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Abstract Tambora volcano lies on the Sanggar Peninsula
of Sumbawa Island in the Indonesian archipelago. During
the great 1815 explosive eruption, the majority of the
erupted pyroclastic material was dispersed and subsequently
deposited into the Indian Ocean and Java Sea. This study
focuses on the grain size distribution of distal 1815 Tambora
ash deposited in the deep sea compared to ash fallen on land.
Grain size distribution is an important factor in assessing
potential risks to aviation and human health, and provides
additional information about the ash transport mechanisms
within volcanic umbrella clouds. Grain size analysis was
performed using high precision laser diffraction for a parti-
cle range of 0.2 pm-2 mm diameter. The results indicate
that the deep-sea samples provide a smooth transition to the
land samples in terms of grain size distributions despite the
different depositional environments. Even the very fine ash
fraction (<10 wm) is deposited in the deep sea, suggesting
vertical density currents as a fast and effective means of
transport to the seafloor. The measured grain size distribu-
tion is consistent with an improved atmospheric gravity
current sedimentation model that takes into account the
finite duration of an eruption. In this model, the eruption
time and particle fall velocity are the critical parameters for
assessing the ash component depositing while the cloud
advances versus the ash component depositing once the
eruption terminates. With the historical data on eruption
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duration (maximum 24 h) and volumetric flow rate of the
umbrella cloud (~1.5-2.5x10'""'m?/s) as input to the im-
proved model, and assuming a combination of 3 h Plinian
phase and 21 h co-ignimbrite phase, it reduces the mean
deviation of the predicted versus observed grain size distri-
bution by more than half (~9.4 % to ~3.7 %) if both ash
components are considered.

Keywords Tephra fall deposits - Tephra dispersion - Deep
sea sedimentation - Explosive eruption - Tambora

Introduction

The 1815 Tambora eruption was one of the largest magni-
tude explosive eruptions in the last 1,000 years with a
minimum volume of 30 km® DRE (Self et al. 2004). An
initial Plinian eruption occurred on 5 April (estimated col-
umn height 33 km; Sigurdsson and Carey 1989) after 3 years
of minor activity (e.g. Ross 1816; Stewart 1820; Crawfurd
1856; Zollinger 1855; Stothers 1984; Sigurdsson and Carey
1989). The climactic phase of the eruption started on the
evening of 10 April, with a major Plinian eruption (estimat-
ed column height 43 km; Sigurdsson and Carey 1989) and
pyroclastic flow formation (e.g. Ross 1816; Raffles 1817;
Stothers 1984). The umbrella cloud covered an area of at
least 980,000 km? during the climactic phase, and the sky
did not clear for 3 days in the Jakarta area, 1,300 km from
the volcano (Ross 1816; Self et al. 2004). Ash fall was
reported as far as 1,800 km to the west of Tambora
(Crawfurd 1856).

Studying distal fine ash of an eruption that occurred
almost 200 years ago raises some difficulties since fine ash
in distal areas is typically reworked and redeposited quickly
by precipitation, wind and human activities on land (Rose
and Durant 2009). In addition, Tambora is situated on the
Indonesian island of Sumbawa and surrounded by the sea
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(Fig. 1); thus, ash was deposited both on land and on the sea
floor.

Ash deposits in deep-sea cores have been studied primar-
ily to refine the chronology of volcanic eruptions using
geochemical data and lithology, as well as to improve ash
dispersal maps, thickness estimates and eruption dynamics
(e.g. Watkins et al. 1978; Rose and Chesner 1987;
Sigurdsson et al. 1980). However, analysing the physical
attributes, such as grain size distribution of distal volcanic
ash, is important for assessing ash hazard to the environ-
ment, notably in the context of human health (Horwell
2007) and aviation safety (Casadevall 1994).

Comparing the grain size distribution of land and deep-sea
samples will help to understand whether the different deposi-
tional environments affect the ash deposition, and consequent-
ly allow for the assessment of ash transport mechanisms in the
volcanic umbrella cloud leading to the observed grain size
distribution. Ash fall distributions and grain size characteris-
tics can be compared with theoretical models of ash transport
and deposition in umbrella clouds (e.g. Sparks et al. 1991;
Bursik et al. 1992; Baines and Sparks 2005).

Samples and methods

Grain size analysis of the distal 1815 Tambora ash has been
performed on four deep-sea ash layers and five land samples
(Fig. 1 and Table 1). The deep-sea samples have been collected
from the Snellius 2 expedition cores (1984), stored at NIOZ
(Royal Netherlands Institute for Sea Research, Texel), and
complemented with samples already collected by C.
Mandeville at GSO/URI (Graduate School of Oceanography,
University of Rhode Island). The ash layers were sampled
approximately every 2 cm vertically throughout the cores if
possible. Previous studies of more proximal cores (Saleh Bay
and adjacent sea; Fig. 1) revealed only very little volcanic
material (Zen and Ganie 1992).

Distal ash land samples used for this study were obtained
during fieldwork in the Tambora area by Sigurdsson and
Carey (1989). All fine ash smaller than 2 mm has been
collected at each location. Although previously identified
as co-ignimbrite ash (F5 layer; Sigurdsson and Carey 1989),
there are no clear characteristics that could distinguish the
co-ignimbrite ash from the fine Plinian ash. Thus, land
samples could contain a mixture of both.

Grain size analysis

All deep-sea samples were treated with acetic acid to remove
the carbonate fraction, and the land samples were cleaned to
remove organic matter (e.g. small roots). Deep-sea samples
containing a substantial amount of silicic biogenic particles
were not considered for grain size analysis. Before the grain
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size analysis, a sodium hexametaphosphate solution (5 ml) was
used to deflocculate clay particles, and samples were put in a
sonic bath for 10 min to disperse possible sediment aggregates.

Grain size analysis was performed using a laser diffractom-
eter Malvern Mastersizer 2000, which is able to measure the
distribution of ash as fine as 0.02 um and up to 2 mm. The
Mastersizer acquires the light scattering pattern of the particles
according to the Fraunhofer theory (used for this study). The
Mastersizer assumes an equivalent spherical particle diameter.
Most ash particles in the Tambora deposit have low aspect
ratios, and shapes do not differ much among grain sizes.
Thus, an equivalent spherical diameter is a reasonable approx-
imation, and size-dependent effects on the results are not
expected. The Mastersizer 2000 is very susceptible to clogging
by large particles, and all land samples were consequently
passed through a 500-um sieve. The volume proportions
of >500 um particles accounted for less than 1 %.

Results
Depositional characteristics of distal marine ash deposits

The lower intervals of the ash layer (24-26 and 22-24 cm) in
core G6.5 show a distinct bimodal grain size distribution, while
the successive upper intervals gradually turn into unimodal and
finer-grained ash (Fig. 2a). The coarse mode occurs at 400 pm,
while the fine mode has its maximum at 20 um in the sample at
24-26 cm. With decreasing depth, the two maxima progres-
sively converge to a constant fine mode at the expense of the
coarse mode. The mode of the unimodal samples in the upper
intervals 14-16, 1214, 10-12, 68 and 4-6 cm decreases from
75 to 35 um. A similar pattern is observed in deep-sea core
T84-37 (Fig. 2b), with clear bimodal and coarser-grained ash in
sample intervals 24-26, 22-24 and 20-22 cm. Unlike core
(6.5, the bimodal and coarser grained ash in core T84-37 is
underlain by two unimodal and finer grained layers (2628 and
28-30 cm) with modes at 45 and 35 um, respectively. The
overlying bimodal intervals (20-22, 22-24 and 24-26 cm)
have a coarser mode around 100-150 pum and a finer mode
around 25 pm. The upper unimodal intervals (16-18 and 12—
14 cm) have modes at 40 and 25 pm, respectively. The ash
layers in T84-42 and T84-27 show unimodal distributions with
grain size maxima at 30 and 40 pum, respectively (Fig. 2c). T84-
27 shows a minor peak below 10 um possibly indicating a
small amount of background material (some silicic biogenic
particles were detected). However, the mode is still representa-
tive of the ash fall deposit.

Depositional characteristics of distal ash deposit on land

The particle sizes of the land deposits decrease with increas-
ing distance from the vent. The samples up to 65 km [TB-
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Fig. 1 Map showing the location of Tambora volcano and the studied samples from the deep sea (black circles) and on land (grey circles). Map source:

ESRI (2009); bathymetry source: Amante and Eakins (2009)

141/142 (43 km), TB-080 (44 km), TB-093 (47 km) and
TB-108 (65 km)] all show a mode at around 200 pum, with a
minor secondary mode around 20-30 pum (Fig. 3). Sample
TB-144/145 at 93 km distance is of unimodal nature with a
mode at around 70/80 um. All land samples have coarser
modes than the more distal marine samples.

Distal grain size distribution in the deep sea and on land

The land and deep-sea samples together cover a distance from
43 to 422 km from Tambora, and grain size ranges from 1 um
up to 1 mm. All samples are poorly to very poorly sorted with
sorting coefficients ranging from 1.77 to 2.34 ¢. The spatial
coverage is mostly to the west and southwest for the land

Table 1 Description of land and deep-sea samples

samples, while deep-sea samples are distributed in all direc-
tions. Tambora ash has been found and analysed for the first
time towards the south (T84-42) and southeast (G6.5).

The grain size cumulative averages for land and sea
samples with distance are shown in Fig. 4. Grain size de-
creases with distance (Fig. 4a), and there is a smooth tran-
sition in grain size distribution with the progression from
land to deep-sea samples (Fig. 4b). The proportion of coarse
component (>125 um) decreases substantially from 51 % of
the relative size distribution at 43 km to 2 % at 422 km
distance (Fig. 4b).

To assess the extent to which the very fine ash has been
deposited and preserved on land and in the deep sea cores, the
volumetric proportions of the 4- and 2.5-um fractions, and the

Sample Environment Distance (km)  Location Thickness (cm)  Intervals
TB141/142 Land 43 —8.42°, 117.67° 20.5 141: lower F4 layer
142: upper F5 layer
TB-080 Land 44 —8.19°, 117.67° 11
TB-093 Land 47 —8.15°, 117.58° 15
TB-108 Land 65 —8.13°, 117.42° 13
TB-144/145  Land 93 -8.37°, 117.16° 20 144: upper F5 layer
145: lower F layer
G6.5 Deep sea (depth, 2,070 m) 120 —9.21°, 118.46° 20 4-6, 6-8, 8-10, 10-12, 12-14, 14-16,
16-18, 18-20, 20-22, 22-24
and 24-26 cm
T84-37 Deep sea (depth, 1,530 m) 190 —7.86°, 116.33° 20 12-14, 16-18, 20-22, 22-24, 24-26,
26-28 and 28-30 cm
T84-42 Deep sea (depth, 3,150 m) 340 —10.78°, 116.3° 2.5-3 and 3-5 cm
T84-27 Deep sea (depth, 1,990 m) 422 —4.46°, 117.8° 11-13 cm
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Fig. 2 Grain size distribution of deep-sea cores (a) G6.5, (b) T84-37,
(¢) T84-42 and T84-27. The legends in (a) and (b) refer to the depth of
the sampling intervals in each deep-sea core. Note the transition from a
bimodal distribution with a dominant coarse-ash mode at the bottom of
the section to a fine-ash unimodal distribution at the top of cores G6.5
and T84-37. The two fine-grained unimodal layers at the base of T84-
37 likely represent the first Plinian eruption from 5 April 1815
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Fig. 3 Grain size distributions of land samples. Note the decreasing
mode with increasing distance. Samples up to 65 km have a maximum
at around 200 pm and minor secondary mode around 20-30 pum

10- and 4-pm fractions were considered and compared with the
results of Horwell (2007). Horwell (2007) identified a strong
correlation among the volumetric proportions of these size
fractions in 63 samples of volcanic ash from eruptions of
different style and distance from source (grey circles; Fig. 5a,
b). The volumetric proportions of the Tambora ash (black and
white circles; Fig. Sa, b) show only minor deviations from this
correlation, independent of the depositional environment.

Discussion

Comparison of land and deep-sea deposits
and transportation in the deep sea

The observation that grain size distribution in the deep-sea
core deposits provides a continuum from the land samples
(Fig. 4), and that even the very fine grain size fractions
(<10 wm) are present with the same volumetric proportions
as on land (Fig. 5), suggests that the ash deposited in the
deep sea has not been significantly affected by the marine
environment and is therefore comparable to the land de-
posits in terms of grain size distribution.

The abundance of fine ash in the deep-sea deposits im-
plies a fast and effective way of transportation through the
water column. Carey (1997) calculated, following the ex-
periments of Fisher (1965), that particles of <15 pum will
take more than 6 months to pass through a water column of
2,000 m by passive settling (Stokes law). Thus, significant
redistribution of the fine ash particles by ocean currents
would be expected. Aggregation of ash as an enhanced
settling mechanism in the water column is unlikely, as
Carey (1997) observed an immediate break up of ash aggre-
gates when impacting on the water surface. Transportation
by biogenic aggregation (e.g. faecal pellets, Smayda 1971),
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Fig. 4 (a) Cumulative volumes of land and sea samples (multiple
samples at one station were averaged) and (b) cumulative volumes
with distance. The coarse-size fractions decrease and the fine fraction
increase with distance. The change from land to deep-sea samples lies
between 93 and 120 km. There is no significant variation between the
different depositional environments. Note that the two unimodal layers
(26-30 cm) in T84-37 are excluded as they are likely representing the
first Plinian eruption from 5 April 1815

on the other hand, would result in considerable deposition of
organic matter within the ash layers, but detectable organic
matter was not found in the studied Tambora samples.
Experiments performed by Carey (1997) and Manville and
Wilson (2004), as well as the observed rapid ash deposition
during the Pinatubo eruption in 1991 (Wiesner et al. 2004),
suggest that deposition in the deep sea occurs by vertical
density currents. Vertical density currents are able to trans-
port ash particles at least an order of magnitude faster than
transport by Stokes law settling (Carey 1997), which would
allow preservation of the observed grain size distribution
and especially the abundance of very fine ash in the studied
Tambora samples.

Bimodal and unimodal grain size distribution

The basal layer (26-30 c¢cm depth) in core T84-37 likely
represents the first Plinian event of the 1815 Tambora eruption
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Fig. 5 Correlation plots for the volumetric proportions (a) 4 vs.
2.5 um and (b) and 10 vs. 4 um. Grey circles are size fractions from
21 volcanic eruptions of different style and distance from the vent
analysed by Horwell (2007). The black circles show deep-sea samples,
and the white circles represent the land samples from this study. The
data suggest that even the very fine ash particles were deposited on the
sea floor

on 5 April. During this Plinian phase, ash fall was reported in
the Eastern districts of Java Island, 400 km east of the volcano
(Ross 1816). Core T84-37 lies well within this distance
(190 km) and direction and thus should have been within the
ash fallout zone during this phase of the eruption. Further, the
finer and unimodal mode compared to the overlying ash layers
supports the findings of Sigurdsson and Carey (1989) that the
5 April Plinian phase was a less intense eruption (column
height 33 km) than the Plinian eruption on 10 April (column
height 43 km; Sigurdsson and Carey 1989).

Both cores (G6.5 and T84-37), though unimodal when
averaged over their entire thickness, show a bimodal grain
size distribution at 26 cm depth, which gradually changes to
a unimodal and fine-grained distribution with decreasing
depth.

Two main mechanisms could lead to a bimodal distribu-
tion, namely mixing of ash from the Plinian and co-ignimbrite
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phase, and aggregation. We suggest that the bimodal distribu-
tion has been caused by premature fall out of airborne ash
aggregates, depositing on the water surface or on land simul-
taneously with the coarser ash falling either as individual
particles and/or being coated by finer particles. Mixing of
Plinian and co-ignimbrite ash is not likely as the two phases
were separated temporally by at least 3 h.

In addition, four of the five land samples (T-141/142,
T-080, T-093 and T-108) show a bimodal distribution. The
cause could, again, be the premature fallout of fine particles
depositing at the same distance as the coarser particles.

Modelling of ash transport in the umbrella cloud

A sedimentation model was applied to the data to better
understand the processes and conditions leading to the ob-
served grain size distributions (Sparks et al. 1991; Bursik et
al. 1992). The model assumes a constant source flux, radi-
ally spreading umbrella cloud in which all particle sizes are
well mixed by turbulence (Sparks et al. 1991), so that the
mass concentration in the umbrella cloud is given by

€ = Coexp[-B(? — 1) (0

B=m/Q 2)

where r (kilometres) is the radial distance from the vent, r
(kilometres) is the radius at the plume corner (where the
plume diverts laterally), Cy is the initial ash concentration at
ro, v is the terminal particle settling velocity, and Q is the
volumetric flow rate of the plume at the height the plume
diverts laterally. The model assumes that the volumetric
flow rate into the umbrella cloud, O, remains constant.
The ash depositing (per unit distance and unit width of
perimeter) while the cloud advances is therefore (Sparks et
al. 1991; Bursik et al. 1992)

C, = 2BrCoexp|[—B(r* —r3)] (3)

The magnitude [volume 30 km® DRE (Self et al. 2004)
and VEI 7 (Newhall and Self 1982)] of the Tambora erup-
tion suggests the generation of an energetic plume and
umbrella cloud. The expansion velocity of large umbrella
clouds in the initial stages of expansion greatly exceeds
typical wind speeds (Baines and Sparks 2005), and the
consequent assumption of a radially spreading gravity cur-
rent without significant wind influence is in this case rea-
sonable and is further explained below.

However, this sedimentation model is based on a
gravity current with a constant flux and does not con-
sider the fact that the cloud should decelerate markedly
once an eruption stops. The remaining ash from the
umbrella cloud (Cy; Eq. 1) will fall out at the end of
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the eruption and add to the ash deposited during the
eruption (Cy; Eq. 3). It is therefore necessary to com-
pare the total mass loading (kilograms per square metre)
of both components contributing to the ash deposition.
For the mass loading of the remaining ash in the um-
brella cloud, the ash concentration (Cy; Eq. 1) is first
multiplied by the width dr, the ring of perimeter 277
and the cloud thickness 4 (considered to remain con-
stant with distance) to get the mass in the cloud:

My = 2zr6rh Cyexp[—B (i — 12)] (4)

The mass loading is then found by dividing Eq. 4 by the
area 27ror:

my = hCoexp[—B(r* —17)] (5)

The amount of ash depositing while the umbrella
cloud spreads (C,) is dependent on the eruption duration
(7). The longer the eruption lasts, the larger the mass
proportion of this component in the deposit will be-
come. In this case, the mass flux per unit width or
and perimeter 277 is considered (Sparks et al. 1991,
and accounting for the missing B):

m = 20BCorexp|[—B(r* —r7)] (6)

The mass loading is then found by dividing by a ring of
perimeter 277 and multiplying by time 7, accounting for the
eruption duration:

my = TvCp exp [—B(rz - ré)] (7)

Finally, the proportion of the m; component of the ash
deposit is

plmy) =my/(my +my) =h/(h+ Tv) (8)

Equation 8 shows that the proportion of ash falling out
while the cloud advances (m») increases as the particle fall
velocity (v) and/or the eruption duration (7) increase. The
proportions of m; and m, are independent of distance for a
given particle size, but the cumulative proportions will be
distance dependent as they are the sum of all the contribu-
tions of each grain size. The proportions (Eq. 8) are then
applied to the initial equations for C; (Eq. 1), respectively,
C5 (Eq. 3) accordingly.

The above model ignores the possibility that ash particles
will be transported laterally by wind or ocean currents after
leaving the base of the umbrella cloud. The role of wind is
considered in “Influence of wind” section. Ocean currents
could not have had a significant influence on the ash depo-
sition, as the results demonstrate that there is no marked
change in grain size distribution from land to deep-sea de-
posits (Fig. 4b), and even the very fine ash particles were
deposited on the sea floor (Fig. 5).
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Model input parameters

The Plinian phase input parameters are derived from the
estimated cloud height (top of the cloud H,) of 43 km by
Sigurdsson and Carey (1989). For the co-ignimbrite phase, a
cloud height (H;) of 25 km is used, which is within the range
calculated by Woods and Wohletz (1991). Table 2 lists the
base height of the umbrella cloud (H,), cloud thickness (%)
and radius at the plume corner (r9) for both phases. The
particle fall velocity is (Kunii and Levenspiel 1969;
Bonadonna et al. 1998; Bonadonna and Phillips 2003)

v~ (gpd®/18p) forRe < 6 (9a)
for particles < 500 pm in this study, and
v d(4p7g? /225 u0)"  for 6 < Re < 500 (9b)

for particles > 500 pm in this study

where g is the gravitational acceleration, p is the particle
density, d is the particle diameter, ;v is the atmospheric
dynamic viscosity and o is the density of the atmosphere
at the respective cloud base heights (H,; Table 2). A
uniform particle density (p) of 2,400 kg/m’ is assumed
[dense rock equivalent of Tambora trachyandesite,
2,470 kg/m3 (Self et al. 2004)], and for the initial relative
grain concentration (Cy), the average grain size concentration
over all distances is used. The particle size used for each bin is
the average grain size (e.g. the 500—1,000-um bin is repre-
sented by the 750-um particle size, the 250-500-pum bin is
represented by the 375-pum particle size, etc.).

Estimations for the volumetric flow rate (Q) into the
umbrella cloud are constrained by historical accounts.
Newspapers and documents published after the eruption
describe in detail the ‘darkness’ experienced as the cloud
advanced (Table 3). The velocity of the umbrella cloud is

Table 2 Input parameters for the sedimentation model

expressed by the following equation modified from Sparks
(1986):

Vv = 0/Q2nrh) (10)

where 7 is the radius, and 7 is the plume thickness (Table 2).
The model assumes that the umbrella cloud has a constant
supply of mass, a constant cloud thickness and no further
entrainment of air while the umbrella cloud is spreading.
The onset of the Plinian eruption is documented at 7 pm 10
April. The co-ignimbrite cloud developed 3 h later, associ-
ated with pyroclastic flow formation at 10 pm 10 April.
These times were used as inputs to the model.

The model results show that the historical data plot close to
the volumetric flow rate profiles calculated when 0=2.2x10"
m’/s for the Plinian cloud, and Q=1.5x10"'m?/s for the co-
ignimbrite cloud (Fig. 6 and Table 2). However, neither of the
calculated profiles appears to capture an accurate timing for
Bima at 60 km distance. The reported ‘darkness’ in Bima
started at 7:00 a.m., although it is likely that the cloud reached
Bima before sunrise and therefore was unnoticed by observers.

Influence of wind

The volumetric flow rate profiles of the umbrella clouds can
give further information about the prevailing wind speed
during the eruption. Carey and Sparks (1986) determined
that the limit of an umbrella cloud crosswind spread is 1.5
times the distance to the upwind stagnation point, where the
radial velocity of the cloud equals the opposing wind veloc-
ity. Tambora erupted during the onset of the easterly mon-
soon with little wind observed (Raffles 1835). If we assume
an easterly wind, the ash sample T84-27 422 km to the north
can be used as a crosswind range. With these data, the
upwind range is around 280 km. The cloud velocity and
therefore opposing wind speed for the umbrella cloud at this

Phase H, (km) Hy (km) A (km) 7o (km) g (m/s?) pwkg/ms)) o (kg/m®) O (ms)
Neutral buoyancy Base Height Radius plume Gravitational Dynamic Density® Volumetric
height® height? interval®  corner’ acceleration®  viscosity® flow rate

Plinian 30° ~24 ~13 ~7.5 9.733 1.44x10°° 0.047 ~2.2x10"

Co-ignimbrite ~ ~17.5° ~14 ~1.5 ~4.5 9.764 1.42x10°° 0.228 ~1.5x10"

* Hy,=0.7H, (Morton et al. 1956; Bonadonna and Phillips 2003)
®From H=43 km (Sigurdsson and Carey 1989)

¢ Hi=25 km (23+3 km; Woods and Wohletz 1991)

9 H,,=0.8H;, (Bonadonna and Phillips 2003)

¢ h=0.3H, (Carey and Sparks 1986)

Fr0~0.25H, (Sparks et al. 1992)

£ Standard atmosphere at base height
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Table 3 Historical reports on the velocity and timing of the umbrella cloud

Location Distance (km)  Time Time to Description
location (h)

Bima 80 11 April, 7:00 a.m. 128, 9° ‘The darkness commenced about seven in the morning.’

(East India Company 1816; Ross 1816)
Makassar 380 11 April, 10:00 a.m. 157 12° ‘By ten it was so dark that I could scarcely discern the ship

from the shore, though not a mile distant.” (East India Company 1816)
Banyuwangi 400 11 April, 1:00 p.m. 182, 15° ‘[...] by 1 pm candles were necessary [...]" (Ross 1816)
Sumenep 470 11 April, 4:00 p.m. 212 18° ‘[...] that by 4 o’clock it was necessary to light candles’ (Ross 1816)
Besuki 470 11 April, 4:00 p.m. 212 18° ‘[...] we were enveloped in darkness from four o’clock

P. M. of the eleventh [...]" (Hubbard 1815; East India Company 1816)
Gresik 600 12 April, 8:30 a.m. 37.5% 34.5  [...] found it to be half past eight o’clock, I immediately went out

and found a cloud of ashes descending [...]” (Ross 1816)
Surakarta 790 12 April, 4:00 p.m. 45% 42° ‘At Solo, on the 12th, at 4 pm objects were not visible

(Solo)

at 33 yards [...]" (Ross 1816)

#Time to location after onset of eruption on 11 April 1815, 7:00 p.m. for the Plinian phase

° Time to location after onset of eruption on 11 April 1815, 10:00 p.m. for the co-ignimbrite phase

distance is only about 10 m/s, which does not influence
greatly the circular symmetry of the umbrella cloud and ash
dispersal of very high eruption columns like Tambora (Carey
and Sparks 1986). Note that T84-27 at 422 km distance is the
only distal crosswind sample available for this study, and the
actual crosswind range could be even greater. Therefore, the
calculated wind speeds could have been higher than the pre-
vailing wind speeds during the eruption.

Sedimentation model results

Equation 8 indicates that duration (7) and fall velocity (v) are
the main factors influencing the proportions of the two ash
components, P; and P,. In general, the majority of fine parti-
cles (low fall velocities) deposit once the eruption stops (P,
component), while significant proportions of coarse particles
(high fall velocities) fall out while the cloud advances (P,
component). Figure 7 illustrates the relative contribution (over
all distances and particle sizes) of the two ash components as a

function of eruption duration. The results demonstrate that the
longer the eruption lasts, the more the advancing cloud (P5)
adds to the total ash deposit. For both the Plinian and co-
ignimbrite clouds, it takes less than 10 h until the P, compo-
nent crosses the 50 % mark and consequently becomes the
main component of the ash deposit (see close-up, Fig. 7). For
the co-ignimbrite cloud, the P, component decreases a little
faster than for the Plinian cloud as a consequence of the lower
volumetric flow rate (Q; Fig. 6), leading to enhanced deposi-
tion. On the other hand, particles<500 um (low Reynolds
number) have higher fall velocities for the co-ignimbrite cloud
as the atmospheric dynamic viscosity (1) is slightly lower than
for the Plinian cloud (Eq. 9; Table 2). The higher fall velocity
leads to enhanced deposition of the fine particles during the
cloud emplacement and therefore adds more of the P, com-
ponent. The coarse ash particles (>500 pum in this work,
intermediate Reynolds number) have lower fall velocities for
the co-ignimbrite cloud model with respect to the Plinian
cloud due to the significantly higher air density (o) as the

Fig. 6 Volumetric flow rate 50 7 50 7
profile of the Tambora umbrella ‘Plinian cloud’ / . ‘co-ignimbrite cloud’ , _'
cloud for a Plinian and 1 _g=2x10mys 1 _" e P Q=1x10"m¥%s , J
co-ignimbrite cloud, a0 | Z2Q=22x 100 mds I’ / a0[ZZQ=15x 10" s, ;
respectively. Black circles 35| @ Historical Data P ,' 35 @ Historical Data / .
represent observed data from —_ . —_
historical accounts EL, 30 ‘é,
(Table 2; Hubbard 1815; East ¢E> 25 GE,
India Company 1816; Ross = i
1816). The historical data follow 20
very closely the profile calculated 15
with a volumetric flow rate of
0=2.2x10"m’/s for the Plinian 10
and 0=1.5x10""m’/s for the 5
co-ignimbrite cloud, respectively
0

0 200
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Fig. 7 Time-dependent relative contributions (in percent) of the P, ash
component (deposition after the eruption stopped) and P, ash compo-
nent (deposition from advancing cloud), for a Plinian and co-ignim-
brite cloud (see parameters in Table 2). The longer the eruption lasts,
the more ash is depositing from the advancing cloud (P,) and the larger
is the contribution to the total ash deposit

co-ignimbrite cloud is assumed to reside at a lower atmospher-
ic level than the Plinian cloud. However, particles falling with
intermediate Reynolds number (=500 um) are only small
proportions of the deposits in the studied area, and it is
therefore likely that they do not have a strong influence on
the temporal evolution of the two components.

Sigurdsson and Carey (1989) argued that the bulk fall
deposit (>90 km® tephra) of the 1815 Tambora eruption had
a co-ignimbrite origin, and the duration of the preceding main
Plinian phase was only about 3 h. The duration of the main
eruption phase has an upper limit of 24 h, historical accounts
indicate that the eruption started at about 7:00 p.m. on 10 April
and continued until the evening of 11 April when continuous
explosions finally ceased (Ross 1816). Using this information

a. Co-ignimbrite cloud (P, component only)
~ 100

20
80
70
60
50
40
30
20
10

Cumulative volume (%

43 44 47 65 93 120 190 340 422
Distance (km)

Fig. 8 Results for (a) a co-ignimbrite cloud modelled if the P, compo-
nent is considered only, and (b) a mixed 3-h Plinian and 21-h co-
ignimbrite phase modelled including the P; and P, component. The
columns represent the observed grain size distribution, and the solid line
represents the sedimentation model. The results show that if the ash
concentration left in the cloud is added, the modelled grain size

and the described input parameters, a mixed phase model
summing a 3-h Plinian phase and a 21-h co-ignimbrite phase
is simulated. Figure 8 shows the model result if considering
the P, component only (Fig. 8a), and the result of modelling
both components (P; and P,) with the mixed phase scenario
(3-h Plinian phase and a 21-h co-ignimbrite phase, Fig. 8b).
As the P,-only model (Fig. 8a) does not include any time
constraints, the closest scenario to the mixed phase, a co-
ignimbrite phase scenario, has been used for comparison.
The data demonstrate that the model considering the P, com-
ponent only fails to reproduce the observed fine ash fraction as
mainly coarse ash particles deposit as the cloud advances
(Fig. 8a). The observed grain size distribution can be
reproduced adequately only if a finite eruption duration is
considered and the ash left in the cloud at the end of the
eruption is added to the deposit (Fig. 8b). The P, component
adds more fine ash to the deposit relative to coarse ash, leading
to a better agreement between the model and observed distri-
bution. The mean deviation of the model results with respect
to the observed grain size distribution is calculated by aver-
aging the difference between model and data values at each
distance for each grain size bin. The results show that the
mean deviation is reduced by more than half (9.42 % to
3.73 %) if both ash components are used instead of the P,
component only.

Even though the calculated crosswind velocity of 10 m/s
likely does not have a significant influence on the ash cloud
dispersal of an eruption column this high (see “Influence of
wind” section), it could fractionate particles horizontally
once they leave the cloud. If an average horizontal wind
speed of 10 m/s is assumed, 1-mm-sized particles of the
Plinian phase would deposit on the ground about 13 km
(8 km for co-ignimbrite phase) from the starting position at
the base of the cloud, 125 pum particles at 300 km (180 km

b. 3h Plinian & 21h co-ignimbrite phase (P & P, component)

~ 100
*
5 = 500-1000 pm
g 80 = 250-500 pm
3 70 o0 125-250 ym
2 60 o 63-125 ym
o a 32-63 ym
2 50 s 16-32 pm
T 40 = 8-16 uym
S 30 |l 4-8 ym
g 20 m 2-4 ym

® <2 pym
© 0

0743 44 47 65 93 120 190 340 422

Distance (km)

distribution has more fine ash contributing to the deposit, and gives a
better fit to the observed data (decreases the model-to-data mean devia-
tion from 9.4 % to 3.7 %). Note that the two unimodal layers (26-30 cm)
in T84-37 are excluded as they likely represent the first Plinian eruption
from 5 April 1815
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for co-ignimbrite phase) and 16 um particles should be
carried thousands of kilometres away relative to their initial
location at the base of the cloud. The fact that the model
results provide a good fit to the observed data suggests that
the particles leaving the base of the umbrella cloud are
depositing on the ground without significant horizontal
fractionation. As already recognised for numerous other
eruptions (e.g. Brazier et al. 1982; Carey and Sigurdsson
1982; Scasso et al. 1994; Schumacher 1994; Brown et al.
2012), aggregation of fine particles during the sedimentation
process would prevent particles from considerable fraction-
ation. The presence of particle aggregates would further ex-
plain the grain size bimodality observed in some samples (see
“Bimodal and unimodal grain size distribution” section).
However, our models do not include aggregation of fine
particles during the cloud emplacement, although this process
is likely an important aspect of fine ash transport (e.g. Carey
and Sigurdsson 1982; Durant et al. 2009). Aggregation dom-
inantly affects very fine particles with the maximum efficien-
cy of binding of particles due to collision being in the 40—
10-pm range, based on both theory and grain size distribution
of ash aggregates (e.g. Brazier et al. 1983; Gilbert and Lane
1994; Sparks et al. 1997; Brown et al. 2012). If ash aggregates
are themselves small with low density, they would be domi-
nantly retained in the cloud and therefore would not change
the model significantly.

Conclusions

Grain size distributions of ash samples in the deep sea and on
land have been compared and applied to an improved gravity
current sedimentation model. We conclude the following:

1. The data suggest that the marine environment has not
much affected the grain size characteristics of the ash fall
deposit on the ocean floor and that the ash recovered from
the deep sea provides continuous grain size trends with
complementary land samples. Further, the volumetric pro-
portions of the very fine grain size fraction (10 vs. 4 pm
and 4 vs. 2.5 um; Fig. 5) are similar for both depositional
environments and independent of the distance from the
source. The global database of marine ash is currently an
underexploited resource and potentially very valuable for
additional and new insights to many eruptions.

2. A rapid and effective transport mechanism, such as
vertical density currents within the water column, is
required to prevent size fractionation during settling in
the ocean, and to maintain the similar volumetric pro-
portions of very fine ash fraction (10 vs. 4 um and 4 vs.
2.5 um; Fig. 5) in the deep-sea deposits.

3. An improved atmospheric gravity current model is
presented here, taking into account that once eruptions

@ Springer

terminate the gravity current is no longer in steady-state
motion. The model result is therefore a time-dependent
combination of the ash depositing while the cloud ad-
vances and the remaining ash in the cloud falling out
once the eruption ceases: p=h/h+Tv). The lower the
fall velocity and the shorter the eruption duration, the
higher is the contribution of the ash component depos-
iting after the eruption stops (P;).

4. Historical accounts reporting the advancement of the
umbrella cloud follow closely the volumetric flow rate
profile of the umbrella cloud using 0=2.2x10""m?/s
for a Plinian cloud, and Q=1.5x10""m%/s for a co-
ignimbrite cloud.

5. The observed grain size distribution is in good agree-
ment with the model result if both ash components
(P, and P,) are considered, using the observed maxi-
mum eruption duration of 24 h and a mixed phase
eruption (3-h Plinian phase and 21-h co-ignimbrite
phase). Adding the P, component to the model results
in a better representation of the fine ash fraction, and
decreases the model-to-data mean deviation from 9.4 %
(if only the P, component is considered) to 3.73 %.

6. The bimodality observed in some ash samples, as well
as the absence of substantial additional size segregation
during deposition, strongly suggests that particle aggre-
gation played a substantial role during the depositional
process.
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