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ABSTRACT

The most powerful category of explosive volcanic eruptions, called | “ultraplinian,” was pro-
posed in 1980 on the basis of the distribution of a Glng]e‘pxrocl.lstlc lg!l_lxroducl ofcme phase of
the 1800a Taupo Lruptl(m in New Zealand. Dispersal ;lata, a measure of the “footprmt” of the
depos‘lt were used quheequemly to estimate eruption plume heights of 50-51 km, more than
10 km higher than observed or estimated for any historical Plinian eruption. Today, this unit
remains the only deposit to have met the rigorous ultraplinian dispersal criteria, and it is an
important and widely cited exemplar in physical volcanology. The earlier study was based on
total thicknesses for the entire bed and grain-size data across that full thickness. We have now
subdivided this bed into 26 subunits and measured their individual thicknesses and selected
maximum clast sizes. Our data show that the apparent large footprint of this bed is an artifact
of a a previously unrecognized shift in the wind mﬁ'ﬁ:ﬁ, the eru cruption, ralhcr than extreme
eruptlve vigor. “Our's study™ demonstrates tmangcrs of applying full- thickness dpprnachcs
‘fo even seemingly uniform fall deposits. The results throw into some doubt the need for the
term ullrapllmdn, at least for this deposit. With the revmoﬁ—{TTume heights for the Taupo
uﬁ_ﬁﬁm a he1ght range of 35-40 km may be practical for use as an upper limit for source
parameters irf models of transport and dlspersa] of volcanic ash.

INTRODUCTION

Rigorous classifications of explosive erup-
tions, especially sustained ones, are dependent
on proxies for “intensity,” a parameter defined
by mass or volume eruption rates (Walker, 1973;
Pyle, 1989; Bonadonna and Costa, 2013). There
are few direct measurements of instantaneous
mass or volume flux for even very small explo-
sive eruptions. An alternative for those eruptions
that are observed is to calculate time-averaged
rates, arrived at by measuring total mass or
volume of ejecta and total eruption duration.
For unobserved or pre-historical eruptions, re-
searchers deduce time-averaged eruption rates
from the geometry of the deposits, that is, rates
of thinning (from thickness or isomass data) and
fining (size of largest particles, isopleth data, at
every site), which scale with mass discharge.

Both approaches, a priori, calculate time-
averaged fluxes. The consequences of this are
minimized if the parent event is steady, i.e.,
eruptive conditions and the wind field are rela-
tively constant during an eruption or eruption
phase. However, if mass eruption rate waxes
and wanes, the effect is to reduce the calculat-
ed eruption rate to a value below the peak dis-
charge rate. We show here that the previously
undocumented effects of a changing wind field
(Fig. 1A) on estimated plume height and erup-
tion intensity are equally dramatic.

Walker (1980) used “full-thickness™ data to
propose that unit 5 of the 1800a eruption of
Taupo volcano (the Taupo Lapilli Member) in
New Zealand represented an extremely high
eruption rate for steady eruptions, defining a

new end-member class called ultraplinian. By
full-thickness, we mean isopachs constructed
from thicknesses measured across the entire
unit and isopleths derived from size data for the

of the deposit at each site. By recognizing and
mapping 26 subunits, we show that previously
undetected wind shifts from west-northwest to
southwest during the eruption resulted in major
overestimates of the deposit thinning and py-
roclast fining rates, and thus dispersive power.
The characteristics of individual subunits do not
meet Walker’s ultraplinian criteria, and suggest
the eruption was merely a strong, but not atypi-
cal, Plinian event.

THE TAUPO ERUPTION

The 1800a eruption is the youngest event at
Taupo volcano in the central Taupo Volcanic
Zone (Figs. 1B and 1C). It is globally the sec-
ond largest eruption in the past 2000 yr, and
probably the most powerful worldwide in the
past 5000 yr (Wilson and Walker, 1985). It is
notable for a great diversity of explosive erup-
tive styles, and the extreme mass discharge rates
inferred for unit 5, the Taupo Lapilli, and unit
6, the climactic Taupo ignimbrite (Wilson and

largest clasts collected over the entire thickness ~ Walker, 1985).
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Figure 1. Dispersal axes for subunits of Taupo Lapilli Member (unit 5), New Zealand. A:
Dispersal axes shown are derived from isopach maps drawn for 21 of the 26 subunits
mapped in this study. These were derived using elongation of isopach sets, as shown in
the Data Repository (see footnote 1). They show general progression from west-northwest
to southwest with time. This shift has the effect of greatly increasing the “footprint” of the
deposit, giving a misleading impression of dispersive power. Large black dot is inferred
unit 5 vent. B: Map showing location of 10-km-long Taupo eruption fissure. Large gray dot
is newly inferred vent for unit 5. Small black dots are previously mapped vents for units
3,4, and 7. C: Location of Lake Taupo within Taupo Volcanic Zone (dark gray shading).
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The eruption products are mapped as seven
units, equating with seven contrasting eruption
phases. The eruption occurred from at least three
vents on a 10-km-long northeast-southwest fis-
sure (Fig. 1B) along the eastern shoreline of Lake
Taupo (Smith and Houghton, 1995). Unit 5, the
topic of this study, is a widespread lapilli fall
(5.8 km?® dense-rock equivalent [DRE]), erupted
coevally with at least 11 small, weak pyroclas-
tic density currents. After phase 5, the explosive
volcanism culminated in the generation of unit
6, the 12.1 km? (DRE) highly energetically em-
placed Taupo ignimbrite (Wilson, 1985).

SUBDIVISION OF UNIT §

Unit S is a lapilli fall that is markedly coarser
than the other 1800a and earlier fall deposits,
including Plinian unit 2. It extends more than
220 km downwind to beyond the eastern coast
of New Zealand (Healy et al., 1964). Previous
studies chose not to subdivide unit 5, while not-
ing the presence of two centimeter-thick finer
layers in the sequence (Walker, 1980). In sec-
tions in the south, the largest pyroclasts are near
the base of the deposit; in the north, the coarsest
clasts are always near the top of the sequence.
This unexpected observation prompted us to
re-examine the internal stratigraphy of unit 5.
Working at closely spaced sections we were
able to define 26 subunits in the Taupo Lapilli.
We measured thicknesses at 149 sites, and col-
lected the five largest pumice and wall-rock
clasts for the nine best-defined subunits (2,
5, 10, 12, 14, 15, 19, 20, and 22) where they
were exposed. At the thickest complete section
(Fig. 2), we also collected samples for grain-size
analysis and to describe pumice types. The con-
tacts between the subunits are characterized by
significant, abrupt shifts in one or more deposit
characteristics, including: increase or decrease
in grain size or in abundance of stretched pum-
ice, and changes in wall-rock abundance. The
finer-grained intervals (subunits 9, 14, 20, and
21) are particularly useful markers given that
unit 5 was eroded variably during deposition of
unit 6, the Taupo ignimbrite (Walker, 1980).

DISPERSAL AND INTENSITY FOR THE
SUBUNITS

Of the 26 subunits, subunit 1 is a complex
sequence of fall and pyroclastic density cur-
rent beds, and subunits 23, 24, 25, and 26 are
too poorly preserved to be well constrained by
isopachs. Dispersal axes for the remaining 21
subunits are plotted in Figure 1A. They show an
overall progressive shift from 100° to 045° with
time, which we interpret as the consequence of
a southward shift in wind direction.

The dispersal of pyroclasts of given sizes
and densities is used to estimate the height of
eruption plumes and mass fluxes, empirically
calibrated by data from well-observed eruptions
(Carey and Sparks, 1986; Wilson and Walker,

460

Unit 6 (Taupo Ignimbrite)

0T [ = )5 g0-
24
104 peist 2_3 100 ':'
22
20T |2 21 1201
20
EL 19 1304
18
40+ T 1401
cm 17 cm
501 B9, 1504
25 16
601 160
15
70T 170
: 14
801 1_3 180-
12
90— 11

1987). Clasts disperse due to diffusion and ad-
vection by wind. Under identical wind condi-
tions, a higher eruption plume (due to a higher
mass eruption rate) will lift a given clast higher,
and transport it farther from the vent. For identi-
cal mass discharge rates, a higher wind speed
will increase the downwind range of a given
particle and decrease the upwind range. The ef-
fects of the wind field can be largely removed
by considering only the behavior of particles in
the crosswind regions; e.g., Carey and Sparks
(1986) used crosswind ranges of pyroclasts of
fixed radii and density to arrive at estimates of
plume height. This approach yielded an unprec-
edented plume height of 51 km when applied
to clasts averaged across the total thickness of
Taupo unit 5 (Carey and Sparks, 1986). The
value was 17 km higher than any other example
considered by these authors.

There is a major flaw, however, in the use of
the full-thickness data set. The dispersal of a fall
deposit is a function of both eruption column
height (a source parameter) and the wind field (a
path effect). Estimates of plume height from dis-
persal data may be influenced by “variations in
wind direction which will increase the apparent
crosswind range (of a particle) and thus overes-
timate column height” (Carey and Sparks, 1986,
p- 120). Maximum clast sizes at individual sites
reflect the progressive shift in dispersal, that is,
the coarsest clasts were sampled from the base
of the sequence in the south and at the top of the
sequence in the north. The largest clasts used to
construct the Walker (1980) isopleth contours
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Figure 2. Stratigraphic log for
unit 5 at site 25 km northeast of
vent, showing 25 subunits rec-
ognized in this study; unit 26 is
not preserved at this site. Juve-
nile pumice is in white; wall-rock
clasts (mostly older rhyolitic
lava) are in black. Note particu-
larly the finer-grained subunits
(e.g., 1, 9, 14) interpreted to rep-
resent weaker pulses of the sus-
tained eruption column.

base of deposit

are therefore not strictly time equivalent at each
site; they came from different subunits for differ-
ent parts of the dispersal area, and were erupted
at different times. The new subunit isopleth data
show that the footprint of each isopleth contour
is much larger for the combined full-thickness
data than for data from any one subunit (Fig. 3).
Plume heights for the coarse-grained subunits,
calculated after Carey and Sparks (1986), range
from 31 to 37 km (Table DR1 in the GSA Data
Repository'), values much more in accordance
with the range of 34—41 km observed or record-
ed for the strongest historical Plinian eruptions
(Williams and Self, 1983; Rosi et al., 2001).

INTERPRETATION OF FINER-GRAINED
INTERVALS

There are two possible interpretations of the
finer-grained subunits (9, 14, 20, and 21). They
may represent periods of lower mass discharge
and thus weaker dispersive power. Alternatively,
minor ingress of water from Lake Taupo into the
vent could have boosted the fragmentation of
the magma. Fine subunits are both more weakly
dispersed and also more strongly wind attenuat-
ed than coarser intervals, and calculated plume
heights for subunits 14 and 20 are 25 km and

'GSA Data Repository item 2014144, supplemen-
tary notes and figures describing methods and show-
ing isopach and isopleth data for selected subunits, is
available online at www.geosociety.org/pubs/ft2014
.htm, or on request from editing@geosociety.org or
Documents Secretary, GSA, P.O. Box 9140, Boulder,
CO 80301, USA.
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pre Figure 3. Juxtaposition of
ke isopleths for subunit 15

against full-thickness iso-
pleths of Walker (1980).
Isopleths for subunit 15,
and all other subunits, en-
close much smaller areas

than full-thickness iso-
pleths, leading to marked
reduction in inferred col-
umn heights and hence
mass discharge rates
during eruption.
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26 km, respectively. As a contrast, near-circular
isopachs of the preceding phreatoplinian falls
(units 3 and 4) refiect the ability of “wet” (wa-
ter-rich) plumes to propagate cross- and upwind
(Smith and Houghton, 1995). We therefore sug-
gest that the entire unit 5 eruption was “dry” and
that the finer intervals reflect minor brief drops
in mass eruption rate and plume height.

NEW INFERENCES FOR VENT
POSITION

A vent position for unit 5 has not previ-
ously been constrained. Dispersal axes of units
3 and 4 showed that neither was erupted from
the original vent proposed for the entire erup-
tion. Instead, vent position migrated ~10 km
northeastwards between the two eruptive phases
(Smith and Houghton, 1995). Our unit 5 dis-
persal axes converge on a southwestern site
and strongly suggest that the locus of eruption
shifted again after unit 4, back to, or near, the
vent(s) active during eruption of unit 3. This is
perhaps not a surprise given the pumiceous na-
ture of both units 3 and 5 and the contrasting
dominance of dense, partially outgassed clasts
in unit 4 (Houghton et al., 2010). Our data are
insufficient to detect any minor shift in position
during the eruption of unit 5.

CONCLUSIONS

Our study suggests that full-thickness sam-
pling of pyroclasts, across even relatively massive
fall deposits, should be avoided, as it may lead to
misleading conclusions. The new data suggest
that the effect of a steady shift in wind direction
during unit 5 was to expand the apparent arcas
enclosed by both isopachs and isopleths based on
the total fall deposit, leading to a false impression
of the dispersive power and mass eruption rate of
the eruption phase. Our data also permit accurate
location of the source vent in a way that was not
feasible using bulk thickness data.

Each subunit of unit 5 is of Plinian intensity,
but none meets the ultraplinian criteria pro-
posed by Walker (1980). This result implies
that the concept of ultraplinian perhaps needs to
be revisited. Potentially the term, if it is to be
retained, is better used for the products of ex-
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tremely voluminous, rather than powerful, erup-
tions (i.e., magnitude rather than intensity).

The height attained by an eruption plume is
modulated by factors linked to the eruption (mass
discharge rate, fragmentation efficiency, magma
temperature, and volatile content), the volcano
(vent and conduit radii and geometry, and vol-
cano height) and meteorological conditions
(wind field, atmospheric density, temperature and
stratification, and humidity) (Wilson and Walker,
1987; Glaze and Baloga, 1996; Sparks et al.,
1997; Herzog et al., 1998; Bonadonna and Costa,
2013). The revision to the estimate for the height
of the Taupo plume means that the maximum ob-
served or estimated plume heights cluster at ~35—
40 km (Williams and Self, 1983; Sigurdsson and
Carey, 1989; Rosi et al., 2001). The fact that, for
at least three of these eruptions, further increase
in eruption rate culminated in a shift from stable
plume to instability and plume collapse (Walker,
1980: Sigurdsson and Carey, 1989; Rosi et al.,
2001) suggests that this range represents a practi-
cal upper limit that can be used in forecast models
for both tephra sedimentation and volcanic plume
dispersal (Mastin et al., 2009).
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Dominica shows unique characteristics not seen on other islands in the Lesser Antilles
island arc or on many island arcs worldwide. These unique features include the eruption
of rocks, since the upper Pleistocene, of a very restricted compositional range from multi-
ple centers throughout the island, as well as the occurrence of present-day island-wide
seismic and geothermal activity. This volume presents the results of geological map-
ping, detailed stratigraphy, petrography/mineral chemistry, and geochemistry that have
allowed the authors to develop a model to explain these features. The model. which traces
the development of the island since the upper Miocene, suggests that during the Pleisto-
cene partial melting of the island-arc crust eventually generated a single magma body of
batholithic proportions beneath the island. The distinctive phenomena from Dominica are
therefore thought to reflect the volcanic and related responses associated with the forma-
tion and development of this unexposed batholith.
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comprehensive analysis of the geology and geomorphology of Barbados by Robert
Speed, who passed away in 2003 shortly before finalizing this work. Basement rocks
on Barbados are assigned to two Paleogene tectonic complexes that formed within or
above an active subduction complex. The basement rocks are overlain by Quaternary
rocks and sediments, and Speed’s studies of these younger materials are the focus
of this volume. The island’s marine terraces, modern shore zone, modern marine

sea cliffs, stream networks, and landslides are analyzed in detail. Uplift rates that
were calculated at 71 sites, and dozens of 2*Th dates of Pleistocene limestone are
presented here for the first time. The accompanying CD-ROM includes a set of twelve
1:10,000 geological maps of Barbados, West Indies; four associated cross sections
that transect the island; and a three-part appendix, which contains advanced drafts of
two unpublished manuscripts.
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