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Abstract
After its cataclysmic explosive eruptive activity on May 18, 1980, most of the output of Mount St. Helens (MSH) for the 
next six and a half years was quietly extruding lava, which built up one of the best documented and most instructive lava 
domes of the twentieth century. The unprecedented amount of data collected about the growth of the dome led to a profusion 
of new models and concepts. In this paper, we first describe some of the early mechanical models and then focus on three 
specific aspects of the emplacement of the MSH lava dome that were measurable in particularly great detail: the partitioning 
between exogenous and endogenous styles of growth; the distribution of vesicular textures and their relationship to volatile 
contents and eruptive conditions; and the presence of characteristic structural features like fractures, folds, and spines. Taken 
together, these three overlapping physical manifestations of magmatic behavior, evidence of which may be preserved in the 
geologic record or observed with remote sensing, can provide insights about whether a quietly extruding dome is likely to 
exhibit dangerous endogenic pyroclastic behavior.

Keywords  Eruption · Domes · Mount St. Helens

Introduction

For the volcanological community of the USA, and to a 
lesser extent for the rest of the world, the 1980–1986 erup-
tion of Mount St. Helens (WA) was a signature event. Before 
1980, many volcano scientists from US universities and 
the US Geological Survey (USGS) received most of their 
professional training observing active mafic volcanism in 
Hawaii, or inferring prehistoric processes from dormant or 
extinct volcanoes in the western USA. Although many of 
these scientists were familiar with a range of explosive phe-
nomena observed at volcanoes in Central America, Japan, 

Indonesia, and elsewhere, there had not been any violent 
eruptive events to witness in the conterminous USA since 
Mount Lassen ~ 60 years earlier. Thus, May 18th’s sector 
collapse, landslide, Plinian column, surge, pyroclastic flows, 
and lahars, along with subsequent summit explosions that 
summer, received most of the scientific and public attention.

However, for most of the next six and a half years, the 
dominant volcanic process at MSH, and the easiest to 
observe, was the emergence of a series of lava dome lobes 
within the May 18 crater, culminating in a final extrusion 
that started in October 1980 and grew episodically until 
October 1986. Although several eruptions in Alaska over the 
preceding few decades had produced monitored lava domes 
(Siebert et al. 1995; Coombs et al. 2006; Bull et al. 2013; 
Bull and Buurman 2013), there had never been an active 
dome in the USA that could be as readily observed and 
instrumented by geoscientists as that of Mount St. Helens.

Globally, most previous dome studies focused on their 
association with violent collapse events that produced pyro-
clastic flows, as occurred at Mont Pelée on the island of 
Martinique in 1902, killing over 29,000 people (Boudon and 
Balcone-Boissard 2021). The Santiaguito dome complex on 
the side of Santa Maria Volcano in Guatemala, active since 
1922, has produced several pyroclastic flows, in some cases 
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from the fronts of lobes up to 2 km from the active vent 
(Rose et al. 1976; Rhodes et al. 2018). Deadly explosive col-
lapse events take place on a decadal timescale from the sum-
mit dome of Indonesia’s persistently active andesitic Merapi 
Volcano (Widiyantoro et al. 2018). Later well-documented 
eruptions at Mount Unzen in Japan (Nakada et al. 1999) and 
on the Soufrière Hills Volcano on Montserrat in the 1990s 
(Sparks and Young 2002) brought additional attention to 
these phenomena. These works form the foundation for our 
current understanding of dome growth, which now extends 
to submarine and planetary environments.

Although the 1980–1986 MSH dome did not generate any 
major explosive episodes, there were several smaller explo-
sions (i.e., March 1982) that produced lahars that threatened 
downslope areas and contributed to ongoing anxiety about 
such risks throughout its growth. Partly because of this con-
cern, the 1980–1986 MSH extrusion yielded data sets that 
formed the basis for dozens of later studies, including an 
extensive collection that focused on the 2004–2008 Mount 
St. Helens’ dome growth (Sherrod et al. 2008). Much of 
the 1980–1986 work was led by USGS scientists, but we 
and other academic geologists were also able to contribute 
because of the relatively easy access to and extensive instru-
mentation of the MSH crater.

Monitoring the MSH dome

Dome emplacement can be characterized by several vari-
ables: chemical composition, volatile content, crystallinity, 
vesicularity, vent and conduit geometry, effusion rate and 
continuity, and surface structures. Each of these can change 
during an eruption, leading to an extremely diverse cata-
log of possible dome histories and appearances. The sim-
plest domes have uniform chemistries and volatile contents, 
steady effusion rates during a single period of emplacement, 
conduits with circular cross-sections that extrude lava onto 
flat surfaces, homogeneous vesicular and crystalline tex-
tures, and a limited range of symmetrically arrayed surface 
structures. Most domes, including those at Mount St. Helens, 
undergo a considerably more involved evolution.

The MSH sequence began with relatively small and 
simple domes that became progressively more complex. 
Domes appeared in the crater after explosive episodes in 
June, August, and October 1980; the last of these formed 
the foundation for the composite dome that grew over the 
next 6 years through a combination of extrusion of lobes 
and endogenous inflation (Swanson et al. 1987). The domes’ 
major-element composition was dacite with silica content of 
62 to 65 weight percent, which decreased through 1981 and 
then steadily increased from 1982 to 1986 (Cashman and 
Taggart 1983). Plagioclase microlite populations remained 
nearly constant throughout the 6-year history of the dome 

(Cashman 1992). Amphibole crystals with reaction rims 
indicating relatively slow growth were interpreted to have 
come from lava that resided along the walls of the conduit 
before being carried into the dome, while crystals without 
rims were thought to be from lava that rose directly from 
depth into the dome (Rutherford and Hill 1993).

As will be described in more detail later, the lava surface 
displayed two distinct vesicular textures — smooth and sco-
riaceous — the relative proportions of which tended to vary 
systematically throughout the 6 years of activity, becom-
ing progressively smoother (less vesicular) (Swanson et al. 
1987; Anderson and Fink 1989; 1990). In addition, several 
other common silicic lava flow surface features, including 
spines and crease structures (Anderson and Fink 1992), were 
formed on the surfaces of some of these dome lobes and 
provided clues about emplacement processes.

Rather than emerging from a linear, dike-like fissure 
system, as has been the case with the currently active San-
tiaguito dome complex (Harris et al. 2003), the 2011–2012 
Cordon Caulle flow in Chile (Farquharson et al. 2015), or 
several Holocene chains of rhyolitic obsidian flows in Cali-
fornia and Oregon (Fink and Pollard 1983), the entire series 
of MSH domes and lobes appeared to come out of a cylindri-
cal, pipe-like vent similar to that observed at Colima (Luhr 
and Carmichael 1980) and Guagua Pichincha (Colombier 
et al. 2022), first onto the relatively flat floor of the recently 
created crater, and later onto the top of the increasingly 
complex extrusion. Geophysical measurements along with 
observations of the growing dome implied a conduit ranging 
from 20- to 30-m wide at the surface of the dome (Swanson 
and Holcomb 1990).

The crater and dome were well-monitored by state-of-the-
art instrumentation. Helicopter and fixed-wing aircraft regu-
larly circled the vent area, collecting detailed photogrammet-
ric data sets from which high-resolution topographic maps 
could later be constructed. Most importantly, many govern-
ment and academic volcano scientists carefully chronicled 
the growth of the dome, through sampling, geophysical and 
geochemical instrumentation, and regular visits to the crater.

Several monitoring tools that help document dome 
emplacement today were not available in the early 1980s. 
There were no drones surveying the crater, and no readily 
available artificial intelligence algorithms available to handle 
datasets with millions of points (Burzynski et al. 2018). GPS 
networks were not yet operational. The Internet and email 
would not become widely used by volcanologists for another 
decade, there were no commercial cellular networks, and 
satellite transmission of data from the crater was generally 
absent (Koenig and Fink 2002). Standard surveying methods 
of the 1980s could yield dozens of sub-cm-scale topographic 
points per day. In contrast, terrestrial and airborne LiDAR 
datasets routinely used today are capable of capturing mil-
lions of such points in minutes (Lewinter et al. 2021). Most 
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types of geophysical and geochemical instruments were one 
or more orders of magnitude less sensitive than today. Yet 
despite these limitations, the volcanological community was 
able to gain significant and novel insights from emplacement 
of the MSH dome that informed major campaigns at several 
later dome eruptions (Calder et al. 2015).

Modeling the MSH dome

Volcanic modelers have been drawn to study simple lava 
domes because they tend to be better preserved than the 
unconsolidated pyroclastic products that pre- or post-date 
them, and their interpretation is more straightforward than 
deciphering larger, more complex extrusions. Many dome 
features offer clues that help scientists infer emplacement 
conditions for eruptions that were not observable, either 
because they occurred prehistorically, or because they took 
place in inaccessible areas, including submarine (Romagnoli 
et al. 2013; Ikegami et al. 2018) or extra-terrestrial settings 
(Pappalardo and Greeley 1995; Stofan et al. 2000; Wilson 
and Head 2003; Rampey et al. 2007; Quick et al. 2022). Lava 
domes have been used to derive relationships among magma 
rheology, dynamics, and morphology, to better understand 
eruption mechanisms and hazards. These analytical models 
have commonly been tested through comparison with com-
plementary laboratory simulations using analog materials.

Mechanically, lava domes can be thought of as having a 
solidified outer crust that transitions to a more ductile inte-
rior, with the whole assemblage fully or partially enclosed 
within a three-dimensional envelope of loose talus blocks 
(Iverson 1990). These tripartite near-surface packages rep-
resent the upper part of a larger system that also includes the 
conduit and one or more magma reservoirs at depth.

The overall emplacement of a dome can be considered 
to have five stages. (1) Magma enters a feeding chamber 
from a deeper source. (2) This magma cools, crystallizes, 
vesiculates, stopes wall rocks, and solidifies, generating an 
eruptible, buoyant, volatile-enhanced batch. (3) This lighter 
magma either breaks its way to the surface (at the onset 
of an eruption) or rises up the conduit, forcing earlier and 
already more crystallized magma units up ahead of it. If 
enough gas and heat are lost — upward through the vent or 
laterally into fractured country rock — overpressure buildup 
is insufficient to allow fragmentation. (4) Before emerging, 
the rising magma batch may deform the crater floor (Chad-
wick and Swanson 1989), then intruding into or breaking 
its way to the surface of the earlier-erupted dome. (5) This 
fresh lava spreads, cools, partially solidifies, fractures, brec-
ciates, folds, slumps, vesiculates, or explodes (Fink et al. 
1990; Anderson et al. 1995). Combinations of direct obser-
vations and geophysical, geodetic, and geochemical moni-
toring attempt to track this complex set of processes (i.e., 

Swanson and Holcomb 1990). Dome growth is the most 
readily observable and modellable portion of this vertically 
arrayed system.

Different analytical studies have made various assump-
tions about the behavior of the three surficial components 
of domes. For example, Huppert et al. (1982) modeled the 
growth of the 1979 Soufrière of St. Vincent basaltic andesite 
dome as a radially symmetric, Newtonian viscous fluid 
spreading across a flat surface, and derived relationships for 
height and radius versus time. They considered two simple 
emplacement cases — either a fixed volume of lava spread-
ing under its own weight, or a growing amount of lava with 
an effusion rate that steadily decreased. They concluded that 
the eruption stopped when the hydrostatic head associated 
with the height of the dome balanced the magmatic pressure 
driving the molten rock upward.

In 1990, five papers (Swanson and Holcomb 1990; Blake 
1990; Anderson and Fink 1990; Iverson 1990; Denlinger 
1990) about emplacement of the Mount St. Helens dome 
were published in Volume 2 of the International Associa-
tion of Volcanology and Chemistry of the Earth’s Interior 
(IAVCEI)’s Proceedings in Volcanology series, “Lava flows 
and domes” (Fink 1990). All drew on quantitative data care-
fully gathered and interpreted by Swanson and Holcomb 
(1990), who detailed the dome’s episodic nature with meas-
urements of how dome height, radius, volume, and shape 
changed with time. Among their many important conclu-
sions was that the volumetric growth rate was approximately 
linear during three distinct periods of progressively decreas-
ing flux (Fig. 1). In each of these phases, the volume of 
lava erupted was proportional to the repose interval since 
the previous episode. They also suggested that dome shape 
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Fig. 1   Cumulative volume (m.3) versus time of emplacement (in days 
since October 18, 1980) of the Mount St. Helens dome. Circles — 
total dome volume; squares — exogenous lobe volumes; diamonds 
— volume of endogenous inflation. Error bars on the volumes have 
been left off for clarity but are available in the references. Trend lines 
for total and exogenous volumes show three eruptive phases with 
decreasing eruption rates. Plot based on Fink et al. (1990)
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(the ratio of height to radius) was controlled by the com-
bined influence of the viscosity and strength of the core, 
outer crust, and surrounding talus apron. Finally, their data 
set showed that repose intervals steadily increased as the 
dome grew taller, suggesting that the increased lithostatic 
load required a greater amount of volatile-enriched magma 
to be generated before a new eruptive episode could begin 
(Anderson and Fink 1989).

Blake (1990) was one of the first to use a mechanical 
model to interpret the growth of the MSH dome. His study 
began by grouping an assortment of recent domes from 
around the world into four morphological classes, assuming 
they were composed of lava with a temperature-dependent, 
viscoplastic (Bingham) rheology, which deforms viscously 
when the applied stress exceeds a yield strength but behaves 
rigidly when stresses drop below this threshold. Blake distin-
guished between steep-sided Peléan domes, whose growth 
is controlled by the internal friction of the enclosing talus 
pile, and low lava domes, whose spreading is limited by the 
yield strength of the internal lava. He concluded that the 
likelihood of a dome experiencing explosive decompression 
depends on the same yield strength that controls its morphol-
ogy. Peléan domes thus tend to generate pyroclastic flows, 
in contrast with low lava domes that are unable to support 
the higher stresses needed to allow a build-up of internal 
pressure. Although the MSH dome was quite steep when it 
stopped erupting in 1986, its individual lobes were relatively 
thin, leading Blake to classify them as being in the “low” 
grouping, less likely to experience explosive collapse.

In Iverson’s (1990) view, the spreading of a dome depends 
primarily on the mechanical strength of its solid carapace. 
According to his model, domes expand volumetrically in 
a self-similar manner, retaining a ratio of height to diam-
eter that is proportional to the tensile strength and thickness 
of the crustal layer, and to the internal pressure and den-
sity of the molten interior, independent of its rheology. He 
explained the transition from endogenous inflation to exog-
enous extrusion of lobes as depending on the pressurization 
of the interior lava. For lava to break through to the surface 
and form a new lobe, its pressure had to exceed the tensile 
strength of the crustal layer, which was in turn proportional 
to its thickness. This differed from Blake’s (1990) model 
because Blake assumed that deformation can only occur 
when the internal pressure is greater than the yield strength 
of the lava rather than the tensile strength of the carapace.

Denlinger (1990) extended Iverson’s (1990) model by 
focusing on how the fracture behavior of the crustal layer 
controlled when interior lava was able to break its way 
to the dome surface during an eruptive episode. He used 
fracture mechanics theory and various geophysical meas-
urements of the May 1982 eruptive episode to calculate 
when the slowly stretching carapace of the inflating dome 
would suddenly rupture, allowing fresh lava to emerge to 

form a new lobe. He looked at the relative speed of growth 
of small cracks compared to larger ones and reviewed lit-
erature that describes how these processes can lead to 
catastrophic failure. His modeling showed that fracturing 
is far more likely to occur on the top of the dome than on 
its flanks, a finding consistent with observations at MSH.

This sequence of mechanical models each tried to 
incorporate an additional type of observation to under-
stand how the appearance and behavior of the active MSH 
dome could provide clues about processes occurring in the 
underlying magma system, including within the interior 
of the dome itself. However, these formulations assumed 
steady-state processes that changed linearly with time. A 
series of later analyses considered the dynamics of dome 
growth, including feedback loops involving crystallization, 
viscosity increases, and the rate of magma rise through 
the conduit (Melnik and Sparks 1999, 2005; Barmin et al. 
2002). Other recent studies of rhyolitic lavas and atten-
dant explosive degassing (Castro et al. 2013; Schipper 
et al. 2013; Tuffen et al. 2013) identified nonlinear pro-
cesses that could provide insights into hidden variables 
like the size of the magma body at depth and the nature of 
degassing processes occurring beneath the surface. All of 
these works built on earlier debates about whether domes 
emerge as permeable foams that compress to form glass 
as they flow (e.g., Taylor et al. 1983; Eichelberger et al. 
1986) or as coherent lava that inflates through vesiculation 
(e.g., Fink et al. 1992).

In the rest of this paper, we review and synthesize three 
earlier studies of dome emplacement, which added several 
new constraints to the static mechanical models described 
above, including image processing that quantified the 
partitioning between endogenous and exogenous growth 
(Swanson and Holcomb, 1990; Fink et al. 1990); hydrogen 
isotope studies that revealed the relationship between lava 
texture and volatile content (Anderson and Fink 1989, 1990; 
Anderson et al. 1995; Hoblitt and Harmon 1993; Under-
wood et al. 2013); and analog experiments that explained 
how dome surface structures depend on the ratio of magma 
eruption rate to cooling rate (Griffiths and Fink 1997; Fink 
and Griffiths 1998; Lyman et al. 2004; Anderson et al. 2005). 
In addition to explaining aspects of the MSH dome erup-
tion, these studies also provide insight into the subsequent 
growth of lava domes documented at Santiaguito in Guate-
mala (Anderson et al. 1995), Redoubt in Alaska (USA) (Bull 
et al. 2013), Shiveluch in Kamchatka (Russia) (Ramsey et al. 
2012), Unzen in Japan (Nakada et al. 1995), and Soufrière 
Hills on Montserrat (Watts et al. 2002). Our interpretation 
is largely compatible with the recent comprehensive model 
presented by Wadsworth et al. (2022), based on observations 
of the Cordón Caulle (Tuffen et al. 2013) and Chaiten (Pal-
lister et al. 2013) eruptions, which describes silicic flows as 
the products of hybrid explosive/effusive events.
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Changes in eruptive style

The modeling studies described above looked at the condi-
tions associated with two styles of dome growth, extrusion 
of exogenous lobes and intrusion via endogenous inflation. 
In one of the first volcanological studies to use volume 
differencing of digital topography to estimate erupted 
volumes, Fink et al. (1990) used topographic maps gener-
ated from sequential high-resolution imagery of the MSH 
dome collected by Robin Holcomb of the USGS to esti-
mate how much of each eruptive phase was endogenous 
and how much was exogenous. The calculations required 
what was then state-of-the-art image processing to sub-
tract the volume increases within an observed extrusive 
lobe from the measured overall growth; the difference was 
assumed equal to the amount of endogenous inflation. To 
our knowledge, this remains one of only two domes for 
which the partitioning between these two modes of growth 
has been accurately calculated; Kaneko et al. (2002) did 
a similar analysis of exogenous/endogenous partitioning 
at Mt. Unzen.

Figure 1 shows volume (in cubic meters) versus time 
(in days since October 18, 1980) for the overall dome 
(circles), the exogenous lobes (squares), and endogenous 
inflation (diamonds), along with approximate trend lines. 
Direct observations showed that the eruptive style shifted 
from early episodes dominated by formation of exog-
enous lobes to later periods in which increasing amounts 
of magma remained in the interior of the growing dome. 
This general trend would be expected, given that a small 
dome has less internal space than a large one to accom-
modate new magma before rupturing. However, our study 
revealed that the two modes exhibited quantitatively dif-
ferent fundamental patterns.

The cumulative volume increase of the exogenous lobes 
paralleled that of the overall dome, with three phases of 
constant eruption rate, in which each successive phase had 
a lower rate than its predecessor. This decrease was likely 
controlled by factors in the magmatic plumbing system 
identified by Swanson and Holcomb (1990). According 
to their interpretation, the first transition, at the end of 
1981, accompanied a shift in the trend of lava composition 
from progressively more mafic to more silicic, suggesting 
that a fresh batch of slightly more silicic magma had been 
injected at depth. This next phase began with a significant 
explosion on March 19, 1982, reflecting the likely pres-
ence of more volatiles in this second batch of magma. This 
part of the eruption included the only period of extensive 
continuous endogenous inflation, which lasted for more 
than a year. The third phase of mostly endogenous dome 
growth produced progressively smaller lobes of exog-
enous lava with predominantly smooth rather than sco-
riaceous surface textures (see next section), and steadily 

lengthening repose periods. These observations imply that 
the final stage of dome emplacement involved magma that 
was relatively volatile-depleted.

Swanson and Holcomb (1990) suggested that during 
each of the three phases, the overall effusion rate was pro-
portional to magma pressure, possibly due to crystalli-
zation-induced vesiculation in the feeding magma body. 
We further suggest that the effusion rate decline could 
correspond to a gradual slowing of magma intrusion into 
the source region, progressive solidification of the crys-
tallizing magma reservoir, increasing resistance faced by 
the magma in getting up the conduit to the surface due 
to cooling-induced crystallization, greater degassing en 
route to the surface through a taller and stronger dome, or 
some combination of these processes. The exogenous lobe 
production rate similarly dropped rapidly from the first to 
the second phase and again, but less drastically, from the 
second to third phase. The sub-parallel trends of total and 
exogenous growth rates during the later stages of dome 
growth suggest that the controls on when and how much 
magma made its way up the conduit also determined the 
amount of lava that would end up breaking its way to the 
surface following periods of dome inflation.

In contrast, Fig. 1 shows that endogenous injection did 
not follow the same overall decreasing trend as exogenous 
lobe production. Rather, this inflation increased steadily 
throughout the entire 6-year emplacement of the dome. Fink 
et al. (1990) suggested that as lava was added episodically to 
the dome’s interior or onto its surface in a piecemeal fashion 
to create a larger pile, the dome’s internal isotherms were 
affected less by each successive dome growth event. Figure 2 
shows the overall development of the dome in profile view, 
based on photos taken by the USGS from a fixed point 1 km 
north of the center of the dome.

The steady inward migration of isotherms within the 
dome would result in an internal boundary layer or crust 
that had to break to allow exogenous lobes to form. As 
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Fig. 2   Schematic drawing of 1980–1986 Mount St. Helens dome 
growth based on photos taken by USGS from a fixed point 1  km 
north of the center of the dome. Profiles shown represent the appear-
ance at the end of each time period
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pointed out by Denlinger (1990), the tension required for 
fracturing this zone would be highest at the top of the 
dome, consistent with the observation that late-stage exog-
enous lobes tended to appear at the dome’s apex. Anderson 
et al. (2005) and Bull et al. (2013) also pointed out that 
a unit of lava injected into a small dome will disrupt the 
surface more than a large dome. This suggests that as the 
MSH dome grew larger, a greater volume of endogenous 
growth would be needed to break a viable pathway to the 
surface to form the exogenous component of the eruption. 
Fink et al. (1990) concluded that the distinction between 
exogenous and endogenous growth rates reflected the fact 
that the former was controlled by processes occurring 
in the magma body at depth, while the latter was mostly 
influenced by near-surface cooling of the dome.

Another way to think about the divergence in endog-
enous and exogenous growth rates, as well as the episodic 
behavior of the eruption, is to consider the thermal evo-
lution of the mushroom-shaped system comprising the 
dome and its feeding conduit. For magma to rise into the 
dome without freezing along the way, the system needs 
to maintain a temperature above the magma’s strain-rate-
dependent glass transition temperature. During each erup-
tive episode, the buoyant magma carries heat that raises 
the temperature of the wall rocks and the dome that it 
intrudes. In the hiatus before the next episode, much of 
this heat can dissipate, increasing the amount of buoyancy 
needed to initiate the rise of the next batch. These repose 
periods also tend to lengthen due to the growing height 
of the dome. The temperature of the conduit will increase 
in proportion to the frequency of the episodes passing 
through it and the heat content of their magma pulses.

For the case of the MSH dome, this heating reached a 
critical level in late 1982, overpowering the cooling that 
would normally shut off an episode and allowing a much 
greater volume of lava to erupt continuously over the fol-
lowing year. This episode of continuous effusion indicated 
that the system retained enough heat to keep the magma 
in the conduit from solidifying throughout 1983. In con-
trast, episodic dome growth implied that the generation of 
buoyant, hot, eruptible magma batches in the near-surface 
chamber and the cumulative heating of the pathway to the 
surface were insufficient to prevent periodic cooling of 
the system, which temporarily shut off the eruption until 
a new batch of buoyant magma was generated and began 
rising. The associated delicate feedback between cooling, 
microlite growth, and viscosity increase has been modeled 
by Melnik and Sparks (1999) and Barmin et al. (2002). 
They point out that the nonlinear relations among these 
processes mean that eruptive style can transition from one 
state to another quite abruptly with only slight variations 
in volatile content, complicating forecasting attempts.

Textural evolution of the Mount St. Helens 
dome

A second aspect of active dome emplacement that was 
documented and quantified for the first time at Mount 
St. Helens was the relationship between volatile content 
and surface textures. All magmas contain gasses that can 
come out of solution to form bubbles when conditions 
of temperature and pressure allow. In a typical lava flow, 
this leads to formation of a vesicular, pumiceous, or sco-
riaceous surface layer, the thickness of which depends 
on the lava’s viscosity, volatile content, and cooling his-
tory. Rapid cooling and/or high viscosities of dome lavas 
can reduce the diffusivity of volatiles, inhibit the growth 
of crystals, and in some cases form glassy zones. Crys-
tallization of anhydrous minerals in the hot interior of 
larger domes can lead to the expulsion of volatiles that 
can migrate, concentrate, and potentially form zones that 
can explode into block-and-ash flows if rapidly exposed 
by gravitational collapse of a flow front, or can violently 
vent upward to form pits in the upper surface (Manley and 
Fink 1987; Castro et al. 2002). Fracturing, folding, and 
jumbling during flow advance can disrupt and obscure the 
original distribution of surface textures.

Bubbles can change the appearance of the lava in vis-
ible, infrared, or radar observations (Ondrusek et al. 1993; 
Ramsey and Fink 1999). Remote sensing of the vesicular 
textures preserved on a flow surface can thus provide an 
indication of otherwise unobserved eruptive conditions. 
Because both explosive activity and vesiculation are pro-
moted by higher magmatic volatile contents, understand-
ing the relationships between textures and water concen-
trations can help with hazards assessments. Monitoring 
scientists need tools that can help them know whether 
observed shifts in vesicularity during a dome eruption 
signal that explosive behavior is more or less likely.

The Mount St. Helens dome exhibited two primary tex-
tures: scoriaceous, with vesicularities of around 25–50% 
and a rough, lumpy appearance when viewed aerially; and 
smooth, with less than 15% vesicularity and less pronounced 
decimeter-scale surface topography (Cashman and Taggart 
1983; Swanson et al. 1987). Anderson and Fink (1990) 
used air photos and surface samples to map the distribution 
of smooth and scoriaceous portions of most of the MSH 
lobes, in part so that they could identify textural trends 
that might indicate increasing risk of explosivity. Although 
more smooth surfaces were seen during later stages of the 
dome’s emplacement, the proportions of the two textures did 
not vary as systematically with time as did the partitioning 
between exogenous and endogenous growth shown in Fig. 1.

Comparing textural maps with the evolving topogra-
phy of the dome showed that smooth textures appeared 
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when extrusion rates were relatively low, when lava was 
flowing laterally across relatively shallow surfaces, and 
when much of the flow surface was dominated by “crease 
structures” (Anderson and Fink 1990; 1992). Crease struc-
tures are fractures that grow downward into a flow surface 
through a series of incremental cracking events that each 
rapidly quench a narrow strip of lava, raising its viscosity 
and slowing or preventing bubble growth, even if volatile 
contents are relatively high (Anderson and Fink 1992). 
The paired, stepped, upwardly convex walls of a crease 
structure result from the accumulation of dozens or more 
of these parallel, non-vesicular strips. Cooling during 
crease structure formation takes place mainly along this 
shallow, few-centimeter-thick zone on the flow surface; if 
the warmer lava beneath this veneer can vesiculate, it can 
cause the initially smooth surface to break up and become 
scoriaceous, hours or days after initial extrusion (Swanson 
et al. 1987; Swanson and Holcomb 1990; Anderson and 
Fink 1989; 1990). This pattern of initially smooth texture 
formation subsequently disrupted by vesiculation, first 
documented during growth of several of the MSH dome 
lobes (Cashman and Taggart 1983; Swanson et al. 1987; 

Anderson and Fink 1990) can be clearly seen in the pro-
gression from Fig. 3a to 3b, taken 24 h apart.

Crease structures and associated smooth textures form 
in places where lava can flow laterally away from an axial 
crack. They develop early in a dome’s history when lava 
spreads across the crater floor (Fig. 3a); directly over 
the vent in the early stages of later lobes’ development, 
before they spill down the flow front; or at the final stages, 
after forward advance of a lobe ends (Fig. 3c and 3d). 
The observed association between smooth textures and 
low effusion rates could have at least two explanations: 
magma rising more slowly through the conduit would 
tend to lose more gas and emerge with less tendency to 
vesiculate, or slowly flowing smooth lava would also be 
less likely to break up into smaller pieces that would more 
readily vesiculate by increasing the surface area available 
for degassing. The blocky, mostly smooth surface of the 
dome in May 1985 (Fig. 3d) is typical of the later stages 
in the MSH dome growth. Figure 3e is a close view of the 
September 1984 lobe showing a mix of scoriaceous tex-
tures, mostly discolored from degassing, and mostly gray 
smooth-textured lava.

Fig. 3   a Looking south into the crater at the lobe-bisecting crease 
structure in the nearly entirely smooth-textured October 1980 lobe. 
The lobe is approximately 185 m in diameter (Photo courtesy of the 
USGS). b View looking southwest at the same October 1980 lobe 
as in a but 24 h later. The dome did not grow volumetrically during 
this time, but the surface changed texture from smooth to scoria-
ceous (Anderson and Fink 1990), and the dome sagged and widened 
to approximately 200 m in diameter (Photo courtesy of the USGS). 
c Small smooth-sided crease structure over the vent of the predomi-

nantly scoriaceous September 1981 lobe. View is looking to the 
southwest. The summit crease structure is approximately 25 m across 
(Photo courtesy of the USGS). d View looking NW at the mostly 
smooth-surfaced May 1985 lobe, showing how the dome became pro-
gressively less scoriaceous in the later phases of its growth. e Close 
view of the September 1984 lobe surface showing a mix of scoria-
ceous textures, mostly discolored from degassing, and mostly gray 
smooth-textured lava. Width of view is approximately 5 m
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Isotopic measurements of volatile contents 
of the MSH lava dome textures

The distribution of vesicular textures complicates efforts 
to identify how volatile concentrations vary during a dome 
eruption. Lava that vesiculates to form scoria would be 
expected to have initially had higher magmatic water con-
tents. However, demonstrating this relationship by measur-
ing volatiles in vesicular lavas is inherently problematic, 
because more permeable and porous samples are more 
likely to be rehydrated by later precipitation (DeGroat-
Nelson et al. 2001).

To circumvent this problem, Anderson and Fink (1989; 
1990) used hydrogen isotopic measurements of water 
extracted from fresh MSH dome samples to determine the 
water’s origin. These rocks were collected before they had 
time to be contaminated by meteoric water. Their δD sig-
natures, measured in water extracted at high temperatures 
by step-heating, were found to be incompatible with local 
meteoric values but consistent with magmatic values sub-
jected to open-system, or multi-step open/closed system 
degassing (Taylor et al. 1983; Taylor 1986). Anderson and 
Fink (1989) also recognized that as vesiculation caused 
surface lava to degas to water content levels near 0.1%, 
a final stage of kinetically controlled volatile loss could 
occur. This is especially true early in the emplacement of 
a dome when higher effusion rates combine with low water 
contents to inhibit exchange between exsolved vapor and 
the water remaining in the melt (Anderson et al. 1995). 
Kinetic effects have since been recognized as an important 
isotope exchange mechanism crucial in high-temperature 
systems where disequilibrium processes dominate (Wat-
kins and Antonelli 2021).

For several MSH lobes, samples were taken along 
transects that extended outward from the axis of a crease 
structure (over the vent) toward the lobe margin; the first-
erupted, more distal lava typically displayed the lowest 
water content values and was assumed to represent the top 
of the rising magma column that experienced extensive 
degassing as it slowly broke a path to the dome surface 
(Anderson and Fink 1990). Water contents in the smooth 
samples increased from ~ 0.15 to ~ 0.30 wt% from the 
flow front toward the vent, as shown in Fig. 4 for the May 
1986 lobe. Anderson and Fink (1990; 1992) suggested the 
increase in water content of the smooth samples inward 
from the flow front resulted from quicker transit through 
the dome once a path to the surface was created by the lava 
that eventually ended up near the front of the flow. Directly 
over the crease axis, where the water contents should have 
been highest, the smooth lava gave way to a relatively nar-
row zone of scoria with significantly less water (~ 0.15 
wt%). Observation of the flow surface showed that the 
scoria had vesiculated and broken through the originally 

smooth, cooler crease structure surface, consistent with 
observations that scoriaceous carapaces would form ~ 24 h 
after extrusion (Anderson and Fink 1990). Anderson and 
Fink (1990) concluded that this scoria had lost about 0.3 
weight percent water when it vesiculated.

Scoriaceous samples collected throughout the lifespan 
of the dome consistently had water content values in the 
0.1–0.2 wt% range, compared to smooth samples ranging 
from ~ 0.1 to nearly 0.4 wt% (Anderson and Fink 1990; 
Anderson et al. 1995). These scoriaceous samples therefore 
represented lava that arrived at the surface with sufficiently 
high water-contents to cause vesiculation and thorough 
degassing, whereas the smooth samples had water content 
values controlled by degassing in the vent and dome inte-
rior, but insufficient to cause vesiculation during surface 
flow (Anderson and Fink 1990). Late stage, smooth-surfaced 
crease structures that formed toward the end of eruptive 
episodes may have reflected a slowing of magma ascent, 
allowing for more extensive degassing of magma prior to its 
arrival at the surface (Anderson and Fink 1990).

Similar relationships were seen for several of the eruptive 
phases, implying that volatile contents, and the possibility 
of associated explosivity, increased during lobe emplace-
ment. Following Swanson and Holcomb (1990), we assume 
that the first magma to emerge during a given eruptive 
episode lost volatiles during its rise through the conduit. 
Because none of these phases ended with explosive activity, 
we conclude that the residual volatiles generated at depth 
that resulted in buoyancy were insufficient to fragment the 
lava when it arrived at the surface. For each of the eruptive 
episodes, we are assuming that the magma that generated 
the lobe-forming lava of both textures has the same overall 
composition, with textural variations reflecting differences 
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in eruptive conditions and volatile contents, not major or 
minor element chemistry.

We were able to apply some of the lessons learned from 
the MSH dome isotope and texture studies to the Santiagu-
ito dome complex in Guatemala, finding similar trends of 
increasing water content during individual eruptive phases in 
45 samples collected over the 70-year duration of the erup-
tion (Anderson et al. 1995). In addition, Bull et al. (2013) 
noted that after 8 months of activity at Mount Redoubt, 
where lava domes were subsequently destroyed by explo-
sions, the fourth and final lava dome displayed a carapace 
with vesicularities over 65%, some of the highest ever 
recorded for a lava dome. They suggested that the stability of 
the final lava dome resulted from sufficient fracturing of the 
conduit to allow for enough degassing en route to the surface 
to avoid another explosion, illustrating the delicate balance 
between ascent and degassing rates. They, like Swanson and 
Holcomb (1990) for Mount St. Helens, suggested that the 
dome stopped growing when it reached sufficient height for 
the lithostatic load to offset the buoyant rise of magma.

Surface structures and rheology of the MSH 
dome

Besides revealing new relationships about eruption mode 
and texture, the 1980–1986 MSH dome provided novel 
insights about the meaning of overall dome structure. Over 
its 6 years of activity, the dome’s 18 episodes produced a 
diverse catalog of morphologies. In some cases, a single 
lobe spread radially away from a point source, producing 
a uniform, circular structure with a mostly scoriaceous 
surface. Some of these relatively low domes had small, 
discontinuous compressional surface ridges paralleling 
the flow margins. For example, the September 1981 lobe 
showed distinct surface folds, or “ogives” that formed as the 
downslope-flowing front of the lobe decreased in velocity 
from 1.6 m/h on September 7 to 0.3 m/h from September 8 
to 10, and then to 0.1 m/h on September 11, the final day of 
extrusion. This relationship suggested that folding occurred 
in a compressional regime created as the main body of the 
flow continued to move downward while the lava front stag-
nated (Swanson et al. 1987). This is at odds with a recent 
suggestion that regularly spaced ridges on silicic extrusions 
form in an extensional regime (Andrews et al. 2021).

In other cases, like December 1980, a single eruptive 
phase generated two distinct elliptical-shaped lobes that 
each moved in a different direction. As already described, 
several lobes exhibited crease structures, which could form 
either at the outset (October 1980, September 1981), at the 
end (June 1981, September 1981), or throughout emplace-
ment (September 1984, May 1985, May 1986), depending 
on how steep the underlying topography was (Anderson and 

Fink 1992). Other lobes (September 1981, April 1983) had a 
variety of fracture types oriented parallel or perpendicular to 
the flow direction, giving the upper surface a platy appear-
ance. In a few cases, spines were observed over the vent at 
an early (i.e., April 1981) or late (i.e., February 1983) stage 
of an episode. Lobe growth was also accompanied by vary-
ing proportions of endogenous inflation (Fink et al. 1990).

At the time the MSH dome was active, this set of obser-
vations was difficult to interpret, because there was no 
comprehensive model that could account for all the differ-
ent morphologies. Over the following decade, Griffiths and 
Fink conducted an extensive series of laboratory simulations 
using non-Newtonian mixtures of kaolin powder and poly-
ethylene glycol wax that replicated the rheology and all the 
above morphological characteristics of domes (Griffiths and 
Fink 1997; Fink and Griffiths 1998). By varying the experi-
mental conditions, these studies showed that these morpho-
logic types could be organized into a sequence, depending on 
the ratio of eruption rate to cooling rate, which corresponds 
to the growth rate of a solidifying crust. The most slowly 
erupting (or most rapidly cooled) analog extrusions, with 
the thickest and strongest crusts, produce spines. Slightly 
faster extrusion rates (or slower cooling rates) yield lobes 
dominated by fracture processes, including crease structures 
and large flat-sided plates of smooth lava. Still faster-erupted 
extrusions have “lobate” morphology with compressional 
folds along the margins. The highest flow rates result in 
relatively circular domes of relatively low relief capable of 
growing by endogenous inflation. The occurrence of specific 
structures like spines or folds reflects the conditions at the 
time they formed, not the average conditions over the active 
duration of a lobe.

Fink and Griffiths (1998) placed these silicic dome 
types into four categories of increasing eruption rates and/
or decreasing cooling rate: “spiny,” “platy,” “lobate,” and 
“axisymmetric.” A given set of eruptive conditions that 
generates a particular morphology would plot on a field 
defined by the ratio ( Ψ B) of solidification (ts) to advection 
(tA) timescales,

where g is the gravitational acceleration, Δρ is the density 
difference between the flow and its ambient environment, σ0 
is the bulk shear strength of the lava, and Q is the effusion 
rate. Large values of Ψ B imply that solidification is slow, or 
eruption rate is high. Thus, the above sequence from spiny to 
axisymmetric domes corresponds to increasing Ψ B values.

To see how well the lab-based classification scheme 
applies to natural domes, Fink and Griffiths (1998) used 
field observations from eight dome eruptions: Mount St. 
Helens (USA), Soufrière (St. Vincent), Soufrière Hills 
Volcano (Montserrat), Pinatubo (Philippines), Merapi 

ΨB = tS∕tA = (gΔ�∕�
0
)3QtS
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(Indonesia), Unzen (Japan), Santiaguito (Guatemala), and 
Redoubt (USA). Their conclusion was that if two of three 
key variables are known (eruption rate, composition/rhe-
ology, morphology), the third can be constrained. Thus, if 
morphology and eruption rate are measured for an active 
dome, then the effective rheological properties that control 
emplacement can be determined. If morphologic and com-
positional information (the latter helping to constrain rheol-
ogy) are available (e.g., for a prehistoric dome eruption), 
then paleo-eruption rates can be estimated. The abundance 
of data collected at Mount St. Helens between 1980 and 
1986 allowed this approach to be carefully evaluated and 
added to the collection of earlier, simpler models available to 
volcanologists. This builds upon earlier analog studies that 
sought to explain the structures found on more mafic flows 
(Fink and Griffiths 1990; Griffiths and Fink 1992), includ-
ing interpretations of emplacement conditions for submarine 
(Gregg and Fink 1995) and extraterrestrial lava flows (Grif-
fiths and Fink 1992).

Hazard implications

Deadly pyroclastic density currents may form from the 
collapse of oversteepened lava dome flow fronts, such as 
those observed at Mount Unzen in 1991 (Nakada et al. 
1995). However, others are propelled by gravitational fail-
ure combined with endogenic explosions caused by sudden 
expansion of volatiles as a flow-front collapses or if pres-
sure is otherwise abruptly released. This latter process was 
proposed for a 1973 pyroclastic flow that emanated from 
the foot of a dacite flow at Santiaguito, several kilometers 
from the vent (Rose et al. 1976). Harnett et al. (2019) 
compiled a worldwide database of dome collapse events 
and found that the largest events (those that resulted in the 
destruction of more than half the lava dome) were those 
where gravitational loading and gas overpressure followed 
a period of endogenous growth. Each of the three sets 
of dome characteristics described above (eruptive style, 
textures, structures) has implications for this latter style 
of explosive hazards.

During endogenous dome growth, which tends to hap-
pen close to an eruptive vent, lava does not get exposed 
to the atmosphere, reducing the chances that its volatiles 
can be lost violently. On the other hand, domes growing 
by inflation, particularly in a flat-floored crater like at 
Mount St. Helens, are less likely to collapse, making them 
inherently safer than those with exogenous lobes flowing 
downslope.

Scoriaceous lava textures are associated with higher 
water contents, so their appearance suggests greater 
explosive risk. At Mount St. Helens, scoria was seen more 
commonly earlier in the eruption. Scoriaceous textures 

were also found in lava that displayed a blocky carapace 
(Anderson et al. 1998), which offered more opportunities 
for volatiles to escape.

Dome morphologies and structures associated with 
higher eruption rates, lower cooling rates, and lower viscosi-
ties tend to have axisymmetric geometries, surface folds, and 
smaller surface blocks, all of which indicate higher volatile 
contents and more chance for explosive behavior. In con-
trast, domes with spines and crease structures reflect lower 
volatile contents and conditions less conducive to explosive 
behavior.

Conclusions

The 1980–1986 eruption at Mount St. Helens provided an 
unprecedented opportunity to develop and evaluate new 
models for lava dome growth. The large number of sci-
entists able to access the crater relatively safely over an 
extended period, along with the availability of substantial 
instrumentation campaigns led to several new insights about 
effusive eruptions, which would later be applied to other 
dome-forming eruptions, including Unzen (Japan), Soufrière 
Hills (Montserrat), Puyehue-Cordón Caulle (Chile), and the 
2004–2008 revival of Mount St. Helens.

We have highlighted three under-appreciated rela-
tionships delineated from observations of the Mount St. 
Helens dome, which might be usefully applied to future 
eruptions. The first is the surprising way that growth was 
partitioned between endogenous and exogenous styles, 
determined from detailed topographic maps. Endogenous 
additions to the dome volume followed a linear trend over 
6 years, despite the formation of more than a dozen dif-
ferent lobes during this period. In contrast, exogenous 
growth paralleled the tripartite trend in overall volume 
increases. We interpret this difference as being due to 
separate controls on the two modes: endogenous growth 
is limited by the regular inward migration of isotherms in 
the complex dome, while exogenous growth reflects erup-
tive conditions in the source magma body and conduit, 
a conclusion also suggested for a similar growth pattern 
observed during the emplacement of the Mount Unzen 
dome (Kaneko et al. 2002). It would be instructive to 
try to replicate these measurements during future dome-
forming eruptions, to determine if the pattern observed at 
Mount St. Helens and Mount Unzen is unique.

Mapping the variations in vesicular lava textures holds 
the promise of providing an early warning that a dome 
might experience endogenic explosive activity. Textural 
variations in the MSH dome were limited to two main 
types, smooth and scoriaceous. While the more vesicu-
lar, scoriaceous texture would be assumed to require 
higher volatile contents, demonstrating this relationship 
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is compromised by the tendency for vesicular samples to 
become rehydrated by meteoric water. To overcome this 
complication, we carried out hydrogen isotopic measure-
ments of water extracted from smooth and scoriaceous 
samples through stepwise heating. The � D values showed 
that all measured water was magmatic in origin. Sample 
profiles taken from the distal flow front to the near-vent 
areas of several lobes showed that water contents in the 
smooth samples tended to increase toward the vent until 
they reached a critical value at which vesiculation and 
scoria-formation occurred. Although the overall trend 
was for smooth textures to become more common as the 
dome grew larger, suggesting a long-term drying out of 
the source magma body, individual eruptive phases tended 
to show late-stage increases in volatiles, with associated 
increased risk of explosivity. Comparison with measure-
ments of hydrogen isotopes and water content for samples 
from the Santiaguito dome complex in Guatemala showed 
a similar pattern.

The overall morphology of a dome lobe can provide a 
third source of insight about eruptive processes. As quan-
tified in laboratory simulations and confirmed at Mount 
St. Helens, the variety of surface structures (fractures, 
spines, folds) and textures (smooth or scoriaceous) found 
on domes can be placed into a continuum based on the 
ratio of how quickly a flow cools relative to how quickly it 
advances. If two of three key variables (eruption rate, com-
position/rheology, morphology) are known, the third can 
be estimated. Since certain structures and textures indicate 
that gasses are more or less likely to become concentrated 
in a flow, their appearance can hint at increased hazards 
of endogenic explosions.

In retrospect, the overarching value of the 1980–1986 
Mount St. Helens dome eruption came from the potential it 
offered of combining many different types of observations 
to develop new models. Future dome eruptions will allow 
these and other models to be tested and refined, especially 
if they are observed with new, more advanced techniques 
including drones, higher-resolution satellite and aircraft-
based imaging, or cheaper environmental sensors. This 
progress in instrumentation is complemented by advances 
in communications; the ability of scientists from around 
the world to simultaneously observe active domes in near-
real time should accelerate the generation of important 
new insights.
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