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During the run-up to eruption, volcanoes often show geophysically detectable signs of unrest. However, 
there are long-standing challenges in interpreting the signals and evaluating the likelihood of eruption, 
especially during the early stages of volcanic unrest. Considerable insight can be gained from combined 
geochemical and geophysical studies. Here we take such an approach to better understand the beginning 
of eruption run-up, viewed through the lens of the 1999 sub-Plinian basaltic eruption of Shishaldin 
volcano, Alaska. The eruption is of interest due to its lack of observed deformation and its apparent long 
run-up time (9 months), following a deep long-period earthquake swarm. We evaluate the nature and 
timing of recharge by examining the composition of 138 olivine macrocrysts and 53 olivine-hosted melt 
inclusions and through shear-wave splitting analysis of regional earthquakes. Magma mixing is recorded 
in three crystal populations: a dominant population of evolved olivines (Fo60–69) that are mostly reversely 
zoned, an intermediate population (Fo69–76) with mixed zonation, and a small population of normally 
zoned more primitive olivines (Fo76–80). Mixing-to-eruption timescales are obtained through modeling of 
Fe–Mg interdiffusion in 78 olivines. The large number of resultant timescales provides a thorough record 
of mixing, demonstrating at least three mixing events: a minor event ∼11 months prior to eruption, 
overlapping within uncertainty with the onset of deep long-period seismicity; a major event ∼50 days 
before eruption, coincident with a large (M5.2) shallow earthquake; and a final event about a week prior 
to eruption. Shear-wave splitting analysis shows a change in the orientation of the local stress field about 
a month after the deep long-period swarm and around the time of the M5.2 event. Earthquake depths 
and vapor saturation pressures of Raman-reconstructed melt inclusions indicate that the recharge magma 
originated from depths of at least 20 km, and that mixing with a shallow magma or olivine cumulates 
occurred in or just below the edifice (<3 km depth). Deformation was likely outside the spatial and 
temporal resolution of the satellite measurements. Prior to eruption magma was stored over a large range 
of depths (∼0–2.5 km below the summit), suggesting a shallow, vertical reservoir that could provide 
another explanation for the lack of detectable deformation. The earliest sign of unrest (deep long-period 
seismicity) coincides temporally with magmatic activity (magma mixing and a change in the local stress 
state), possibly indicating the beginning of eruption run-up. The more immediate run-up began with the 
major recharge event ∼50 days prior to eruption, after which the signs of unrest became continuous. This 
timescale is long compared to the seismic run-up to other basaltic eruptions (typically hours to days). 
Other volcanoes classified as open-system, based on their lack of precursory deformation, also tend to 
have relatively long run-up durations, which may be related to the time required to fill the shallow 
reservoir with magmas sourced from greater depth.
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1. Introduction

Unraveling the sequence and duration of magmatic events pre-
ceding volcanic eruptions is central to understanding volcanoes 
and the hazards they pose. Real-time volcano monitoring during 
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unrest provides unparalleled insight into stirrings deep within a 
magmatic system (Sparks, 2003). However, translation of the sig-
nals into magmatic processes is challenging, and only a hand-
ful of eruptions are well monitored. Petrology offers powerful 
tools to study eruption run-up that benefit from direct response 
to magmatic forcings and applicability to most eruptions. Dif-
fusion chronometers (or crystal clocks) give insight into crys-
tal residence times (Cooper and Kent, 2014), mixing-to-eruption 
timescales (Costa and Chakraborty, 2004), magma ascent rates 
(Lloyd et al., 2013), and cooling rates (Newcombe et al., 2014). 
Solubility barometers indicate the depths of magmatic processes 
(Spillieart et al., 2006). Further insight into the timing of magmatic 
events can be gained by applying modern seismological techniques 
to older datasets to glean new information (e.g., stress field anal-
ysis; Roman and Gardine, 2013). Developing these tools, and tying 
them to monitoring data, will help identify eruption triggers and 
understand the significance of real-time observations during unrest 
(e.g., Kahl et al., 2011; Rae et al., 2016).

An important goal for combined geochemical and geophysical 
research is understanding the earliest signals of volcanic unrest. In 
many cases, magma recharge and mixing are thought to initiate 
eruptions (Sparks et al., 1977). Geodetic methods can give insight 
into the first signs of recharge (Lu and Dzurisin, 2014). However, 
many volcanoes lack measurable deformation signals (open-system 
volcanoes) for reasons that are not well understood (Ebmeier et 
al., 2013). Deep long-period earthquakes (DLPs) may result from 
magma movement deep within the crust (Power et al., 2004), 
thereby providing another potential early sign of recharge. Inter-
estingly, there have only been a few cases where DLPs have been 
identified as part of a precursory sequence (e.g., Power et al., 2013, 
2004; White, 1996). To better understand the duration of erup-
tion run-up, it is necessary to combine information on magma 
recharge with extremely subtle indicators of stress or deforma-
tion (e.g., shear-wave splitting) and the occurrence of DLPs prior 
to eruptions.

As a case study, we examine the 1999 sub-Plinian basaltic erup-
tion of Shishaldin volcano, Alaska, one of the few examples where 
DLPs are suggested to be the earliest precursor to eruption (Power 
et al., 2004). While most basaltic eruptions have run-up durations 
on the order of hours to days (Passarelli and Brodsky, 2012), the 
earliest detected DLP swarm at Shishaldin occurred ∼9 months 
prior to eruption, implying an abnormally long run-up. Interfer-
ometric synthetic aperture radar (InSAR) images that span the DLP 
swarm lack indication of inflation (Moran et al., 2006), which may 
be related to spatiotemporal limitations of the old dataset and/or 
the general lack of observed inter- and intra-eruptive deforma-
tion at Shishaldin over the past 20 yrs (Lu and Dzurisin, 2014;
Moran et al., 2006). We focus on this eruption to determine (1) 
when eruption run-up began and (2) why there was no readily 
InSAR-detectable geodetic signal. Both require a detailed under-
standing of the location of magmas in space and time prior to 
the eruption. A comprehensive set of real-time observations chron-
icle the run-up and ultimate VEI 3 eruption (Nye et al., 2002). 
We build on these observations using geochemical and geophys-
ical tools. Magma depths are examined by employing solubility 
barometry, using measured and reconstructed volatile contents of 
melt inclusions. The timing of magma recharge is investigated us-
ing compositional gradients in olivine for diffusion chronometry 
and seismic shear-wave splitting patterns as indicators of stress. Fi-
nally, we consider Shishaldin in the context of other open-system 
volcanoes and compare our results with seismically defined run-up 
timescales from the literature (Passarelli and Brodsky, 2012).
Fig. 1. Thickness of deposits from the 1999 eruption of Shishaldin volcano (after 
Stelling et al., 2002). The total volume of erupted products is 4.3 × 107 m3 (or 
1.4 ×107 m3 dense rock equivalent; Stelling et al., 2002). Sample SH15DJR63 (IGSN: 
TAP00005C), located at N54.71895 W163.98648 (WGS84), was collected in 2015 and 
is studied here. SSLS is a three-component short-period seismic station operated by 
the Alaska Volcano Observatory. Focal mechanism for the M5.2 from Moran et al.
(2002). Base map from Google Maps.

2. Eruption timeline

Activity precursory to the 1999 eruption of Shishaldin likely 
started in July 1998 with the occurrence of a swarm of long pe-
riod (LP) earthquakes, spanning depths of >15 to ∼0 km below 
sea level (BSL) (Moran et al., 2002). A second, minor swarm oc-
curred in September–October (Moran et al., 2002). Little activity 
followed until February 1999, when low-level seismic tremor initi-
ated (Thompson et al., 2002). On February 9, a thermal anomaly 
appeared in the summit crater (Dehn et al., 2002). Around the 
same time, vigorous steam plumes were observed, and low-level 
tremor became continuous (Nye et al., 2002). Precursory activ-
ity reached a crescendo on March 4 with a shallow (∼0 km 
BSL), strike-slip M5.2 tectonic earthquake located 16 km west of 
Shishaldin (Moran et al., 2002). Aftershocks followed, causing a 
significant increase in the rate of earthquakes (Thompson et al., 
2002). After minor Strombolian activity that began as early as late 
March (Dehn et al., 2002), a sub-Plinian, VEI 3 event occurred on 
April 19. In only ∼80 mins, ∼ 4.3 × 107 m3 of basaltic scoria (or 
1.4 × 107 km3 dense rock equivalent) was ejected in two short 
bursts, with plumes reaching heights of ∼9 and ∼16 km (Nye 
et al., 2002). After the initial sub-Plinian explosion, the eruption 
shifted to vigorous, pulsating Strombolian bursts for ∼2.5 hrs, and 
similar activity continued sporadically into May (Nye et al., 2002).

3. Sample description

We study a tephra fall deposit (SH15DJR63; IGSN: TAP00005C; 
Fig. 1) associated with the sub-Plinian phase of the eruption, the 
only phase to produce significant deposits (Stelling et al., 2002). 
The deposit was thick (>1 m) and continuous in the area sampled. 
Clast sizes range from fine ash to coarse lapilli, with rare blocks 
and bombs. The sample is basaltic (50 wt.% SiO2) in its whole rock 
and matrix glass composition (Tables C.3, C.4). Plagioclase feldspar 
is moderately abundant (∼20% modal abundance) and lesser, sube-
qual portions of olivine and clinopyroxene are present (∼3% each). 
Loose olivine (0.5–1 mm) from ash size fraction is studied. It is 
typically subhedral–euhedral with occasional dissolution textures. 
Olivine-hosted melt inclusions occur infrequently and vary in size 
(40–180 μm, average 70 μm, diameter). Most lack co-entrapped 
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crystal inclusions (>60%) or vapor bubbles (>70%). Vapor bubbles 
occupy 1–8 vol.% (3 vol.% average). Melt inclusions studied here 
were examined individually, and all are fully enclosed, glassy, and 
lack visual signs of decrepitation (e.g., wisps of glass in the host 
olivine, cracks, oversized bubbles).

4. Geochemical methods

Detailed analytical methods are given in Appendix B, and data 
are reported in Appendix C.

4.1. Analyses of olivine compositional profiles

A survey of 162 olivines was conducted by laser ablation in-
ductively coupled plasma mass spectrometry (LA ICP-MS) using 
a VG PQ Excell mass spectrometer interfaced with a NewWave 
193 nm ArF Eximer laser at Lamont-Doherty Earth Observatory. 
Of the 162 surveyed olivines, 85 were selected for further anal-
ysis based on the following criteria: presence of adhering matrix 
glass, minimal fractures, relatively simple zonation patterns, and 
cuts appearing to be on-center per criteria in Shea et al. (2015a). 
For the 85 selected olivines and the 53 olivine hosts of melt in-
clusions, we obtained backscattered electron (BSE) images using 
a Zeiss EVO60 variable pressure scanning electron microscope at 
the American Museum of Natural History (AMNH). For zoned crys-
tals (84 olivines, including 17 inclusion hosts; Appendix D), we 
also collected electron backscatter detection (EBSD) patterns to de-
termine crystallographic orientation. Quantitative measurements of 
olivine compositions were obtained using a Cameca SX-100 elec-
tron microprobe (EMP) at the AMNH. BSE grayscale values were 
fitted to olivine forsterite determined by EMP using a linear re-
gression (in most cases, R2 > 0.9).

4.2. Analyses of melt inclusions and matrix glasses

We examined 53 olivine-hosted melt inclusions, 25 contain-
ing vapor bubbles (photomicrographs in Appendix E). CO2 den-
sity in the bubbles was measured by Raman spectroscopy using 
a JY Horiba LabRam HR (800 mm) spectrometer connected to a 
514 nm Laser Physics laser at Virginia Tech, following Lamadrid 
et al. (2017). H2O and CO2 contents in 49 inclusions and 12 ma-
trix glasses were measured using a Thermo-Nicolet Nexus 670 
FTIR spectrometer coupled with a Continuum IR microscope at the 
AMNH. Major elements and volatiles (S, Cl) were measured in in-
clusions and matrix glasses on the AMNH EMP.

4.3. Accounting for post-entrapment changes to melt inclusion 
compositions

Post-entrapment crystallization (or melting), termed PEC (or 
PEM), of olivine along the melt inclusion-olivine interface is com-
mon. The process occurs when the olivine-melt equilibrium shifts 
after inclusion entrapment, primarily due to cooling or heating. We 
tested for PEC/PEM by evaluating the equilibrium host Fo. To cal-
culate the equilibrium host composition, the Fe speciation and the 
Fe–Mg olivine-melt partitioning (KFe–Mg

D ) must be known. To ob-
tain oxygen fugacity, the olivine-melt V partitioning oxybarometer 
of Canil (2002) was applied to matrix–glass–olivine pairs analyzed 
by LA ICP-MS. Calculated values of NNO are −1 to +1 that average 
to NNO +0 ±0.5 (or ±0.2 using the standard error of the mean) 
(Fig. A.1a). Fe speciation was determined using Eq. 6 of Kress and 
Carmichael (1991), which yields an average Fe3+/FeT of 0.19 ± 0.03 
(Fig. A.1b). We followed Toplis (2005) to calculate KFe–Mg

D (avg. 
0.32). In many cases (22 of 53), inclusions were in equilibrium 
with a host composition that is within 1 mol% of the measured 
host Fo (Fig. A.2), reflecting minor PEC/PEM. We corrected for these 
processes by incremental addition (or in the cases of PEM, sub-
traction) of olivine until equilibrium is satisfied. Calculations were 
performed using a Monte Carlo approach, conducting 200 trials 
for each inclusion in which inclusion and host compositions and 
Fe speciation were varied over their uncertainties. Most (83%) in-
clusions without vapor bubbles experienced PEM (avg. 1.5 wt.% 
olivine), whereas bubble-bearing inclusions typically (58%) under-
went PEC (avg. 1.5 wt.%).

Vapor bubbles can form in melt inclusions during cooling and 
crystallization, diffusive H+ loss, and depressurization during as-
cent. The bubbles typically contain CO2 (Hartley et al., 2014;
Moore et al., 2015) and possibly other volatile species (Esposito 
et al., 2016). We accounted for vapor bubble formation by adding 
CO2 in the bubble back into the inclusion following the methods of 
Moore et al. (2015). The density of CO2 in each bubble was calcu-
lated using the Raman-measured Fermi diad splitting and the cali-
bration of Lamadrid et al. (2017). Our results suggest 97–∼100% of 
the originally entrapped CO2 was lost to the bubble.

5. Olivine and melt inclusion populations

5.1. Olivine populations

Olivines exhibit significant chemical variability, having an over-
all range of Fo53–80, 0.05–0.36 wt.% CaO, 0.29–0.77 wt.% MnO, and 
25–566 ppm Ni. Olivine core compositions form one dominant and 
two lesser modes, and rims plot between the high- and low-Fo 
core modes (Fig. 2). The zonation patterns can be binned into four 
types: nominally unzoned, predominantly normally zoned (i.e., Fo 
decreases toward rim; Fig. 3a), predominantly reversely zoned (i.e., 
Fo increases toward rim; Figs. 3b, c), and irregular (not evaluated). 
In the 85 evaluated olivines, three distinct populations are delin-
eated by olivine core compositions and zonation patterns (Fig. 2). 
Population 1 consists of the most evolved olivines (71 crystals 
with Fo58–69) that are mostly reversely zoned (83%); fewer have 
no zonation (11%) or normal zonation (6%). Population 2 Fo69–76
olivines have mixed zonation. Of the 11 crystals, 64% are reversely 
zoned and 36% are normally zoned. Population 3 is comprised of 
the most primitive olivines (Fo76–80). All 3 are normally zoned. 
Steep, narrow (<5 μm) zonation bands occur in 9 of the 85 eval-
uated crystals (e.g., Fig. 3b), which we consider to be the product 
of late stage growth or diffusion and do not consider in classifying 
zonation patterns or diffusion modeling.

5.2. Melt inclusion and host olivine populations

Melt inclusion host compositions, which are used for inclu-
sion classification, follow the olivine populations described above 
(Fig. 2). Three populations are also reflected in inclusion major ele-
ment, S, and CO2 compositions (Figs. 4, A.3, A.5). Most hosts are re-
versely zoned (57%), and fewer lack zonation (23%) or are normally 
zoned (20%). All but 3 inclusions are in the unzoned core. Inclusion 
major element compositions are largely basaltic (2.8–5.7 wt.% MgO, 
46.4–53.3 wt.% SiO2; Fig. A.3). Compositions diverge from the bulk 
rock array of Shishaldin toward elevated FeOT and lower Al2O3, 
which we ascribe to shallow plagioclase crystallization based on 
compositional similarity between population 1 inclusions and the 
matrix glass (Figs. A.3a, c). Population 3 (a single inclusion) plots 
with the bulk rock compositions, and population 2 is intermedi-
ate (Fig. A.3). In general, population 1 are the most degassed in 
volatiles, population 3 the least, and population 2 is intermediate 
(Figs. 4, A.4, A.5). H2O (0.1–2.5 wt.%) and CO2 (∼0–2630 ppm) do 
not follow an equilibrium degassing path. Inclusions with high H2O 
and negligible CO2 concentrations indicate degassing occurred in a 
relatively open system (i.e., open-system degassing curve; Figs. 4, 
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Fig. 2. Kernel density estimate of olivine populations. The y-axis scale is arbitrary. Core (solid black) and rim (dashed black) compositions are the average of the first and last 
1.5 μm of a core to rim traverse of olivines not used for melt inclusion work. Melt inclusion hosts (green) are compositions of olivine host adjacent to the melt inclusion. 
Each vertical line plots a calculated equilibrium olivine Fo of a matrix glass (cyan) or bulk rock (blue) sample assuming a KFe–Mg

D of 0.32 (average of value calculated for melt 
inclusions). Right hand panels show the same core, rim, and melt inclusion host data with different bandwidths used for the kernel density estimates. Evidence for magma 
mixing is demonstrated by high- and low-Fo modes of core compositions and intermediate rim compositions. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
A.6). Deviation from the open-system path is likely due to diffu-
sive loss of H+ , which is supported by the lack of a systematic 
relationship between H2O and K2O (Fig. A.5a) (Lloyd et al., 2013). 
Conversely, S correlates negatively with K2O (Fig. A.5c), consistent 
with crystallization driven by decompression and degassing.

5.3. Evidence for magma mixing

Olivine composition and zonation provide strong evidence for 
mixing. End-member scenarios are (1) mixing between less- and 
more-evolved magmas and (2) mixing between an intermediate 
magma and pre-existing olivine. In the first case, low-Fo (Popu-
lation 1) and high-Fo (Population 3) olivine populations may re-
flect the end-member magmas, and the mixing reservoir is repre-
sented by intermediate rim compositions and population 2 crystals 
that have intermediate compositions and mixed zonation patterns 
(Fig. 2). Similar patterns in olivine compositions have been used 
to infer mixing at Mt. Etna (Kahl et al., 2011) and many other 
volcanoes (e.g., Kı̄lauea; Rae et al., 2016). Alternatively, crystal pop-
ulations and zonation profiles could represent cumulate entrain-
ment. In this case, a magma, represented by population 2 crystals, 
would have picked up two populations of pre-existing olivine (pop-
ulations 1 and 3), drawing olivine compositions towards that of 
the intermediate magma. The thermal histories of melt inclusions 
corroborate both scenarios. Eruption temperatures are generally 
greater than entrapment temperatures for more inclusions in pop-
ulation 1, and vice versa in population 3 (Fig. A.7). Both cases, 
collectively referred to as magma mixing, have similar implications 
for the timing of recharge and will be explored together.

6. Geochemical modeling

6.1. Modeling mixing-to-eruption time with Fe–Mg interdiffusion

Upon magma mixing, melt-crystal equilibrium is shifted. Crys-
tals respond by some combination of crystal growth, dissolution, 
and diffusion (Streck, 2008). The process of diffusive equilibration 
is often incomplete for certain elements at the time of eruption, 
leaving a chemical gradient frozen into the crystal that can be 
used to study the time elapsed between the mixing event (diffu-
sion starts) and eruption (diffusion effectively stops). Fe–Mg diffu-
sive exchange in olivine (i.e., Fe–Mg interdiffusion) is a particularly 
powerful chronometer because the rate of diffusion is well known 
(Dohmen and Chakraborty, 2007), timescales of days to years can 
be studied (e.g., Kahl et al., 2011), and profiles can be measured at 
high spatial resolution via BSE imaging (Streck, 2008).

Olivine composition and zonation patterns studied here indi-
cate magma mixing. Therefore, we can extract a temporal record 
of the mixing event(s) by modeling Fe–Mg interdiffusion. Most 
evaluated crystals contain simple zonation patterns (i.e., reverse or 
normal zonation near the rim and a flat chemical gradient near 
the core). A few crystals (4 of 78) show interior zonation patterns 
that merged into the zonation pattern on the rim. For these cases, 
we modeled the dominant zonation pattern. Modeling was con-
ducted using the DIPRA software (Girona and Costa, 2013), a finite 
difference code that solves Fick’s second law of diffusion. Several 
parameters went into the calculation:

Initial concentration profile. Following mixing, the olivine zona-
tion can be described as initially homogeneous (i.e., no crystal 
growth; Figs. 3a, b), step-function (i.e., “instantaneous” olivine 
growth; Fig. 3), or initially zoned (i.e., olivine growth, leaving a 
zoned profile). We did not consider the third case (initially zoned) 
because olivine crystallization, even if rapid, is thought to result 
in a homogeneous profile (e.g., Shea et al., 2015b). Additionally, 
we modeled profiles along different crystallographic axes and only 
consider results with timescales that overlap within uncertainty. To 
distinguish between initially homogeneous and step-function cases, 
we took two approaches. First, we evaluated the profile shape of a 
slow diffusing (>decades) element (P). The effective partitioning of 
P increases when crystal growth rate is high (Milman-Barris et al., 
2008). Thus, a sharp increase in P2O5 implies rapid olivine growth 
(step-function) (e.g., Fig. 3c). Second, we evaluated the shape of 
the Fo profile. Where a zoned profile plateaus near the rim or the 
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Fig. 3. Examples of measured and modeled olivine compositional profiles for three different olivine grains. Dashed lines show the initial compositional profile used for 
modeling diffusion. P2O5 concentrations were measured by LA ICP-MS with a 25 μm diameter beam. Uncertainties are based on internal temperature uncertainty (see text 
for details). (a) Both step function and initially homogeneous models fit the data well, but the plateau near the rim supports the former. (b) Small (<6 μm) normally zoned 
rim assumed to be late-stage overgrowth and was not considered during modeling. Data support both step function and initially homogeneous initial conditions. (c) Spike in 
P concentration supports a step function initial condition.
profile is strongly sigmoidal in shape, we assumed rapid olivine 
growth occurred (e.g., Fig. 3a). If we could not distinguish between 
initial conditions using these criteria, we modeled both initially 
homogeneous and step function cases. Where both cases yield con-
sistent results for axes along different crystallographic directions, 
we present each as tmin (for step function) and tmax (for initially 
homogeneous). Where results for just one of the starting condi-
tions was consistent or the initial condition could be inferred, one 
timescale is provided.

Crystallographic orientation. Diffusion along the c-axis of olivine 
is six times faster than along the a- and b-axes (Dohmen and 
Chakraborty, 2007). We used EBSD results to constrain the orien-
tation.
Temperature. We calculated equilibrium temperature of olivine-
melt-inclusion pairs using the thermometer (eq. 4) of Putirka et 
al. (2007). To avoid uncertainty introduced by PEC/PEM correc-
tions, we evaluated 10 bubble-free melt inclusions without sig-
nificant PEC/PEM (i.e., equilibrium olivine within one Fo mol.% 
of the host; Fig. A.2), which we assume to be representative of 
the mixed magma body. The average temperature, 1093 ◦C, is in 
good agreement with temperature from olivine–matrix–glass pairs 
(Fig. A.7). We consider the standard deviation of these temperature 
measurements (±8 ◦C) as the internal uncertainty and the stan-
dard error of estimate (SEE) of the thermometer (±29 ◦C) as the 
systematic uncertainty. We also calculated the entrapment temper-
ature, using the measured host composition with the PEC/PEM cor-
rected inclusion composition and H2O concentration determined 
by S–H2O systematics (Fig. A.4), and the eruption temperature, 
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Fig. 4. H2O and CO2 content of melt inclusions and matrix glasses. Holocene data 
are from Zimmer et al. (2010). Melt inclusions showing CO2 concentrations below 
the detection limit for FTIR (3∗std. dev.background = 40 ppm) are plotted along the 
x-axis (i.e., CO2 = 0 ppm). The detection limit is shown in dark gray. CO2 contents of 
melt inclusions with vapor bubbles that have been reconstructed using Raman data 
are indicated by black dots, and inclusions with vapor bubbles that have not been 
reconstructed are indicated by white dots. Inclusions without a vapor bubble do not 
have a dot. Error bars are 1σ and include uncertainty of FTIR and Raman (when 
applicable) analyses. Isobars and degassing paths were calculated using Newman 
and Lowenstern (2002), assuming SiO2 = 49 wt.% and T = 1093 ◦C. Melt inclusions 
that plot at high values of H2O and low values of CO2 (i.e., below detection limit) 
indicate degassing occurs in a relatively open system (Newman and Lowenstern, 
2002).

using measured inclusion composition with the calculated equi-
librium olivine and measured H2O concentration. These results av-
erage to 1072 ◦C and 1095 ◦C, respectively, most falling within the 
SEE of the thermometer (Fig. A.7).

Pressure. Pressure has a minor effect on diffusion. For simplicity, 
we assumed a value of 90 MPa, which is consistent with results of 
solubility barometry.

Oxygen fugacity. We used the average result (NNO +0) from 
olivine-melt V partitioning calculations described above and shown 
in Fig. A.1a.

Diffusivity. Expressions for the diffusivity of Fe–Mg in olivine de-
rived from DIPRA are based on experimentally calibrated models 
from the literature (Dohmen and Chakraborty, 2007). The effect 
of water on Fe–Mg interdiffusion was assumed negligible because 
of the low water content (∼1 wt.%) of the system (Costa and 
Chakraborty, 2008).

The DIPRA software calculates error in diffusion time based 
on uncertainties in temperature and composition (i.e., analytical 
noise). We used both the internal and systematic uncertainties in 
temperature for error analysis. Uncertainty in oxygen fugacity is 
thought to have a minor effect on diffusion times (±5% for the 
standard error of the mean of NNO measurements) and is not con-
sidered further.

We evaluated 148 individual profiles in 78 crystals (including 
18 melt inclusion hosts), and 69 crystals had timescales between 
multiple profiles overlapping within uncertainty (Fig. 5). Crystals 
without consistent results, likely reflecting growth zonation or sec-
tioning effects (Shea et al., 2015a), were excluded. For timescales, 
typical 1σ internal uncertainty is about 14%, whereas systematic 
uncertainty is 35–50%.
6.2. Modeling the depth of magma storage with vapor saturation 
pressure

Volatile solubility in silicate melt strongly depends on pres-
sure (Moore, 2008). Melt inclusions record the volatile content 
of a differentiating magma, thereby providing a tool to examine 
the depths of magma storage, provided two strict requirements 
are met. First, the entrapped melt was vapor-saturated. Second, 
H2O and CO2 contents are unchanged since entrapment. Inclusions 
show clear evidence of saturation with a mixed volatile phase. 
Compared to an index of crystallization (e.g., K2O), CO2 does not 
behave incompatibly (Figs. A.5a, b). The second requirement pro-
vides a challenge. Inclusions rapidly lose (or gain) H2O by diffusion 
of H+ through the host when a concentration gradient exists be-
tween the external melt and inclusion (Gaetani et al., 2012). Diffu-
sive loss of H+ becomes important during magma ascent as water 
degasses, increasingly at shallower depths (Fig. 4). The process can 
be examined by evaluating water contents of inclusions of variable 
size because small inclusions re-equilibrate more rapidly (Chen et 
al., 2013). No relationship exists between inclusion size and water 
content, implying that water loss during ascent is minor. Addition-
ally, we modeled diffusive loss of H+ from inclusions, using the 
model of Chen et al. (2013) modified by Rasmussen et al. (2017). 
Negligible water loss occurs (<0.1 wt.%), assuming minimum rea-
sonable ascent rates (0.1 m/s; Lloyd et al., 2013) and maximum 
storage depths (3 km; Fig. 6). However, longer term water loss is 
likely, indicated by H2O and K2O scatter (Fig. A.5a), which is prob-
ably the result of re-equilibration with the shallow magma during 
pre-eruptive storage.

Taking these observations into account, we calculated two pres-
sures recorded by melt inclusions. First, we calculated the last 
pressure of equilibration (Pequil), reflected in the measured H2O 
contents of the inclusions. The assumption is that the inclusions 
stalled at this pressure long enough (>hours to days) for the in-
clusions to diffusively equilibrate to the H2O concentration of the 
external magma, and then erupted rapidly from this depth. We 
have shown that inclusion compositions are consistent with open-
system degassing (Figs. 4, A.6), whereby CO2 is nearly completely 
lost before H2O degasses. Therefore, the measured H2O content 
and CO2 = 0 ppm was used to calculate Pequil. Second, we cal-
culated entrapment pressure (Pentrap), which requires that water 
contents to be corrected for the diffusive loss. Given that S does 
not diffuse through olivine significantly over the ∼1 yr timeframe 
of this eruptive system, and there is little evidence that signif-
icant portions enter vapor bubbles, we used S–H2O systematics 
(Fig. A.4) to restore the initial H2O concentration. Restored H2O 
and measured CO2 were used to calculate the Pentrap. Vapor sat-
uration pressures were modeled using Newman and Lowenstern
(2002). Results for Pequil vary from 0.1–63 MPa, corresponding to 
depths of <3 km (for >2.2 g/cm3), which is within the volcanic 
edifice, and Pentrap estimates vary from 10–500 MPa, correspond-
ing to depths of ∼0–20 km (Fig. 6).

7. Shear-wave splitting analysis

In 1998–1999, Shishaldin was monitored by a permanent seis-
mic network comprised of three Mark Products short-period seis-
mic stations located within 10 km of the summit (Moran et al., 
2002). One station (SSLS; Fig. 1) hosted a three-component sensor 
(MP L22-3D; 1 Hz corner) sampled at 100 Hz, enabling analysis of 
shear-wave splitting (SWS) in regional (tectonic) earthquakes using 
a semi-automated method (Savage et al., 2010), detailed in Ap-
pendix B.

From 46 analyzed regional earthquakes during July 1998–
December 1999, we obtained 11 stable SWS measurements that al-
low us to make broad interpretations of precursory stress changes 
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Fig. 5. Diffusion modeling results. Where the initial compositional profile could not be inferred, tmin is the result for a step function and tmax is for initially homogeneous. 
For cases where the initial condition could be inferred, tmin = tmax . Results for both cases are plotted along a single row and, within each population, are ordered by tmin . 
Two 1σ error bars are plotted for each timescale, the shorter error bar represents the internal error (approx. the size of the symbol in most cases, ∼14%) and the longer 
represents the systematic error (−35%/+50%; see text for details). Note steep gradients in distribution curves (ME1-3) occurring around major geophysical precursors (e.g., 
start of long period earthquakes, magnitude 5.2 earthquake).
in response to magma mixing and ascent (Fig. 7). The depths of 
the events are variable (12–65 km BSL; Fig. 7, Table C.8). Prior to 
mid-August 1998, fast wavelet orientations (Φ) are subparallel to 
regional maximum compression. From mid-August 1998 until the 
eruption, Φ measurements indicate a spatiotemporally heteroge-
neous local stress field orientation. In August 1998, delay times 
(dt) increase sharply from 0.1 s to > 0.4 s and Φ changes from 
subparallel to the regional maximum compression to perpendicu-
lar, coincident with the July LP swarm. Starting in February 1999, 
dt decreases sharply and Φ becomes variable, coincident with the 
observation of a thermal anomaly at the summit. Following the 
eruption, dt and Φ both return to background levels. The depth of 
the anisotropic region, which existed from August 1998 until the 
eruption in April 1999, is constrained to the depth range between 
the earthquake depth and the elevation of SSLS (∼1 km above sea 
level). In most cases, the depth range spans the thickness of the 
crust (41 km; Janiszewski et al., 2013).
8. Discussion

8.1. Combining geochemical and geophysical observations of eruption 
run-up

Generally considered the earliest precursor to the 1999 erup-
tion of Shishaldin, the July 1998 LP swarm spanned depths of 
>20 km to the surface, providing captivating, yet tenuous, evi-
dence for magma recharge from the mid crust (Moran et al., 2006;
Power et al., 2004). LP earthquakes are typically associated with 
magma movement (Power et al., 2004), although other source 
mechanisms have been proposed (Aso and Tsai, 2014). InSAR im-
ages spanning this period do not show inflation (Moran et al., 
2006). Therefore, the recharge interpretation would benefit from 
crystal clock corroboration. The longest mixing timescales we find 
form a weak peak at ∼350 (ME-1, Fig. 8e), ±40 days (inter-
nal uncertainty) or −120/ + 175 days (systematic uncertainty). 
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Fig. 6. Melt inclusion entrapment pressures and depths (assuming lithostatic pressures with ρ = 2.6 g/cm3 at <12 km depth and ρ = 3.0 g/cm3 at >12 km depth). 
Vapor saturation pressures were modeled using Newman and Lowenstern (2002). Only bubble-free or Raman-reconstructed melt inclusions are plotted. Pequil uses the 
measured H2O content and CO2 = 0 ppm, and Pentrap represents a calculated value of H2O based on S content and measured CO2 concentrations (see text for details).
(b) Mixing-to-eruption times are plotted for individual traverses. For each traverse, vertical bars show Pequil (top) and Pentrap (bottom) for the hosted inclusion, horizontal 
bars show tmin (right) and tmax (left), and the colored symbols are the average. Data points without bars indicate Pmin ≈ Pmax and/or tmin ≈ tmax . (For interpretation of the 
references to color in this figure, the reader is referred to the web version of this article.)
We attribute this peak to mixing that followed the July DLP 
swarm (∼290 days) (Fig. 9a). A possible reason for the offset is 
that our temperature estimates are for the magma immediately 
prior to eruption. Temperatures of earlier magmas are less well-
constrained.

A month after the July LP swarm, we observe a change in SWS 
(Fig. 7). An increase in dt was accompanied by a ∼90◦ change in Φ
from parallel to regional maximum compressive stress (NUVEL-1A; 
DeMets et al., 1994) to nearly perpendicular. A similar change in 
SWS observed during the run-up to the 2009 eruption of Redoubt 
volcano was suggested to result from stress field reorientation fol-
lowing magmatic intrusion (Roman and Gardine, 2013). Pressur-
ization can result from addition of new magma or second boiling 
of magma already in place. Diffusion chronometry does not give a 
strong indication of mixing during the August 1998 change in dt 
(Fig. 8e), although the first peak in mixing timescales (ME-1) at 
350 days could be shifted to this event (260 days) if the temper-
atures are under-estimated by 20 degrees (within the systematic 
uncertainty). We find it more likely, however, that ME-1 coin-
cides with the July LP swarm, which is closer in time to the ME-1 
peak. The two earthquakes bracketing the change in SWS occurred 
at 57 km depth (Fig. 7), giving a maximum depth for the intru-
sion. Therefore, the pressurization associated with the stress field 
change could have occurred without mixing (or without a crystal 
clock record), perhaps deep in the system, or as a delayed response 
to the mixing event (i.e., due to second boiling).

A second swarm of LP earthquakes occurred in October–
November 1998, and after, there were few geophysical signs of 
unrest until February 1999 (Fig. 8). During this time, a few crys-
tal clocks, roughly one every five days, were activated (Fig. 8e). 
One possibility is that there was quiescence in the magmatic sys-
tem during this time, and the few diffusion timescales we see 
are due to sectioning effects (Shea et al., 2015a). However, if this 
were the case, we would expect to see a pseudo-exponential de-
cay in the number of timescales following the true mixing events. 
The observed distribution is more irregular. More likely scenar-
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Fig. 7. Results of shear-wave splitting analysis. Individual earthquakes are color mapped to their located depth. Dashed lines between earthquakes are interpolated. The 1σ
uncertainty in measured delay time for each earthquake is shown with vertical black bars, which are smaller than the scatter markers in most instances. For each event, 
the orientation of the regional maximum compression (NUVEL-1A; DeMets et al., 1994) is shown in black, and the orientation of the polarized fast wavelet is shown in 
green (with the 1σ error in light green). Significant changes in the delay time and polarization of the fast wavelet occurred on August 15, 1998 and March 9, 1999. Both 
observations are consistent with magma movement. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.)
ios include small recharge events or mixing during destabilization 
and rearrangement (Fig. 9b). Winter storms could have increased 
instrument noise and obscured subtle seismic signals of unrest. 
Additionally, the feeding system may have become mechanically 
weak and less prone to seismicity after repeated intrusion (Sparks, 
2003).

February and March of 1999 brought signs of impending erup-
tion (Fig. 8). On February 9, satellite observations detected a ther-
mal anomaly in the summit crater (Dehn et al., 2002). Around 
this time, LP events were recorded, tremor became continuous, 
and vigorous steam plumes were emitted (Nye et al., 2002). We 
also observed a concurrent decrease in dt (Fig. 7), suggesting a de-
crease in pressurization below the elevation of station SSLS. There 
is not strong evidence for significant mixing at that time (Fig. 8e). 
These observations are consistent with upward transfer of magma 
to a shallower reservoir (Fig. 9c). On March 4, there was a shallow 
M5.2 tectonic earthquake that has been attributed to magmatic in-
trusion (Moran et al., 2002). Concurrently, the thermal anomaly 
grew in strength and, based on zenith angle widening, apparently 
ascended in the conduit until March 21, when Strombolian activity 
may have commenced (Dehn et al., 2002; Fig. 8c). A major peak 
(ME-2 = ∼50 ±7 days) in mixing timescales is coincident with 
the M5.2 earthquake (46 days), which gives strong evidence that 
a large pulse of new magma charged the shallow system at the 
time (ME-2; Fig. 8d). However, the systematic uncertainty could 
shift this peak by ±21 days, leaving some uncertainty on the tim-
ing. Also at the time of the M5.2, dt dropped to nearly background 
levels (Figs. 7, 8c), but measurements of Φ were more variable 
over the next few weeks. These observations are most consistent 
with the upward propagation of the pressure source to an eleva-
tion above SSLS, but because the depths of the earthquakes are 
variable during this time, the length of the ray path could have 
some effect on the signal. Taken together, we have evidence of up-
ward magma migration in the shallow system in early February 
(Fig. 9c), and a clear indication that a large intrusion that occurred 
in late February to early March (Fig. 9d).
Unrest continued after the M5.2 earthquake. Tremor gradually 
increased in magnitude, punctuated by a few spikes and drops, 
possibly indicating Strombolian activity (Thompson et al., 2002). 
There is a lull in crystal clock initiation until approximately a week 
prior to eruption when there is an uptick in mixing timescales 
(ME-3 = ∼10 ±1 days; April 9; Figs. 5, 8d), which is coincident 
with a sharp increase in tremor that occurred on April 7 (Nye et 
al., 2002). ME-3 likely represents a new magma injection or vigor-
ous mixing of heterogeneous domains prior to eruption (Fig. 9e). 
The latter is supported by the irregular nature of the zonation pat-
terns (ME-3 zonation patterns in population 1 are both reverse and 
normally zoned). About a week later (April 17), the first confirmed 
eruptive activity began, consisting of small Strombolian bursts (Nye 
et al., 2002). On April 19, the sub-Plinian eruption occurred.

8.2. Why does Shishaldin apparently not deform?

Despite 43 million m3 of tephra being ejected, interferograms 
spanning the 1999 eruption of Shishaldin (September 1998 to 
May 1999; Fig. 8c) showed negligible eruption-related deformation 
(Lu and Dzurisin, 2014; Moran et al., 2006), consistent with the 
long-term lack of observable deformation (Lu and Dzurisin, 2014;
Moran et al., 2006). Synthetic interferograms simulating with-
drawal of the appropriate volume of melt from a Mogi source 
at shallow depths (0 km BSL) show deformation above detection 
limit (Lu and Dzurisin, 2014). Evaluating the 1995 and 1999 erup-
tions of Shishaldin, Moran et al. (2006) suggest several possible 
explanations for the apparent lack of deformation: (1) deforma-
tion took place and was recovered in the time between satellite 
passes (∼9 months), (2) deformation was focused in regions where 
InSAR is insensitive to deformation (i.e., >10 km BSL or in the ed-
ifice), or (3) there was no deformation. They favored the first two 
ideas, suggesting recharge originates from deep (>10 km BSL) and 
operates on timescales outside the temporal resolution of InSAR, 
and associated deformation occurred in regions where the defor-
mation signal was dampened. Critical to testing this hypothesis is 



10 D.J. Rasmussen et al. / Earth and Planetary Science Letters 486 (2018) 1–14
Fig. 8. Run-up to eruption. (a) Earthquake locations are from the AVO catalog (Jolly et al., 2001). No events are obscured by the legends. (b) Melt inclusion (MI) entrapment 
depths from this study. Histograms have a 1 km bin and each population has a maximum density normalized to the same arbitrary value. (c) Summit observations include 
visually observed steam/ash plumes (Nye et al., 2002), a thermal anomaly detected in the summit crater (Dehn et al., 2002), and InSAR observations (Moran et al., 2006).
(d) Shear-wave spitting results from this study. (e) Mixing-to-eruption timescales from this study. High confidence mixing events (ME-#) are indicated by green stars, and 
representative internal and systematic uncertainties are given for each mixing event (see text for details). (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)
understanding the location of magmas in space and time prior to 
eruption.

Geochemical and geophysical observations discussed here pro-
vide a detailed pre-eruptive history of the magmas. Recharge oc-
curred in July 1998 (ME-1; Fig. 9a) and small intrusions may 
have continued sporadically (Fig. 9b) until February–March 1999 
(ME-2), when a substantial influx of magma to the shallow stor-
age region occurred (Fig. 9d). The July recharge magma was likely 
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Fig. 9. Possible sequence of events leading to the 1999 eruption of Shishaldin volcano (see text for details). ME-1, ME-2, and ME-3 are mixing events identified in Figs. 5 and 8.
(a) Recharge event in July 1998 causes swarm of long-period earthquakes. Some mixing between deeply (>10 km) derived recharge magma (∼Fo78) and shallowly (<3 km) 
stored resident magma (∼Fo63), starting some crystal clocks. (b) A period of sporadic intrusions and/or destabilization and rearrangement of the shallow plumbing system, 
creating some crystal zonation patterns. Geophysical signals of unrest are weak until January–February 1999 when a thermal anomaly occurs in the summit crater coincident 
with emission of steam plumes and seismicity increases, all of which may indicate destabilization and rearrangement of the shallow plumbing system. (c) Destabilization 
and rearrangement of (and possibly intrusion into) the shallow reservoir creates thermal anomaly and triggers steam plumes. (d) A recharge event delivers a large volume 
of magma to the shallow system, changing the local stress state and triggering the M5.2 earthquake and starting many crystal clocks. (e) A relatively small mixing event 
triggers the eruption within a few days.
derived from >20 km depth, indicated by the maximum depth 
of LP swarms (Fig. 8a), and it resulted in pressurization of an 
area below the elevation of station SSLS (Figs. 7, 9b). Part of the 
February–March recharge may have been sourced from a similar 
depth as the July recharge, given the entrapment pressure (equiv-
alent to ∼20 km depth) of the single melt inclusion that is associ-
ated with the recharge magma (Population 3, Figs. 6, 8b). Magma 
in the pressurization region also likely ascended during this time, 
which resulted in the upward migration of the pressure source and 
causing the decline in dt measured at SSLS (Figs. 7, 9d). Mixing 
associated with the July and February–March recharge events oc-
curred between recharge magma and shallow olivine stored within 
the edifice (Pentrap of Population 1 are nearly all in the edifice; 
Figs. 6a, 8b). Corroborating this notion are mixing timescales in 
olivines with shallowly entrapped inclusions that might date back 
to the July LP swarm (Fig. 6b). Additionally, population 2 olivines 
may represent the mixing reservoir, with entrapment depths con-
straining the mixing depth to mostly within the edifice (Fig. 6a). 
Together, we have evidence of recharge initiating at depths of 
≥20 km, which led to mixing at shallow depths (within edi-
fice).

The volumetric proportion of resident and recharge magmas 
can be approximated for the two end-member mixing scenar-
ios considered: (1) mixing between more- and less-evolved mag-
mas (represented by populations 1 and 3) or (2) mixing between 
an intermediate composition magma (i.e., population 2) and pre-
existing olivine. In the first case, melt ratios can be approximated 
by evaluating the mixing ratio of the melts in equilibrium with 
the modes of populations 1 (Fo63) and 3 (Fo78) cores required 
to create the rim composition mode (Fo68), which indicates a 3:2 
ratio of resident to recharge melt. Alternatively, the second case re-
quires that all the melt was delivered during the recharge. In both 
cases, the recharge magma contributes substantially to the volume 
of erupted magma.

These results indicate that InSAR images used by Moran et al.
(2002) were blind to the deformation in both space and time. Mag-
mas feeding the eruption were sourced from depths of <3 km 
(in the edifice) or >10 km BSL, and most of the recharge magma 
moved between the deep and shallow reservoirs in the time be-
tween satellite passes. It is unclear if deformation would have been 
detected if measurements were made with modern satellites or 
ground-based sensors, which may offer greater sensitivity or a de-
creased repeat interval of measurements.

The long-term lack of deformation at Shishaldin is yet to be 
explained. One possibility is the absence of a permanent shallow 
storage region at Shishaldin (Moran et al., 2006; Lu and Dzurisin, 
2014). However, LP swarms during repose intervals are common 
(Fig. A.8), which are possibly related to upward melt migration. 
Shallow, inter-eruption storage has been suggested (Cusano et al., 
2015). If this occurs, long-term lack of deformation may relate to 
the geometry of magma storage. Vertically oriented reservoirs re-
sult in minor surface deformation relative to point-source approx-
imations (Ebmeier et al., 2013), which could explain the absence 
of observations of significant deformation at Shishaldin. Assum-
ing water loss during ascent is minimal (see 6.2), melt inclu-
sions evaluated here indicate storage at a range of depths prior 
to eruption (Pequil, Fig. 6a), supporting a vertically oriented sys-
tem. One possibility is that shallow magma storage occurs in a 
conduit, which has been suggested for other open-system vol-
canoes (Chaussard et al., 2013). If so, an approximation of the 
dimensions can be made by taking the volume of erupted ma-
terial (1.4 × 107 m3 DRE; Stelling et al., 2002) and the vertical 
extent of pre-eruptive magma storage of 2.5 km indicated by Pequil
(Fig. 6a), which yields a relatively large conduit radius of ∼42 m. 
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Fig. 10. Relationship between eruption run-up (time between the first signal of unrest and the eruption) and repose (time since the previous eruption) modified from 
Passarelli and Brodsky (2012). ME-1, ME-3, and ME-3 are mixing events preceding the 1999 eruption of Shishaldin volcano, indicated in Fig. 8. Circled are eruptions that 
occurred at volcanoes characterized as “open-system” due to lack of apparent precursory deformation (Chaussard et al., 2013; Ebmeier et al., 2013), which tend to have 
relatively long run-up durations. Violet and cyan fields distinguish hot spot (violet) and arc (cyan) volcanoes. A table providing data for the various eruptions shown here, 
with abbreviations, is given in the electronic supplementary material. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
This might suggest the storage region was more extensive than a 
conduit.

8.3. When does eruption run-up begin?

Identifying the timing and nature of magmatic events that pre-
cede eruption informs our understanding of eruption triggers and 
improves hazard assessment. For the 1999 eruption of Shishaldin, 
most consider the July LP swarm as the earliest sign of unrest 
(Nye et al., 2002; Power et al., 2004). However, the role the July 
LP events played in eruption run-up is neither simple, nor di-
rect. Similar LP swarms are common to Shishaldin, and most do 
not lead to eruption (Fig. A.7), consistent with studies of crystal 
residence times that reflect several pulses of magmatic input to 
crustal reservoirs during repose intervals (Cooper and Kent, 2014). 
Following the second LP swarm in November, there was a period 
of relative geophysical and petrological quiescence (Fig. 8), with 
perhaps some small recharge events (Fig. 9b). After this brief re-
pose, signals of unrest begin again in January–February 1999, cul-
minating in a high flux recharge event in February–March 1999 
(ME-2; Fig. 8). Interestingly, there were relatively few seismic signs 
of recharge until the M5.2 earthquake except for a few long-
period earthquakes (Fig. 8a) and tremor that was first recognized 
in mid-January (Thompson et al., 2002). It is possible that the July 
recharge “cleared the way”, opening a path for magmas to later as-
cend aseismically. Borrowing terminology from Putirka (2017), we 
might categorize the July LP swarm and mixing event (ME-1) as 
being the start of the “proximal” run-up, whereas the February–
March recharge (ME-2) was the start of the “immediate” run-up 
when signals of unrest became continuous, and a final mixing 
event (ME-3) may have led to the onset of eruption.
Regardless of the event that best marks the beginning of un-
rest (e.g., ME-1, ME-2, ME-3), or whether a discrete event could do 
so, Shishaldin had a long run-up relative to those defined seismi-
cally with a similar repose interval, especially compared to other 
basaltic eruptions (Fig. 10). Due to the long-term lack of observed 
deformation, Shishaldin has been characterized as an open-system 
volcano (Lu and Dzurisin, 2014). One interpretation of this behav-
ior is that deeply derived magma moves into the shallow system, 
pressurizing the shallow reservoir immediately prior to eruption 
(Ebmeier et al., 2013; Lu and Dzurisin, 2014). It is possible that 
the long duration of run-up at Shishaldin, and at some other open-
system volcanoes (Fig. 10), reflects the time required to transfer 
erupted mass from a deep reservoir to a shallow staging area. Al-
ternatively, closed-system eruptions may be fed from a shallow 
reservoir (Chaussard et al., 2013). Some other open-system volca-
noes have been suggested to have similarly deeply rooted plumb-
ing systems with minor shallow reservoirs (e.g., Cleveland, Galeras, 
Pavlof; Lu and Dzurisin, 2014). Others show evidence for estab-
lished shallow reservoirs (e.g., Popocatépetl, Colima, and Merapi; 
Chaussard et al., 2013). Therefore, the process of mass transfer 
from deep reservoirs may be important at only some open-system 
volcanoes, which might lead to long run-up durations at these lo-
cations.

9. Conclusion

The synergy between geochemical and geophysical observations 
explored here demonstrate the effectiveness of this approach for 
understanding magmatic activity during unrest. We have identified 
three phases of run-up to the 1999 eruption of Shishaldin vol-
cano. A swarm of LP earthquakes that occurred 9 months prior 
to eruption coincides with magma mixing timescales, marking the 
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beginning of the “proximal” run-up. Major mixing events, sup-
ported by geochemical and geophysical observations, occurred at 
∼50 and ∼10 days prior to eruption, constituting the “immediate” 
run-up.

We attribute the lack of observable deformation associated with 
the 1999 eruption to inadequate spatial and temporal resolution of 
the InSAR measurements. Melt inclusion barometry and the depth 
of LP events indicate that most of the erupted magma was sourced 
from depths outside of InSAR sensitivity (<0 km and >10 km BSL), 
and diffusion chronometry results show that most magma move-
ment through the 0–10 km BSL occurred in the time between 
satellite passes. Additionally, inclusion equilibration depths imply 
storage in a vertical reservoir, providing a possible explanation for 
the longer-term lack of observed deformation at Shishaldin.

The run-up duration for the 1999 eruption of Shishaldin (∼9 
months from ME-1, ∼50 days from ME-2) is long relative to seis-
mically determined run-up durations (hours to days) for other 
basaltic eruptions (Passarelli and Brodsky, 2012). Some other open-
system volcanoes have relatively long run-up durations. A possible 
explanation is that open-system volcanoes require significant mass 
transfer from depth prior to eruption, leading to a longer run-
up. Closed-system volcanoes may source a greater proportion of 
magma from shallow reservoirs.
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