We assume that initial size is uniform (0.5 km 
semi-major axis chamber centered under the caldera). Initial over-
pressure is zero for model 1 and finite (fixed in time) for Model 2. 
Melt influx is left as a free parameter, with constraints from petro-
logic modeling (Section 2.1) used to compare and evaluate models.

We perform simulations that realize a coarse grid search over 
the remaining parameter space to find parameters that best fit 
eruption times and locations. For Model 2 we vary constant in-
flux Q = 1–100 km3/ky, averaging over the area of vents for re-
gional eruptions. We assume a circular input area with radius 
slightly beyond the farthest eruption from the CFE reservoir cen-
ter in the last 55 ky (13 km) or the last 400 ky (20 km), which 
gives model influx in the range of 8 ×10−4 to 9 ×10−2 m3/m2/yr. 
For Model 1, we experiment with a larger range of input flux to 
obtain good fits. Magma chamber overpressure we vary between 
1 MPa and 85 MPa, spanning a variety of constraints on this fail-
ure criterion (Rubin, 1995; Grosfils, 2007; Currenti et al., 2010;
Gudmundsson, 2006). We test three aspect ratios for the oblate 
spheroid: a/c = 2, 5 and 10 for both models, and experiment with 
non-zero extensional background stress (Supplementary Material).

We define goodness of fit in terms of total summed difference 
between vent locations and model chamber radius (Model 1) or 
capture radius (Model 2), defining a summed absolute value of er-
ror less than 4 km (less than 4 km total difference between vent 
locations and model) as “good fit.” Example models are illustrated 
in Fig. 7, with good fits as a function of model parameters in Figs. 8
and 9. Boxed symbols are the examples plotted on eruption data 
in Fig. 7.

Between classes of vents we find different best fitting dura-
tions of chamber growth, 32 ky for Mazama vents and 46 ky for 
regional vents with good fits for both (Fig. 7). We use these as min-
imum and maximum bounds for the onset time of increased melt 
influx that drives chamber growth. For Model 2, good fits trade 
off between assumed influx and overpressure, a non-uniqueness 
common to elastic inversions (Segall, 2010). Models that fit the 
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Fig. 7. A. Mazama eruptive history since 55 ka showing example model fits for regional (blue solid lines indicate chamber semi-major axis) and Mazama (orange lines) vents 
for Model 1. Q = 57.5 km3/ky for Mazama vents and Q = 85.9 km3/ky for regional vents. B. Model 2 fits, with dashed lines now illustrating the capture radius defined 
by von Mises stresses in excess of 1 MPa and solid lines the chamber semi-major axis. Q = 18.25 km3/ky and 
P = 10.0 MPa for regional vents, Q = 12.8 km3/ky and 

P = 28.9 MPa for Mazama vents. Oblate spheroidal geometry with a/c = 10 in both cases, with no regional extension. Eruption symbol color and size as in Fig. 2.B. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 8. Model 1 fits for regional (blue symbols) and Mazama (orange symbols) vents. 
Chamber overpressure is zero in this model. Gray bar is estimated melt flux to the 
Mazama region, while boxes indicate the specific simulations plotted in Fig. 7.A. (For 
interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

∼15 km3/ky influx constraints have overpressures that range from 
10 to 85 MPa depending on regional/Mazama fit and geometry. 
Lowest overpressures are for a chamber aspect ratio of a/c =
10, for which differences between fitted regional and Mazama 
eruptions result in a predicted overpressure range of 10–30 MPa 
(Fig. 9). For Model 1, we find good fits for the a/c = 10 oblate 
spheroid in the range of 40–100 km3/ky (Fig. 8). Model fits for 
lower aspect ratio chambers require much greater influx, and we 
do not present the results.

5. Discussion

Caldera-forming eruptions are rare, catastrophic events that are 
part of the life cycle at many volcanic centers, requiring a shal-
low and often quite large magma chamber at depth (e.g., Lipman, 
1984). Our results suggest that the space–time distribution of re-
gional and Mazama related eruptions, combined with a detailed 
record of eruptive volumes and compositions, provide quantitative 
insight into the evolving silicic magma reservoir that led to the 
climactic caldera-forming eruption at ca. 7.7 ka. There is ample ev-
Fig. 9. Parameter space of Model 2 realizations showing fits to regional (open sym-
bols) and Mazama (filled symbols) vents colored by total error. Symbols shapes 
correspond to different aspect ratios (a/c) of the oblate chamber centered at 10 km 
depth. Gray bar is the influx constrained by eruptive history corrected for frac-
tional crystallization (Fig. 3), with boxes showing the specific simulations plotted 
in Fig. 7.B. Top label indicates best fitting modeled onset of chamber growth for re-
gional versus Mazama vents. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

idence for a centralized magma storage zone that produced smaller 
volume silica eruptions through much of the Mazama eruptive 
history (e.g., the dacite of Pumice Castle at ∼70 ka, Bacon and 
Lanphere, 2006).

We hypothesize that a rapid increase in melt influx begin-
ning between 40–50 ka triggered an episode of chamber growth 
and magma differentiation that ultimately led to caldera collapse. 
While we do not speculate on the cause for such an increase in 
melt influx here, one possibility is the triggering of enhanced deep 
melt production by ice unloading (e.g., Bacon and Lanphere, 2006;
Watt et al., 2013) during MIS 3, ≤60 ka (Bassinot et al., 1994). 
However, thicknesses of ice-bounded lava flows that date from MIS 
4 suggest ice was on the order of 100 m thick, so one must ap-
peal to a small amplitude change in load upon deglaciation to 



218 L. Karlstrom et al. / Earth and Planetary Science Letters 412 (2015) 209–219
explain our results. After caldera formation, any remaining reser-
voir is less able to capture and retain rising dikes so residual 
stored magma or deep recharge events may rise to the surface 
near the climactic eruptive center to produce the post-caldera 
eruption distribution (Fig. 2.B). Such a sequence of small vol-
ume mafic eruptions appearing near or within a recently formed 
caldera is commonly observed (e.g., Stehn, 1929; Kamata, 1989;
Marti and Gudmundsson, 2000).

To test this hypothesis, we have developed a model for the 
Mazama plumbing system based on two end member represen-
tations of magma chamber growth. We consider a model in which 
elastic deviatoric stresses maintained outside of an anelastic shell 
(Model 2) focus rising dikes towards the chamber, and a model in 
which the chamber grows in an effectively viscous crust (Model 1, 
the classic density filter model for silicic centers, e.g., Walker, 
1974) where recharge is limited to the growing footprint of the 
chamber. Both representations provide good fits to eruptive vent 
locations through time (Figs. 8–9). Although Model 2 fits influx es-
timates better than Model 1, the discrepancy in matching influx 
for Model 1 is a factor of 3–6 for oblate chamber geometries and 
should be considered within the range of uncertainty of our in-
flux estimates. Indeed, because our purely fractional crystallization 
based estimates of influx are likely a lower bound, it is possible 
that the true influx was higher. However, combined with the large 
lateral dimension of Model 1 chambers (∼13 km to match vent lo-
cations, ∼10 km larger than the initial caldera collapse radius), we 
favor Model 2 as the more plausible scenario for Mazama chamber 
growth.

Best fits for Model 2 trade off influx inversely with overpres-
sure. Overpressures between 10–85 MPa match influx estimates 
derived using erupted volumes corrected for fractional crystalliza-
tion (∼15 km3/ky). Best fitting models for a highly oblate cham-
ber at the lower end of these overpressures (10–30 MPa) would 
seem to be most consistent with low pressure laboratory estimates 
of maximum overpressure (Gudmundsson, 2012). Onset time of 
chamber growth is coarsely estimated to be within 40–50 ky 
prior to the climactic eruption based on separate fits to regional 
and Mazama eruptions, and extensional stresses are not well con-
strained (Supplementary Material).

Chamber semi-major axis at the time of CFE is a strong func-
tion of assumed geometry, varying in best fitting models between 
3.5–12 km for Model 2, and ∼13 km for Model 1 (required uni-
formly to match vent locations). Model 2 realizations that match 
estimated influx predict final chamber radius between 4.5–8.5 km 
(Fig. 7, Supplementary Material). These estimates are all larger 
than the ∼2.5 km radius of caldera subsidence at the time of the 
climactic eruption (Suzuki-Kamata et al., 1993). However, caldera 
size may reflect chamber size only for crystal poor caldera-forming 
eruptions due to syneruptive rheological phase transitions within 
crystal rich reservoirs (Karlstrom et al., 2012). The progression of 
most climactic eruptions towards extremely crystal rich magmas 
in the later stages of the caldera forming event (up to 50–66% 
crystals) with individual blocks of granodiorite wall rock reaching 
meters in size (some partially melted, along with lithic clasts from 
the edifice, Bacon, 1983, 1992) suggests that the climactic caldera 
radius could well have been smaller than the chamber radius.

Including the effects of edifice loading (e.g., Pinel and Jaupart, 
2000), background stress and layered media (Gudmundsson, 2006)
on failure criteria, and coupling to thermal evolution (e.g., de Silva 
and Gregg, 2014), may help to better constrain these model pa-
rameters. Although faulting has clearly affected lateral transport 
and vent locations for some Mazama eruptions (for example the 
far-flung rhyodacite of Bear Bluff, Fig. 6), the depth extent of such 
structural control on dike pathways must compete with dynamic 
stresses within the magma transport system itself and should 
be limited to the shallow subsurface. Perhaps more significantly, 
the co-evolving reservoir/wall rock system surely influences the 
size, timing and compositions of small volume eruptions. Future 
work modeling the occurrence of small volume eruptions from the 
Mazama chamber (rather than focusing on background chamber 
growth as we have done) could yield significant insight into con-
trols on eruption timing, and the ultimate trigger for CFE.

Focusing of dikes by a growing magma chamber provides 
a plausible mechanism for clustering of eruptions around the 
Mazama center that is consistent with geologic constraints. Similar 
dike focusing processes could play a role in the along-arc local-
ization of other long-lived volcanic centers (e.g., Hildreth, 2007) 
above more spatially continuous subduction-induced mantle melt-
ing generally (Karlstrom et al., 2009). The average background melt 
influx in the Mazama region estimated from eruption volumes 
preceding our assumed onset of chamber growth at ∼35 ka is 
0.74 km3/ky (Supplementary Material). This falls into the range 
of estimated lower crustal influx at other arc plutonic and silicic 
caldera-forming systems (White et al., 2006), consistent with con-
straints from thermal models (Annen, 2009).

We do not model thermal effects explicitly here, however tran-
sient melt flux increased above these background levels may be re-
quired to build reservoirs with any significant melt fraction in the 
cool shallow crust. Average Mazama melt influx increased roughly 
an order of magnitude above background after 35 ka and perhaps 
earlier (6.4 km3/ky averaged over 30 ky or 14–15 km3/ky using 
just flux from CFE), less than that estimated based on purely ther-
mal models to generate a high melt fraction reservoir at 10 km 
depth in a normal geothermal gradient (Schöpa and Annen, 2013). 
This suggests prewarmed rocks at the ∼10 km reservoir depth, 
plausible given the >350 ky of prior crustal magma transport at 
Mazama. Such crustal warming may play a role in transitions be-
tween central edifice dominated volcanic centers (small shallow 
reservoirs, frequent and spatially distributed monogenetic erup-
tions) to caldera formation (large shallow reservoirs, suppressed 
monogenetic eruptions) in arc settings generally (e.g., Smith, 1979;
Hildreth, 1981).
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