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Abstract

In 1999-2001, Guagua Pichincha volcano, Ecuador, produced a series of cyclic explosive and effusive eruptions. Rock
samples, including dense blocks and pumiceous clasts collected during the eruption sequence, and ballistic bombs later
collected from the crater floor, provide information about magma storage, ascent, decompression, degassing, repressuriza-
tion, and regassing prior to eruption. Pairs of Fe-Ti oxides indicate equilibrium within 1.2—1.5 log units above the NNO
oxidation buffer and equilibrium temperatures from 805 to 905 °C. Melt inclusions record H,O contents of 2.7-4.6 wt%
and CO, contents (uncorrected for CO, segregation into bubbles) from 19 to 310 ppm. Minimum melt inclusion saturation
pressures fall between 69 and 168 MPa, or equilibration depths of 2.8 and 6.8 km, the lower end of which is coincident with
the maximum inferred equilibration depths for the most vesicular breadcrust bombs sampled. Amphibole phenocrysts lack
breakdown rims (except for one sample) and plagioclase phenocrysts have abundant oscillatory compositional zones. Pla-
gioclase areal microlite number densities (N,) range over less than one order of magnitude (8.9x10°-8.7x10* mm™) among
all samples, with the exception of a dense, low crystallinity sample (N, = 3.0x10* mm™2) and a pumiceous sample erupted
on 17 December 1999 (N, = 1.7x10* mm™2). Plagioclase microlite shapes include tabular, hopper, and swallowtail forms.
Taken together, the relatively high plagioclase microlite number densities, the high number of oscillatory zones in plagio-
clase phenocrysts, the presence of CO, in groundmass glass, seismicity, and time-varying tilt cycles provide a picture of
sudden evacuation of magma residing at different levels in the shallow conduit. Explosive eruptions punctuate inter-eruptive
repose periods marked by time-varying rates of degassing (volatile fluxing) and re-pressurization. Shallow residence time
in the conduit was sufficient to allow precipitation of silica-phase in the groundmass, but insufficient to allow breakdown of
hornblende phenocrysts, with the one exception of the final dome sample from 2000, which has the longest preceding repose
time. These results support a model of cyclic pressure cycling, volatile exsolution and regassing, and magma decompression
decoupled from ascent.
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Introduction

At a single volcano, and even for a single magma compo-
sition, volcanic eruption style can vary widely because it
depends, in large part, on the dynamics and extent to which
magma can degas and outgas (and sometimes regas, wherein
gas from depth equilibrates with host melt) en route to the
surface. Several authors have recognized the importance of
decompression rate and outgassing efficiency on eruptive
behavior, where the slowest decompression and greatest ease
of gas escape allow effusive extrusion of lava, and rapid
decompression and restricted gas loss cause the most explo-
sive magmatic eruption styles (Cashman 2004; Gonnermann
and Manga 2013; Cassidy et al. 2018). Variations in decom-
pression rate can cause eruptive style to change in a single
eruption sequence and are recorded in the eruptive products
of that sequence. Dome-forming eruptions, in particular,
provide a clear example of time variation in eruptive style
and resulting hazards. At Guagua Pichincha, low-hazard lava
effusion is commonly punctuated by explosive eruptions (cf.
Ogburn et al. 2015), most of which are small in volume and
low in intensity (Volcanic explosivity index, VEI <3; mag-
nitude, M<4; intensity, I<7). These sequences can, however,
include larger explosive events, which present challenges for
successful eruption forecasting and risk mitigation. Crys-
tals and bubbles preserved within eruptive products from
these sequences provide records of the decompression and
ascent histories that preceded eruption, thereby supplying
information about the subsurface controls on eruptive style
(e.g., Cashman and McConnell 2005; Clarke et al. 2007,
Martel 2012).

Decompression and/or H,O exsolution can trigger magma
crystallization within the shallow crust. Rapid magma
decompression causes relatively high degrees of undercool-
ing where crystal nucleation dominates over growth, produc-
ing abundant microlites (e.g., Geschwind and Rutherford
1995; Hammer and Rutherford 2002; Couch et al. 2003),
whereas slow magma decompression often causes growth
on pre-existing crystals (e.g., Brugger and Hammer 2010;
Martel 2012; Riker et al. 2015; Befus and Andrews 2018),
perhaps to the exclusion of microlite formation (Cashman
2020). Given the variation in rates of crystal nucleation and
growth with degree and duration of undercooling, products
from eruption sequences at intermediate-composition stra-
tovolcanoes around the world have been used to infer pre-
eruptive conduit stratigraphy (vertical variation in magma
properties). Correlations have been documented between
microlite crystallinity and pre-explosive-eruption repose
time (Hammer et al. 1999), eruption style (Taddeucci et al.
2004; Wright et al. 2012; Cioni et al. 2014), and pre-erup-
tive conduit stratigraphy (Cashman and McConnell 2005;
Clarke et al. 2007); microlite crystallinity has also been
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inversely correlated with effusion rate (Nakada and Moto-
mura 1999). Similarly, microlite number density has been
correlated with eruption style (Benage et al. 2021) and with
dome effusion rate (Hammer et al. 2000). Furthermore, tex-
tural evidence from many studies suggests that formation
of strongly degassed and densified (outgassed) plug/dome
material may help pressurize the system prior to Vulcanian
explosive eruptions (Wright et al. 2007; Soufriere Hills, Bur-
gisser et al. 2010; Merapi, Preece et al. 2016; Galeras, Bain
et al. 2019; Tungurahua volcano, Gaunt et al. 2020). Here,
we use the products of explosive eruptions within a dome-
forming eruption sequence at Guagua Pichincha volcano in
1999-2001 to better understand the conditions that produced
the repeated cycle of Subplinian to Vulcanian eruptions fol-
lowed by dome effusion that characterized this eruptive epi-
sode. Conversely, we assess the textural and compositional
attributes of resulting pyroclasts that may uniquely indicate
cyclic activity.

Background and the 1999-2001 eruptions
of Guagua Pichincha volcano

Guagua Pichincha dacitic stratovolcano is the active vol-
canic center of the Pichincha Volcanic Complex, located
12 km west of Quito, Ecuador (Fig. 1), in the Northern
Volcanic Zone of the South American Andes. Volcanic
activity began at Guagua Pichincha 55,000 years ago with
effusive andesitic to dacitic eruptions (Barberi et al. 1992;
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Fig. 1 Map of active volcanoes in Ecuador showing location of Gua-
gua Pichincha volcano
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Fornari et al. 2004). Cone construction and evolution con-
tinued through a series of andesitic—dacitic explosive and
effusive eruptions, phreatic explosions, and sector col-
lapse events (Barberi et al. 1992; Hall 1977; Monzier et al.
2002). Late Holocene activity has included at least three,
and perhaps four, 100-200-year eruptive cycles within the
past 2000 years, where eruptions progressed from domi-
nant dome-formation and Vulcanian—Subplinian ashfall
and pyroclastic flow generation to a culminating Plinian
eruption at the end of the cycle (Barberi et al. 1992; Hall
1977; Robin et al. 2008). The most recent major eruption
occurred in 1660, preceded by minor eruptions in 1566,
1575, and 1582 CE. Phreatic activity has also occurred
throughout historical times.

The most recent eruptive period began with low-level
phreatic activity in 1830-1831, 1868-1869, 1881, and then
again in 1980-1981, 1988, and 1993 (Robin et al. 2008),
likely resulting from pressurization of SO,-rich magmatic
fluids (Chiodini et al. 1992), although later phreatic events
have also been correlated with rainy periods (for example,
in 2002). In May 1997, a swarm of distal VT-type (volcano-
tectonic) seismic events occurred approximately 15 km
northeast of the volcano (Villagémez 2000; Legrand et al.
2002), increasing in number in June 1998 toward a peak in
August 1998. Phreatic activity also intensified in August
and the number of long-duration tremor, VT, and shallow
LP (long period) and hybrid earthquakes increased (Vil-
lagémez 2000; Garcia-Aristizabal et al. 2007). In June 1999,
a swarm of VT earthquakes accompanied ash-rich phreatic
explosions. A final VT swarm from 8 to 24 September and
a subsequent LP swarm on 25 September preceded the first
magmatic eruption on 26 September 1999.

The ensuing eruptive sequence consisted of several
Vulcanian and Subplinian eruptions, construction, and
destruction of seven domes between late September and
mid-December 1999, construction of an eighth dome in
late December that was destroyed in July 2000 (Global
Volcanism Program 2001), and construction of a ninth
dome in mid to late-2000 that persists today (Table 1;

Mothes et al. 2002). The first dome emerged on 28 Sep-
tember 1999, when tiltmeters on the caldera rim showed
an inflationary response of 12 microradians that corre-
lated with vigorous dome growth (Mothes et al. 2000). The
dome persisted until 5 October, when it was destroyed by
a Subplinian eruption, the largest of the eruptive sequence
that produced 2mm of ash fall in Quito and caused the
Quito International Airport to close. The 5 October erup-
tion cloud reached 15 km above the summit (Washington
VAAC 19990CT05/2225Z). A second Subplinian erup-
tion on 7 October produced a 13- to 15-km high erup-
tion cloud (Washington VAAC 19990CT07/1330Z) and
generated a pyroclastic flow that traveled down the Rio
Cristal to the west. After 7 October, dome growth occurred
without accompanying explosions until this relative qui-
escence ended on 10 November with another Vulcanian
eruption. Dome regrowth and Vulcanian dome-destroy-
ing eruptions then occurred at approximately one-week
intervals through November and December; frequent LP
seismicity and infrequent VT seismicity accompanied
explosions and eruptions throughout this period (Fig. 2).
As in Wright et al. (2007), we use the term explosion to
refer to explosion seismic signals, eruption to denote ejec-
tion of material from the vent, and fragmentation to repre-
sent the transition from a continuous melt or solid phase
containing bubbles to a continuous gas phase containing
parcels of bubbly melt/solid. During this period, eruption
columns reached < 10 km above the summit and several
dusted Quito with ash. Each Vulcanian eruption was short,
accompanied by several seismic explosion signals and
involved a small volume of magma (Global Volcanism
Program 1999). Importantly, domes continued to extrude
from the same location, indicating that the vent location
did not migrate. Repeat observations of dome dimensions
through time show that dome growth rates reached 1.7
m>/s but averaged 0.5 m>/s (Table 1, Mothes et al. 2002).
Some dome collapses were associated with volcanic explo-
sions, but most collapses were the result of oversteepen-
ing of the dome and occasionally generated pyroclastic

Table 1 Dome volumes based
on visual observations of dome
dimensions (Mothes et al. 2002)

Dome growth dates Dome Dome volume (m?) Growth rate  Dome dimensions (m)
(m*/s)
28-Sep to 7-Oct 1999 #1 900,000 0.7 110 x 170 x 50
08-Oct to 10-Nov 1999 #2 780,000 0.27 100 x 150 x 50
11- to 17-Nov 1999 #3 400,000 0.66 200 x 150 x 30
18- to 26-Nov 1999 #4 380,000 0.49 200 x 130 x 30
27-Nov to 03-Dec 1999 #5 380,000 0.55 200 x 130 x 30
04- to 10-Dec 1999 #6 500,000 0.83 100 x 150 x 30
11- to 17-Dec 1999 #7 1,200,000 1.7 200 x 150 x 70
18-Dec 1999 to 24-Jul 2000 #8 3,800,000 0.2 310 x 220 x 70
25-Jul 2000 to 26-Mar 2001 #9 5,400,000 0.1 340 x 220 x 90
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flows. In general, increases in long-period seismic activ-
ity both preceded and accompanied dome emplacement,
after which seismic activity diminished while the dome
continued to grow to its maximum size, until one or more
explosions destroyed it.

Early phreatic eruptions produced dense ash and pyro-
clasts of old, recycled edifice material. Juvenile pumice
of dacitic composition began to appear in ash emissions
starting on 26 September. The 5 and 7 October Subplin-
ian eruptions produced larger volumes of similar juvenile

@ Springer

Date (Local)

pumice (Global Volcanism Program 1999). Pyroclastic
density currents (PDCs) generated in several of the dome
collapse and Vulcanian eruptions traveled west down the
Rio Cristal. PDCs produced on 7 October were modest in
runout distance, but subsequent Vulcanian dome-collapse
events (i.e., 26 November 1999) produced PDCs with
runout to 11 km.

Deposits from Vulcanian eruptions at Guagua Pichincha
include a thin fine-ash bed, channelized deposits of block
and ash flow-type PDCs that include breadcrusted blocks,
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and abundant ballistic bombs that cover the surface of Gua-
gua Pichincha’s summit crater. Wright et al. (2007) docu-
mented four textural categories of ballistic bombs found on
the crater floor, including dense bombs (DB), thickly bread-
crusted bombs (TkB), thinly breadcrusted bombs (TnB), and
foliated intermediate bombs (FIB). Groundmass H,O and
CO, contents (max 3.1 wt% H,0, max 17 ppm CO,; not
from the same bomb) preserved in quenched bomb rinds
were used to infer pre-eruptive staging depths reaching 2.8
km, but dominantly <1.5 km beneath the summit (max 69
MPa, all except one sample <36 MPa; Wright et al. 2007).
The presence of ppm levels of CO, in groundmass glass
provides evidence of pre-eruptive regassing/equilibra-
tion with gas from unerupted magma at depth. Together,
these observations suggest eruptive cycles that included:
(1) explosive eruption, (2) depressurization of underlying
magma that caused magma degassing and permeable gas
escape, (3) slow magma ascent and conduit refilling accom-
panied by microlite crystallization and conduit densification/
regassing (here, regassing is used to describe an increase in
dissolved volatile content as melt equilibrates with gas from
depth), and (4) dome extrusion and formation of a dense
conduit plug. Here, we build upon this work to document
textural and compositional characteristics of the same bal-
listic bombs, likely erupted from Vulcanian eruptions, as
well as dense and pumiceous clasts from the 26 September
phreatomagmatic eruption, 5 and 7 October Subplinian erup-
tions, and 29 November, 17 December 1999, 17 July, and 30
August 2000 small Vulcanian and dome-building eruptions.
We examine crystal textures and clast compositions, focus-
ing on characterization of plagioclase microlites and ground-
mass glass compositions, to better understand the roles of
decompression, degassing, and ascent on eruption style in
1999-2000 eruptions of Guagua Pichincha.

Methods
Melt inclusions

Concentrations of H,O and CO, were measured by Fourier
transform infrared spectroscopy (FTIR) in melt inclusions
hosted in plagioclase and pyroxene from pumice erupted on
5 and 7 October and from two breadcrust bombs erupted in
subsequent undated Vulcanian eruptions. After selection of
melt inclusions based on their integrity and glassy character,
host crystals were glued to a glass slide with crystal bond,
polished on both sides, then removed from the glass slide
and rinsed in acetone and ethanol. Thickness was measured
with an electronic micrometer (Mitutoyo Digimatic Indica-
tor) with a precision of 1 pm. For wafers too thin to be safely
measured with the micrometer, thickness was measured on

a scaled image of crystal depth, taken after having fixed the
crystal on an adhesive strip and placed it vertically under an
optical microscope. For each crystal, three measurements
were made as close as possible to the melt inclusion, and
their arithmetic mean calculated.

We used a Nicolet Magna 560 spectrometer equipped
with a NicPlan infrared microscope (Earth Sciences Depart-
ment of the University of Pisa). The methods of melt inclu-
sion preparation for FTIR analysis and recalculation are
described in Cioni (2000). Wafer thickness, melt inclusion
dimensions, and peak absorbances are recorded in Supple-
mentary Data (Tables 1-3SM). Bubble diameters were also
tabulated for the most representative melt inclusions; maxi-
mum calculated ratios between bubble and melt inclusion
volumes range from 1 to 7%. We assume a glass density of
2350 g cm ™. Spectra were taken with a resolution of 4 cm™!
and between 512 and 1024 scans. Absorbances were meas-
ured from peak heights after subtraction of the background
signal, extrapolated with a flexible drawing curve.

The concentration of the absorbing species was calculated
using the Beer-Lambert law:

c; = 100 x (MWiA)/(dani)

where ¢;= species concentration, in wt%; MW, = molecular
weight of the ith species in g mol~!; A= absorbance in cm™!;
d= sample thickness, in cm; p= sample density in g/cm?;
&= molar absorptivity of the ith species, in L mol~' em™!.
Molecular H,O and OH™ species were measured using the
absorbance value at 5200 and 4500 cm™'; total water was
calculated as the sum of the concentrations resulting from
the two peaks. Values of 1.61 and 1.73 L/(mol cm) were
used for the molar absorptivity coefficients of the two spe-
cies, respectively (Newman et al. 1986). Concentration of
molecular CO, was calculated using the 2350 cm™! peak and
a molar absorptivity coefficient of 1214 L/(mol cm) (Behrens
et al. 2004). CO, concentrations measured in this way are
minimum estimates because they do not account for CO,
segregation into vapor bubbles (Moore et al. 2015). Two to
four spectra were collected on each melt inclusion, and the

arithmetic mean of the resulting concentration calculated.

Electron microprobe

Thin sections of both the vesicular core and dense rind of
each breadcrust bomb sample were prepared for analysis on
a Cameca SX50 electron microprobe at the University of
Oregon and a JEOL 8900 electron microprobe at the USGS,
Menlo Park, California, for major oxide analyses. A 15-kV
electron beam at 20 nA with a 5-pm diameter defocused spot
was used to analyze groundmass glass compositions and melt
inclusions in plagioclase and pyroxene phenocrysts. Volatile

@ Springer



12 Page6of 24

Bulletin of Volcanology (2023) 85:12

migration due to sample bombardment (and heating) by the
electron beam was corrected using an extrapolation method in
the software package Probe for Windows® (Donovan 2002).
Water contents in melt inclusion glass were estimated using
the water-by-difference method in Probe for Windows® soft-
ware. This method iteratively recalculates melt compositions
by adjusting water content until totals reach 100%, thereby
compensating for the effect of water on the routine matrix
correction (Roman et al. 2006). Although the WBD method
is not as precise as FTIR spectroscopic techniques, our results
show good agreement between the two techniques. Plagio-
clase microlite compositions were analyzed with a 10-kV
focused electron beam at 20 nA. Fe-Ti oxide compositions
were analyzed with a 15-kV focused electron beam at 30 nA.

SEM-EDS

Major element concentrations of minerals and melt inclu-
sions were also analyzed with an energy dispersive X-ray
microanalysis using EDAX DX4 on a Philips XL30 SEM
at the Dipartimento di Scienze della Terra of Pisa, at an
accelerating voltage of 20 kV, beam current of 0.1 nA and
working distance of 10 mm. A comparison between EDS
compositional analyses and standard compositions are listed
for three volcanic glass standards in Supplementary Material
(Table 4SM). Melt inclusion composition is reported as the
average of 2 to 4 analyses.

Textural analysis

Textural characteristics of both crystals and vesicles were
analyzed using an optical microscope and SEM images. Phe-
nocryst abundance was determined by 500 point counts on
one thin section of each sample. Error due to sample hetero-
geneity is approximately 7% of modal percentage measured
(determined from replicate point counts of the same sam-
ple). Vesicle abundance was determined only in the bread-
crust bomb rinds, which were not sufficiently large for bulk
analysis used to measure overall bomb density (Wright et al.
2007). Here, BSE images at 100x magnification provided
sufficient coverage for areal analysis of vesicle content and
for imaging and analysis of ubiquitous zoned plagioclase
crystals, where analysis involved counting the numbers of
oscillatory zones. Many of these oscillatory-zoned plagio-
clase crystals contain high-An zones that truncate interior
zonation patterns (black arrows point to truncation surfaces
in Fig. 5). Where truncation surfaces are present, only those
oscillatory zones rimward of the high-An truncation zone
were counted. High magnification (1000x) BSE images
were used for quantitative analysis of groundmass crystal-
line phases and inspection of hornblende rim textures.
BSE images were obtained on a JEOL 6300 scanning
electron microscope at the University of Oregon using a
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10-kV electron beam at 10-20 nA sample current and a
15-mm working distance. Between 300 and 1200 crystals
of each sample were hand-digitized to obtain representative
measurements (analysis of 2—4 images per sample). Two
samples showed pronounced alignment of microlites and
vesicles (at both macroscopic and microscopic scales); to
fully characterize the bubble and crystal textures in these
clasts, images were obtained for two perpendicular sections.
Image analysis was performed using the public domain NIH
Imagel program (Schneider et al. 2012).

Plagioclase is the most abundant and largest microlite
species, although mafic phases are also variably present.
Areal number densities (number of crystals/mmz, N,) of
both plagioclase and mafic microlites were determined by
counting crystals fully enclosed in each image plus those
crystals cut by the lefthand and upper margins and dividing
the total number by the image area corrected for the vesicle
area. Microlites were distinguished from microphenocrysts
by size (microlites < 30-um maximum dimension) and from
crystal fragments by the absence of chemical zonation.

Crystal size distributions (CSDs; Marsh 1988, determined
using CSDCorrections of Higgins 2000) were determined for
plagioclase microlites to compare the kinetics of crystalli-
zation among samples. To convert two-dimensional textural
data to three-dimensional population information, we used the
program CSDslice (Morgan and Jerram 2006) to approximate
the three principal crystal axis dimensions (short, S; interme-
diate, I, and long, L). Mangler et al. (2022) demonstrated that
crystal shape varies with crystal size in many dome-forming
volcanic sequences, and therefore the assumption of constant
crystal shape may be inaccurate. For prismatic crystals, the
minor axes of 2D best-fit ellipses represent the most likely
intersection planes between crystals and the plane of the thin
section. Shape-corrected volumetric number densities are cal-
culated based on linear fits to shape-corrected CSD data. For
the majority of samples, two linear CSD segments were fit to
the data. We plot volumetric number densities based on the
smallest crystals (steepest best-fit lines in Fig. 9), shown as
Ny in this manuscript, but data for all segments are included
in the Supplementary Files (Table 5SM). To compare with
previous published microlite studies, we present both uncor-
rected 2D and corrected 3D information here.

Variation in crystal habit of plagioclase microlites was
quantified using two additional measures of shape. The
aspect ratio is the ratio of the short to the long axes S/L fit to
2D data using CSDSlice (as calculated above; Higgins 1994)
and the formfactor (F) is calculated as F = 47A /P2, where
A and P are the area and the perimeter, respectively, of the
crystal. Aspect ratio provides a quantitative description of
3D crystal elongation. Perfectly equant crystals have aspect
ratios of 1.0; lower aspect ratios represent more elongate
crystals. For a perfect circle F' = 1; as the crystal perimeter
becomes more convolute, F goes to 0. Measurements are
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ted line is closed system degassing in the presence of 1 wt% vapor,
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made using images at similar scales to avoid problems with
resolution-dependent shape analysis (cf. Liu et al. 2015).

Results
FTIR melt inclusion analyses

Glassy melt inclusions are especially abundant in orthopyrox-
ene, clinopyroxene, and plagioclase, where they are commonly
found along numerous, compositionally distinct growth zones.
Melt inclusion H,O and CO, concentrations overlap between
samples although melt inclusions from the 5 October pumice
reach the highest volatile concentrations (H,O = 3.1-4.6 wt%;
CO, =46-310 ppm; Table 1SM; Fig. 1SM; Fig. 3). Melt inclu-
sions from the 7 October pumice and from breadcrust bomb
samples GP8 and GP16 have H,0 = 2.7-3.9 wt% and CO, =
19-190 ppm. Pyroxene and plagioclase-hosted melt inclusions
contain similar volatile concentrations. As noted above, reported
CO, concentrations are minima because of the possible segrega-
tion of CO, in shrinkage bubbles (Moore et al. 2015).
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Fig.4 Glass compositions of melt inclusions and groundmass glass
of analyzed breadcrust bombs and dense bombs. Arrows point in the
direction of progressive crystallization in the absence of a silica phase

Glass compositions

Groundmass glass compositions are uniformly rhyolitic
(71.5 t0 79.4 wt% SiO,, Table 6SM), with significant overlap
between bomb morphology groups. K,O generally increases
and CaO and Na,O decrease with increasing SiO, content
(Fig. 4). Melt inclusion glass compositions cover a broader
range, from 73.6 to 79.3 wt% SiO,, with 0-5.2 wt% volatiles
by difference. Some of this variation may be due to post-
entrapment modification of glasses via crystallization of the
host mineral along melt inclusion-host interface. Groundmass
glass compositions bound melt inclusion contents along a trend
consistent with crystallization in the absence of a silica phase.

Crystal compositions

Touching titanomagnetite and ilmenite pairs are sparse within
Guagua Pichincha ballistic bombs. Representative composi-
tions of touching pairs in these bombs are shown in Supple-
mentary Data (Table 7SM). All pairs lack evidence for com-
positional zonation and are in contact with groundmass glass.
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Fig.5 (a-d) Backscatter electron images of oscillatory zoned plagi-
oclase phenocrysts that are abundant in all samples, including GP8
(a), GP17b (b), GP3 (c), and 26 September 1999 (d). White arrows
point to BSE bright zones (An-rich) that truncate zonation patterns
in crystal interiors. Line profiles in panels a and b show the variation
in backscatter electron image grayscale values across the white line
profile shown for example

Plagioclase phenocryst compositions are Ans, ¢y in
pumice from 5 October, Ansg 47 in pumice from 7 October,
and Any,_4 in ballistic blocks. Microlite compositions are
Angjs_ s, in ballistic blocks (Table 4). Compositional zonation
in phenocrysts is commonly oscillatory in character (Fig. 5),
with significant overlap between core and rim compositions
(Table 8SM).

Crystal textures

Phenocryst textures are similar in all samples. The domi-
nant phenocryst phase is plagioclase, followed by amphi-
bole (magnesium hornblende with some tschermakite and
magnesium hastingsite; Garcia-Aristizabal et al. 2007),
Fe-Ti oxides, and orthopyroxene, with minor amounts of
apatite and clinopyroxene (Table 3). Individual clasts vary
in phenocryst content, however. Total phenocryst crystal-
linity in ballistic bomb samples ranges from 31% in thinly
breadcrusted sample GP5 to 51% in thickly breadcrusted
sample GP9. This difference primarily reflects differences
in plagioclase crystallinity (23 and 39%, respectively). On
average, ballistic bomb samples have 41% (st. dev. = 5%)
phenocrysts, of which 31% (st. dev. = 4%) are plagioclase.
Plagioclase phenocrysts are typically oscillatory zoned with
normally zoned rims. Of these zoned crystals, most con-
tain at least one, and in some cases several, particularly An-
rich zones that truncate interior zonation patterns (Fig. 5;
Table 8SM; Fig. 2SM). The number of oscillatory zones
exterior to the outermost truncation surfaces ranges from
1 to 15, with most showing between 1 and 7 oscillations
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Fig.6 Cumulative frequency plot of the number of oscillatory zones
exterior to the outermost compositional truncation surface in plagio-
clase crystals. Note that the lowest number of compositional zones
are found in samples from the first magmatic eruption on 26 Septem-
ber 1999

(Fig. 6). Samples erupted in the first magmatic eruption on
26 September 1999 contain crystals with the lowest maxi-
mum number of oscillatory zones. Samples from 5 October
1999 contain fewer oscillatory zones than those from most
dated and undated Vulcanian eruptions, as well as of the
ballistic material. The highest numbers of oscillatory zones
are found in thickly breadcrusted (TkB) and foliated inter-
mediate bombs (FIB). Less abundant amphibole phenocrysts

Fig.7 Amphibole textures in analyzed samples range from intact to
small amounts of resorption in GP-17a (a) to clear resorption and
Mg-rich rim growth in GP-8 (b), or extensive resorption in GP-6 (c).
Only the dome sample from 30 August 2000 (d) contains amphibole
with poorly developed breakdown rims in the lower right side of the
panel (300800)
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Fig.8 SEM backscatter electron images of undated dense (a-b) and
breadcrust bombs (c-n), in addition to dated samples (0-z) are shown,
grouped by surface texture and/or date of eruption. Mafic microlites
(pyroxenes and oxides) are white, plagioclase microlites are light

lack breakdown rims, except in the dense sample from the
final dome (30 August 2000) where breakdown rims meas-
ure 2-—4-pm width. Some hornblende phenocrysts also have
resorbed margins (Fig. 7).

Microlite phases include dominant plagioclase crystals,
lesser amounts of mafic crystals (<2% of groundmass) and
limited silica-phase crystals in the groundmass of several bal-
listic bomb samples, early phreatomagmatic samples from 26
September 1999, and dense samples erupted in 2000 (Fig. 8;

gray, groundmass glass is medium to dark gray, silica-phase crystals
are darkest gray, and vesicles are black in BSE images. Paired binary
images are shown next to the corresponding BSE image, showing pla-
gioclase microlites that were used for textural characterization

Table 2; Fig. 3SM). Plagioclase microlite number densities
span less than one order of magnitude (8.9x103-8.7x10*
mm~2) among all samples, with the exception of two samples
with lower number densities: GP-17a (DB), a dense, low crys-
tallinity sample (N, = 3.0x10°> mm~2) and 991217, a pumi-
ceous sample erupted on 17 December 1999 (N, = 1.7x10°
mm™2; Table 2). These areal number densities correspond
to volumetric number densities calculated from fits to the
smallest crystals in CSD plots (steep CSD slopes, Fig. 3SM,
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Thinly breadcrusted blocks

Fig.8 (continued)

Table 5SM; Table 2) N, = 3.4x10°%-3.7x10” mm™~, with the
low crystallinity outlier GP-17a, N = 2.6x10° mm™.

CSDs typically form two linear segments, with a decrease
in slope at larger microlite sizes that suggest a multi-stage
crystallization history (Table 5SM). Multi-stage crystalliza-
tion history is consistent with oscillatory zonation of phe-
nocryst margins. In most samples, characteristic plagioclase
microlite sizes as calculated from negative 1/CSD slope (L,)
vary by a factor of less than 4 (2 to 7 pm) and N varies by
only an order of magnitude. DB sample GP17a is again an
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exception, with low plagioclase groundmass crystallinity (¢p
= 9%) and plagioclase microlite N, (1.1x10° mm™) and
high L, (13 pm). Plagioclase crystallinity in general (x,,) is
higher in thickly breadcrusted bombs (average x,, = 17%)
than in thinly breadcrusted bombs (average x,, = 12%),
although there appears to be as much variation in crystal
texture within bomb type as among bomb classes. This is
illustrated by the range in crystal size and number density
seen in thickly breadcrusted samples GP8 and GP9 (Fig. 8c,
d; Table 2).
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Fig. 8 (continued)

Plagioclase microlites also vary in shape, with habits
that range from tabular to hopper to swallowtail. In gen-
eral, elongate tabular crystal shapes are more typical of
dense bombs (Fig. 9; Fig. 8a, b), tabular, swallowtail and
hopper-dominated shapes are common in some bread-
crusted samples (Fig. 8c—e), and low aspect ratio, acicular
to tabular forms are characteristic of pumiceous and thinly
breadcrusted samples (TnB; Fig. 8f, g). Tabular crystals
have high modal formfactor values (F ~ 0.7; Fig. 9); swal-
lowtail and hopper crystals have lower modal F (e.g., GP8
with F ~ 0.3) that reflects both high elongation and com-
plex crystal boundaries. Bomb samples have best fit 3D

crystal aspect ratios (S/L from CSD slice) of 0.1-0.63 and
modal F of 0.31-0.79 (Table 2). Breadcrusted samples
contain elongate plagioclase microlites that extend to the
lowest measured aspect ratios.

Discussion

Here, we use these compositional and textural observations
to better understand the complex P-T-x path from storage
to eruption, perhaps beginning in the 1980s (see Conclu-
sions), but more significantly in 1999-2000. We start with

@ Springer
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Fig.9 Modal plagioclase microlite two-dimensional (2D) formfactor
versus 2D aspect ratio for all samples. Note that variation in crystal
shape correlates with difference in measures of formfactor and aspect
ratio

an estimation of temperature and oxygen fugacity condi-
tions from co-existing oxide pairs in erupted samples. We
use dissolved H,0O and CO, contents to constrain minimum
crystallization pressures and then use groundmass glass
compositions and amphibole textures to frame discussion
of decompression and shallow storage that drives micro-
lite crystallization. Finally, we demonstrate evidence for
repeated cycles of decompression, repressurization, and
gas streaming as preserved in high microlite number den-
sities, variable microlite crystallinities, oscillatory-zoned
plagioclase, and measurable groundmass CO,. We con-
clude with an eruption model that integrates all of these
observations with seismic data and observational records
of explosive eruptions that punctuate protracted periods
of dome growth.

Temperature and oxygen fugacity

We use the Mg/Mn partitioning test for equilibrium of Bacon
and Hirschmann (1988) to evaluate degree of equilibrium
of oxide pairs. We calculate resulting temperatures using
both the geothermometer of Andersen and Lindsley (1988)
with the recalculation of Stormer (1983; using ILMAT, Lep-
age 2003) and the geothermometer of Ghiorso and Evans
(2008). Temperatures and oxygen fugacities calculated
using the former are generally higher than those using the
latter, although relative variations in temperature and oxy-
gen fugacity are consistent between the two thermometers
(Table 7SM). Here, we specify only the results of Ghiorso
and Evans (2008), which are reported to be more accurate
for magmas that equilibrated under conditions more oxidiz-
ing than the nickel-nickel-oxide buffer (NNO). Only three

pairs pass the Bacon and Hirschmann (1988) equilibrium
test although another three are very close to equilibrium
(Table 7SM). The average temperature of the three pairs
that pass the equilibrium test is 840 °C. All oxide pairs indi-
cate equilibrium within 1.2—1.5 log units above the NNO
oxidation buffer (Fig. 4SM). Equilibrium temperatures range
from 805 to 905 °C; the lowest temperature pair is found in
a dense bomb, the intermediate temperature pairs are found
in thickly breadcrusted bombs, and the highest temperature
pairs (just outside of the Mg/Mn partitioning bounds) are
found in foliated breadcrust bombs.

Storage depth

H,O0 contents of 2.7-4.6 wt% measured by FTIR overlap
with calculations of H,O content using the plagioclase-melt
hygrometer of Waters and Lange (2015) of 3.8 to 4.5 wt%
H,O0, using an equilibration temperature of 840 °C (Fig. 3,
Table 7SM). We use the volatile saturation model of New-
man and Lowenstern (2002) to calculate saturation pressures
from these measured melt inclusion volatile concentrations
and to calculate H,O and CO, solubilities at 840 °C (Fig. 3).
Melt inclusion saturation pressures fall between 69 and 168
MPa, or equilibration depths between 2.8 and 6.8 km (using
an overlying magma density of 2500 kg/m?). The lower end
of this range overlaps with equilibration pressures/depths
calculated for volatiles dissolved in groundmass glass from
the most vesicular breadcrust bomb (Wright et al. 2007). The
upper end of the range overlaps with geobarometry estimates
of amphibole in 1999 dome rocks from Garcia-Aristizabal
et al. (2008) of 100-300 MPa or 4-12 km below the summit.
This correspondence is reassuring given the lack of measure-
ment of CO, within vapor bubbles in this study, especially
given the recognition that 40-90% of CO, can be trapped in
bubbles (Moore et al. 2015). Based upon these estimates,
we infer that magma crystallized over a range of depths that
extended to at least ~7 km beneath the summit.

Melt inclusion CO, contents range from 19 to 310 ppm
and can be used in conjunction with H,O contents to model
exsolution and degassing in the system. Here, we use Volati-
leCalc 2.0 (Newman and Lowenstern 2002) to model degas-
sing (and possible regassing) from a rhyolitic melt contain-
ing 4.6 wt% H,O and 500 ppm CO, (saturation pressure of
~200 MPa). This composition matches the maximum H,O
content measured in melt inclusions and uses a slightly
higher CO, concentration of 500 ppm to account for poten-
tial unmeasured CO, in melt inclusion vapor bubbles, con-
sistent with the maximum CO, measured in some other arc
rhyolitic systems (Wallace 2005).

Variations in H,O and CO, content are inconsistent
with simple open or closed system degassing models if
our starting composition is accurate (steep, solid gray lines
on Fig. 3), which predict extensive CO, loss prior to H,O

@ Springer



12 Page 16 of 24

Bulletin of Volcanology (2023) 85:12

Table 3 Phenocryst and groundmass proportions of dense and breadcrusted bombs, all values are percentages of the solid fraction (reported on a

vesicle-free basis)

Phenocryst point count data

Sample # GP-17a  GP-17b  GP-8 GP-9 GP-10

GP-11

GP-6 GP-3 GP-14 GP-13 GP-15 GP-12 GP-16 GP-5

Crystallinity 46.7 45.2 40.1 505 415 40.7
Plagioclase 32.0 32.5 28.8 385 316 33.0

Hornblende 11.1 8.2 9.6 7.3 7.5 6.5
Oxides 2.1 2.4 1.2 1.5 1.6 0.2
Orthopyroxene 1.5 2.0 0.6 3.2 0.8 1.0

Groundmass 53.3 54.8 599 495 585 59.3

39.6 419 391 433 44.5 36.6 38.1 30.9
28.6 305 310 31.7 325 27.3 28.4 23.2
72 6.8 5.5 6.4 6.7 4.3 5.5 4.5
2.0 22 1.4 2.1 2.0 22 2.4 1.0
1.8 2.4 1.2 3.1 33 2.8 1.8 23
604 581 609 56.7 55.5 63.4 61.9 69.1

All point count values listed as % of total, normalized to 100% on a vesicle-free basis

exsolution. Instead, CO, contents remain elevated at lower
H,O0 contents. H,0-CO, trends that deviate from predictions
of open and closed system degassing have been variously
explained by closed system degassing in the presence of an
external H,0 and CO,-bearing fluid phase (Rust et al. 2004;
Spilliaert et al. 2006; Blundy et al. 2010; modeled here with
shallow dashed lines in Fig. 3) or post-entrapment diffusive
H loss from melt inclusions (Gaetani et al. 2012; Lloyd et al.
2013). Post entrapment diffusive H loss would not explain
the presence of CO, in groundmass glass of Guagua Pichin-
cha breadcrust bombs. For this reason, we favor the former
interpretation, whereby CO,-rich gas exsolved from magma
at depth equilibrates with shallow magma en route to the
surface. Modeled closed system degassing paths with 1 and
2 wt% vapor are shown in dashed lines in Fig 3. No single
model fits all of the melt inclusion and groundmass glass
data. We suggest that this variation records spatial variability
in gas migration pathways.

Within this framework, variation in the estimated pres-
sures of groundmass glass and melt inclusions (to maxi-
mum 168 MPa or 6.8-km depth) likely reflects continued

crystallization (and melt inclusion entrapment, as suggested
by the presence of different melt inclusion generations along
the numerous compositional zone boundaries in plagioclase
and clinopyroxene) during ascent. The slightly higher maxi-
mum and minimum H,O contents in the 5 October pum-
ice clasts relative to those measured from later eruptions is
permissive of a slight shallowing of the storage zone from
which magma was extracted between 5 and 7 October or
could be related to the local effect of decompression in the
reservoir system due to its partial replenishment following
the first eruptive event.

H,0-exsolution-induced crystallization

As magma ascends and decompresses within ascent path-
ways (including the shallow conduit), volatiles exsolve,
effectively undercooling the magma (i.e., increasing the
melt’s liquidus temperature) and inducing crystallization
of the melt. Evidence for the extent to which this occurred
during the Guagua Pichincha eruptions is provided by the
abundance and composition of groundmass crystal phases.

Table4 End member

. L Clast texture Sample
plagioclase microlite and

Si02 AI203 FeO CaO Na20 K20 Total Ab An Or

phenocryst compositions. Oxide (pp) GP17a  Microlite 545 284 05 109 53 03 1000 459 525 1.7
compositions are shown in wt% Microlite 585 255 07 80 67 04 999 590 39.0 2.1
GP17b  Microlite 560 27.5 04 93 62 03 998 539 442 19

Microlite 579 261 03 7.7 74 04 1000 61.8 357 2.5

(TkB) GP6 Microlite 554 27.8 04 103 57 02 999 492 495 1.3

microlite 569 269 04 86 6.6 03 997 57.1 41.1 1.8
GP8 phenocryst 57.6 269 03 80 6.8 0.3 100.0 595 38.7 1.8
phenocryst 50.0 324 0.6 133 3.5 02 1000 31.6 67.1 13

(ThB) GP5b microlite 569 267 05 8.7 6.6 03 998 568 413 1.8
microlite 569 269 04 85 67 03 997 577 405 19
pumice 7-October phenocryst 58.3  26.5 03 77 638 04 100.0 60.0 37.7 24
phenocryst 50.5 31.5 04 13.8 3.6 0.2 1000 315 673 1.1
pumice 5-October phenocryst 60.1 25.3 04 65 72 0.5 1000 64.6 324 3.0

phenocryst 50.6 313 0.7 13.7 3.5 02 1000 314 673 1.3
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Fig. 10 Groundmass glass compositions of bombs in this study
plotted on the haplogranitic ternary using the correction scheme of
Blundy and Cashman (2001; Quartz-feldspar cotectics (in MPa) for
the Qz-Ab-Or system from Brugger et al. 2003). Only analyses with
less than 1 wt% normative corundum were used in this plot

A simple mass balance calculation that treats K,O as incom-
patible suggests that overall sample crystallinities vary from
44 to 54%. When phenocryst crystallinities (Table 3) are
subtracted from the total crystallinities, groundmass crystal-
lization of 0 to 30% is implied, an estimate that is consist-
ent with calculations from image analysis of bombs (9-20%
total groundmass crystallinity; Table 2).

The extent of crystallization can be related to decom-
pression by projection of groundmass glass compositions
on the haplogranite ternary diagram (Qz-Ab-Or), using the
correction scheme of Blundy and Cashman (2001; Fig. 10).
This projection scheme enables comparison of rhyolite melt
compositions with experimentally derived H,O-saturated
crystallization paths and quartz-feldspar cotectic pressures
and temperatures (Cashman and Blundy 2000; Blundy and
Cashman 2001; Brugger et al. 2003). Melt compositions
that lie along a single compositional trend are consistent
with ascent from high to low pressure, forming a single liq-
uid line of descent. Melt inclusion and groundmass glass
compositions of Guagua Pichincha melts do not fall along
a single compositional trend, however, suggesting that the
melt evolution history is neither simple nor homogeneous
among different samples (Fig. 4; cf. Cashman and Edmonds
2019). The range of melt inclusion compositions is consist-
ent, however, with entrapment and isolation at different
locations along the decompression path (Blundy and Cash-
man 2005). In contrast, groundmass glass compositions of
all bombs from Guagua Pichincha record equilibration at

shallow levels, consistent with inferences from preserved
volatile contents (Wright et al. 2007).

Groundmass glass compositions are also distinctive for
individual bomb types, with thinly breadcrusted (TnB)
glasses less evolved than those of thickly breadcrusted
(TkB) and Dense (DB) clasts (Fig. 10). These compositional
variations confirm the relative stratigraphy defined by the
measured volatile contents and indicate sufficient residence
time at shallow levels for crystallization to follow degassing.
Absolute equilibration pressures can be estimated only for
samples containing a groundmass silica phase, and then only
if equilibrium was attained. Quartz precipitation in high silica
rhyolite melt requires P < ~150 MPa (depending on tem-
perature) and appears to require residence times of hours to
days (Cashman and McConnell 2005). At large degrees of
undercooling, however, magmas may overshoot low pres-
sure quartz-feldspar cotectics due to the restricted kinetics
of quartz precipitation reactions, while feldspar continues to
precipitate (Blundy and Cashman 2001; Martel and Schmidt
2003; Couch et al. 2003). An overabundance of normative
Qz’ suggests that quartz is supersaturated in the melt. Indeed,
groundmass glass compositions of most quartz-bearing Gua-
gua Pichincha bombs (DB, TkB) plot on the quartz side of
the estimated 1-atm quartz-feldspar cotectic. Although equi-
libration pressure cannot be determined from major element
compositions plotted on a haplogranite ternary, H,O contents
within groundmass glass from the most vesicular breadcrust
bombs limit equilibration pressure to a maximum of 69 MPa
(Wright et al. 2007).

Breakdown of hornblende may provide additional infor-
mation on conditions of decompression and cooling (Ruther-
ford and Hill 1993; Browne and Gardner 2006; Cashman and
McConnell 2005). Under isothermal conditions at 900 °C and
constant decompression, hornblende will not develop reac-
tion rims if rates of magma ascent exceed ~ 2 cm/s (Ruther-
ford and Devine 2003). This condition translates to minimum
decompression rates of ~ 5x10~* MPa/s for a bulk magma
density of 2500 kg/m>. Non-linear decompression paths or
lower temperatures, however, can shift these values to lower
minimum ascent rates or longer residence times (Rutherford
and Devine 2003; Browne and Gardner 2006). Annealing at
P =20 MPa (appropriate to many of the Guagua Pichincha
samples) requires 7-8 days for hornblende breakdown to
begin (Rutherford and Hill 1993; Browne and Gardner 2006).
Guagua Pichincha samples lack hornblende breakdown tex-
tures in either the explosive or effusive products, with the one
exception being the final dome sample from 2000, which has
the longest preceding repose time. Hornblende textures are
thus consistent with the < 7-day repose interval preceding
most Guagua Pichincha Vulcanian eruptions, at least for the
shallow-sourced samples.
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Textural evidence for decompression
and repressurization

Textural characterization of crystals in volcanic samples
has been used to track decompression and degassing-
induced crystallization histories through both compari-
son with experimental studies (Geschwind and Rutherford
1995; Hammer and Rutherford 2002; Martel and Schmidt
2003; Couch et al. 2003; Shea and Hammer 2013; Riker
et al. 2015; Lindoo and Cashman 2021) and examination
of well documented natural samples (e.g., Cashman 1988,
Wolf and Eichelberger 1997; Hammer et al. 1999; Cash-
man and Blundy 2000; Martel et al. 2000; Cashman and
McConnell 2005; Pardo et al. 2014; Bain et al. 2019).
Studies of natural systems, however, do not present such a
clear story (Cashman et al. 2020).

Microlite crystallization experiments have explored
a range of H,O exsolution rates, mechanisms (single-
step, continuous, and multi-step decompression; reported
by Geschwind and Rutherford 1995; Couch et al. 2003;
Brugger and Hammer 2010; Martel 2012; Riker et al.
2015; Befus and Andrews 2018), and final pressures (Pf;
Hammer and Rutherford 2002; Martel and Schmidt 2003;
Couch et al. 2003; Suzuki et al. 2007; Cichy et al. 2011,
Andrews and Gardner 2010; Brugger and Hammer 2010;
Mollard et al. 2012; Shea and Hammer 2013). Put sim-
ply, the rate of H,O exsolution determines the effective
undercooling, which controls the relations between nuclea-
tion and growth rates of plagioclase microlites in a given
melt (Cashman and Blundy 2000; Toramaru et al. 2008).
Where H,O exsolution is driven by decompression, maxi-
mum plagioclase microlite number density should cor-
relate with magma decompression rate and thereby with
eruption style (Cassidy et al. 2018). Additionally, cooling
rate controls textural maturation (Vetere et al. 2013; Shea
and Hammer 2013) and crystallization duration controls
abundance (approach to equilibrium). To assess the extent
to which these correlations hold in natural samples in gen-
eral, we compared Guagua Pichincha plagioclase textural
data with previously published data for pyroclasts with
intermediate bulk compositions and rhyolitic melt com-
positions. When plotted as N, (or N, volumetric number
density) versus microlite crystallinity (Fig. 12a, b), these
data show more than a 3 order-of-magnitude variation
in N, (more than 4 orders of magnitude for N,) and no
apparent correlation with microlite crystallinity except
in pyroclasts from closely spaced eruptions that immedi-
ately preceded the climactic eruption of Pinatubo in 1991
(Hammer et al. 1999) or, to a minor extent, in samples
from the 1986-1994 dome eruptions of Merapi (Hammer
et al. 2000). The 1995-2010 eruptive episode of Soufriere
Hills volcano shows the greatest variation within an erup-
tion sequence, while samples from the 1991-1995 low
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explosivity eruption of Unzen (both dome and feeder dike)
show the least variation. More generally, the products of
dome-forming and Vulcanian eruptions have lower micro-
lite number densities than those from Subplinian and Plin-
ian eruptions (including Pinatubo and Mt. Pelee). Samples
from Guagua Pichincha have intermediate number densi-
ties that are similar to those from Vulcanian and some
dome collapse events at Soufriere Hills volcano, although
with higher number densities and lower microlite crystal-
linities than most Vulcanian and dome-forming eruption
samples.

Several features of the rocks raise questions about sim-
ple interpretations of groundmass textures (Fig. 11c—e). As
expected, maximum microlite crystallinities roughly corre-
late with repose interval prior to eruption (Fig. 11c; although
samples from Shinmoedake volcano are an exception), sup-
porting a model of decompression in response to preceding
eruptions in a sequence. The wide variation for individual
eruptions seen in Fig. 12c, in contrast, reflects the pulsa-
tory nature of Vulcanian eruptions, during which sudden
decompression rapidly evacuates much of the shallow con-
duit. The resulting pyroclasts include magma that resided,
and may have equilibrated, at a range of pressures (Cashman
and McConnell 2005; Clarke et al. 2007; Wright et al. 2007,
Gabellini et al. 2022). We invoke the same explanation for
the lack of correlation between number density and either
the VEI or the maximum column height (eruption inten-
sity) of the pyroclast-forming eruption at Guagua Pichincha
(Fig. 12d, e). This limited analysis highlights the nature of
pulsatory eruptive activity, particularly the condition that,
unlike steady eruptive activity, rates of magma ascent in the
conduit are not directly correlated with conditions of erup-
tion. This being the case, what information can we obtain
from textural studies?

A direct comparison of experimental and volcanic data
shows that decompression experiments have failed to rep-
licate the highest observed plagioclase number densities
(Fig. 11a, b; Cashman 2020). Importantly, most experiments
use only H,O as the volatile phase, and assume uni-direc-
tional pressure paths. Only two experimental studies address
the additional features that we suggest may be important in
determining the final groundmass textures of the Guagua
Pichincha samples, namely (1) re-equilibration with a CO,
rich volatile phase (Riker et al. 2015) and (2) decompres-
sion/recompression cycling; Lindoo and Cashman 2021).
The former shows that reducing the melt H,O content by
introducing CO, increases plagioclase crystallization rates
over the H,O-only experiments; the latter shows that pres-
sure cycling acts to disrupt complex dendritic crystal net-
works to produce high number densities of crystals via a
form of secondary nucleation. Although there does not
appear to be a direct correlation between dissolved CO,
in the groundmass melt and anomalously high plagioclase
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Fig. 11 Groundmass plagioclase crystallinity versus volumetric and
areal number density of Guagua Pichincha samples. Plagioclase
microlite textural data from other andesitic to dacitic natural samples
(with rhyolitic groundmass glass compositions) are plotted for com-
parison (Ruapehu, Pardo et al. 2014; Pinatubo 1991, Hammer et al.
1999; Mount St. Helens 1980, Cashman and Hoblitt 2004 and Cash-
man and McConnell 2005; Mt. Pelee 1902 and 1929, Martel and
Poussineau 2007; Soufriere Hills 1997, Clarke et al. 2007; Soufriere
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Fig. 12 Cartoon schematic of pressure-time paths inferred for erup-
tive products from sequential eruptions at Guagua Pichincha. Pres-
sure does not correlate directly with depth here due to the ability for
overpressure to build as the conduit densifies and seals. Note that
pressure cycling may produce oscillatory zones in plagioclase crys-
tals, as in Fig. 5. Hypothetical variations in oscillatory zonation are
shown next to pressure-time paths
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number densities, it is interesting that samples with high N,
at Pinatubo and Mount St. Helens are from pre-climactic
sequences that involved multiple small eruptions (cycling
of recompression-decompression events).

How does this assessment help us to interpret the
groundmass textures of Guagua Pichincha samples? The
limitations described above, together with a lack of exper-
iments that replicate the eruption conditions at Guagua
Pichincha (inferred rapid decompression to pressures of
< ~70MPa followed by slow decompression to shallower
pressure, probably accompanied by repressurization and
variable amounts of CO, fluxing), limit the extent to which
Guagua Pichincha textures can be interpreted quantita-
tively. Nonetheless, the combination of groundmass crys-
tal textures, oscillatory zoned plagioclase, and volatile
data strongly suggest that (1) Guagua Pichincha magma
was repeatedly staged at variable but shallow levels prior
to eruption, (2) intra-eruptive decompression and degas-
sing occurred rapidly in response to the preceding erup-
tion, but decreased as material outgassed and densified (as
interpreted at Soufriere Hills, Edmonds et al. 2003), and
(3) streaming of CO,-rich gas could have increased rates
of crystallization above those imposed by decompression
alone (e.g., Riker et al. 2015). Rapid crystallization due to
decompression is further supported by the abundance of
swallowtail and hopper crystal morphologies in many of
the samples (e.g., Hammer and Rutherford 2002), while
pressure cycling is required by the episodic Vulcanian
activity.

An exception to the above discussion is DB sample
GP17a, which has the lowest H,O in groundmass glass (low-
est equilibration pressure) but also exhibits anomalously low
crystallinity and plagioclase number densities with relatively
large crystal sizes; the pumiceous sample from 17 December
1999 (erupted after the highest effusion rate period of the
sequence; Table 1) has similar characteristics. We interpret
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these features to reflect rapid syn-eruptive degassing fol-
lowed by limited crystallization because of high melt vis-
cosities, as seen in the lowest pressure (5 MPa) experiments
of Hammer and Rutherford (2002). Lack of equilibrium in
this low-pressure experimental sample is confirmed by a
groundmass glass composition that plots near higher pres-
sure cotectics on the haplogranite ternary (Fig. 10; see also
Martel and Schmidt 2003).

To summarize, groundmass textures of Guagua Pichin-
cha samples, specifically, and samples from silicic pulsatory
eruptions, in general, do not fit predictions based on either
steady or non-steady uni-directional decompression paths.
Instead, they and the oscillatory zones found in plagioclase
rims record (1) sudden evacuation of magma residing at dif-
ferent levels in the shallow conduit and (2) inter-eruptive
repose periods marked by time-varying rates of degassing
(4 volatile fluxing) and re-pressurization (mirrored by
time-varying rates of summit deflation and then inflation;
Garcia-Aristizabal et al. 2007). Critically, this means that,
in contrast to steady eruptions, the magma decompression/
recompression history recorded in the groundmass tex-
tures of the clasts may be decoupled from the dynamics of
final, syn-eruptive magma ascent. For this reason, the final
decompression is only part of the story recorded in plagio-
clase groundmass and phenocryst rim textures. Additional
information is included, however, in the volatiles dissolved
within the groundmass melt. We note that elevated CO, in
groundmass glass is not unique to Guagua Pichincha but is
also observed in groundmass glass from breadcrust bombs
formed during pulsatory eruptions at Galeras and Mount St.
Helens (Bain et al. 2019; Blundy et al. 2010); we suspect
that the same is true for other pulsatory eruptions where the
volatile content of groundmass glass has not been analyzed.

Variations in the number of oscillatory zones in pla-
gioclase phenocrysts further indicate that decompression,
degassing, and repressurization paths varied through time
in the eruption sequence. Samples from the first (phreato)
magmatic eruption on 26 September contain very few oscil-
latory zones, consistent with decompression accompanying
relatively modest ascent rates, punctuated by decompres-
sion-recompression steps associated with the limited number
of precursory phreatic events (Fig. 12). Samples erupted on
5 October similarly show a limited number of zones due
to their eruption early in the sequence. Oscillatory zones
in samples from the subsequent activity are more numer-
ous and overlap those in thinly breadcrusted (TnB) samples
and dense (DB) samples, consistent with effective quench
at (multiple) shallow levels (and low overall crystallinity).
thickly breadcrusted (TkB) and foliated intermediate (FIB)
samples have the highest number of zones, are similar to
each other, and are interpreted to originate from shallow in
the conduit (although not so shallow as to stop growth as in
dense DB samples).
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Conclusions

We combine chemical and textural information to cre-
ate a holistic model of eruptions in the 1999-2000 Gua-
gua Pichincha eruption sequence. Melt inclusions show
a range of H,O and CO, concentrations that may reflect
closed system degassing in the presence of an external
fluid. Plagioclase microlite number densities, size dis-
tributions, shapes, oscillatory zonation, and presence of
silica-phase precipitation indicate multiple decompres-
sion/recompression steps preceding eruption as magma
stalled within shallow crustal pathways beneath the vent.
In addition, CO,-bearing groundmass glass provides evi-
dence for equilibration with magmatic gas from depth dur-
ing inter-eruptive intervals while the system repressurized.
Shallow staging was accompanied by crystallization with
sufficient shallow residence times to allow silica to precip-
itate, but not long enough for hornblende breakdown rims
to form. Together these constraints limit shallow residence
duration, consistent with repose intervals between dome
destruction events averaging ~7 days.

These observations inform our conceptual model of the
Guagua Pichincha magmatic system and the sequence of
events leading to repeated eruptions in 1999-2000.

1. Magma storage (growth of equilibrium phenocryst
assemblage) at >3 to 7 km below the crater floor, as
indicated by melt inclusion saturation pressures that are
themselves minima due to lack of accounting for CO,
in melt inclusion bubbles. This depth range is consistent
with, but not as extensive as, an amphibole geobarom-
etry depth range of 4-12 km (Garcia-Aristizabal et al.
2007) and VT hypocenter locations that extend to a
maximum of 14 km below the crater floor.

2. Magma ascent and/or degassing from this reservoir
activates faults distal to the magma (due to either
increase of pore pressure in groundwater, cf. White
and McCausland (2016), or stress loading on tectonic
faults distal from magmatic intrusion). Distal VT
(dVT) seismicity occurred on a pre-existing splay of
the Romeral Fault Zone about 15 km away from the
volcano at 14-km depth. The earliest signs of magma
ascent occurred as early as 1981, when seismicity felt
in Quito in August 1981 was followed only 3 days later
by the first phreatic eruption at Guagua Pichincha in
over 100 years (Global Volcanism Program 1981). By
late 1997 to early 1998, dVT seismicity (to maximum
magnitude of 4.0; Legrand et al. 2002; White and
McCausland 2016) increased in frequency, waxing and
waning in close relationship to phreatic activity at the
volcano and peaking at times of notable phreatic erup-
tions, although it did not migrate progressively closer
to the volcano through time.

Shallow magma ascent accompanied by dVT swarms
detected in September 1998 and again in January to
March 1999 (Fig. 2), which were followed by increases
in hydrothermal activity, increasing phreatic erup-
tions, and by the new appearance of shallow tremor.
Strong tremor lasted days to weeks from March to May
1999, accompanied by increasing, vapor-rich phreatic
eruptions and a swarm of proximal VT earthquakes.
Another swarm occurred in June 1999 (with fewer,
but larger magnitude events and ash-rich eruptions).
Then, from 8 to 24 September 1999, VT focal depths
shallowed to 2 km below the surface (Garcia-Aristiza-
bal et al. 2007) causing shallow deformation detected
with a near-summit tiltmeter and shallow LP seis-
micity. Magma surfaced on 26 September with ash
eruptions and then created the first dome on ~28 Sep-
tember. Plagioclase phenocrysts in ash samples show
very limited oscillatory rim growth, suggesting that
the preceding phreatic activity did little to influence
the shallow magma. Inflationary tilt signals prior to
explosive eruptions within the ensuing sequence have
been interpreted to reflect accumulation of pressure
beneath a rigid dome cap (Garcia-Aristizabal et al.
2007). Deflation then accompanied many of the sub-
sequent explosions (Garcia-Aristizabal et al. 2007).
Shallow ascent is interpreted to have occurred within
a network of dikes at <3-km depth, coincident with
a prolate low velocity seismic anomaly that extends
from 1 to 3 km beneath the crater floor (Garcia-Aris-
tizabal et al. 2007) and with most VT seismicity, for
which relocated hypocenters form subvertical align-
ment to ~ 2-km depth (Garcia-Aristizabal et al. 2007).
Repeating cycles of explosive magmatic eruptions
followed by dome growth and subsequent destruc-
tion (Fig. 12): in eight consecutive cycles, magma
slowly ascended toward the surface, filling and staging
within shallow dikes at 0-3 km. Degassing accom-
panied magma ascent (producing low H,O contents
in breadcrust rinds), causing microlite crystallization
and forming oscillatory rims on the plagioclase phe-
nocrysts; the latter provide a rough estimate of the
relative magma residence time within the conduit prior
to being expelled in an eruption. Associated outgas-
sing (as evidenced by low breadcrust rind porosities,
Wright et al. 2007) contributed to plug formation
beneath the growing dome (as modeled by Schneider
et al. 2012), where the closed system degassing trends
of melt inclusion volatile contents suggest that degas-
sing outpaced outgassing rates. The system repressur-
ized due to continued degassing of shallow magma
beneath a low-permeability cap and the additional
contribution of gas streaming from depth (causing
elevated CO, contents in breadcrust rind groundmass
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glass). LP swarms during dome extrusion may signal
this pressure accumulation (cf. changing character of
LPs at Galeras, Torres et al. 2021). In general, LP
swarms began with irregular spacing, but became
more closely spaced through time until merging into
tremor (Garcia-Aristizabal et al. 2007) and leading to
pulses of dome growth, which sometimes culminated
in explosion and dome collapse (Villagémez 2000).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00445-023-01626-3.
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