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Abstract

During volcanic eruptions, volcanic ash transport and dispersion models (VATDs) are
used to forecast the location and movement of ash clouds over hours to days in order to define
hazards to aircraft and to communities downwind. Those models use input parameters, called
“eruption source parameters”, such as plume height H, mass eruption rate M , duration D, and
the mass fraction mez of erupted debris finer than about 4¢ or 63 um, which can remain in the
cloud for many hours or days. Observational constraints on the value of such parameters are
frequently unavailable in the first minutes or hours after an eruption is detected. Moreover,
observed plume height may change during an eruption, requiring rapid assignment of new
parameters. This paper reports on a group effort to improve the accuracy of source parameters
used by VATDs in the early hours of an eruption. We do so by first compiling a list of eruptions
for which these parameters are well constrained, and then using these data to review and update

previously studied parameter relationships. We find that the existing scatter in plots of H versus

M yields an uncertainty within the 50% confidence interval of plus or minus a factor of four in
eruption rate for a given plume height. This scatter is not clearly attributable to biases in
measurement techniques or to well-recognized processes such as elutriation from pyroclastic
flows. Sparse data on total grain-size distribution suggest that the mass fraction of fine debris
me3 could vary by nearly two orders of magnitude between small basaltic eruptions (~0.01) and
large silicic ones (>0.5). We classify eleven eruption types; four types each for different sizes of
silicic and mafic eruptions; submarine eruptions; “brief” or Vulcanian eruptions, and eruptions

that generate co-ignimbrite or co-pyroclastic flow plumes. For each eruption type we assign
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source parameters. We then assign a characteristic eruption type to each of the world’s ~1500
Holocene volcanoes. These eruption types and associated parameters can be used for ash-cloud
modeling in the event of an eruption, when no observational constraints on these parameters are

available.
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Introduction

The May 18, 1980, eruption of Mount St. Helens was perhaps the most thoroughly
documented of the past century in terms of media coverage and yield of scientific data. Among
all of the human drama, spectacular images, and dramatic events of that day were two incidents
that, surprisingly, received scant attention. A McDonnell-Douglas DC-9-30 flying through the
ash cloud suffered damage to engine parts, surface abrasion to the windshield, and a clogged
hydraulic system (International Civil Aviation Organization, 2001; Miller and Casadevall, 2000);
and a Boeing 747 sustained damage from ash while parked on the ground. A week later on May
25, a C-130 Hercules flew through the cloud of a smaller eruption while en route from Tacoma,
Washington to Portland, Oregon. The plane suffered temporary engine failure, permanent
engine damage, and contamination to air handling systems, hydraulic lines, and pitot tubes
(International Civil Aviation Organization, 2001; Miller and Casadevall, 2000). A day later, two
Boeing 727 Trijet transports also encountered the ash cloud and suffered engine damage. The
May 25 incident was the first documented encounter resulting in jet power loss. The May 18
DC-9 incident was the first known to involve engine damage (International Civil Aviation
Organization, 2001).

Despite these incidents, the international aviation community paid little attention to the
hazards of ash clouds until October 1982, when four Boeing 747s flew through clouds emanating
from Galunggung volcano, Indonesia (Miller and Casadevall, 2000). The Galunggung
encounters prompted the International Civil Aviation Organization’s (ICAQ’s) Air Navigation

Commission to develop interim guidelines for disseminating information on volcanic activity to
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pilots. In 1987, ICAOQ created the International Airways Volcano Watch (IAVW) to develop
mitigation procedures and, during the 1990s, established nine Volcanic Ash Advisory Centers
(VAAC:Ss) around the world whose purpose is to issue specialized advisories to the aviation
community. VAACs are composed of government institutions with the capability and authority
to evaluate ash-cloud models, analyze satellite data, and issue meteorological weather advisories
(SIGMETS) that may include ash-cloud advisories.

The VAACs use volcanic ash transport and dispersion (VATD) models, such as PUFF
(Searcy et al., 1998), HYSPLIT (Draxler and Hess, 1998), CANERM (D'Amours et al., 1998),
NAME (Jones et al., 2007), and MEDIA (Piedelievre et al., 1990), to forecast the paths of ash
clouds so that they can be avoided by aircraft. The models are also useful in forecasting areas on
the ground most likely to be impacted by tephra fall. These models require input parameters
such as plume height, mass eruption rate, tephra-size distribution, and the duration of the
eruption. Since the late 1990s, IAVW has recognized that more accurate source parameters are
needed to improve model accuracy, especially in the first hours of an eruption when few
observations may be available. In the spring of 2007, a multidisciplinary group consisting of the
authors of this report convened to develop a method of assigning eruption parameters in real time
to improve the accuracy of VATD models. We analyzed variations in plume height, eruption
rate, duration, grain-size distribution, and erupted volume among eruptions described in the
literature, and used those relationships to identify categories of eruption and their associated

source parameters.
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Source parameters based on well-documented eruptions

Volcanic events that threaten air traffic vary widely in size and style. Nevertheless, some
characteristic eruption parameters display broad systematic relationships: for example plume
height increases with eruption rate; and grain-size generally decreases with increasing silica
content. But not all relationships are systematic. The duration of eruptions may decrease or vary
non-systematically with eruption size or magma type, for example. Average grain size, while
generally decreasing with increasing silica content, may also decrease with increasing incidence

of pyroclastic flows (Dartevelle et al., 2002).

Observations and uncertainties

To examine these relationships more closely, we compiled published data on plume height,
erupted volume or mass, and duration for a few dozen well-documented eruptions (Table 1).
The list is not exhaustive but provides a large enough sampling to examine relationships and
their uncertainties. The observations from which these numbers were extracted are detailed in an
accompanying document (Mastin et al., in preparation). Some entries were also compiled by
previous authors (Carey and Sigurdsson, 1989; Sparks et al., 1997, Table 5.1; Wilson et al.,
1978). Our compilation includes only events of the past century or so, excludes one from
previous tables (Bezymianny, 1956) that is now known not to have produced a Plinian column
(Belousov et al., 2007), and added some (e.g. Etna, 2001; Fuego, 1974; Ruapehu, 1996; Spurr,
1992) for which data have recently become available. Some large or well-documented eruptions
that one might expect in this table, such as Rotomahana 1886, are omitted if information on one

or more parameters is unreliable or contradictory.
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Each number in this table is based on an observational technique that has associated
uncertainties. In particular:

Plume height H is, for our purposes, the elevation at which most ash spreads laterally from
the plume into the ash cloud. We would generally expect this to equal the height H, at the center
of the umbrella cloud (Fig. 1), where the bulk density of the erupting mixture equals that of the
surrounding air. The umbrella cloud height is generally lower than the plume-top height Hr,
although for eruption rates up to about 10° kg/s, 1-D plume models suggest that the difference is
less than a few kilometers (Fig. 1). As eruption rates approach 10° kg/s, H, and Hy may differ by
more than 10 km. At Pinatubo discrepancies of up to 17 km were measured (Holasek et al.,
1996).

Most plume-height observations that we have compiled are maximum plume height Hr.
obtained primarily from ground-based or airborne visual observations, radar measurements, and
cloud satellite temperature (Tupper and Wunderman, this volume). These methods rely on
different phenomena that may occur at different heights. Visual observations track the highest
visible part of the cloud, which may be ash-poor. Radar may give heights reflecting the highest
particle-rich part of the plume. Temperature-based satellite plume heights use infrared cloud
temperature, which is integrated through a finite distance near the cloud top, and must sometimes
be corrected for thermal disequilibrium effects (Woods and Self, 1992). For eruptions where the
plume was not directly observed, we use plume height estimated from isopleth patterns (Carey
and Sparks, 1986). Isopleth patterns likely reflect the height of the umbrella cloud (Hy, Figure 1)

rather than the plume-top height (Hr), and depend somewhat on the model used to derive the
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relationship. We indicate the plume-height estimation method in Table 1 as explained in the
table caption.

Eruption duration D is considered in this paper to be the time period over which a
significant amount of ash is continuously emitted into the atmosphere. The start and stop times
of eruptions are estimated from visual observation, seismicity, and in some cases satellite
imagery (the time when the ash cloud separates from the vent). We consider seismic durations to
be more accurate than visual estimates, as ash-poor clouds may rise from a crater for hours after
a drop in seismicity signals the end of significant ash emission. For some eruptions we define
the end time as that when the plume height drops abruptly, even though low-level explosive
activity may continue for several more hours. Similarly, for some eruptions (e.g. Cerro Negro,
1992) we include only the part of the eruption when ash emission was vigorous. We consider
this justified; as a decrease in plume height by a factor of two implies nearly an order of
magnitude decrease in eruption rate.

Erupted volume V (dense-rock equivalent or DRE) was obtained using whatever volume
integration methods were employed in published sources without attempting to recalculate for
uniformity. The tephra volume is converted to erupted mass by multiplying by an average
deposit density, which was provided by the authors. A magma density of 2,500 kg/m®, typical of
a water-saturated melt containing a few tens of percent crystals (as calculated using Conflow
(Mastin, 2002)) is used to convert to DRE volume. Total deposit-volume estimates at Mount St.
Helens (Durant et al., in review) and Etna (Scollo et al., 2005), among other places, have been
found to vary by more than a factor of two depending on how the thickness is integrated over the

deposit area and beyond. This variation partly reflects the uncertainty in the amount of fine
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155  distal ash (Fierstein and Nathenson, 1992). When a range is given, we take a value near the

156  middle of the range and assume an uncertainty of plus or minus several tens of percent.

157 Parameter relationships

158 With the above limitations in mind, we observe the following relationships.

159 Plume height versus eruption rate

160 The relationship between plume height and eruption rate is perhaps the most extensively
161  studied between any source parameters. Theoretical studies (Morton et al., 1956) indicate that
162  Hy should increase with the fourth root of eruption rate, and empirical compilations (Settle,

163  1978; Sparks et al., 1997, Chapter 5; Wilson et al., 1978) roughly follow this relationship Figure
164 1 plots plume height Hror Hy (km) versus average eruption rate for the eruptions in Table 1.
165  The best-fit line through these data (bold solid line), with mass eruption rate M (kg/s) converted

166  to volumetric flow rate V- (m*> DRE per second), is

167 H =2.00V°**, (1)
168 This does not differ in a statistically significant way from the best-fit equation of Sparks et
169 al., (1997, Eq. 5.1, dot-dashed line in Figure 1),

170 H=1.67V "%, (2)
171  using 28 eruptions, 12 of which are included in Table 1.

172 More significant is the error envelope (bold dashed lines) that encloses half of the

173  predictions (see figure caption for detail). An observed plume height of, say, 25 km correlates

174  with a best-fit eruption rate of about 1x10° kg/s; however, within this error envelope the eruption
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rate varies from about 2x10’ to 4x10® kg/s—a factor of four in either direction. The scatter in
the data limits the accuracy with which one might constrain eruption rate given an observed
plume height.

Some scatter may result from error in plume-height measurements, but systematic errors are
difficult to discern from this plot. Visually estimated plume heights such as at Hekla in 1947,
which Thorarinsson (1949, p. 54) considered the top of a vapor-rich cap, are not outliers above
the curve. Plume heights estimated by isopleth patterns at eight eruptions (EI Chichén, Nevado
del Ruiz, Quizapu, Novarupta) do not lie significantly below the curve although these data reflect
umbrella cloud height Hy, rather than plume-top height Hy (Figure 1 inset).

Scatter may also result from inconsistent or inaccurate eruption-volume estimates. Perhaps
the best such estimates are obtained by rapid, extensive mapping within days of an eruption as
were performed following eruptions at Mount St. Helens and Fuego volcano in 1974. Less
accurate measurements are likely to underestimate total volume, and indeed we see that most
Mount St. Helens 1980 data points in Fig. 1 are skewed to the right of the trend, as might be
expected from especially complete sampling. But the Fuego data point is skewed far to the left.
The 1947 Hekla data point is similarly skewed left, although the deposit was constrained by 93
measurements collected within days of the eruption.

Scatter may also result from processes such as pyroclastic-flow activity or water vapor
entrainment, but such effects are also difficult to discern. The unusually low plume height given
the eruption rate of the May 18, 1980, Mount St. Helens plume was attributed by Carey et al.
(1990) to the contribution of elutriated ash from pyroclastic flows that occurred at mid-day.

Eruptions on May 25 and June 12, which also had associated pyroclastic flows, lie even farther

10
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below the curve. But the plume height for the June 15, 1991, Pinatubo eruption lies at or slightly
above the curve, even though large concurrent pyroclastic flows almost certainly contributed to
the layer C tephra volume (Dartevelle et al., 2002). For eruption rates less than about 10 kg/s in
tropical conditions, plume heights are thought to be boosted by entrainment of water vapor
(Woods, 1993, fine dashed and dotted curves in Figure 1). Yet, little scatter is evident in this
range of eruption rates.

Plume height, duration, and erupted volume for the 1980 Mount St. Helens eruptions, the
Mount Spurr eruptions, the June 12, 1991 Pinatubo eruption, and the 2001 Etna eruption are
exceptionally well constrained. Yet there is considerable scatter among just these data points,
suggesting that at least some variability is real and not related to inaccuracies in measurement.
Poorly-understood factors such as wind (Bursik et al., this volume), particle fallout (Woods and
Bursik, 1991), vent overpressure (Ogden et al., 2008), or development of hydrometeors (Durant
et al., in review; Textor et al., 2006), along with atmospheric humidity for larger eruptions
(Tupper et al., in press) may all influence this relationship. Finally, as illustrated by Barsotti and
Neri (2008) at Etna, some scatter may reflect temporal variations in plume height or eruption rate

that are not accurately reflected in the average values in Table 1.

Plume height and erupted volume

Our compilation of 34 historical eruptions shows a positive correlation between plume
height H, in km, and erupted volume V, in km® DRE (Figure 2). The a best-fit line through these
data is

H =25.9+6.64log,, (V). 3)

11
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This correlation resembles that of Carey and Sigurdsson (1989) based on 40 Pleistocene and
Holocene Plinian eruptions, five of which are in our list. Eruptions in their compilation are all
silicic and generally larger in volume (0.1-150 km®) than ours (0.001-8 km®). Quantitatively, the
correlation coefficient to our data (0.79) is comparable to theirs (0.77) between H and tephra-fall
volume but worse than their correlation (0.87) between H and total volume of fall, surge, and
pyroclastic-flow deposits.

Outliers and subpopulations in this trend may reflect different eruption processes or
circumstances. The March 8, 2005 eruption at Mount St. Helens, for example, lasted much less
than an hour and deposited only about 10 km? of tephra (DRE), but sent a plume to about 9 km
above the vent according to pilot reports (Houlié et al., 2005; Moran et al., in press). The plume
height may have been boosted somewhat by atmospheric conditions (Mastin, 2007), while the
brevity of the eruption limited deposit volume. The anomalously high plume at Nevado del Ruiz
relative to its volume and eruption rate (Figs. 1 and 2) may reflect both its brief duration
(Naranjo et al., 1986), and limitations of applying isopleth plume-height estimates in areas of
great topographic relief around this 5.3-km-high volcano. The higher-than-average plume at
Pinatubo on June 15, 1991, in Figure 2 seems to be without explanation, This volume represents
that of tephra fall unit C; and C, of Koyaguchi and Ohno (2001a); while plume height of 35-40
km is from satellite data (Koyaguchi and Tokuno, 1993; Lynch and Stephens, 1996; Self et al.,
1996). Small-volume eruptions with plume heights that lie below the best-fit curve in Fig. 2 are
basaltic cinder cones that erupted for days (Cerro Negro and Etna), while the most obvious
medium-sized outlier below the trend is Mount St. Helens on May 18, 1980, whose contribution

from elutriated pyroclastic-flow debris may have pushed its volume well above the expected

12
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value for that plume height (Carey et al., 1990). Given this effect at Mount St. Helens, the
excursion of Pinatubo above the trend, with its abundance of elutriated ash, is perplexing.
Carey and Sigurdsson (1989) interpret the correlation between plinian plume height and
volume to reflect conduit widening and associated increases in mass discharge rate with time.
Large magma bodies can support greater eruption rates (and higher plumes) before magma

pressure is depleted. A similar mechanism may contribute to the correlation in Figure 2.

Eruption duration

The observed correlations of both eruption rate and volume with plume height suggest
that the duration of eruptions may not vary systematically with rate or volume. To examine this
relationship we split the “silicic” eruptions in Table 1 into two groups; (1) andesite and (2) dacite
or rhyolite; and plotted a histogram of duration with magma type in Figure 3. Among the
eruptions in our list, almost half lasted between one and ten hours. Eruptions lasting less than an
hour are entirely rhyolite, dacite, or andesite, (although Strombolian bursts, if any were in this
table, would be basaltic examples of this duration). Tephra eruptions lasting >100 hours are
exclusively basaltic with plume heights less than several kilometers (e.g., Etna, 2001; Cerro
Negro, 1995). By contrast, the duration of large (VEI >5) silicic eruptions varies from about 3
hours for Pinatubo’s most vigorous phase to a few days for eruptions at Santa Maria and

Novarupta (the three phases combined).

Mass fraction of fine ash

The grain-size distribution of tephra produced during an eruption is highly relevant to

aviation hazards but poorly characterized. Volcanic eruptions produce fragments ranging in size

13
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from meters to fractions of a micron. Particles larger than a millimeter or so fall out at roughly
their terminal velocity and are generally removed from the eruption column in the first 30
minutes (Rose, 1993). Finer particles fall at rates influenced by variable and poorly understood
processes of particle aggregation (Carey and Sigurdsson, 1982) and hydrometeor scavenging
(Slaughter and Hamil, 1970). Of greatest interest for aviation is the fraction of the erupted mass
composed of fine ash, less than several tens of microns, that can stay in the ash cloud for hours
or days. These are the so-called Class Il particles of Koyaguchi and Ohno (2001b).

The mass fraction of fine ash can be estimated from the total grain-size distribution
(TGSD) of eruptive debris. Several studies have estimated the total grain-size distribution by
analysis of old tephra deposits (Hayakawa, 1985; Self, 1983; Sparks et al., 1981; Suzuki et al.,
1973; Walker, 1980; Walker, 1981a; Walker, 1981c; Woods and Bursik, 1991, Table 1). With a
possible exception for phreatomagmatic tephras (discussed below), results of these studies are
skewed by the fact that distal ash, which composes a significant volume of the erupted material,
is eroded or too widely dispersed and unavailable for study. Accurate TGSD analyses require
immediate sampling, usually within days of eruption, of a tephra that falls primarily over land.
To date, only a handful of such attempts have been made,

Total grain-size distributions have generally been calculated by combining grain-size
distributions from samples collected at multiple locations throughout a deposit. TGSDs
obtained by this method exclude ash that remains in the cloud for great distance and therefore
tend to underestimate the mass fraction of fine ash. Moreover, TGSDs are commonly bi- or
polymodal, with modes that reflect different processes of fragmentation (Carey and Sigurdsson,

1982; Durant et al., in review). In silicic eruptions, elutriated ash clouds from pyroclastic flows

14
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are thought to produce a very fine ash mode with 5-25% of the debris <10 um in diameter
(Dartevelle et al., 2002; Durant et al., in review). The polymodal character of TGSDs implies
that the the fine mass fraction (<63 um) is not accurately estimated from simple fitting statistics
such as md, and oy, which assume a Gaussian distribution with the log of diameter.

Table 2 lists the mass fraction (mg3) of erupted material smaller than 63 um for eruptions
in which TGSDs have been quantified. Values represent the mass sums from individual size
classes rather than calculations based on the statistical parameters md, and 4. The high value
(0.5) for the 1980 eruption of Mount St. Helens no doubt reflects the contribution of elutriated
pyroclastic-flow debris. However, values from the two 1992 Crater Peak (Mount Spurr)
eruptions are only slightly lower despite the fact that pyroclastic flows were not as prominent in
these eruptions.

The most striking feature in this table is the variability in megs, which ranges by nearly two
orders of magnitude between the small mafic 2001 Etna eruption and silicic eruptions at Mount
St. Helens and Soufriére Hills. The difference reflects magma type and the presence or absence
of pyroclastic-flows, but could also partly result from incomplete sampling or attempts to
estimate total grain-size distribution from proximal deposits. At Etna for example, distal
deposits were lost in the Mediterranean.

The mass fraction of fine ash has also been estimated by indirect methods. Most notably,
the crystal concentration method of Walker (1980; 1981b) suggests that medium to large
eruptions can generate a mass fraction of fine ash ranging from ~0.5 to more than 0.7. In the
Taupo, Hatepe, and Waimihia plinian ashes, Walker (1980; 1981a; 1981c) estimated that 70-

75% of their erupted mass consisted of fine ash, transported beyond the area of mapped deposits.

15
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Wiliiams and Self (1983) estimated about 50% for the 1902 Santa Maria eruption. Hayakawa
(1985) estimated 69% and 63% fine ash for the Chuseri and Nambu ashes, respectively.
Koyaguchi and Ohno (2001a) used a modification of the crystal concentration method to
estimate that 48 to 60% of Pinatubo tephra layers C; and C, was transported beyond the mapped
area. The size range of these fragments is not known, hence mg3 for these eruptions may not
have differed substantially from that of medium-sized and large silicic eruptions in Table 2.
Hydromagmatic tephras deserve special mention due to their characteristic fine grain size
which has been widely noted. Widespread phreatoplinian tephras show little or no size
fractionation with distance from the vent, suggesting that TGSDs might be reasonably estimated
from sampling and analysis of older deposits (Sparks et al., 1981; Walker, 1981a). The few such
TGSDs that have been attempted, at Askja, Taupo, and Tawada volcanos (Table 2) yield
mg3=~0.45-0.6, which is similar to that of silicic non-hydromagmatic tephras. This similarity

suggests that hydromagmatic eruptions need not be considered separately for our purposes.

Eruption categories

We use this compilation to identify eleven eruption types (Table 3): small, medium, and large
eruptions of mafic and silicic magma respectively; silicic co-ignimbrite (i.e. co-pyroclastic flow)
plumes; “brief” Vulcanian-style events possibly associated with lava-dome collapse; submarine
eruptions from >50 m water depth; and “standard” values for mafic and silicic volcanoes, which
are used when historical information about a volcano is unavailable. We chose not to designate
categories for very large, VEI 5+ mafic and VEI 6+ silicic eruptions in Table 3, because we can

think of no circumstance in which such source parameters would be assigned in the absence of
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significant observations. The source parameters for the standard cases are equal to those for

medium-sized mafic (M2) and silicic (S2) eruptions. Symbols for each category are given in

Table 3. Source parameters for each category are assigned from well-documented examples,

with numbers rounded off and a few other adjustments as follows:

For most categories, we use the plume height H and mass eruption rate M of the
example eruption, keeping in mind that these values would place the H-

M relationship within the scatter shown in Figure 1 but not necessarily on the best-fit
curve. Tropopause elevation and atmospheric conditions clearly affect plume height,
but for simplicity these effects are not presently considered. They will be the subject
of future work.

For brief silicic eruptions (S9), we assign plume height, erupted volume, and
duration to the middle of the range described for events at Montserrat (Druitt et al.,
2002), using a H-M relationship based on the empirical curve of Sparks et al. (1997,
eg. 5.1) and a total volume consistent with the product of eruption rate and duration.
In cases where the mass fraction of fine debris (mg3) of the example eruption is
known (types M1, M3, S1-S3, and S8), we use that value. For medium-sized mafic
eruptions (M2) we interpolate between M1 and M3 values. For brief silicic eruptions
(S9) we use mg3=0.6, which is within the range observed for Vulcanian events at
Montserrat (Bonadonna et al., 2002). We also adjusted mgz for small mafic eruptions
from the measured value of 0.01 to a more conservative 0.02 under the assumption
that a more distal and extensive sampling program of the 2001 Etna tephra may have

yielded a larger volume of fine ash.
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Assigning default source parameters to the world’s
volcanoes

In order to assign source parameters during an eruption when few observations are
available, we have assigned default source parameters to each of the ~1520 Holocene volcanoes
in the Smithsonian database (Siebert and Simkin, 2002-) using guidelines in Table 4. At
volcanoes where the magma type of recent eruptions was known, we used it to assign “M” or “S”
eruption types. When the magma type is unknown or inaccessible, we used the type of volcanic
feature in the Smithsonian database as an indicator: shield volcanoes, fissure vents, cinder cones
and maars, for example were considered mafic; stratovolcanoes, lava domes, pumice cones,
calderas, “complex volcanoes”, explosion craters, and bimodal volcanic fields silicic. For
volcanoes with enough well-described historical eruptions to discern a trend, we assign future
eruption size based on plume height of past eruptions (where available) or on the characteristic
eruption size as given in the Smithsonian database using the Volcanic Explosivity Index (VEI)
scale of Newhall and Self (1982). For volcanoes that had many eruptions in the past century, we
gave particular weight to eruptions in the past few decades in assigning an eruption size. A
spreadsheet containing these assignments will be published as an updateable document (Mastin
and Spiegel, in preparation).

Maps of the world’s Holocene volcanoes are shown in Figure 4, along with symbols
illustrating the eruption type assigned to each one. Most volcanoes were assigned the standard
categories, MO0 (473 volcanoes) and SO (663), due to lack of well-characterized historical activity

(Table 5). Among those with well-described historical activity, the most common assignment
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was the small silicic S1 type. The decrease in the number of volcanoes assigned medium- and
large eruption types reflects qualitatively the decrease in eruption frequency with increasing VEI
that is well documented (Simkin and Siebert, 1994).

Although some volcanoes such as Pinatubo are characterized by large but infrequent
eruptions, we assigned the large S3 type sparingly, even to those volcanoes, keeping in mind that
very large (VEI >5) eruptions are commonly (but not always) preceded by smaller precursory
ones. Among nine VEI 5 and 6 eruptions of the twentieth century for which we have found
nearby observations, six were preceded by precursory eruptions. Exceptions are Santa Maria
(Sapper, 1904), EI Chichdn (Sigurdsson et al., 1984), and Novarupta (Hildreth, 1983). Among
smaller eruptions, a disturbingly large number are not preceded by precursory eruptive activity.
Simkin and Siebert (2000), for example, found that 42% of 252 historical VEI>3 eruptions

reached their climax less than a day after the first (precursory) eruptive activity.

Revising source parameters during unrest and eruption

These patterns emphasize the need for volcanologists to constantly assess source-
parameter assignments during periods of unrest, and especially during an eruption. If new
observations reveal, say, a plume height that differs from the default assignment, a simple way to
adjust source parameters would be to find the eruption type in Table 3 that most closely matches
the observed plume height and use the other (non-height) parameters for that type. However in
general it would seem preferable for ash-cloud modeling groups to adjust parameters according
to individual circumstances following consultation with volcanologists. New plume height and

duration can be assigned directly based on observation. A new eruption rate might be assigned
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based on plume height using correlations such as eq. (1) or 1-D plume models that consider the
particular atmospheric conditions and vent elevation (Mastin, 2007). Sparse data on grain size
prevent us from attempting to quantify the relationship between mg3 and observable parameters
such as plume height.

It is important to note that these assignments are rough estimates of the most likely future
eruption size and type at a given volcano. No attempt is made to increase eruption size or plume
height as a conservative safety factor, though we recognize that such changes affect the implied
hazard. Modelers should be aware of this, as should those charged with communicating ash-
cloud hazards through SIGMETSs or any other medium. We leave the job of adding conservatism
to those charged with event response.

Future work by the Eruption Source Parameters Workgroup will involve refining
eruption categories, reviewing default assignments, evaluating their utility during eruptions, and

improving methods by which real-time source parameters can be assigned.
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695 Tables

696  Table 1. Eruption source parameters for well-studied eruptions. Variables include plume height

697  H, erupted volume V, mass eruption rate M , and duration D. The mass eruption rate is

698 calculated by multiplying the erupted volume by density to arrive at an erupted mass, and then
699  dividing the erupted mass by the duration. Plume heights are annotated with a letter, which
700 indicates the method by which plume height was estimated: “v”=visual observation from the
701  ground or an airplane; “r’=radar; “s”=satellite images; “i” = isopleth data. For silicic eruptions,
702  column 3 indicates the magma type; r=rhyolite, d=dacite, a=andesite. Letters in parentheses
703 indicate subordinate magma types. Observations that form the basis for these values are

704  described in Mastin et al. (in preparation).

Date of [Magma Vv, km*[ . | D,
Volcano onset type el H, km | PRE | kg/s | hrs |Reference
Silicic & andesitic
eruptions
St. Helens 3/8/2005 d 2 v le-04 | 4e05 | 0.5 1,2
St. Helens 7/22/1980 d 2| 10.3r | 0.001 |1.4e06( 0.45 3
St. Helens 5/25/1980 d 3| 10.2r | 0.016 | 2e07 [<0.5 3
St. Helens 6/12/1980 d 3| 9.6r [0.017]| 2e07 | 0.5 3
Pinatubo, Philippines 6/12/1991 a 3| 17.5r |0.0056| 6e06 |0.63| 4,5,40
Ruapehu, NZ 6/17/1996 a 3| 5.7s | 0.002| 2e05 | 6.5 12,13
a 0.0058-
Redoubt, USA 12/15/1989 3 9v |0.0105|4-7e06|1.03| 14,15
Nevado del Ruiz, Colombia | 11/13/1985 ad |3 26i 0.014 | 3e07 | 0.3 16
Spurr, USA 6/27/1992 a 3| 11.3r | 0.012 | 2e06 | 4.4 | 17,18,19
Spurr, USA 8/18/1992 a 3| 10.5r | 0.014 | 3e06 | 3.5 | 17,18,19
Spurr, USA 9/17/1992 a 3| 10.7r [ 0.015| 3e06 | 3.6 | 17,18,19
Hekla, 1970 5/5/1970 a 3 |12-16v| 0.017 | 6e06 2 20
Hekla, 1980 8/17/1980 a 3| 15v | 0.019 | 2e06 5 21
Reventador, Ecuador 11/3/2002 a 4 17v 0.12 | 1e07 | 22 22
Hekla, 1947 3/29/1947
brownish-gray ash a 4| 28v | 0.085|4.2e07| 0.5
brownish-black ash a 8-25v | 0.035 |1.5e07| 0.5 23
2.5-
Soufriere, St. Vincent 5/7/1902 ad (4| 14v 0.14 |3-4e07| 3.5 24,25
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El Chichén A, Mexico 3/29/1982 a 5 20i 0.35 [4.2e07| 5 26
4/4/1982 0.39
El Chichén B, Mexico 0135 GMT a 5 24i 6.8e07| 4 26
4/4/1982 a 0.40
El Chichén C, Mexico 1122 GMT 5 22i 4.0e07| 7 26
Hudson, Chile Aug-91 a 5]12-18v| 3.0 7e07 | 31 27,28
St. Helens 5/18/1980 d 5| 13.5r 0.2 2e07 9 3,6
Quizapu, Chile 4/10/1932 d 6 | 27-30i| 4.0 |1.5e08| 18 7
Novarupta 6/6/1912 6
Episode | r,d,(a) 23.5i | 2.94 |1.2e08| 16
Episode I d 22.5i | 1.96 |5.2e07| 26
Episode llI d,(a) 19i 1.63 |1.1e08| 10 8
Pinatubo, Philippines 6/15/1991 d 6 |35-40s|0.8-1.6(2-4e08| 3 19,10,11,40
3.3
Santa Maria, Guatemala 10/24/1902 | a,(d) | 6 34i 5-7e07 |24-36| 29,30,31
Basaltic eruptions
Etna, 2001 7/19/2001 2 10.5-2.5v| 9e-04 | 6e03 | 115 32
Cerro Negro, 1995 11/1995 2 | 2-2.5v [1.3e-03]9.4e03 |~100 33
Cerro Negro, 1992 4/1992 3 12.8-6.8v|0.0094| 3e05 | ~21 33
Izu-Oshima 11/21/1986 a 3 |10s,r,v|0.0045| 8e05 | 3 41
Fuego, 1971 9/17/1971 3 10v 0.02 | 1e06 | 12 34,35
Miyakejima, Japan 8/18/2000 3 | 15.5r |0.0042(1.2e06| 3.4 | 36,37,38
Fuego, 1974 10/14/1974 4 | 10v 0.02 | 1e06 | 12 39

Information sources:

'Mastin (2007); ®Scott et al., (in press); *Sarna-Wojcicki et al., (1981); Paladio-Melosantos et al.; °Hoblitt
et al. (1996); °Durant et al., (in review); ‘Hildreth and Drake (1992); °Fierstein and Hildreth (1992);
Koyaguchi (1996); *’Koyaguchi and Ohno (2001a); *'*Holasek et al. (1996); **Prata and Grant (2001);
*Bonadonna and Houghton (2005); “Miller and Chouet (1994): ®Scott and McGimsey (1994); *Naranjo
et al. (1986); ''Neal et al. (1995); ®Eichelberger et al. (1995); “*(McGimsey et al., 2001) **Thorarinsson
and Sigvaldason (1971); >Gronvold et al. (1983); ’Smithsonian Institution (2002); **Thorarinsson (1949);
#Anderson and Flett (1903); ®Carey and Sigurdsson (1978); *Carey and Sigurdsson (1986); %’Scasso et
al. (1994); ®Naranjo S. et al. (1993); ®Rose (1972); **Carey and Sparks (1986); **Anderson (1908);
#3collo et al. (2007); **Hill et al. (1998); **Bonis and Salazar (1973); *Rose et al. (1973); **Tupper et al.
(2004); ¥Nakada et al. (2005); ®Geshi et al. (2002); *Rose et al. (2007) ; “Pallister et al. (1992);
'Mannen (2006)

29



718

719

720

Mastin et al., ESP paper

Table 2. Studies where total grain-size distributions (TGSDs) and the mass fraction of tephra

(me3) smaller than 63 um in diameter have been determined for an eruption. Entries in italics are

TGSDs of phreatomagmatic eruptions, derived from analysis of old tephra deposits.

Example Me3 Comments

Etna, 7/2001 | ~0.01 | Measured from TGSD histogram in Scollo et al. (2007), which was derived using
the Voronoi tessellation technique. Grain-size distributions of individual samples
were obtained by sieve analysis, with the smallest sieves being 63 um.

Fuego, 1974 | 0.03- | Taken from Table 2 in Rose et al. (2007). The range represents the variation

0.07 using three methods: a modified method of Murrow et al. (1980) (0.07), the

method of Murrow et al., with 10% pyroclastic-flow debris added (0.07), and the
Voronoi tessellation technigue (0.03).

Cerro Negro, | 0.12 Rose et al. (1973)

1968

Cerro Negro, | 0.09 Rose et al. (1973)

1971

Ruapehu, 0.02- | Measured from histograms in Figure 3 of Bonadonna and Houghton (2005). The

1996 0.09 range reflects results of three methods: technique A, which weights the grain-
size distribution at each sample site by the mass per unit area at the site (0.02);
technique B, similar to that of Carey & Sigurdsson (1982) at St. Helens, (0.09),
and the Voronoi tessellation technique (0.03).

Taupo 0.34 The TGSD of this 1.8 ka phreatomagmatic eruption was estimated by analysis of

Hatepe A the mapped deposit (Walker, 1981a, Table 1)

Taupo 0.36 The TGSD of this 1.8 ka phreatomagmatic eruption was estimated by analysis of

Hatepe B the mapped deposit (Walker, 1981a, Table 1)

Towada 0.38 The TGSD of This 13 ka phreatomagmatic eruption was estimated by analysis of

Hachinohe the mapped deposit (Hayakawa, 1985, Table 17)

HP5

Towada 0.42 The TGSD of this 13 ka phreatomagmatic eruption was estimated by analysis of

Hachinohe the mapped deposit (Hayakawa, 1985, Table 17)

HP1

Towada 0.45 The TGSD of this 13 ka phreatomagmatic eruption was estimated by analysis of

Hachinohe the mapped deposit (Hayakawa, 1985, Table 17)

HP3

Taupo, 0.46 The TGSD of this 1.8 ka phreatomagmatic eruption was estimated by analysis of

Rotongaio the mapped deposit (Walker, 1981a, Table 1)

Spurr, 0.3 Durant et al. (this volume)

8/18/92

Spurr, 9/16- 0.4 Durant et al. (this volume)

17/92

Soufriére 0.4- Bonadonna et al. (2002)

Hills, 0.7

Montserrat

MSH 0.5 From size fractions illustrated in Figure 23 of Durant et al. (in review) using a

5/18/1980 mass-weighted derivation of the TGSD.

El Chichén 0.5 Rose and Durant (in press)

4/4/82
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Table 3. Eruption types and source parameters assigned to each eruption type. The labels M1,
M2, M3, S1, S2, S3, S8, S9, and UQ in the left-hand column are labels assigned to each eruption
type. Type “M”, or mafic types, include basaltic and ultramafic magmas. Type “S”, or silicic
types, include andesite, dacite, rhyolite, and others such as phonolite that can produce high ash

columns. Submarine eruptions that occur beneath at least 50 m water depth are assigned type
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“Uo”.
Eruption type Example Hkm| D M V Me3
(Date as M/D/Y) above | hr | kgls km3
vent

Mafic, standard (MO0) | Cerro Negro, Nicaragua, 4/13/1992 7 60 | 1x105| 0.01 | 0.05
Small (M1) Etna, Italy, 7/19-24/2001 2 100 | 5x103 | 0.001 | 0.02
Medium (M2) Cerro Negro, Nicaragua, 4/9-13/1992 7 60 | 1x105| 0.01 | 0.05
Large (M3) Fuego, Guatemala, 10/14/1974 10 5 |1x108| 017 | 0.1

Silicic, standard (S0) | Spurr, USA, 8/18/1992 11 3 | 4x108| 0.015 | 0.4
Small (S1) Ruapehu, New Zealand, 6/17/1996 5 12 | 2x10° | 0.003 | 0.1
Medium (S2) Spurr, USA, 8/18/1992 11 3 | 4x108| 0.015 | 0.4
Large (S3) St. Helens, USA, 5/18/1980 15 8 |1x107| 015 | 05
co-ignimbrite St. Helens, USA, 5/18/1980 (pre-9 AM) | 25 05 | 1x108 | 005 | 05

cloud (S8)

Brief (S9) Soufriere Hills, Montserrat (composite) 10 | 0.01 | 3x106 | 0.0003 | 0.6

Submarine (U0) none 0 - -
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728  Table 4. Guidelines used to assign eruption types to Holocene volcanoes. The symbol H

729 indicates characteristic plume height of the most recent historical eruptions. If both plume height
730 and eruption VEI are available, the characteristic plume height is used to assign the eruption

731  type. Otherwise the characteristic VEI is used to assign eruption type. Eruption type S8

732 (elutriated ash column) is assigned only during an eruption based on whether the column is

733 collapsing, not to volcanoes based on historical activity.

Type | Magma type Historical eruption
characteristics
MO Basalt or other insufficient historical
mafic data to characterize
M1 H<5 km or VEI<2
M2 H=5-8 km or VEI=3
M3 >8 km or VEI>4
SO Andesite, insufficient historical
dacite, rhyolite data to characterize
S1 or other H<6 km or VEI<2
S2 explosive H=6-12 km or VEI=3
S3 | composition H>12 km or VEI > 4
S8 active column collapse
S9 active lava dome is
present
uo All magma submarine vent with
types water depth >50 m
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Table 5. Number of the world’s Holocene volcanoes assigned to each eruption category.

Category | Number
MO 473
M1 40
M2 10
M3 2

SO 663
Sl 171
S2 62
S3 1

S8 0

S9 11
uo 87
total 1520
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Figure captions

Figure 1. Plume height above the vent versus mass eruption rate for eruptions listed in
Table 1. Symbols for each eruption are given in the legend. The bold solid line gives the best fit
to the data (eq. 1). The bold dashed lines enclose the error envelope (+A)calculated by the
routine polyval in Matlab® (use of trade names does not constitute endorsement of these
products). The error envelope corresponds to a 50% confidence interval, meaning that future
observations have at least a 50% probability of falling within this envelope. The dot-dashed line
is the empirical fit obtained by Sparks et al. (1997, Eq. 5.1). The upper light solid line is a
theoretical curve of Hy calculated using the 1-D steady-state model Plumeria (Mastin, 2007)
using a magma temperature of 900° C, 3 wt% gas, and a Standard dry atmosphere (United States
Committee on Extension to the Standard Atmosphere, 1976). The lower light solid curve is the
elevation of neutral buoyancy, assumed to approximate Hy, calculated from the same model runs.
The region between these two curves is shaded. The dashed light curve represents predictions of
H+t by Plumeria using properties of a Standard atmosphere but with 100% relative humidity (rn)
and a temperature at ground level of 10° C. The light dotted curve is a similar prediction using a
relative humidity of 100% and a temperature at ground level of 25° C. Symbols in the legend are
arranged from lowest to highest eruption rate. The Abbreviation “MSH” is Mount St. Helens,
“Soufriere SV” is Soufriére of St. Vincent. The figure inset illustrates the difference between the
height of the top of the plume (Hr) and the height of the umbrella cloud (Hy). The height H

plotted includes both Hr and Hy, depending on the method of estimation. Isopleth-based
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estimates, denoted by solid symbols, give umbrella-cloud height Hy whereas all other methods
are thought to give Hr.

Figure 2. Plume height versus log erupted volume (DRE) for the eruptions listed in Table
1. The bold solid line is the best-fit curve through the data, and the bold dotted lines are
envelope curves that enclose 50% of the predictions as calculated by the routine polyval in
Matlab®. The light solid line is the best-fit curve obtained by Carey and Sigurdsson (1989).
Symbols in the legend are arranged from smallest to largest erupted volume.

Figure 3. Histogram of the log of eruption duration for eruptions in Table 1. Eruptive
phases for Novarupta and Hekla were combined to a single duration in this figure. Eruptions at
Nevado del Ruiz and Soufriere of St. Vincent volcanoes were not included because they
involved both andesite and dacite with no clear indication of which magma type was dominant
(Carey and Sigurdsson, 1978; Naranjo et al., 1986).

Figure 4. Map of the world’s Holocene volcanoes from the Smithsonian database
(Siebert and Simkin, 2002-), with symbols representing the eruption type assigned to each
volcano. Heavy gray lines are the boundaries of regions overseen by the various Volcanic Ash
Advisory Centers (VAACS) as delineated by ICAO (International Civil Aviation Organization,

2004). Panels A through E illustrate these symbols for volcanoes in different parts of the world.
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