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Abstract 

Rhyolitic  magmas  have  rarely  erupted  during  historical   times,   thus   we   have   a   poor   record   of   the 
signals of  unrest  that  precede  them.  The Laguna del Maule volcanic field (LdM), Chile, is in the midst of a 
decade-long episode of unrest including surface inflation at more than 200 mm/yr. Geomorphic observations 
indicate that many similar deformation episodes occurred during the late Pleistocene and Holocene. During 
this time, approximately 40 km3 of rhyolite has erupted effusively and  explosively  from  at  least  24  vents  
distributed  around  a  300 km2 lake  basin.  The  large volume, protracted eruptive history, and ongoing 
unrest of LdM offer an unusual opportunity to integrate petrologic reconstructions of recent rhyolite 
generation with  geophysical  and geodetic  observations  associated  with   an   active, growing   magma   
reservoir.   New  petrochronologic   data   shows that the  most   recent   rhyolites,   erupted during  the  last  
3200 yr,  each  resided  in  the  shallow  crust  for  only decades  following  extraction  from an underlying 
reservoir.  The rhyolites contain only limited, cryptic evidence for magma replenishment and reheating  in the 
form of Ba concentration spikes          in plagioclase, which suggest biotite breakdown in a crystal-rich  mush.  
The  absence  of  evidence  for  substantial  reheating  or  mixing  with intruding magma preceding the 
rhyolitic eruptions indicates that  they  must  have  been  triggered  by  another process.  We propose  the  
accumulation  of  fluids derived from the deeper degassing of mafic  melts  is  capable of pressurizing  
eruptible  magma  bodies  of  low  density  rhyolite.  This  process  likely continues to this day and is 
consistent with  the  best-fit  models  of  the  ongoing  unrest.  The  striking  absence  of  visible  surface 
degassing accompanying the unrest at LdM suggests fluids are trapped beneath an impermeable carapace 
and could catalyze a future explosive eruption. 

Introduction 

Silicic magmatic systems can produce  modest-to-large  volume  (<1–103  km3)  explosive  eruptions  and  
threaten  regional  popula- tion centers, infrastructure, and agriculture (Castro and Dingwell, 2009; Self and 
Blake, 2008; Sparks  et al., 2005). In many settings, silicic  magmas  are  thought  to  originate  from  a  
crystal  mush—a crystalline framework containing <50% melt—assembled by shal-    low emplacement of 
magma over 104–105 yr (e.g., Hildreth, 2004). Gravity-driven  processes  such  as  compaction  and  
hindered  set-  tling can extract rhyolitic melt from mush zones (Bachmann and Bergantz, 2004). In addition, 
the intrusion of hotter, less evolved magma, appears to be a fundamental catalyst of rhyolite generation and 
eruption by remelting solidified silicic  material,  mixing  with and pressurizing pre-existing magma, and 
promoting the  amalga-mation of discrete, heterogeneous magma batches (e.g., Bachmann and Bergantz, 
2006; Bindeman and Simakin, 2014; Bergantz et al., 2015, 2017; Huber et al., 2012; Burgisser and Bergantz,  
2011; Charlier  et al., 2008; Folch   and  Martí, 1998; Wolff et al., 2015). The time required to mobilize 
eruptible rhyolite from  a  long-lived magma reservoir is the subject of active investigations (e.g., Barker et 
al., 2016; Chamberlain et  al.,  2014;  Druitt  et  al.,  2012; Rubin et al., 2017; Singer et al., 2016; Till et al., 
2015). Magma re-juvenation and eruption priming are commonly  inferred  to occur over months to centuries
—timescales  that  are  exceedingly  short in geologic terms. However, in the context of volcano  monitoring, 



lag times of months vs. centuries require  substantially  different approaches  to  assessing  volcanic  unrest  
when attempting to an-ticipate future eruptions. 
In the last 500 yr, only 65  silicic  (dacite–rhyolite,  trachyda-cite–trachyte,  or  phonolite)  volcanoes  have  
erupted worldwide, of which only 14 were dominantly rhyolitic, and only 3 (Pinatubo, Puyehue-Cordón 
Caulle, and St. Helens) were instrumentally mon-itored (Bignami et al., 2014; Jay et al., 2014; Newhall et al., 
2017; Newhall and Punongbayan, 1996; Sherrodet al., 2008; Global Vol-canism Program, 2013). This 
infrequent eruption of rhyolite magma limits our opportunities to integrate petrologic constraints with 
geophysical observations of volcano unrest. Consequently, foren-sic petrologic reconstruction of the 
processes that promoted late Pleistocene through historical eruptions provides a unique context for 
interpreting geophysical records of unrest (Barker et al., 2016; Jay et al., 2014; Singer et al., 2016; Wilson, 
2017). 
We present major and trace element  compositions  and  tex-tures  of  plagioclase  and  magnetite  from  
rhyolite  erupted  in the currently restless Laguna del Maule volcanic field (LdM), located in the southern 
Andes  at 36"#S (Fig. 1; Hildreth et al., 
2010; Singer et al., 2014). We interpret these data within a high reso-lution eruptive chronology (Andersen et 
al., 2017) to construct an integrated model of the compositional and physical evolution of the magma 
reservoir over 103–104 yr  and quantify the tempo of processes preceding the most recent eruptions. 

Geologic setting 

LdM is situated 30 km behind the active volcanic front of the Southern Volcanic Zone (SVZ) of Central Chile. 
Since the most re-cent glacial retreat, locally at c. 23 to 19 ka based on 40Ar/39Ar dates of unglaciated lava 
flows (Singer et al., 2000; Andersen et al., 2017), volcanism at LdM has been dominantly silicic and 
concentrated within the central lake basin (Fig. 1; Andersen et al., 2017; Hildreth et al., 2010). Rhyolite 
eruptions at LdM were both effusive and explosive, and both eruptive styles yield products that contain less 
than 10% phenocrysts of plagioclase, biotite, and magnetite $#quartz $#amphibole. The frequency and spatial 
distribution of the post-glacial rhyolite eruptions at LdM were greatest during two pulses: an early post-
glacial (EPG) period, 22.5–19 ka, and the middle to late Holocene (Fig. 1; Andersen et al.,  2017).  The EPG  
rhyolite eruptions began with the 20 km3 plinian Rhyolite of Laguna del Maule, unit rdm (Fierstein, 2018), 
the large volume of which distinguishes it from the subsequent, smaller-volume (<3 km3) rhyolites. 
Following an interim period during which rhyolite erupted only from the Barrancas complex in the 
southeasternlake basin (14.5–c. 8 ka), the focus of rhyolite volcanism expanded westward and northward 
during the Holocene, while also contin-uing within the Barrancas complex (Fig. 1; Andersen et  al.,  2017; 
Fierstein, 2018; Hildreth  et al., 2010;  Sruoga  et al., 2017). Rhyodacite and andesite eruptions also occurred 
throughout post-glacial times. However, they comprise a  smaller cumulative volume (<5  km  total)  than  the  
rhyolites  and  were  concentrated in  the  western  LdM  basin,  away  from  the  locus of rhyolite vol-canism 
(Andersen et al., 2017;  Hildreth  et  al.,  2010).  The  rhyo-dacite  lavas  are  distinguished  from  the rhyolites 
by higher crys-tallinities (10–20%), ubiquitous amphibole, and common cm-scale chilled mafic inclusions, 
which are nearly absent from the rhyolites (Andersen et al., 2017; Hildreth et al., 2010).Geochemical, 
geochronologic, and geophysical  investigations have produced insights into the structure and evolution of 
the LdM magma reservoir. Amphibole barometry, trace element composi-tions, and radiogenic isotope ratios 
indicate the rhyolite erupted at LdM was produced in the shallow crust (Andersen et al., 2017). This shallow 
magmatism is  the  uppermost  expression of a multi-tiered magma system involving two distinct domains of 
crustal assimilation. Partial melting occurred bothwithin  the  stability field  of  garnet  (%1.2GPa; Rapp  and  
Watson,  1995)  and  at  lower pressure via garnet-free dehydration melting of amphibole-bearing crust. The 
depth of this second zone is not well constrained, but it notably does not involve  older metamorphic and 
intrusive base-ment with highly radiogenic Sr and Pb isotope ratios (Andersen et al., 2017). 
The lack of mafic to intermediate eruptions within  the  locus of  rhyolite  volcanism  is  hypothesized  to  
reflect  the interception of mafic magma by a voluminous shallow silicic magma reservoir (Hildreth et al., 
2010). All rhyolites have similar whole-rock chem-istry, but the Holocene rhyolites are subtly enriched in 
middle rare earth elements (MREE) and Y relative to those erupted during the EPG period. Andersen et al. 
(2017) propose that this distinction in-dicates multiple physically discrete batches of crystal-poor rhyolite 
were extracted from a longer-lived, crystal-rich reservoir through time. 



Since 2007, surface uplift at LdM measured by InSAR and con-tinuous GPS has exceeded 200 mm/yr and  
continues  at  the  time of writing (Feigl et al., 2014; Fournier et al., 2010; Le Mével et al., 2015). The best-fit 
source of this  deformation  is  an  inflating sill at a depth of ∼5 km; a model of coupled time-varying magma 
injection and reservoir pressurization reproduces 7.3yr of surface deformation by the intrusion of 0.19–0.37 
km3 of magma (Le Mével et al., 2016). A negative Bouguer gravity anomaly is spatially coincident with the 
center of uplift. Miller  et  al. (2017b)  model  this  feature  as  a  30 km3 body  at  2–4 km  depth with a 
density of 1800–1900 kg/m3, interpreted as rhyolitic magma containing ex-solved fluid and <50% crystals, 
contained within a 115 km3 reser-voir of crystal-rich  magma.  Moreover,  surface  wave  tomography  has  
identified  a  several-hundred  km3 low velocity zone spanning 1.5 to 7 km depth  surrounding  the  Bouguer  
gravity  and  deforma-tion  sources,  consistent with a shallow  mush  zone  (Wespestad, 2017). Superimposed 
on these inferred domains of partial melt are shallow  (1.5–2.0 km depth) mass changes detected by 4D 
micro-gravity consistent with the infiltration of hydrothermal brine along faults and fractures, possibly 
induced by an increase in permeabil-ity due to seismic activity (Miller et al., 2017a). Despite these signs of 
ongoing magmatic activity, there is a striking lack of visible surface degassing at LdM, which often 
accompanies significant pe-riods of volcanic unrest (e.g., Barberi et al., 1984; Hill et al., 2003; Parks et al., 
2013). The LdM basin is ringed by a paleoshoreline left behind following  the  breaching  of  a  lava  dam  and  
draw-down  of  the  lake  highstand  at  9.4  ka  (Hildreth  et  al.,  2010; Singer et al., 2018). A GPS survey of 
this feature shows the south-ern  portion  is  uplifted  >60 m  relative to the northern segments. This  
deformation  is  attributed  to  the  addition  of  >20 km3 of  magma  to  the  shallow  crust during the 
Holocene (Singer et al., 2018). 

Methods summary 

We undertook textural and chemical analysis  of  plagioclase crystals  from  eight  rhyolites:  the  EPG  units  
rap,  ras,  rle, and rdm and  Holocene  units  rcb, rcd,  rln,  and  rsl.  Approximately  1100  rhyolite  plagioclase  
phenocrysts  were  characterized by optical and backscattered electron (BSE) imaging. The compositions of a 
representative subset were determined by electron microprobe (EPMA: SiO2, Al2O3, FeO, CaO, Na2O,  and  
K2O)  and  laser  abla-tion  inductively-  coupled  plasma  mass  spectrometry  (LA-ICP-MS: Mg, Ti, Sr, Ba, 
Rb, Ce, and La). We measured the compositions of 9 to 23 crystals per  unit including core-to-rim  
compositional tra-verses  (20–100 µm  spot  spacing)  and  spot  analyses,   totaling 593 spots. Compositional 
transects for diffusion modeling were  mea-sured  at  greater  spatial  resolution  (3–4  µm  by   EPMA, 10 µm 
by LA-ICP-MS) on eight crystals from the Holocene rhyolite eruptions comprising the range of textures 
observed. In addition,  the  pla-gioclase populations of the EPG rdne and rdno and Holocene rdcd and rdcn 
rhyodacite lavas,  were characterized with coarse traverses (20–50 µm spot spacing) across 8–12 crystals, 
totaling 1022 spots. Although the number of crystals analyzed per unit was not exhaus-tive, care was taken to 
pick representative crystals  and  traverses  to ensure comparisons among the crystal populations of each unit 
are meaningful. Additional analytical details are in the supplementary materials. 

Mineral textures and compositions 

The plagioclase in each of the rhyolites have similar textural and compositional  characteristics.  The  
dominant  crystal  population (90%) is broadly homogeneous with An contents of An20–An35  [An   100   Ca/
(Na   Ca   K), molar]. Within this compositional range,    subtle normal zoning is common; a subgroup of this 
population (20%) contains minor oscillatory zoning superimposed on an over-all decrease  in  An  content  
from  core  to  rim.  Crystals  containing more distinct normal zonation are uncommon (10%) and contain 
cores  of  up  to  An51   mantled  by  rims  of  An20–An30.  Reversely  zoned crystals are rare (<1%), with 
interiors of An17–An20  mantled by rims       of An20–An30. The rhyodacite plagioclase crystals are more 
calcic (An20–An60, predominantly >An30; Supplementary Fig. A1) and range in texture from homogeneous  to 
complexly  zoned  with sieved cores and resorption surfaces. The trace element composi-tions of all 
plagioclase crystals vary regularly with An content: the concentrations of Ti, Mg, and Sr increase whereas 
those of Ba, Rb, La, and Ce decrease with increasing An content (Fig. 2). 



Andersen  et  al. (2017)  report  magnetite-ilmenite  thermome-try  of  LdM  lavas.  Here,  we  examine  the  
major  and  minor  ele-  ment compositions (TiO2, Al2O3 Fe2O3, FeO, MgO, and MnO) of magnetite in greater 
detail as an additional tracer of  the  thermo- chemical  continuity  of  the  post-glacial  eruptions.  Magnetite  
crys-tals  in  both  the  rhyodacites and  rhyolites are  compositionally and texturally  unzoned, with ulvöspinel 
contents of Ulv13–Ulv25 [Ulv     100      (1      Fe3&)/(Fe3&# # # # # #2      Ti–Mn);  molar].  Minor  elements  
varyconsistently with TiO2: MgO and Al2O3 increase and MnO de-creases. 

Mineral records of magmatic processes 

Magma storage conditions and volatile contents 

Magnetite-ilmenite thermometry yields temperatures of 760–850 ◦C and 796–854 ◦C for the rhyolites  and  
rhyodacites,  respec- tively, and oxygen fugacities (ƒO2) 1.2–1.3 log units  above  the  Ni–NiO  buffer  
(Andersen  et  al.,  2017;  Frost,  1991).  Amphibole  is absent from most LdM rhyolites;  in  the  rhyodacites,  
amphibole  crystals  in  apparent  equilibrium  with  the  host  magma  based  on  the calculated equilibrium 
melt SiO2 composition (Putirka, 2016) yield temperatures of 828–933 ◦C and pressures of 180–250 MPa 
(Andersen et al., 2017). Water contents calculated by plagioclase hygrometry for most rhyolites and 
rhyodacites are 4.4–6.0 wt.% in- dicating they would  be  water-saturated  between 140 and 200 MPa 
(Waters and Lange, 2015; Newman  and Lowenstern, 2002), a simi-  lar range to that indicated by amphibole 
barometry (Fig. 3). 

Plagioclase record of magma evolution 

Relating mineral and melt compositions requires knowledge of the mineral-melt partitioning behavior; 
plagioclase partitioning is dependent on both the temperature and An content, which in turn varies with  
temperature,  host  melt  composition,  and  volatile  content. We considered several parameterizations of this 
relation-ship (Bédard, 2006; Bindeman et al., 1998; Dohmen and  Blundy,  2014), but all are hampered by a 
paucity of experiments involving low-An plagioclase  and  high-SiO2 melts.  To  assess  the  applicabil-ity  of 
these models to the LdM system, we calculated an apparent partition coefficient for each plagioclase laser 
spot. The crystalliza-tion temperature and host melt composition were estimated using Rhyolite-MELTS 
fractional crystallization models (hereafter referred to as MELTS; version 1.2; Gualda et al., 2012) and 
regressions of the whole-rock trace element data  (see  the  electronic  supplement  for details). The apparent 
partition coefficients show some scatter and offset from the models, however most are generally  consistent 
with   the predicted variations with An and  temperature  (Supple-mental  Fig. A2).  The  Rb  partitioning  is  
substantially  offset  below  all  of the models, and thus its behavior is not well constrained. Based on the 
comparison with the apparent partition coefficients, we have adopted the models of Bindeman et al. (1998) 
for  K, Mg, Ba, and Ti, Bédard (2006) for  La and Ce, and Dohmen and Blundy (2014)  for   Sr in all of our 
calculations. Although the model of Bédard (2006) is the best match for the light rare earth element (LREE) 
data, it does not reproduce the  bimodality  at  low  An  ob-served at LdM. We discuss factors that may affect 
the behavior of the LREE in  section 5.3. 
The calculated melt concentrations of Sr, Mg, Ti, and K repro-duce the variations of the intermediate to 
silicic whole-rock compositions (Andersen et  al.,  2017;  Hildreth  et  al.,  2010)  but  span small 
compositional gaps in the whole-rock data (Fig. 4). The LREE and Ba are decoupled from these elements and 
are discussed in sections 5.3 and  5.4.  The  calculated  melt  compositions  indicate that    the texturally 
complex rhyodacite plagioclase grew from an-desitic to rhyolitic melt (Fig. 4). This compositional diversity, 
along with the mafic inclusions in the rhyodacite  lavas and deforma-tion of the paleoshoreline, is 
consistent with the repeated intrusion of magma during post-glacial times (Andersen et al., 2017; Singer et 
al., 2018). 
In contrast, this process imparted little petrologic fingerprint to the rhyolites. Recharge of extant magma  
reservoirs  may  be  recorded  by  reversely-zoned  pyroxene  and  feldspar  crystals  with rims enriched in Sr, 
Mg, and Ti (e.g., Barker et al., 2016; Singer et   al., 2016; Till et al., 2015). However, the rhyolite plagioclase 
crys-tals display the opposite trend. Moreover, rhyolite generated by remobilizing near- to sub-solidus 
material would likely yield greater intra-crystal compositional  and  isotopic  diversity  than  observed at  LdM 



(Bindeman and Simakin, 2014; Chamberlain  et  al.,  2014; Charlier  et  al.,  2008;  Till  et  al.,  2015).  The  
uniformly  low  An- contents and limited trace element variation of the rhyolite pla-gioclase, which reflects 
the rhyolite whole-rock data (Fig. 4), sup-port a scenario of primarily closed system crystallization. Rhyo-
lites erupted in the Valley of  Ten  Thousand  Smokes  and  at  Taupo  Volcano during the Holocene similarly  
lack  a  record  of  magma  recharge  despite  co-erupted  intermediate  magma,  or  subsequent  rhyolites  
that clearly record this process (Singer et al., 2016; 
Barker et al., 2016). Plagioclase compositions <An25 are abundant in the  LdM  rhyolites,  but  are  nearly  
absent  from  the  rhyodacites  (Fig. 4; Supplementary Fig. A1). Thus, we conclude the rhyolite plagioclase 
population primarily grew following the segregation of crystal-poor rhyolite magma from the larger 
crystalline magma reservoir. 

Temporally evolving magmatic fingerprints 

The compositions of Fe–Ti  oxides  re-equilibrate  in  only  days  to  weeks  at  magmatic  temperatures  (e.g.,  
Devine  et  al.,  2003; Tomiya et al., 2013),  making  them  an  excellent  tracer  of  co-magmatic  volcanic  
products  such  as  vent-proximal  and  distal  fall deposits (e.g., Fierstein, 2007). Here, the LdM magnetite 
composi-tions are used to assess if  rhyolite  eruptions  distributed  around the lake  basin  were  fed  by  a  
single,  crystal-poor  magma  body.  Magnetite  records  variable  pre-eruption  thermo-chemical  condi-tions  
for the rdm, smaller-volume EPG, and Holocene rhyolites (Fig. 5). This compositional fingerprint illustrates a 
transition from cooler, higher-SiO2 rhyolite during the EPG (74–76% wt.% SiO2; 737–801 "C), to warmer, 
lower-SiO2 rhyolite (72–75% wt.% SiO2; 780–857 "C) during the Holocene (Andersen et al., 2017; Hildreth et 
al., 2010). 
In  contrast  to  the  magnetite  compositions  that  quickly  re-equilibrate  to  changing  magmatic  
conditions,  the   relatively  slow diffusion of major  elements  and  trace  elements  such  as  Ba,  Ti,  and  the  
REE  in  plagioclase  preserves  varied  compositions  and  textures  that  comprise  a  complementary  record  
of  the  evolving  magma  system  (e.g.,  Charlier  et  al.,  2008;  Singer   et  al.,  1995;   Smith et al., 2009). The 
plagioclase LREE  compositions  are  bi-modal  at  low  An  contents:  for  example,  the  Holocene  rhyolite  
plagioclase crystals are distinguished from  those  of  the  EPG  erup-tions  by  Ce  contents  greater  than  15  
ppm  (Fig.  5).  A  similar contrast in REE compositions distinguishes the Pleisocene Thera-sia  and  Cape  
Riva  dacites  erupted  at  Santorini  (Fabbro  et  al.,  in  press). There the plagioclase compositions mirror 
contrasts in the whole-rock chemistry. However, at LdM the contrast between  the Holocene and EPG 
rhyolite  plagioclase  LREE  compositions  is  not consistent with the narrow range of whole-rock 
compositions (La: 30– 35 ppm, Ce: 56–67 ppm; Andersen et al., 2017). Consequently, the plagioclase 
compositions likely reflect a difference in parti-tioning behavior. Volatiles, particularly halogens (F, Cl),  can  
in-hibit  the  partitioning  of  trace  elements  into  crystallizing  phases by increasing the availability of sites 
for REE in the melt, forming REE-halogen complexes, or producing a fluid with high affinity fortrace 
elements (Fleet  and  Pan,  1997;  Ponader  and  Brown,  1989; Lowenstern, 1993). Whereas there is not yet  
halogen data for the  LdM silicic  magmas  to  corroborate  this  hypothesis,  variations  in the halogen content 
of the LdM magma system could contribute to  the contrasting plagioclase REE compositions. 
Regardless of their uncertain source, the distinct compositional populations of low-An plagioclase 
demonstrate that the Holocene rhyolites  did  not  incorporate  significant  material  from  the  EPG 
eruptions. Thus, the earlier rhyolite must have erupted completely,   or any residual magma had limited 
interaction with the active magma  reservoir.  The  plagioclase  and  magnetite  compositions  in- dicate that 
at least three distinct batches of crystal-poor rhyolite were segregated to produce the rdm,   modest-volume  
EPG,  and Holocene rhyolites. However, their consistency within the EPG and Holocene groups is permissive  
of  a  single  crystal-poor  magma  body producing multiple eruptions. Intercalated tephra deposits consistent 
with simultaneous  eruption  (e.g.,  Pistolesi  et  al.,  2016) have not been located at LdM (Fierstein, 2018). 
Consequently, this scenario would  require incubation of the crystal-poor magma body   for centuries to 
millennia. We examine magma residence times of the rhyolites in section 6 to further explore this 
possibility. 

Cryptic record of magma recharge 



In contrast to the simple evolution indicated by most elements in the rhyolite plagioclase, the zoning patterns 
and concentrations of Ba reveal a subtle history of more complex thermochemical in-teractions between the 
extracted rhyolite  and  recharge  magmas.  Narrow   zones  (<60 µm) within plagioclase are enriched in  Ba, 
consistent with melt compositions up to nearly twice those of the whole-rock  (Fig. 4,  Supplementary  Fig.  
A6). These zones are oc-casionally associated with subtle increases in Sr or An content,  however  Ba  is  
largely  decoupled  from  the  other elements.  Large changes in Ba concentration in the melt are likely 
controlled by the stability of Ba-rich phases. In the absence of sanidine, biotite     is the most significant Ba 
sink in the LdM magma system. Biotite-melt partition coefficients for Ba range from 5–29 (Nash and 
Crecraft, 1985; Rollinson, 1993) and thus biotite in equilibrium with an average LdM  silicic  lava  (680  ppm  
Ba)  would  have  a  Ba  concen-tration  of  3400–  19700 ppm. The decomposition of biotite crystals, which 
can begin below 800 ◦C (Patiño Douce and  Beard,  1995; Singh and Johannes, 1996),  would produce halos 
of Ba-enrichment that could be recorded by nearby plagioclase crystals. It would  re-quire  mixing  of  less  
than  15%  of  the  melt derived from biotite dehydration with typical LdM silicic magma to achieve a melt 
com-position  >1000 ppm,  consistent  with  the  Ba- enriched plagioclase domains. The rarity and narrow 
width of these plagioclase domains and the homogeneous whole-rock Ba compositions of the LdM sili-cic 
lavas (Andersen et  al.,  2017;  Hildreth  et  al.,  2010)  suggests  biotite destabilization did not produce large 
quantities of melt, but  rather was a local effect that was subsequently homogenized into the larger magma 
body (e.g., Bachmann et al., 2014). We interpret the  high  variance of Ba throughout the range of An 
contents as a chemical signature of magma  recharge  affecting  both  the  mush  and  crystal-poor  domains 
of the magma reservoir (Fig. 4c). 

Timescales of rhyolite magma residence 

The relative timing and rate of magmatic processes are needed to connect past eruptions to geophysical 
records of unrest. Cation diffusion in crystals  is  increasingly  employed  to  explore  these  timescales  (e.g.  
Barker  et  al.,  2016;  Chamberlain  et  al.,  2014;  Druitt  et  al.,   2012; Matthews  et  al.,  2012;  Rubin  et  al.,  
2017; Singer  et  al.,  2016;  Til l  et  al.,  2015).  We  focus  on  three   late Holocene  rhyolites  (Fig.  1;  rsl,  
3.2$1.2  ka;  rcd,  2.2   1.3  ka;   and rln, <1.8   0.9 ka;   Andersen et al., 2017), in order to compare the processes 
that catalyzed the most recent  eruptions to those driving the current unrest. 
Whereas the  narrow  intra-plagioclase  compositional  range  of  the  Holocene  rhyolites  does  not  
obviously  record  magma  mix-ing  or reheating,  the  compositions  of  crystal  interiors  are  not  in  
equilibrium  with  those  of  the  rims  or  host  rock  (Fig.  6).  The  timescales  over which diffusion relaxes 
this compositional gradi-ent can  yield  estimates  of  the  duration  of  plagioclase  residence  at  magmatic  
temperatures  (Costa et al., 2003). We interpret these crystal residence times to be the duration of pre-
eruption storage of crystal-poor rhyolite following its segregation from the larger magma reservoir. 

Trace element diffusion model 

We modeled Mg diffusion in plagioclase using the temperature-and An-dependent diffusion coefficient of 
Van Orman et al. (2014), the partition coefficient of Bindeman et al. (1998), and a finite dif-ference solution 
to the equations of Costa et al. (2003).  Diffusion was modeled at the average Fe–Ti oxide temperature of 
each unit (789◦–800 ◦C; Andersen et al., 2017). An profiles for the model cal-culations with a constant spot 
spacing of '2.5 µm were generated by linear interpolation between adjacent EPMA spots. We assumed a 
constant composition of the host melt at the crystal rim and a symmetric diffusion  profile  across  a  plane  
perpendicular  to  the crystal section at the core. The choice of inner boundary condition, symmetric  profile  
vs. fixed composition, does not have a signifi-cant impact on the timescales. The similar geometries of the 
An, Mg, Sr, and Ti profiles, despite the significantly different diffusion rates of these elements (Costa and 
Morgan, 2011), indicate little diffusive equilibration has taken place and the gradients primarily reflect 
growth zonation. Thus, a step function initial condition is not appropriate (Supplemental Fig. A9; 
Chamberlain et al.,   2014; Druitt et al., 2012; Till et al., 2015). We utilized an approach sim-ilar to Druitt et 
al. (2012), whereby  the  initial  Mg  profile  was calculated  based on  the  compositional  relationships  
among  the  plagioclase  An  content  and  Sr  and  Mg  in  the  whole-rock  sam-ples,  which  given  their low 
crystallinities are reasonable estimates of the liquid compositions. First  a  curve  was  fit  to  the  An  and  Sr  
magma  compositions  calculated from the Holocene plagioclase data. The associated melt Mg content was 
then calculated from the correlation between the whole-rock Sr and Mg compositions (Sup-plementary Fig. 



A7). Finally, the initial plagioclase Mg composition was calculated using the mineral-melt partition 
coefficient. 
This approach is dependent on the MELTS simulations and par-titioning models approximating the magma 
conditions during pla-gioclase crystallization. These assumptions could be violated if the MELTS calibration 
is not appropriate for LdM or if kinetic effects during crystallization perturb the predicted equilibrium 
behavior of Sr and Mg. The close correlation of the melt compositions cal-culated from plagioclase and the 
whole-rock data indicates that these effects are minimal. Moreover, utilizing slower-diffusing  Ti  in  place  of  
Sr  in  initial  condition  calculation yields similar profiles, which further indicates that this procedure 
produces geologically meaningful initial conditions. Equilibrium profiles are calculated at the Fe–Ti oxide 
temperature for each unit using the melt composi-tion calculated for the crystal rim. In all cases, the small 
difference between this profile and one constructed using the whole-rock composition does not impact our 
interpretations. 
The calculation of the initial condition, temperature, and its effect on the diffusion coefficient contribute to 
the uncertainty of the model timescales. We have used a 30 "C uncertainty associ-ated with the Fe–Ti oxide 
temperatures, which at the temperature of interest corresponds to a 
factor of two uncertainty in the model timescales. Variations of the initial conditions can have poten-tially 
large impact on the model timescale  because of the limited extent of re-equilibration. Propagation of the 
uncertainties associ-ated  with  the  partition  coefficient  models,  data  regressions,  and chemical  analysis  
produce  1σ uncertainties  of  the  initial  profiles of 12–37%, which correspond to a factor of 2–3 difference in    
the model timescales. 
Sr diffusion was modeled using the same numerical routine to corroborate the Mg timescales and to validate 
the use of Sr to cal-culate the initial  Mg profile. The expression of Giletti and Shanahan (1997) for An27 was 
used  to  calculate  the  temperature-dependent  diffusion  coefficient.  The initial condition was taken as the 
mea-sured Sr profile. The diffusion distance of Sr produced by the Mg model timescales is negligible and  
thus  limited reequilibration of the Sr concentrations occurred. 

Timescales of rhyolite extraction and residence 

The model timescales of all plagioclase crystals from units rsl and rln are not well constrained because the 
calculated initial pro-files are within uncertainty of the measured Mg compositions. The preservation of 
disequilibrium in these crystals nevertheless indi-cates little diffusion  has occurred. The maximum 
residence time of these phenocrysts is taken to be that required for the modeled 
Mg profile to fall outside of the analytical uncertainty of the mea-sured profile, and ranges from 5 to 100 yr 
(Fig. 6). Two rcd crystals are more distinctly zoned, with interiors up to An45, consistent with rare plagioclase 
crystallized in  dacitic  to  rhyodacitic  magma and entrained during rhyolite segregation. These crystals yield 
bet-ter constrained models and timescales of 5 and 20 yr, which are within the range of maximum residence 
times derived from the more homogeneous crystals (Fig. 6). 
To evaluate whether these timescales are representative of the entire crystal population, we  calculated  the  
deviation  from  equi- librium with the host rock for all the rhyolite plagioclase spot analyses. Intra-crystal 
disequilibrium is common for compositions >An25 and its extent increases with An content; the modeled pro-
files are consistent with this trend (Fig. 7). An contents greater than An35 are uncommon, but typically 
mantled by rims similar in composition to the dominant homogeneous, low-An plagioclase crystal 
population. This compositional continuity indicates all crys-tals experienced similar conditions during the 
decades leading up to eruption. 
Tephrochronology indicates the eruptions of rsl, rcd, and rln oc-curred over a period  of  centuries  to  several  
millennia  (Fierstein,  2018); the overlapping uncertainties of the 40Ar/39Ar eruption ages are consistent with 
this interpretation, but are not sufficiently pre-cise    to calculate meaningful repose times (Andersen et al., 
2017). The similar plagioclase and magnetite compositions suggest these eruptions could have tapped a 
common magma body. However,  the  ubiquitous  intra-crystal  disequilibrium  in  plagioclase  would  not  
survive several thousand years of storage at high  tempera-ture.  Thus,  either  these  crystals  were  cooled  
rapidly  following  each  eruption  and were remobilized into the next (e.g., Cooper and Kent, 2014)  or  each  
of  these  eruptions  was  produced  by  a  sep-arate,  ephemeral  magma body with nearly identical 
composition. The absence of EPG rhyolite plagioclase in the Holocene eruptions, mineral textures consistent 



with repeated cycles of rejuvenation and solidification, and compositions depleted in Sr and Ba by ex-tensive 
feldspar crystallization in the rhyolites favor the extraction of discrete magma batches associated with each 
eruption. Moreover, if each eruptive episode left behind residual magma,remobilization of this growing 
volume of material by subsequent eruptions would become increasingly likely through the late Pleistocene  
and  Holocene.  Accordingly,  with  the  recognition  that  the  dynamics  that  control  the  proportion  of  
extracted  melt  that   is erupted are enigmatic, we propose that the majority of each seg-regated batch  of  
rhyolite  is  vented  during  eruption  and  explore  a triggering mechanism that favors this scenario in the 
next section. With the  exception  of  the  EPG  rdm plinian  eruption,  no  rhyolite eruption at LdM has 
exceeded 3 km3 (Fierstein, 2018; Hildreth et al., 2010; Sruoga et al., 2017). Within our proposed framework, 
the temperature and composition of the source mush were buffered by frequent magma recharge such that 
batches of nearly identical rhy-olite could be repeatedly extracted, briefly stored, and erupted but the 
accumulated  crystal-poor  magma  present  at any time during the Holocene never appreciably exceeded the 
erupted volumes. 

Towards the integration of petrologic constraints with the geophysical 
record of unrest 

The petrochonologic and geophysical findings provide a variety of lenses through which to interpret the 
configuration and pro-cesses  of  the  LdM  magma  reservoir.  The  ongoing  inflation  and  deformed  
paleoshoreline  indicate  the  modern  unrest  is only the most recent of many episodes of shallow magma 
emplacement, which  have  enlarged  and  sustained  the  LdM  magma system dur-ing post-glacial  times  (Le  
Mével  et  al.,  2016;  Singer  et  al.,  2018). The low-density (1800–1900 kg/m3) body revealed by the 
Bouguer gravity survey requires the presence a  fluid  phase.  Miller  et  al.(2017b) propose  that this phase is 
derived from  closed system ex-solution. However, this model decouples the source of the Bouguer gravity 
anomaly from the spatially coincident surface inflation.  In the following discussion, we suggest an 
alternative source of pre-eruption fluid, explore the physical significance  of the geophysical observations in 
the context of the petrochronologic data, and pro-pose a physical model that integrates these perspectives of 
the LdM magma system. 

The source and effect of exsolved fluid 

Closed system fluid exsolution may be catalyzed by  decompres-sion  or  cooling  and  crystallization  that  
yields  fluid-  oversaturated  residual  melt.  Fluid  may  also  be  derived  externally  from  the  volatiles  
released   by   hydrous   mafic   to intermediate magma as-cending from depth. The accumulation of such 
fluids has been proposed to account  for  volcanic  gas  emissions in excess of that dissolved in the erupted 
magma (Cashman, 2004; Edmonds  et  al.,  2010;  Métrich  et  al.,  2009;  Parmigiani et al., 2016; Shinohara,  
2008; Wallace,  2001).  We  used  MELTS  (Gualda  et  al.,  2012)  to  explore  the  physical scenarios required 
to produce a low-density magma reservoir. Miller et al. (2017b) utilized a similar approach but focused on  a 
rhyolitic bulk composition. However, the short plagioclase timescales suggest accumulations  of  crystal-poor  
rhyo-lite  were  ephemeral features. A crystal mush of dacitic bulk com-position containing interstitial 
rhyolitic melt, is a more likely state for long- term storage (e.g., Cooper and Kent, 2014; Hildreth, 2004; 
Rubin et al., 2017). 
Table 1 shows the range of parameters considered by the MELTS models. An initial magma with a rhyolitic  
or  dacitic  com- position was cooled from the liquidus to 750 "C to predict the relationships among 
temperature, pressure, crystal content, ex- 
solved fluid content, and the density of a magma reservoir resid-ing in the shallow crust. External fluid 
addition was approximated by specifying initial water contents in excess of fluid saturation; its potential 
source  and  volume  is  discussed  below.  Densities of 1800–1900 kg/m3 for the three-phase (melt, crystals, 
and fluid) system are achieved in both the open- and closed-system simu-lations by high volume fractions of 
fluid, 16–32 vol.% (2.5–5 wt.%; vol.% (#100 )#vol. fluid/[vol. fluid&vol. melt&vol. crystals]; wt.% (# 100  wt.  
fluid/[wt.  fluid   wt.  melt   wt.  crystals]).  Whereas  den-sities  <1900 kg/m3 at fluid fractions  <20 vol.% only 
occur in the models of rhyolitic bulk composition,  the  range  of  fluid  fractions  required  in  all  the  
simulations  to  produce  the  densities inferred for the gravity anomaly broadly overlap (Fig. 8). It is notable 
that the melt fractions at which these  densities were achieved ranged from 15% to 65%, highlighting that at 



high fluid fractions the sys-tem  density  is  relatively  insensitive  to the melt fraction and bulk composition 
of the magma. Our  simulations  of  closed  system  ex-solution  agree  with  those  of  Miller et al. (2017b) in 
that system densities <1900 kg/m3 are achieved only by magmas containing>4 wt.% initial H2O at low 
pressure; for example, <90 MPa for 5 wt.% H2O (Fig. 8). The external fluid addition simulations achieve 
densities of 1800–1900 kg/m3 at total water contents of 9–11 wt.%, which corresponds to the addition of 3–5 
wt.% fluid to an already fluid-saturated magma reservoir (Fig. 8). 

Closed system fluid  exsolution  can  theoretically  produce  a  low-density  magma  reservoir  consistent  with  
the  Bouguer anomaly. However, several characteristics of the mineral data argue against this scenario. 
Amphibole  barometry  yields  crystallization pres-sures of 180–250 MPa (Andersen et al., 2017), which is at 
least twice those suggested by the closed-system simulations. Moreover, closed system exsolution implies the 
ascent of fluid  saturated  melt  from  greater  depth,  >150  MPa  for  water contents >5 wt.%. The dominantly 
homogeneous plagioclase populations of the LdM rhy-olites are not consistent with this decompression path 
over which more than half of the volatile content may be exsolved (Supple-mentary Fig. A12; Newman and 
Lowenstern, 2002). Thus, the exso-lution of a large volume of fluid due to closed system, low-pressure storage 
and crystallization would be a substantial departure from the processes operative at LdM during post-glacial 
times. We pre-fer external fluxing as the more significant source of pre-eruption fluid. 
Studies of volcanic gas emissions, melt inclusions, and phase equilibria indicate that SVZ mafic magmas 
contain up to 4 wt. % H2O and 2500 ppm CO2 (Rea, 2009; Shinohara and Witter, 2005; Wallace, 2005; Watt 
et al., 2013). Basaltic  andesite  magma  with 3 wt.% H2O and a density of 2500 kg/m3 contains 7.5 1010 kg 
H2O/km3, which corresponds to 0.2 km3 of exsolved  fluid, as-suming a fluid density of 400 kg/m3 
(Supplementary Fig. 11). Le Mével et al. (2016) model  the  ongoing  deformation  as  the re-sult of magma 
emplacement at 0.025–0.050 km3/yr, depending on the compressibility. This episode, or several similar 
episodes that occur over decades, could supply a flux of fluid that is volumetrically substantial relative to 
the modest eruptive volumes  typical of LdM (<3 km ). Additionally, the MELTS simulations consider only a 
pure H2O volatile  phase.  The  flux  of  CO2-rich  fluid  de-rived  from  mafic  magma  would lower the 
solubility of H2O in the melt and thereby catalyze fluid exsolution and crystallization (e.g., Métrich et al., 
2009). Isobaric solubility calculations performed us-ing VolatileCalc (Newman and Lowenstern,  2002)  at   
800 "C  and 200 MPa predict a linear decrease in the dissolved H2O content of fluid-saturated rhyolite    of 
0.3 wt.% per additional 100 ppm dis-solved CO2, up to 1000 ppm (Supplementary Fig. A12). 

A 30 km3 magma body  with  density  <1900 kg/m3 would  re-quire a fluid volume  >7.5 km3, corresponding 
to the fluid content of at  least 37 km3 of mafic magma, greater than the magma vol-ume estimated to  drive  
the  Holocene  paleoshoreline  deformation (Singer et  al., 2018). This large volume fraction of pre-eruptive 
fluid also exceeds that inferred for magma reservoirs  that  fed  several  highly  explosive eruptions. It is as 
much as 40% greater than that of the Bishop Tuff, 2–3 times that of the Kos Plateau Tuff, and as much as 4  
times that of the 1991 eruption of Pinatubo (Bachmann et al., 2010; Gerlach  et  al.,  1996; Wallace  et  al.,  
1995).  More-over,  30  vol.% fluid represents a theoretical maximum at which point the  formation  of  
channels  prevents  the  further  accumulation  of  exsolved volatiles  and  such  concentrations  are  often  
inferred only in the upper reaches of magma reservoirs (Cashman, 2004; Wallace, 2001).     In this context, 
storage of 30 km3 of magma con-taining sufficient fluid to produce a density <1900 kg/m3 appears to be 
unrealistic. However,  given  the  magnitude  of  the  Bouguer  gravity  anomaly,  we  do  not  discount  the  
broader  conclusion   of  Miller  et  al. (2017b) of the presence of fluid in the LdM magma reservoir. Instead, 
we  suggest  that  shallow  hydrothermal  fluids, such as those  inferred by Miller et al. (2017a) from 4D 
micrograv-ity, may have  contributed  to  an  underestimate  of  the  depth  and  density  of  the LdM magma 
system and additionally that transient external fluid addition could produce local low-density magmatic 
domains. 

An integrated physical model 
Despite likely being present in  smaller  volumes  than  proposed  by  Miller  et  al. (2017b),  we  suggest  
exsolved  fluid  nevertheless plays an integral role  in  promoting  rhyolite  volcanism  at  LdM.  Recent  fluid  
dynamic  models  of  bubble  migration  and  accumu-  lation suggest fluid forms fast-transport channels in 
crystal-rich mush at a lower  volume  fraction  (20%  vs  30%)  than  in  less  crys- talline magma (Parmigiani 
et al., 2016; Wallace, 2001). In this case, volatiles exsolved from  mafic  magma  would  rapidly  traverse  the 



lower reaches of the magma reservoir, but stall in segregated bod-ies of crystal-poor rhyolite. Given a 
sufficient flux, this accumulat-ing  fluid would produce a critical overpressure and trigger an erup-tion (Fig. 9; 
Parmigiani et al., 2016; Singer et al., 2016). This flux of hot volatiles would more efficiently heat the mush 
than conductive heat transfer, and small-scale  remelting  and  fracturing  could  en-hance  the rate of melt 
extraction (Bachmann and Bergantz, 2006; Huber et al., 2011). Following a recharge event, 10–15 vol.% fluid 
may also become trapped in the mush producing a persistent low-density zone (Christopher et al., 2015; 
Parmigiani et al., 2016). 
A  physical  record  of  a  pre-eruptive  fluid  phase  is  not  com-monly  obvious  in  the  products  of  volcanic  
eruptions.  A  focused study of melt inclusions hosted in LdM crystals is the subject  of  future  work;  
however,  initial  observations  have  found  neither  abundant vapor bubbles within melt inclusions nor 
discrete fluid inclusions that would directly record the pre-eruption fluid. Never-  theless, the similarly 
cryptic records of pre-eruptive magma reju-venation at LdM, Katmai, and Taupo suggests that volatile-
induced overpressure may be an important mechanism whereby magmatic rejuvenation can trigger 
eruptions, particularly in large, repeatedly  active silicic systems, without mingling of the extant and intrud-
ing magmas. At LdM,  the  fluid  flux  associated  with  the  magma  recharge that drives ground deformation 
contributes to a shallow low-density  zone  and  likely  promoted  the  repeated,  rapid  segre- gation and 
eruption of crystal-poor rhyolite during the Holocene (Fig. 9). 

Summary and conclusions 

Geophysical and petrologic approaches each provide a partial, but complementary, view of a pre-eruptive 
magma reservoir. The ongoing and Holocene records of deformation and the outcrop-to mineral-scale 
textures of the rhyodacitic lavas  record  repeated, shallow interaction between mafic and silicic magma 
beneath LdM. Yet, this process has left sparse evidence in the rhyolites. Instead, trace element disequilibrium  
preserved  in  plagioclase  records  the years- to decades-long process of rhyolite melt segregation. Geode- tic 
and gravity observations today find the ongoing addition of magma to the upper crust and the presence of a  
fluid  phase,  re- spectively, that likely catalyzed past liquid–crystal separation and eruption. The lack of 
visible surface degassing at LdM may reflect ongoing fluid accumulation within a pressurizing magma 
reservoir and a brewing explosive eruption. Similar cryptic records of in- teraction between recharge and 
extant magmas at LdM and other silicic volcanic systems suggests external fluid addition is an un- 
derappreciated eruption catalyst. An improved capability  to  rec-ognize  and  estimate  the  volume  of  pre-
eruption  exsolved  fluid  in  the petrologic record and models that couple three-phase magma dynamics to 
signals accessible  by  geophysical  monitoring  would  allow for better integration of these observations, 
comparison be-tween past eruptions and modern unrest, and hazard assessment at restless volcanic systems. 
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Fig. 1.  Simplified geologic maps showing the locations of post-glacial silicic eruptions during the EPG period, the Holocene, and the 
interim (modified from Andersen et al.,    2017; Hildreth et al., 2010). Post-glacial rhyolites, rhyodacites, and andesites are pink, orange, 
and green respectively. Units erupted prior to the most recent glacial retreat are light gray.  Post-glacial silicic units erupted during an 
earlier period in the center and right panels are pale pink. The black stars mark the rhyolite-producing vents (Hildreth et    al., 2010); 
the location of the vent for the EPG plinian rdm eruption within the modern lake is approximate (Fierstein, 2018). The red square in the 
inset shows the location            of LdM in South America. (For interpretation of the colors in the figure(s), the reader is referred to 
the web version of this article.) 



   
 

Fig. 
2 . 
The 

variation of trace element compositions with An content for the LdM rhyolite and rhyodacite plagioclase crystals. Crosses show the 
typical 2σ analytical uncer- tainties. The An and K2O contents were measured by EPMA and all other elements by LA-ICP-MS. 



 

Fig. 3. The water contents of LdM rhyolite and rhyodacite lavas calculated from plagioclase rim and  whole-rock  compositions  using  
plagioclase-glass hygrometry (Waters and  Lange,  2015)  plotted  against  the  average  Fe–Ti  oxide  temperatures of  the  host  rock  
(Andersen  et  al.,  2017).  The  dashed contours are water satura-tion isobars calculated  using  VolatileCalc  (Newman  and  Lowenstern,  
2002);  depth  in  the  crust  is  calculated  assuming  an average density  of  2400  kg/m3 .  The  un-certainties  in  the  water  contents  
include  those  associated  with  the  Fe–Ti  oxide thermometer  (  30 "C).  The  fields show the range of pressures indicated  by  am-
phibole  barometry  of  the  LdM  rhyodacites  (Andersen  et  al.,  2017)  and  the  modeled  sources  of  ground deformation and the 
Bouguer gravity anomaly (Feigl et al., 2014; Miller et al., 2017b).  The  bars  above  the  panel  show  the  crystallization temperatures 
predicted by the preferred MELTS  simulation  (see  the  supplementary  materials) for  plagioclase  with  An  contents  of  An15 to  An40 .  
The MELTS model includes an assumed initial water content and therefore this estimated An-temperature rela-tionship  was  not  used  
in  the  plagioclase  hygrometry calculations. 



 

Fig. 4. (a) and (b) Correlation of plagioclase and whole-rock (WR) compositions. Melt compositions calculated from the plagioclase data 
record significant inheri-tance of phenocrysts derived from more evolved melt in the rhyodacites (the  par-tially  obscured  rhyodacite 
data is  outlined  by the  light  blue  dashed  line), but limited entrainment of rhyodacite plagioclase into the rhyolite magma batches.  (c) 
Com-parison  of  the  central  LdM  whole-rock  and  calculated  Ba melt compositions.  The greater  scatter  in  the  Ba  data  compared  
to  the  other  trace  elements  likely  reflects local  variability  in  biotite  stability  in  response  to magma recharge. The crosses show  the  
typical  1σ uncertainty  of  the  melt  calculation  including  the  precision  of  the  plagioclase  analysis  and  the confidence interval of the 
partition coefficient model parameters (Dohmen and Blundy, 2014; Bindeman et al., 1998). The calcu-lated melt compositions of 
additional trace elements are shown in Supplementary Fig. 5. Whole-rock data are from Andersen et al. (2017) and Hildreth et al. 
(2010). 

    



Fig. 5. Compositional fingerprints of rhyolite magma batches. (a) The minor element compositions of LdM rhyolite and rhyodacite 
magnetite crystals. Distinct compositional groups reflect the changing pre-eruption thermochemical conditions of the rhyolite batches 
erupted through time. (b) The Ce composition of rhyolite and rhyodacite plagioclase phenocrysts. The bimodality of Ce at low An 
contents illustrates distinct magma production regimes during EPG and Holocene times and that there was little physical interaction 
between the earlier and later erupted rhyolites. The brown fields are data from the rhyodacites and the blue fields are for the EPG plinian 
rdm eruption. (c) and (d) The spatial distribution of the compositionally contrasting rhyolites. The x-axis shows the azimuth to the vent 
for each eruption measured from the center of the lake.  The filled boxes encompass the 25th–75th percentiles of the data for each unit, 
the  tails show the 5th–95th,  and the yellow lines mark the  median.  The  footprint of  the  EPG and Holocene vents overlap (Fig. 1), but 
the compositions of the rhyolites erupted during each of  these  periods are  more  similar  than  those  issued at  different  times from 
vents in close proximity. 



  
 

 

Fig. 6. Representative BSE images and diffusion timescales for LdM plagioclase crystals from units rcd, rsl, and rln; images and models 
for all crystals are available in Supplementary Fig. A8. The arrows show the locations of the EPMA and LA-ICP-MS traverses. The initial 
Mg profile (ini, pink line) is estimated based on the compositions of less-mobile Sr and An. The solid red line shows the best fit model for 
each measured profile (yellow boxes with 2σ analytical uncertainties) and the blue curves show the effect of longer magma residence; the 
model timescale for each line is labeled in the same color. Profiles showing concentrations in equilibrium with the outermost rim            
of each crystal are shown in black. The light gray fields show the 1σ  confidence interval of the initial profile. Grain boundaries are 
identified by the presence of adhering        matrix glass (gl). 



 

Fig. 7. Comparison of the crystals used for diffusion modeling  to  the  Holocene  rhy-olite  plagioclase  population  characterized  by  
spot EPMA and LA-ICP-MS analysis. The y-axis is the ratio of the Mg concentration measured in  the  plagioclase  to  that  in 
equilibrium with the host-rock based on the Fe–Ti oxide temperature and the partitioning model of Bindeman et al. (1998). The 
disequilibrium recorded in the compositional profiles used for the model timescales (light blue field) is consistent with that of the 
aggregate Holocene plagioclase population. 

  



 

Fig. 8. The results of MELTS simulations exploring closed system fluid exsolution and external fluid addition; the model parameters are 
in Table 1. The low densities of the Bouguer gravity model (1800–1900  kg/m3) are achieved by fluid volume fractions greater than 25%, 
which correspond to the exolution of more than half of the total H2O            in the system. Closed system exsolution achieves densities 
<1900 kg/m3 only at pressures less than 130 MPa, which is inconsistent with the LdM  mineral  data.  Plots of additional model outputs 
are available in Supplemental Fig. A11. 



Table 1 

Parameters used in the MELTS simulations to estimate the effect of a fluid phase. 

a Units rln and dlp (Andersen et al., 2017; Hildreth et al., 2010) are taken as rep- resentative of LdM rhyolite 
and dacite, respectively. 
b Two log units above the quartz-fayalite-magnetite buffer. 
c The effects of external fluid addition are estimated by specifying initial water contents in excess of fluid 
saturation. 

Internal exsolution External fluxingc

Initial compositiona Rhyolite Dacite Dacite

T ["#C] 850–750 900–800 750–850

P [MPa] 250–50 250–50 200

H2O [wt.%] 5–7 3–7 4–12

ƒO2 buffer QFM&2b QFM&2 QFM&2



 

Fig. 9. Comparison of geophysical and petrologic models of LdM. (a) Schematic diagram, with a 5 vertical exaggeration, of  our  preferred 
model  of  the  crystal-rich magma  system underlying the active Holocene vents (stars). Map unit fill colors are the same as Fig. 1. 
The bullseye and vertical arrow is the approximate center of ongoing uplift at>200 mm/yr (Feigl et al., 2014; Le Mével et al., 2015). 
During the Holocene, modest-volume batches of compositionally similar rhyolite (dark pink bodies) were repeatedly extracted from 
a broad spatial footprint within the crystalline LdM magma reservoir (light pink area). The accumulation and eruption of rhyolite is 
catalyzed by fluids derived from ascending magma. This fluid flux would contribute to low density zones within the magma reservoir. 
(b) The model of the source of the low Bouguer gravity anomaly proposed by Miller et al. (2017b) is a 30 km3 body, interpreted as 
rhyolite containing <50% crystals, that extends from approximately 4–2 km depth. This melt-rich body is contained within a 115 km3 
highly crystalline magma reservoir. Although exsolved volatiles play an integral role in the LdM magma system, we suggest the volume 
of fluid required to achieve the low density (1800–1900 kg/m3) of this feature is not realistic for a large magma body, which suggests 
the gravity measurements are influenced by a shallow hydrothermal system or fluid-rich roof zone of the magma reservoir. 
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