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during the preclimactic eruptions of Mt. Pinatubo in 1991
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Abstract
Dense, vitric, dacitic pyroclasts (dacite lithics) from the 1991 preclimactic explosions of Mt. Pinatubo were analyzed for their
vesicular and crystal textures and dissolved H2O and CO2 contents. Micron-scale heterogeneities in groundmass glass volatile
contents (0.9 wt% differences in H2O within 500 μm) are observed and argue that parts of the dacite lithics equilibrated at
different depths before finally being constructed. Greater vesicularities and larger and greater number densities of vesicles are
observed in groundmass glass around phenocrysts compared to groundmass glass away from phenocrysts, similar to textures
produced in experiments that sintered bimodal distributions of particles. Furthermore, increasingly greater proportions of
stretched and distorted vesicles are observed in lithics from the later explosions, which parallels the increasingly shorter reposes
between explosions. Finally, micron-sized crystal fragments are ubiquitous in groundmass glass of all dacite lithics. The textures,
together with the variable volatile contents, lead us to propose a model that the dacite lithics formed by rapid and repetitive
sintering of ash particles derived from a variety of depths on the conduit walls above the fragmentation level. We speculate that
sintering of conduit material produced impermeable layers that retarded gas flow through the conduit, causing pressure to build
until the cap failed and the next explosion occurred.
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Introduction

Dense, juvenile magmatic fragments are common in tephra
deposits and used to infer eruptive behavior and degassing
processes (Eichelberger and Westrich 1981; Taylor et al.
1983; Newman et al. 1988; Bursik 1993; Rust et al. 2004;
Gonnermann and Manga 2005a; Rust and Cashman 2007;
Barnes et al. 2014; Gardner et al. 2017). Commonly, their
volatile signatures appear to follow closed system degassing
trends, but their poor vesicularities suggest various extents of
gas escape, which should happen only in open-system
degassing processes (Taylor et al. 1983; Newman et al.

1988; Rust et al. 2004; Castro et al. 2014; Watkins et al.
2017). Various models have been proposed to reconcile these
contrasting records (Eichelberger et al. 1986; Rust et al. 2004;
Gonnermann and Manga 2005a; Rust and Cashman 2007;
Castro et al. 2014). Recently, Gardner et al. (2017) re-
examined glassy obsidian pyroclasts from the 1325–1350
C.E. North Mono eruption and argued that the pyroclasts
formed by repeated fragmentation and sintering of loose ash
particles at various depths within the conduit. In this model,
there is no need to reconcile degassing trends because dis-
solved volatile contents preserve degassing at various depths
in the conduit but vesicles are mainly relict pockets of gas
trapped between sintering ash and not those degassed from
the local melt.

Although sintering serves as one model for the formation
of glassy obsidian pyroclasts, it is not clear whether it occurs
in non-obsidian forming eruptions. Therefore, in this study,
we investigate the textures and volatile contents in dense,
juvenile magmatic fragments erupted during a series of explo-
sions before the climactic phase of the Mount Pinatubo erup-
tion in 1991. As discussed below, these are phenocryst-rich,
poorly vesicular fragments of the same dacite magma erupted
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throughout the eruptive sequence. Hammer et al. (1999)
showed the fragments formed during the explosions, which
when paired with the well-documented eruptive durations and
repose intervals, provides an excellent framework to study
their formation. In this study, we refer to the vitric, dacitic,
pyroclasts as dacite lithics to maintain consistency with
Hoblitt et al. (1996), who described the deposits and the oc-
currence of the dacite lithics in detail. In addition, because
viscous sintering is the same process as welding (e.g.,
Wadsworth et al. 2016, 2017a, 2017b), we refer to the process
as sintering, which avoids any specific connotation of differ-
ent degrees of welding as used in physical volcanology.

Background and samples

The reawakening of Mt. Pinatubo in 1991 began in March of
that year with felt earthquakes and escalating steam and ash
emissions (Wolfe and Hoblitt 1996). The emergence of a lava
dome on June 7 (phase III, Hoblitt et al. 1996) provided proof
that the activity was driven by ascending magma. Four pow-
erful, vertical eruptions occurred during June 12–14 (phase
IV), producing ash clouds that rose higher than 24 km and
tephra fall that extended over wide areas. The pace of activity
then quickened with thirteen closely spaced explosions during
June 14–15 (phase V) that generated pyroclastic surges. These
eruptions were transient, most lasting only a few minutes, and
produced small volume deposits consisting of pyroclasts with
variable density (Hoblitt et al. 1996), and thus can be consid-
ered Vulcanian-style eruptions (Clarke et al. 2015). The de-
posits are rich in pumiceous pyroclasts, suggesting the erup-
tions were magmatic rather than phreatomagmatic. While the
intensity of the explosions generally decreased with time, they
became more frequent (Table 1). Then, on June 15, about
5.5 km3 (dense-rock equivalent) of pyroclastic material was
emplaced during the climactic phase VI eruption (Hoblitt et al.
1996; Scott et al. 1996; Weisner et al. 2004).

The eruptive products consist of three major juvenile com-
ponents: hybrid andesite (59–60 wt% SiO2), olivine-
clinopyroxene basalt (50–52 wt% SiO2), and dacite (64.5 ±
0.3 wt% SiO2; Pallister et al. 1996; Luhr and Melson 1996;
Bernard et al. 1996). The climactic eruption tapped only
dacite, which is volumetrically at least an order of magnitude
greater than all deposits produced by the June 12–14 eruptions
combined (Pallister et al. 1996). Phase IV activity, however,
tapped 50–90 + % hybrid andesite (Hoblitt et al. 1996). The
first explosion of phase V also erupted ~ 55% andesite, but
tephra from the subsequent explosions is ~ 80–100% dacite.

Dacite clasts in phase V tephra are classified as either pum-
ice or lithic (Fig. 1), with dacite lithics having densities ≥
2000 kgm−3 (Table 1). Here, we focus on dacite lithics, which
comprise 7–13% of dacitic material in deposits from surges 1
and 3, but make up ~ 40–50% of the later pyroclastic surge

deposits (Hoblitt et al. 1996). We examined 48 dacite lithics
(Table 1), all 2–10 mm in size, collected in March 1992 from
site #11, located to the southeast of the caldera (Hoblitt et al.
1996). Eleven different pyroclastic surge deposits are thought
to be present at that locality, and only 9 of those yielded
sufficient deposit to be sampled. Three dacite pumice are in-
cluded in the study for comparative purposes (Table 1).

Methods

Dacite lithics larger than 8 mm were broken into several
pieces, and a select number were mounted in epoxy and dou-
bly polished. Smaller lithics were doubly polished whole.
Wafers were thinned to ~ 50–160-μm thick so that sufficient
light could pass through the sample to facilitate measuring
dissolved volatile contents in groundmass glass while
avoiding phenocrysts, vesicles, microlites, and crystal frag-
ments (Table 2).

Textural analysis

Textures were studied using a combination of scanning elec-
tron microscopy (SEM) and optical microscopy. A subset of
44 of the 48 samples were scanned using a Phillips/FEI XL30
environmental scanning electron microscope (The University
of Texas at Austin) to produce back-scattered electrons (BSE)
images and compositional X-ray maps. All image analyses
were done using AZtec and ImageJ. The images were used
to measure vesicularity, defined as the percentage of area of
void space relative to the area of void space plus groundmass
glass (minus crystals). Crystals were identified from stacked
X-ray maps of Fe, Mg, Ca, Na, Al, P, Ti, and S. Crystallinity
was calculated from the maps as the percentage of area of
crystals relative to the total area of clast (minus vesicles).
Groundmass glass abundances were then calculated by
subtracting crystal and void areas from total area.

Except for three lithics that lack vesicles, sub-domains
within each clast (typically 0.024 to 0.68 mm2) with various
vesicularity were selected randomly and measured for vesic-
ularity. Each of those was then analyzed using an optical mi-
croscope to measure vesicle size, vesicle shape, and 3D vesi-
cle number density. Vesicles in transparent groundmass glass
were counted within rectangular columns in the selected sub-
domains as we focused through samples at a magnification of
× 500. All vesicles were counted and measured as the focal
plane traveled through the sample, until individual vesicles
could no longer be identified. The distance that the focal plane
traveled through the sample was measured using a linear drive
encoder attached to the focusing drive of the microscope.
Long and short axes of all identifiable vesicles were measured
using the ocular reticle to a precision of 1 μm. Some vesicles
are highly distorted, making long and short axes difficult to
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define; in those cases, the longest and shortest spans of vesi-
cles were measured.

Glass composition

A total of 60 groundmass glasses were analyzed (Table 3)
using a JEOL JXA-8200 Electron Microprobe (EPMA). One
clast each from eight of the pyroclastic surge deposits was
analyzed, and six to eleven spots were analyzed in each, all
avoiding crystals and vesicles. An accelerating voltage of
15 kV, a beam current of 10 nA, and a defocused spot size
of 10 μm were used to minimize Na migration. Automatic
drift corrections were used on standard intensities, with work-
ing standards analyzed repeatedly to monitor for instrumental
drift. Because of the presence of dissolved H2O, concentra-
tions of the major elements do not sum to 100 wt%; analyses
are thus normalized to 100 wt%.

Volatile measurements

A total of 329 analyses of dissolved H2O contents in ground-
mass glasses in 34 clasts were made using Fourier transform
infrared (FTIR) spectroscopy (Table 2). Of those, 275 also
yielded detectable amounts of dissolved CO2. Spectra were
obtained between 7800 and 650 cm−1 using 120 scans at a
resolution of 4 cm−1, a liquid-nitrogen-cooled detector, white
light, KBr beamsplitter, and an aperture of 50 × 50 μm. At
least 10 analyses were made in each lithic, selected so that
measurements corresponded to various vesicle textures.
Absorbances at ~ 5200 cm−1 (hydroxyl OH) and ~
4500 cm−1 (molecular H2O) were used to calculate dissolved
H2O contents, using the model of Zhang et al. (1997).

Absorbance at ~ 2350 cm−1 was used to calculate CO2 con-
tent, using a molar absorptivity of 1214 L cm−1 mol−1

(Behrens et al., 2004). Thickness for each spectrum was mea-
sured using the linear encoder, as described above.

Dacite pumice

Three pumice samples were analyzed to compare with the
dacite lithics in terms of vesicle and crystal textures
(Table 1). One sample in this study, P351, is the same one
used by Hammer et al. (1999). It is mounted in epoxy and
singly polished to a thickness ~ 30 μm. Vesicularity and min-
eralogy of crystal phases were analyzed using an optical mi-
croscope. The other two pumice clasts (from surge 3 and surge
9) were scanned using a high-resolution X-ray computed to-
mography at the University of Texas at 160 kV, 0.2 mA, with
a voxel size of 9.6 μm. Images (16bit TIFF) were produced
from each scan and used to conduct image analyses. These
scans provided better results to evaluate 3D distributions of
vesicles and crystals.

Results

Vesicle textures

Dacite lithics have bulk vesicularities from ~ 4 to ~ 55 vol%,
except for one highly vesicular clast from the deposit of surge
9 that has 70 vol% vesicles (Supplemental Table A). In gen-
eral, more vesicular clasts are more uniformly vesicular, but
all clasts are texturally heterogeneous, with some parts being
dense glass and other parts with up to ~ 65 vol% vesicles.

Table 1 Chronology and samples of phase V eruptions of Mt. Pinatubo

Eruption date Surge event Previous repose (min) Plume height (km) Dacite in deposit (%) Dacite lithics (%) Samples (number)

6/14/91 1 124 ? 58 12.9 7

6/14/91 2 210 ≥ 24 – – 0

6/14/91 3 262 21 98 6.7 8 (+ 2 dacite pumice)

6/15/91 4 112 ? 87 44.2 4

6/15/91 5 79–99 ? 85 48.8 4

6/15/91 6 174 12 80 38.5 1

6/15/91 7 132 12? 83 – 2

6/15/91 8 137 15? 82 – 5

6/15/91 9 36–46 ? 98 – 12 (+ 1 dacite pumice)

6/15/91 10 28–37 8 100 – 5

6/15/91 11 15 ? – – 0

6/15/91 12 20 ? – – 0

6/15/91 13 19 ? – – 0

Eruption data and percentages of dacite in each deposit fromHoblitt et al. (1996). “?”Heights were either not seen or roughly estimated. Percentages (by
mass) of dacite lithics amongst dacite clasts are estimated from clast density distributions in Hoblitt et al. (1996). “–” no information provided
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Often, highly vesicular pockets are found next to and in be-
tween phenocrysts (Fig. 1). Greater vesicularities result from
both greater numbers of vesicles and larger ones.

Vesicle shapes are classified following a scheme modified
from that of Gardner et al. (2017). Vesicles are considered
either regular or irregular (Fig. 2), and have either smooth
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e glass

vesicles

vesicles

crystal

crystal

crystal

crystal

a
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c

Fig. 1 Representative dacite lithics and pumice from the deposits
produced from 1991 Mt. Pinatubo pyroclastic surges. a Dacite lithic
from surge 9 deposit. b Dacite lithic from surge 1 deposit. c Dacite
pumice from surge 1 deposit; all scale bars are 5 mm long. d and e

Photomicrographs of heterogeneous vesicularities in dacite lithics; scale
bars are 200 μm long. Note that highly vesicular pockets cluster around
and between phenocrysts

Table 2 Summary of volatile contents in dacite lithics of Mount Pinatubo

Surge event n (H2O) [H2O] average (wt%) [H2O] range (wt%) n (CO2) [CO2] average (ppm) [CO2] range (ppm)

1 9 1.3 ± 0.2 1.0–1.4 3 9 ± 2 7–10

3 73 1.6 ± 0.3 0.6–2.1 73 22 ± 5 9–35

4 36 1.8 ± 0.2 1.4–2.5 36 18 ± 5 10–27

5 30 1.8 ± 0.2 1.2–2.2 30 17 ± 4 11–29

6 10 1.6 ± 0.3 1.3–2.0 10 20 ± 4 13–27

8 32 1.6 ± 0.3 1.2–2.6 31 15 ± 7 5–30

9 82 1.5 ± 0.3 0.6–2.4 59 10 ± 4 4–22

10 54 1.4 ± 0.3 0.6–2.2 34 7 ± 1 4–11

n, total number of analyses from dacite lithics from each surge deposit. The average concentration of H2O and CO2 are listed in wt%, along with range
between the lowest and highest concentration measured
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surfaces or pitted and rough surfaces. We also classified ves-
icles using a dimensionless deformation parameter calculated
from the vesicle dimensions:

D ¼ la−lb
la þ lb

ð1Þ

where la and lb are the lengths of the long and short axes
(Taylor 1934; Rust and Manga 2002). Regularly shaped ves-
icles with D values of < 0.1 are considered spherical. Those
with smooth surfaces are named “smooth spherical” (Fig. 2a),
as opposed to those with rough surfaces, named “rough spher-
ical” (Fig. 2b). Irregularly shaped vesicles that lack symmet-
rical shapes are classified as either “stretched-distorted,”when
they are elongated in one direction, or “distorted” when not
(Fig. 2c). Regularly shaped vesicles with D values > 0.1 are
ellipsoidal, and those can be either smooth (Fig. 2d) or rough,
and in some cases have sharp tip(s) on one or both ends (Fig.
2e, f).

The most common vesicles are smooth spherical and
smooth ellipsoidal. The proportion of smooth spherical vesi-
cles within clasts ranges from 10 to ~ 80%, averaging 30 ±
14%. Smooth ellipses typically make up 20–65%, and average
40 ± 13%. Micron-scale heterogeneity of vesicle types occurs
in most clasts, with stretched and sharp-tipped vesicles often
found next to spherical and smooth ellipsoidal ones (Fig. 2d).

Dacite lithics from individual pyroclastic surge deposits
can differ significantly in the dominant vesicle shapes within
them. For example, one clast from the surge 4 deposit contains
44% distorted vesicles, whereas another from the same depos-
it lacks distorted vesicles and instead has nearly equal propor-
tions of spherical and ellipsoidal vesicles. There are, however,
systematic changes in vesicle textures through the sequence of
layers. Sharp-tipped and stretched distorted vesicles are nearly
absent in clasts from the earliest surge deposits, whereas both

types are abundant in clasts from the deposits of surges 9 and
10 (Fig. 2e, f). Other vesicles generally become more
stretched with time. Almost all vesicles in clasts from deposits
of surges 1–7 have average D values of < 0.16, but they have
average D values of > 0.16 in about half of the clasts from
deposits of surges 8 and 9; 80% of the clasts from the deposit
of surge 10 have average D value ≥ 0.2. In addition, whereas
larger vesicles tend to be more deformed than smaller ones in
most clasts, even many of the small vesicles in clasts from the
deposit of surge 10 are stretched and distorted. Rough textured
vesicles are also common in clasts from the deposit of surge 9,
but uncommon in most other layers.

Dissolved volatile contents

The average H2O and CO2 contents in the 34 dacite lithics are
1.56 ± 0.21 wt% and 14.2 ± 2.9 ppm, respectively (Table 2).
Individual analyses of H2O concentrations range from 0.56 to
2.58 wt%, whereas CO2 concentrations range from 4 to
35 ppm, when there is detectable CO2 (Supplemental
Table A). These concentrations overlap with those reported
by Hammer et al. (1999).

Within clasts, concentrations of H2O and CO2 vary by up
to ~ 1.3 wt% and ~ 18 ppm, respectively (Table 2). Intra-clast
variations are typically much less than inter-clast variations.
For example, clast 1–2L–B (from surge 3) has average con-
centrations of H2O and CO2 of 1.30 ± 0.53 wt% and 19 ±
5 ppm, respectively, which match averages for all clasts.
Within that clast, however, groundmass glass in one area has
0.59 wt% H2O and 12 ppm CO2, whereas glass only 500 μm
away contains 1.49 wt% H2O and 22 ppm CO2.

Overall, average H2O concentrations fall within the
range of 1–2 wt%, and clasts within the deposit of an
individual pyroclastic surge event do not differ by more

Table 3 Average composition of groundmass glass in dacite lithics from Mt. Pinatubo surge deposits

Sample 1-1B 1-2B 1-3B 1-4B 1-5A 1-8C 1-9D 1-10B

Surge deposit 1 3 4 5 6 8 9 10

n 6 7 11 8 6 8 7 7

SiO2 78.17 (42) 78.77 (21) 78.66 (24) 78.37 (17) 77.96 (62) 78.08 (26) 77.76 (28) 77.81 (38)

TiO2 0.12 (3) 0.15 (5) 0.13 (3) 0.12 (4) 0.13 (3) 0.15 (2) 0.12 (2) 0.11 (3)

Al2O3 12.36 (14) 12.15 (19) 12.40 (16) 12.55 (13) 12.78 (42) 12.57 (8) 12.72 (10) 12.65 (19)

FeO* 0.84 (9) 0.84 (14) 0.75 (6) 0.73 (5) 0.71 (4) 0.82 (9) 0.78 (7) 0.80 (4)

MnO 0.03 (1) 0.04 (2) 0.03 (2) 0.03 (3) 0.05 (3) 0.03 (3) 0.03 (3) 0.04 (2)

MgO 0.22 (8) 0.17 (3) 0.18 (4) 0.18 (3) 0.11 (3) 0.19 (2) 0.22 (5) 0.23 (3)

CaO 1.11 (11) 1.02 (5) 1.04 (6) 1.05 (3) 1.19 (10) 1.08 (4) 1.15 (3) 1.19 (6)

Na2O 4.04 (18) 3.61 (15) 3.65 (22) 3.88 (9) 4.05 (20) 4.00 (13) 4.12 (22) 4.04 (17)

K2O 3.13 (6) 3.25 (3) 3.16 (12) 3.09 (8) 3.03 (16) 3.08 (7) 3.10 (5) 3.13 (8)

n, number of analyses. All oxides reported in weight percent and normalized to sum to 100%; total iron reported as FeO. Values in parentheses are 1σ
standard deviations of concentrations in terms of the last digits of the average; 78.17 (42) should be read as 78.17 ± 0.42
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than 0.7 wt% (Fig. 3). Differences in average CO2 con-
centration amongst clasts from an individual pyroclastic
surge event are also relatively small, usually below
10 ppm. But, there is a significant decrease in the average
CO2 concentration with time, decreasing from ~ 22 ppm
in clasts from the deposit of surge 3 to < 7 ppm in clasts
from the deposit of surge 10 (Fig. 3). The trend is signif-
icant because all 59 analyses in clasts from surge 9 are
below 22 ppm. Clasts from surge 10 deposit have highly
clustered dissolved CO2 concentrations of ~ 5 and ~
10 ppm. Clasts from surge 1 deposit are also poor in
CO2, but the limited number (3) of analyses makes the
average suspect.

Crystals and crystal fragments

Bulk crystallinity of the dacite lithics ranges from ~ 40 to ~
60 vol% (Supplemental Table A). The majority of the crystal-
linity are phenocrysts, up to ~ 2mm in size, of feldspar (15–20
vol%), hornblende and cummingtonite (15–20 vol%), quartz
(0–10 vol%), and minor amounts of biotite (up to 5 modal %),
apatite (<5 vol%), and Fe–Ti oxides (~ 5 vol%). Microlites
like those described by Hammer et al. (1999) are also ob-
served (Fig. 4). Microlites larger than 150 μm are common
in dacite lithics from the surge 1 deposit, and typically tabular
in shape with slightly curved edges. Feldspar microlites
shorter than 5 μm are observed in clasts from deposits of

a

c

e

b

d

f

crystal
crystal

crystal

Fig. 2 Photomicrographs of vesicles textures observed in dacite lithics
from deposits produced from the 1991Mt. Pinatubo pyroclastic surges. a
Homogeneously distributed smooth spherical vesicles in sample 1–8A
(surge 8). b Rough spherical vesicles in sample 1-2L-C (surge 3). c
Stretched distorted vesicle in a context with various degrees of vesicle

relaxation in sample 1-10A (surge 10). d Smooth ellipsoidal and smooth
spherical vesicles in sample 1–8A (surge 8). e Sharp-tipped ellipsoidal
and distorted vesicles in sample 1-10A (surge 10). f Sharp-tipped
ellipsoidal vesicles in sheared context from surge 10 samples. All scale
bars are 50-μm long
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surges 4 and 5, with some having swallow-tailed offshoots,
and show no preferred orientation in matrix glass. Microlites
are essentially absent in lithics from deposits of surges 9 and
10. There is thus a systematic decrease in abundance and size

of microlites as a function of time, a trend also observed and
discussed in detail by Hammer et al. (1999).

In addition to well-shaped microlites, we observed nu-
merous tiny fragments of crystals in every lithic (Fig. 4).
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Fig. 3 (A) Average concentrations of dissolved volatiles in dacite lithics
from 1991 Mt. Pinatubo pyroclastic surge deposits. Each datum
represents the average volatile content of a sample; the average error is
shown separately as bars at the top-left corner. (B) Average
concentrations of dissolved volatiles for samples from each pyroclastic
surge deposit. Error bars are ± 1σ for all analyses. Solid and dashed

curves in each figure are equilibrium volatile pressures and fluid
compositions, respectively, calculated using the model of Liu et al.
(2005) and assuming a magmatic temperature of 780 °C. Dotted curves
are degassing paths calculated assuming closed system degassing of
6.3 wt% H2O and 330 ppm CO2 at 780 °C (Wallace and Gerlach 1994)
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These ubiquitous fragments are randomly distributed
throughout the groundmass glass and usually only a few
microns in size, but some can be as big as 10–20 μm.
They typically bear no crystal habit, which distinguishes
them from microlites, yet they have sharp edges regard-
less of size. The most abundant fragments are colorless
feldspar and pale green hornblende, and are thus the same
as the phenocryst population.

Dacite pumice

Pumice sample (P351) from the deposit of surge 3 is
highly vesicular, with clear groundmass glass that is
free of microlites and crystal fragments (Fig. 4).
Vesicles and phenocrysts make up ~ 40 vol% and ~
50 vol% of the pumice, respectively. The other pumices
from the deposits of surge 3 (P1-2A) and surge 9 (P1-
9A) have similar crystallinities of 40–50%. Phenocryst
phases observed include feldspar, hornblende, and
quartz. These pumice clasts match the phenocryst-rich
pumice found in phase VI deposits. Hoblitt et al.
(1996) noted that the phase V deposits lack crystal
fragment–rich tan pumice, which are common in phase
VI deposits.

Discussion

Source of dacite lithics

Groundmass glasses in eight dacite lithics, one from each of
the surge deposits, are all high-silica rhyolitic in composition
(Table 3), and match the composition of glass in the dacite
magma erupted during phase VI (Rutherford and Devine
1996; Pallister et al. 1996). All dacite lithics have phenocrysts
that are found only in the main dacite magma; no crystals from
the hybrid andesite or olivine-clinopyroxene basalt were ob-
served. We conclude that all dacite lithics examined are dacite
only, and hence none of the textures can be ascribed to magma
mixing.

Dacite lithics were erupted in a sequence of explosions that
lasted for nearly 24 h (Wolfe and Hoblitt 1996). Hammer et al.
(1999) found that well-formed microlites in the lithics vary in
size and number between explosions, but are absent from the
main dacite magma erupted during the climactic phase VI
event. We also found that microlites are absent from dacite
pumice erupted by the phase V explosions (Fig. 4). This ar-
gues that the dacite lithics formed during the sequence of
explosions, and hence in less than ~ 24 h. More importantly,
sizes and abundances of microlites correlate roughly with
length of repose, suggesting that the lithics formed during

a b

c d

vesicle

microlite

microlites

Fig. 4 Optical microscope (a–c) and SEM images (d) of crystal fragments (a–c) and microlites (d) in 1991 Mt. Pinatubo dacite lithics. Arrows point to
crystal fragments. Clasts are from pyroclastic surge deposits produced by surges 10, 8, 1, and 5, respectively
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reposes between explosions (Hammer et al. 1999). Reposes
between the earliest explosions lasted up to 2 h, but decreased
to about 20 min by the end of the sequence (Table 1). Such a
correlation would not be expected if the dacite lithics were not
formed during the sequence of eruptions and instead were
accidental lithic fragments of pre-existing rocks.

Dissolved volatile contents are mainly 1–2 wt% H2O
and 5–30 ppm CO2 (Fig. 3). If equilibrium conditions are
assumed, the dacite lithics formed at ~ 11 to 30 MPa, as
calculated from the model of Liu et al. (2005). These are
significantly lower than the pre-eruptive pressures of the
dacite magma (Wallace and Gerlach 1994; Rutherford and
Devine 1996).

The magma that produced the dacite lithics thus
formed within relatively short time periods and at shallow
depths rather than within the pre-eruptive magma reser-
voir. We note that if H2O-rich dacite magma degassed
from 220 MPa (pre-eruptive magma reservoir) to 11–
30 MPa, then it would have generated porosities of ~
65–78 vol% (Gardner et al. 1999). The dacite lithics are
far less porous, however, and in fact many have nearly
bubble-free groundmasses (Figs. 2 and 4). Thus, a signif-
icant loss of porosity must have occurred during the mi-
nutes to hours while the dense dacite formed. One possi-
bility is that the highly porous magma stagnated long
enough for bubbles to interconnect and form a permeable
foam that allowed gas to escape and the foam to subse-
quent ly col lapse as a resul t of surface tension
(Eichelberger et al. 1986). The main control on the rate
of foam collapse in the absence of applied stress is the
viscosity of the porous melt (Proussevitch et al. 1993;
Gardner et al., 1996; Martel and Iacono-Marziano 2015).
Using the model of Hess and Dingwell (1996), we esti-
mate that the silicate melt (groundmass glass) of the
dacite lithics would have had viscosities of 106.1–
108.5 Pa s, using measured H2O contents (Table 2), mea-
sured glass compositions (Table 3), and a temperature of
780 °C (Rutherford and Devine 1996; Scaillet and Evans
1999). Bulk viscosity would have been higher, because of
the presence of ~ 40–60 vol% phenocrysts (Table 2). Even
assuming melt viscosity alone, the experimental results of
Martel and Iacono-Marziano (2015) indicate that such
foam would take more than 104 h to collapse. Moreover,
as discussed by Wadsworth et al. (2020), densification of
foam is limited to 20–30 vol% porosity, because of the
collapse of the permeable network, and even when mag-
matic foams have been sheared experimentally, the lowest
porosity achieved has been 17 vol%. Many of the dacite
lithics are less vesicular than 17–20 vol%, including many
that have groundmasses with near zero vesicularity. It
thus seems unlikely that that the dense dacite formed sole-
ly as a result of collapse of permeable foam at shallow
depths.

Generation of dacite lithics after fragmentation

One key to understanding how the dense dacite formed is the
ubiquitous fragments of crystals (Fig. 4). Such fragments are
absent from the groundmass glass in dacite pumice (Fig. 4d),
but are found in every dacite lithic, including those that lack
microlites (Fig. 4). The fragments match the phenocryst pop-
ulation, but their shapes and textures show they are not
microlites grown from the melt. Importantly, amphibole frag-
ments are common, but hornblende would not grow frommelt
with only 1–2 wt% dissolved H2O (Rutherford and Devine
1996; Browne and Gardner 2006). Hence, the fragments are
inherent to the dense dacite, but they did not grow from the
melt at the conditions recorded by the dacite lithics.

Similar small pieces of crystals were observed in gray pum-
ice erupted in phase VI (Pallister et al. 1996; Polacci et al.
2001). These crystal pieces coincide with a dramatic decrease
in phenocryst abundance of up to 15% or more, and with
distinctly more mafic groundmass glass, with SiO2 contents
as low as 68wt% (Bernard et al. 1996; Luhr andMelson 1996;
Pallister et al. 1996; Scaillet and Evans 1999). Like the white
pumice clasts, however, gray pumice clasts are highly vesic-
ular, with bulk vesicularities of 68–72% (Polacci et al. 2001).
Polacci et al. (2001) argue that these crystal pieces formed by
mechanical breakage and dissolution of phenocrysts as a result
of intense shear and viscous dissipation at the conduit walls
during ascent in the conduit before the magma fragmented
into pumice and ash.

Gray dacite pumice makes up ~ 15% of phase VI deposits,
in contrast to dacite lithics which make up almost half of some
of the deposits of phase V (Hoblitt et al. 1996). Dacite lithics
also have the same modal abundances of phenocrysts as white
pumice (Table 2) and there is no change in groundmass glass
composition (Table 3). This shows conclusively that the crys-
tal fragments in the dense dacite did not result from pheno-
cryst dissolution. In addition, vesicularities of dacite lithics are
highly variable, and in some cases are almost non-vesicular.
The groundmass glasses of dacite lithics are also highly vari-
able in dissolved volatile contents, which would not be ex-
pected from degassing of a coherent, non-fragmented mass of
magma. Finally, microlite contents and sizes in dacite lithics
correlate with the length of hiatus between eruptions (Hammer
et al. 1999), which would not be expected if the dacite lithics
formed by shear during the eruptions. We thus argue that the
dacite lithics are not the equivalent of the gray dacite and
formed by a different mechanism.

The lack of crystal habit but sharp edges indicates the frag-
ments formed by mechanical attrition and/or abrasion of phe-
nocrysts. But, the fragments are randomly dispersed and not
restricted to being near phenocrysts of similar type, e.g., feld-
spar fragments are found in between amphibole phenocrysts,
and all types of fragments are found between phenocrysts of a
single type. In order for the fragments to be randomly
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dispersed, theymust have been free from the groundmass after
being broken off of phenocrysts. We thus argue that pheno-
crysts of the dacite magma were freed from the magma, bro-
ken and abraded to produce fragments, and then both the
phenocrysts and fragments were re-incorporated into the mag-
ma. Because it is unlikely that individual phenocrysts can be
released from the magma without the melt/glass also being
dispersed, we suggest that the crystal fragments preserve a
record of the dacite magma having been fragmented apart
before the dacite lithics formed and erupted at the vent.

Model for the formation of dacite lithics

Our model for the formation of dacite lithics, following
Wadsworth et al. (2020), starts with fragmentation of rising
magma, which ultimately drives the eruptions (Fig. 5). The
magma is fragmented into molten pumice, ash, and pheno-
crysts, and those free phenocrysts further break and abrade
to produce the crystal fragments. As the fragmented mixture
travels up the conduit some of the molten ash impacts and
sticks to the conduit walls (Wadsworth et al. 2020), along with
phenocrysts and crystal fragments. Continued eruption plas-
ters more ash onto the aggrading material along the walls.
That molten mass then sinters together, forming dense dacite.
Pieces of the sintering mass are then fractured off and incor-
porated into the eruptions, similar to the ability of eruptions to
incorporate accidental lithics from conduit walls (Gardner
et al. 2017). Pieces fractured off of the conduit walls are either
recaptured higher up in the conduit or ultimately expelled out
of the conduit as dacite lithics (Fig. 5).

In order for ash sintering to be a viable mechanism to form
dense dacite, it must operate on timescales comparable to the
reposes between explosions. Gardner et al. (2018, 2019) ex-
perimentally sintered ash-sized rhyolitic glass at similar tem-
peratures (700–800 °C) as the Pinatubo dacite (Rutherford and
Devine 1996; Scaillet and Evans 1999) and H2O contents and
pressures (20–40 MPa) as those of the dacite lithics (Table 2).
Loose ash was found to sinter to solid glass with few, spher-
ical vesicles in tens of minutes to hours, depending on melt
viscosity and particle size. It should be noted that sintering in
those experiments occurred in the absence of any applied
stress, and so those times can be considered maxima.
Importantly, sintering of fine ash at 750 °C generated dense
glass in ~ 10 min, which is comparable to the shortest reposes
(Table 1).

Textural record of sintering to form dacite lithics

We propose that the dacite lithics were produced by sintering
of fragmented dacite magma along the conduit walls during
and between explosions (Fig. 5). In this model, textural vari-
ations amongst the clasts result from variable times allowed
for sintering, and variable viscosities resulting from different

H2O contents (Table 2). Volatile contents within individual
dacite clasts are highly variable, differing by as much as ~
1 wt% H2O (Table 2). In our model, such heterogeneities
result from sintering particles that had previously degassed
at different depths (pressures). The observed heterogeneities
argue for relatively short times for formation, because H2O
diffusion would reduce any gradients. Watkins et al. (2017),
for example, showed that volatile gradients within obsidian
pyroclasts reflect re-equilibrations on order of a few hours.
Interestingly, they derived diffusive times of ~ 2 h (assuming
800 °C) for H2O and CO2 gradients from 1.35 to 1.55 wt%
and 22 to 29 ppm, respectively, spread across ~ 1000 μm.We
found in one dacite lithic variations in H2O and CO2 of
0.90 wt% and 10 ppm, respectively, separated by only
500 μm. These argue that glass domains within the lithic
could have co-existed for only a short period of time, similar
to the repose periods (Table 1).

Within our framework, some, if not most, vesicles in the
dense clasts are remnants of sutures between sintered parti-
cles. Initially, such pore space would be connected and highly
irregular in shape, but as sintering proceeds and gas escapes,
the pores relax in shape, resulting in spherical vesicles
(Gardner et al. 2017, 2018). The rate of relaxation is controlled
by melt viscosity and particle size, and so the variability in
vesicle shapes within the dacite lithics could reflect sintering
of various sized particles with different H2O contents (i.e.,
different viscosities).

Stretched vesicles (i.e., stretched distorted, sharp-tipped el-
lipsoidal) are more abundant in dacite lithics from deposits of
surge 9 and especially surge 10 (Fig. 2e, f). Those explosions
followed short reposes (Table 1). Dacite lithics from earlier
explosions, which followed longer reposes (Table 1), have
more smooth spherical and smooth ellipsoidal ones. It is likely
that stretched vesicles record deformation of the sintering
mass while being re-incorporated into the erupting mixture
(Fig. 5). On the other hand, relatively relaxed vesicles (spher-
ical and smooth ellipsoidal vesicles) occur very close to sharp-
tipped ellipsoidal vesicles and are the most abundant vesicles
in all dacite lithics. If vesicle shapes solely resulted from re-
mobilization of the magma back into the eruption mixture,
then we would expect all vesicles within a dacite lithic to
reflect the same degree of stretching, and not find highly
stretched vesicles adjacent to spherical ones. We thus specu-
late that the vesicle heterogeneities mimic volatile heteroge-
neities, with each dacite lithic being the conglomeration of
sintered masses, each of which experienced different histories
of sintering and deformation.

One vesicle texture seen in dacite lithics that differs from
obsidian pyroclasts (Gardner et al. 2017) is the strongly het-
erogeneous abundance of vesicles and highly vesicular do-
mains around and between large phenocrysts (Fig. 1). Such
heterogeneities were, however, produced in recent sintering
experiments that used strongly bimodal mixtures of fine and
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coarse rhyolitic glass particles (Gardner et al. 2019). After
about 20 min of sintering, the samples consisted of glass with
~ 3 vol% vesicles, except near and especially in between relict
coarse particles, where the matrix contained up to 30 vol%
vesicles. The coarse glass first acted like rigid bodies,
preventing the surrounding matrix from sintering, but eventu-
ally deformed viscously after 30–45 min. Phenocrysts would
instead remain rigid.

Implications for the volcanic eruptions

During many of the phase V explosions, the amount of dacite
lithics erupted was up to half of the tephra (Table 1). It is possible

that enough dense magma formed to make a relatively imperme-
able layer that clogged the conduit (e.g., Wright et al. 2007;
Kolzenburg et al. 2019). In that case, gas flux through the conduit
would be restricted, causing pressure to build until the cap failed,
leading to the next explosion. Sintering within volcanic conduits
may thus be one mechanism to facilitate similar Vulcanian-style
explosions, which are thought to result from rapid decompres-
sion of pressurizedmagma (Self et al. 1979;Woods 1995; Clarke
et al. 2015).Wright et al. (2007) argue that densification of upper
conduit magma allows re-pressurization between explosions, and
sintering would be one mechanism by which densification could
occur on the short timescales of the phase V explosions. Hoblitt
et al. (1996) suggested that vent clogging as a result of degassing

plastering
onto sides
of conduit

sintering
to dense
material

erosion of
sintered

mass

er
up

te
d

re
pl

as
te

re
d

magma
fragmentation

co
nd

ui
t w

al
l

influx of magma
into conduit

eruption of
pyroclastic

mass

a bFig. 5 Schematic model for the
production and eruption of dacite
lithics. a Magma rising into the
conduit fragments at depth into a
turbulent mixture of pumice, ash,
and crystals. Small crystal
fragments are generated from
phenocrysts being broken and
abraded. b Turbulently rising
pyroclastic material hits and
adheres to the conduit walls,
where it sinters together into a
dense dacite mass. That layer
builds by continued plastering of
newmaterial, and is eroded by the
eruption. Pieces of the dacite mass
eroded from the sintered mass
either erupt as dacite lithics or re-
adhere along the walls. Note that
pieces can be eroded and re-
adhere multiple times, resulting in
dacite lithics that have sub-
domains that experienced
complex and contrasting histories

Page 11 of 13     6Bull Volcanol (2021) 83: 6



led to the decline in the eruptive vigor of the preclimactic
eruptions.

Volatile contents in the dacite lithics range between ~ 1–
2 wt% H2O and 5–30 ppm CO2 (Fig. 3). These contents over-
lap those found in other dense pyroclasts (Newman et al.
1988; Rust et al. 2004; Rust and Cashman 2007; Gardner
et al. 2017). It is possible that this range of volatile contents
represents optimal conditions needed for ash to sinter together
yet and still be re-incorporated into an explosive event.
Sintering of ash with lower H2O contents takes longer, be-
cause of the higher melt viscosity (Gardner et al. 2018), which
makes it less likely that dense material can form before being
sheared off the walls. Less intense sintering would also gen-
erate more fragile particles that would easily fall apart under
stress (Gardner et al. 2018). At the other end, higher H2O
contents may not be possible as they would exceed those
expected to still be dissolved in magma when it fragments to
generate ash particles. The range of volatile contents pre-
served in dense pyroclasts could thus represent sintering effi-
ciency and clast preservation rather than degassing behavior.

Although the average dissolved H2O concentration was rela-
tively steady at 1–2 wt% during the sequence of explosions in
phase V, dissolved CO2 concentrations decreased by a factor of
two, resulting in a decrease in the CO2/H2O ratio with time (Fig.
3). Neither closed nor open system degassingmodels can explain
such a difference in CO2/H2O at similar H2O contents (Fig. 3).
Similar variations have been reported in other dense pyroclasts
(Newman et al. 1988; Rust et al. 2004; Rust and Cashman 2007;
Gardner et al. 2017). Gonnermann and Manga (2005b) argued
that variations in CO2/H2O arise from the slower diffusivity of
CO2, with shorter degassing times giving rise to higher CO2/H2O
ratios because of the preferential loss of H2O. In the case of the
Pinatubo eruptions, however, the decrease in CO2/H2O ratio cor-
relates with shorter repose periods, and presumably less time for
diffusion. Non-equilibrium degassing does not seem viable to
explain the change in CO2/H2O. Rust and Cashman (2007) ar-
gued that incorporation of xenolithic material could influx CO2

into the magma, causing shifts in CO2/H2O. There is, however,
no evidence for xenolithic material in the Pinatubo dacite lithics,
and so it is not possible for such material to be a source of CO2.
We propose instead that the trend of decreasing CO2/H2O with
time reflects the amounts of CO2 fluid released from the basaltic
magma that had intruded into the dacitic magma (Pallister et al.
1992, 1996). Because the amount of mafic magma decreased
during the eruption series (Hoblitt et al. 1996), the amount of
CO2 released decreased with time as well.

Conclusions

Dacite lithics from the 1991 preclimactic eruptions of Mt.
Pinatubo provide a window into syn-eruptive conduit dynam-
ics. Ubiquitous micron-sized crystal fragments in the dacite

lithics requires that the erupting magma fragmented into ash
and phenocrysts in the conduit, and then some of which was
sintered back together into coherent material. Significant var-
iations in volatile contents across short distances and the ex-
istence of highly deformed vesicles argue that the timescales
for sintering were short, and probably on order of the tens of
minutes of repose that separated the explosions. This model is
consistent with that of Hammer et al. (1999), who argued,
based on the general correlation of microlite sizes and abun-
dances with repose times, that the dense dacite magma formed
during the repose periods. Later erupted dacite lithics have
more deformed and stretched vesicles, possibly reflecting the
decreased amounts of time for assembly and relaxation of the
sintering material. Shorter times are supported by the general
lack of microlites in the later erupted dacite lithics (Hammer
et al. 1999). Dissolved volatile contents in the groundmass
glasses indicate that sintering took place mainly at pressures
of 11–30 MPa. Continued sintering of material at these shal-
low levels in the conduit may have developed an impervious
cap that allowed pressure to build, leading to the next
Vulcanian-style explosion. Dissolved CO2 contents decreased
significantly with time and probably reflect the waning input
of CO2 fluid released from basaltic magma that had been
injected into the resident dacite magma at depth that
reawakened the magmatic system (Pallister et al. 1992).
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