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Abstract Stratigraphic variation in the grain size distribution (GSD) of plinian pyroclastic fall deposits
reflects volcanic activity. To extract information on volcanic activity from the analyses of deposits,
we propose a one-dimensional theory that provides a formula connecting the sediment GSD to the source
GSD. As the simplest case, we develop a constant-source model (CS model), in which the source GSD and the
source height are constant during the duration of release of particles. We assume power laws of particle radii
for the terminal fall velocity and the source GSD. The CS model can describe an overall (i.e., entire vertically
variable) feature of the GSD structure of the sediment. It is shown that the GSD structure is characterized
by three parameters, that is, the duration of supply of particles to the source scaled by the fall time of the
largest particle, ts∕tM, and the power indices of the terminal fall velocity p and of the source GSD q. We apply
the CS model to samples of the Worzel D ash layer and compare the sediment GSD structure calculated by
using the CS model to the observed structure. The results show that the CS model reproduces the overall
structure of the observed GSD. We estimate the duration of the eruption and the q value of the source GSD.
Furthermore, a careful comparison of the observed and calculated GSDs reveals new interpretation of the
original sediment GSD structure of the Worzel D ash layer.

1. Introduction

The current development of tephra dispersal studies of plinian eruptions has revealed the significant roles
played by the eruption column dynamics and wind conditions (e.g., Bonadonna et al., 2015; Cioni et al., 2015;
Houghton & Carey, 2015; Sparks et al., 1997). Many of the works focus on lateral variations in sediment thick-
ness and grain sizes of pyroclasts and lithics (Bonadonna & Costa, 2013; Bursik, 1998; Bursik et al., 1992;
Koyaguchi, 1994; Koyaguchi & Ohno, 2001a, 2001b) to provide information useful for risk management of
volcanic eruption hazards.

Some previous studies have addressed the significance of vertical variations in the grain size distributions
(GSDs) or the sedimentary structure observed in plinian deposits (Fisher & Schmincke, 1984; Lirer et al., 1973;
Walker, 1980). These studies suggest that we can infer volcanic activity, such as the temporal variation in
the eruption intensity, eruption column height, or discharge rate, from data on the vertical variation in the
grain size after minimizing the effect of wind conditions. The simplest interpretation of the vertical varia-
tions in pumice and lithic sizes is that they are caused by the temporal variation of plinian eruption intensity
(Walker, 1980). For instance, Carey and Sigurdsson (1987) made an attempt to reconstruct the temporal varia-
tion of the eruption column height by applying the method of estimating a column height from the dispersal
of the maximum lithic size (Carey & Sparks, 1986) to the vertical variation of lithic clasts in the A.D. 79 Vesuvius
fall deposits. Taking advantage of deep-sea tephra layers, in which a constant height of settling (i.e., depth of
the sea floor) makes the interpretation simple, Ledbetter and Sparks (1979) estimated the eruption duration
using the Worzel D ash in the eastern equatorial Pacific from the Lake Atitlán caldera in Guatemala.

Although progress has been made in inferring volcanic activity from analyses of plinian sediments, the
methods for analyzing the sedimentary structure, particularly quantitative methods, are insufficient. As a
result, we have not yet succeeded in fully deducing information on volcanic activity from observed sediments.
The vertical variation of the GSD of the sediment must reflect the temporal variation of the volcanic activ-
ity; the particles at each height of the sediment consist of those released from the “source” (see section 2 for
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the definition of the source in this paper) at various times. However, we have not yet been able to assign a
scale of time to each height in the sediment, although a record of the eyewitness such as Pliny’s documents
for the A.D. 79 Vesuvius eruption is helpful information (Carey & Sigurdsson, 1987). We need to establish the
relation between the GSD at the source and that at a given height of the sediment to deduce information on
the volcanic activity from analyses of the sediment.

The formation of plinian deposits involves various processes such as sedimentation in the atmosphere and
sea and transport by wind in the atmosphere and currents in the sea. Some sedimentology studies examine
settling in a suspension layer and turbidite (e.g., Kranck, 1980; Kranck & Milligan, 1985; Kranck et al., 1996;
Martin & Nokes, 1988), and some of them are applied to the settling in the umbrella cloud in volcanology
studies (e.g., Koyaguchi, 1994; Koyaguchi & Ohno, 2001a, 2001b). These studies are mainly interested in the
horizontal variation of the GSDs of the sediments. Realistic models for the formation of sedimentary deposits
need to incorporate the various processes stated above. From a point of view of analyses of sedimentary
deposits sampled at a specific site, fully realistic models make the analyses complicated, yielding results with
uncertainty in the key parameters estimated for the volcanic activity.

In the present study, we adopt a complementary approach. Here we set a simple situation and assump-
tions for the analysis of sedimentary deposits. As a first step, we focus on the vertical structure of the GSDs
in the sedimentary deposits for which the ambient medium plays a minor role in particle sedimentation.
The setting of the situation and the assumptions in our theory are simple, so its applicability may be limited.
Because of the simplicity of the setting and the assumptions, however, a comparison with the observations
is straightforward, using only three parameters controlling the vertical structure of the GSD. The theory will
be useful for analyzing the sediments sampled at sites that meet the conditions set in the theory. This acts
as a reference model as well for the analyses of the sediments formed under the conditions including other
complicated factors.

In section 2, we set the situation that the present paper deals with and develop the theory yielding the rela-
tion of the source and deposit GSDs when the source height and the source GSD vary with time. We derive
various formulae useful for the analysis of the GSD structure of the sediments for the case that the source
height and the source GSD are constant, assuming a power law source GSD, and describe the characteristics
of the sedimentary GSD structure in detail in section 3. It will be shown that the GSD structures are character-
ized by three parameters. We apply this model to the deep-sea sediments produced by a volcanic eruption
(Ledbetter & Sparks, 1979) and demonstrate how to reconstruct sedimentary structure using this model in
section 4. The paper concludes in section 5.

2. Theory

Figure 1 shows the setting of our theory for plinian deposits. We consider the vertical structure of the sediment
GSD in the one-dimensional (1-D) column located at the sampling site (see Figure 1). The horizontal size of
the source can be taken to be on the order of that of the sediment so far as we deal with a specific sediment
to analyze. In this paper, we use the term source for the particles of the top of the column. Note that the
present definition of the source is not the vent but the top of the column. The source position is the sea
surface for deep-sea sediments and is the bottom of the ash cloud for continental sediments. In this section,
we develop a theory that is applicable to the case in which the source height varies with time, as can be
the case in continental sediments, but in section 3 and thereafter, we apply the theory mainly to deep-sea
sediments, where the source height is constant. Horizontal transport due to wind in the atmosphere and
currents in the sea or ballistic transport from the vent should be discussed separately and should be integrated
afterward with such model as is discussed in this paper. We deal with the situation in which the number density
of particles is sufficiently small for aggregation or collisional fragmentation of the particles to be ignored in
the column.

Under the setting and assumptions described above, we derive a formula expressing the relation between the
sediment GSD and the source GSD. We denote the source height at time 𝜏 by H(𝜏) and define the GSD function,
the number density of particles of radii between a and a+da, at the source height H by fH(a, 𝜏)da. We set 𝜏 = 0
at the beginning of the sedimentation of particles from the source, namely, fH(a, 𝜏) = 0 for 𝜏 < 0. Because the
timescale of particles attaining their terminal fall velocity v(a) is much shorter than the sedimentation time
in the situation we consider, particles fall with v(a) almost throughout the traveltime from the source to the
surface of the sedimentary deposit. In general, the fall velocity depends on various properties (e.g., density
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Figure 1. A schematic illustration of the setting of the theory for plinian deposits. Our model deals with the
“1-D column” shown in red. See the text for details.

and shape) of a particle in addition to the size and those of the ambient medium (e.g., Alfano et al., 2011;
Kunii & Levenspiel, 1969; Manville & Wilson, 2004; Wilson & Huang, 1979). Such properties other than the
size are included in the coefficient of v(a) in many cases (e.g., Bonadonna & Phillips, 2003; Costa et al., 2010;
Kunii & Levenspiel, 1969). We assume spherical particles hereafter.

Let t be the arrival time to the sedimentary deposits for a particle released from the source at time 𝜏 . Ignoring
the thickness of the sedimentary layer compared to H, we have

t = 𝜏 + H(𝜏)
v(a)

, (1)

where H(𝜏)∕v(a) is the traveltime. Note that large particles arrive at the sediment surface earlier than small
ones do because of their large v(a). For given t and 𝜏 , equation (1) determines the radius of the particles that
leave the source at time 𝜏 and arrive at the sediment surface at time t.

When the source height H varies with time, particles of radius a that arrive at the sediment surface at time
t consist of those that left the source at various 𝜏 , in general. However, 𝜏 must satisfy the relation (1). Thus,
f0(a, t), the GSD of the particles that arrive at the sediment surface at time t, is expressed by

f0(a, t) = ∫
∞

0
d𝜏fH(a, 𝜏)𝛿(g(𝜏, t)) , (2)

with

g(𝜏, t) = t − 𝜏 − H(𝜏)
v(a)

, (3)

where 𝛿(g) is the 𝛿 function, which takes the value of 𝜏 that satisfies equation (1). Denoting the ith 𝜏 satisfying
g(𝜏, t) = 0 by 𝜃i , that is, g(𝜃i, t) = 0, equation (2) is expressed as

f0(a, t) =
∑

i

v(a)|v(a) + H′(𝜃i(a, t))| fH(a, 𝜃i(a, t)), (4)

where H′(𝜃) = (dH(𝜏)∕d𝜏)𝜏=𝜃 and

𝛿(g(𝜏, t)) =
∑

i

𝛿(𝜏 − 𝜃i)|(𝜕g∕𝜕𝜏)𝜏=𝜃i
| . (5)

In the summation over i in equation (4), the terms with 𝜃i(a, t) < 0 must be omitted because fH(a, 𝜏) = 0 for
𝜏 < 0. Equation (4) is a basic formula that relates the GSD in the sediment to that of the source. The time t is
now regarded as a “label” attached to each height in the sediment, and f0(a, t) is the GSD at the height labeled
by t. Physically, equation (4) indicates the conservation of the number of particles that moved from the source
to the sediment.
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The time variation of the thickness h(t) of the sediment is calculated from the volume flux of falling particles
at the sediment surface, given by

J0(t) = ∫
∞

0
da V(a)v(a)f0(a, t), (6)

where V(a) = (4𝜋∕3)a3 is the volume of a spherical particle of radius a. The volume flux J0(t) equals the
volume added to the unit surface area on the top of the sediment per unit time and thus equals the rate of
the increase in the thickness of the sediment. Hence, the thickness at time t is given by

h(t) = 1
𝜙∫

t

0
dt′J0(t′) =

1
𝜙 ∫

∞

0
da V(a)v2(a)∫

t

0
dt′

fH(a, 𝜃(a, t′))|v(a) + H′(𝜃(a, t′))| , (7)

with the use of equation (4), where 𝜙 is the packing fraction, which we assume to be constant.

An illustrative example of an application of the theory is provided in Appendix A.

3. Constant-Source Model

Let us discuss the simplest case in which the source height H is constant (i.e., H′(𝜏) = 0). In this case, we have

g(𝜏, t) = t − 𝜏 − H
v(a)

(8)

and

𝜃 = t − H
v(a)

. (9)

Hence, equation (4) reduces to

f0(a, t) = fH(a, 𝜃) = fH

(
a, t − H

v(a)

)
. (10)

To get a clear picture on the sedimentary structure, we need to specify the source GSD fH(a, 𝜏) and the size
dependence of v(a). In the latter case, we approximate v(a) by

v(a) = v(aM)
(

a
aM

)p

(p> 0), (11)

where aM is the radius of the largest particles in the whole sediment and the parameter p depends generally
on a through the drag coefficient and the particle Reynolds number (e.g., Bonadonna et al., 1998; Kunii &
Levenspiel, 1969). For the source GSD fH(a, 𝜏), we assume a power law GSD (Kaminski & Jaupart, 1998). The
GSDs of the actual sediment particles may not be of a single power law (e.g., Costa et al., 2016), but we adopt
a single form here to get a first-step picture. The dependence of the results on the power index is discussed
later. In addition, we assume that the shape of the source GSD is time independent during the release of the
particles from the source. As a result, the source GSD is expressed by

fH(a, 𝜏) = 𝜑M

(
a

aM

)−q

⊓(𝜏) (12)

with

⊓ (𝜏) =
{

1 (0 ≤ 𝜏 ≤ ts),
0 (otherwise ),

(13)

where q is a power index of the source GSD, ts is the duration of release of particles from the source, and 𝜑M

is a constant. Hereafter, we refer to the model characterized by the constant H and the source GSD given by
equation (12) as the constant-source (CS) model. According to equation (4), the GSD at the height labeled by t
in the sediment is given by

f0(a, t) = 𝜑M

(
a

aM

)−q

⊓

(
t − H

v(a)

)
. (14)
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To investigate the sedimentary structure, let us begin with the size range at each height labeled by t. From
equations (13) and (14), f0(a, t) is nonzero only in the time interval

H
v(a)

≤ t ≤ H
v(a)

+ ts, (15)

indicating that the time interval in which particles of radius a can reach the sediment is limited to this interval.
For the largest particles of radius aM, the time interval is given by

tM ≤ t ≤ tM + ts, (16)

where

tM = H
v(aM)

(17)

is the traveltime of the largest particles in the whole sediment, as well as the onset time of the formation of
the sediment. Because t labels the height in the sediment, the relation (16) indicates that the maximum radius
a2(t) at the heights of tM ≤ t ≤ tM + ts in the sediment is aM. In terms of tM, equation (15) is expressed as

v(aM)
v(a)

tM ≤ t ≤ v(aM)
v(a)

tM + ts. (18)

This t-a relation sets the lower and upper limits of the radii of the particles at the height labeled by t in the
sediment; the first inequality yields a minimum radius a1(t), and the second yields a maximum radius a2(t)
because v(a) increases with a. The minimum radius a1(t) at height t is given by

v(a1(t))
v(aM)

=
tM

t
(t ≥ tM) (19)

from the first inequality. For t > tM + ts, the second inequality in the relation (18) leads to

v(a2(t))
v(aM)

=
tM

t − ts
(t > tM + ts). (20)

Expressing a1(t) and a2(t) explicitly using equation (11), we obtain

a1(t) = aM

(
tM

t

)1∕p

(t ≥ tM) (21)

and

a2(t) =

{
aM (tM ≤ t ≤ ts + tM),

aM

(
tM

t−ts

)1∕p
(ts + tM < t).

(22)

For t ≫ ts, a2(t) approaches a1(t), implying that the particle radius tends to be homogeneous in the upper
part of the sediments.

The volume flux in the CS model is given by

J0(t) = V(aM)v(aM)𝜑M ∫
∞

0
da

(
a

aM

)3+p−q

⊓

(
t − H

v(a)

)
(23)

from equation (6), where

V(a) = V(aM)
(

a
aM

)3

, (24)

and V(aM) is the volume of the largest particles. In fact, the lower and upper limits of the integral are a1(t) and
a2(t), respectively, because ⊓(t − H∕v(a)) vanishes except for a1(t) ≤ a ≤ a2(t). As a result, we obtain

J0(t) =
V(aM)v(aM)𝜑MaM

p − q + 4

[(
a2(t)

aM

)p−q+4

−
(

a1(t)
aM

)p−q+4
]
. (25)
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Figure 2. Growth of the sediment thickness h calculated
by the constant-source model for p = 2, q = 5, and ts∕tM = 3
(see equation (33). Growth of the thickness h begins at time
t = tM and tends to asymptotic thickness h(∞) as t → ∞.

Hence, the time variation of the thickness of the sediment is calculated from
equation (7) as

h(t) =
F(aM)

p − q + 4 ∫
t

tM

dt′
[(

a2(t′)
aM

)p−q+4

−
(

a1(t′)
aM

)p−q+4
]
, (26)

where

F(aM) = V(aM)v(aM)𝜑MaM∕𝜙 (27)

is a constant on the order of the volume flux of the largest particles. Inserting a1(t)
and a2(t), given by equations (21) and (22), respectively, we obtain

h(t)
F(aM)tM

=

⎧⎪⎪⎪⎨⎪⎪⎪⎩

1
p−q+4

[
t−tM

tM
− p

q−4

{(
t

tM

) q−4
p − 1

}]
(tM ≤ t ≤ tM + ts),

1
p−q+4

[
ts

tM
− p

q−4

{(
t

tM

) q−4
p −

(
t−ts

tM

) q−4
p

}]
(tM + ts < t).

(28)

Note that h(tM) = 0, as expected.

The final thickness of the sediment, h(∞), equals the volume flux at the source integrated over 0 ≤ 𝜏 ≤ ts

because of the conservation of the number of particles. Setting H′ = 0 and the upper limit of the integral over
a to aM in equation (7), we obtain

h(∞) =
F(aM)ts

p − q + 4
, (29)

where

∫
∞

0
d𝜏 ⊓ (𝜏) = ts. (30)

Here h(∞) is, of course, obtained from equation (28) as well. For t ≫ ts, h(t) is approximated as

h(t) =
F(aM)ts

p − q + 4

{
1 −

(
tM

t

) p−q+4
p

}
. (31)

Hence, we obtain the same results as equation (29) for t → ∞, if

p − q + 4> 0. (32)

This is the condition for the CS model to hold.

With the use of h(∞) given by equation (29), the thickness of the sediment at time t given by equation (28) is
expressed as

h(t)
h(∞)

=

⎧⎪⎪⎪⎨⎪⎪⎪⎩

tM

ts

{
t

tM
− 1 − p

q−4

[(
t

tM

) q−4
p − 1

]}
(tM ≤ t ≤ tM + ts),

1 − p
q−4

tM

ts

[(
t

tM

) q−4
p −

(
t−ts

tM

) q−4
p

]
(tM + ts < t).

(33)

An example of the time variation of the thickness h(t) is shown in Figure 2, indicating that h(t) tends to increase
slowly with t for large t. For t ≫ ts, h(t)∕h(∞) is approximated as

h(t)
h(∞)

= 1 −
ts

tM

(
t

tM

)− p−q+4
p

, (34)

which tends to unity as t → ∞ for p + q − 4> 0.
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Figure 3. Sediment grain size distribution structure for p = 2, q = 5,
and ts∕tM = 3. The point of the intersection of the horizontal line at
h(t) with the blue line gives minimum particle radius a1(t), and that
with the red line gives maximum radius a2(t) at the height h(t) in the
sediment (see the top horizontal axis). The range of the distribution
of particles of a radius a in the vertical direction is given by the
region bounded by the points of the intersections of the vertical line
at a with the blue and red lines. The critical level hcr is the highest
stratigraphic position where the largest particles of radius aM exist.
The radius of the smallest particles in the critical level is indicated by
a1cr on the bottom horizontal axis. See the text for details.

Eliminating t from equations (21) and (22) using equation (33), we obtain the
minimum radius a1(t) and the maximum radius a2(t) as functions of the height
h from the bottom of the sediment. Figure 3 shows the result for p = 2, q = 5,
and ts∕tM = 3. Note that maximum radius a2 is equal to aM in the height inter-
val between the bottom h = 0 (i.e., the height labeled by t = tM) and the height
labeled by t = ts + tM. The height labeled by t = ts + tM is called a “critical level”
(Ledbetter & Sparks, 1979). Figure 3 is a quantitative representation of Figure 2
in Ledbetter and Sparks (1979). The height of the critical level hcr = h(ts + tM) is
given by

hcr

h(∞)
= 1 −

p
q − 4

⋅
tM

ts

[(
ts

tM
+ 1

) q−4
p

− 1

]
, (35)

which approaches unity as ts → ∞ for q − 4 < p (see the condition (32). This
implies that identifying the critical level tends to be difficult with increasing ts,
because the particles of the largest radius aM exist in almost the whole height of
the sediment for ts ≫ tM.

If we view the sediment vertically, the region where the particles of radius a are
distributed is limited to a certain range in the sediment. The t-a relation (18)
indicates the height interval where particles of radius a exist. The region of the
presence of particles of radius a is given by

smin (a) ≤ h ≤ smax (a), (36)

where smin (a) = h(tM(a∕aM)−p) and smax (a) = h(ts + tM(a∕aM)−p), which are expressed as functions of the
radius a by

smin (a)
h(∞)

=

⎧⎪⎪⎨⎪⎪⎩
1 − p

q−4

tM

ts

(
a

aM

)−(q−4) [
1 −

{
1 − ts

tM

(
a

aM

)p}] q−4
p

for a
aM

≤ (
1 + ts

tM

)− 1
p
,

tM

ts

[(
a

aM

)−p
− 1 − p

q−4

{(
a

aM

)−(q−4)
− 1

}]
for a

aM
>

(
1 + ts

tM

)− 1
p
,

(37)

and

smax (a)
h(∞)

= 1 −
p

q − 4

tM

ts

(
a

aM

)−(q−4) ⎡⎢⎢⎣
{

1 +
ts

tM

(
a

aM

)p} q−4
p

− 1
⎤⎥⎥⎦ . (38)

Note that for the largest particles of a = aM, we have smax (aM) = h(ts + tM) = hcr given by equation (35), and
smin (aM) = 0. This is in accordance with the fact that a2(t) = aM for height tM ≤ t ≤ ts + tM, that is, the largest
particles are distributed from the bottom of the sediment up to the critical level as stated above (parameter
study is shown in supporting information S1). For small particles of radii a ≪ aM(tM∕ts)1∕p, equations (37) and
(38) reduce to

smin (a) ≃ smax (a) ≃ h(∞)

[
1 −

(
a

aM

)p−q+4
]
, (39)

implying smax (a) − smin (a) → 0 for a → 0 as we should expect.

The representation in terms of smin (a) and smax (a) is a “vertical view” of the sediment, whereas that in terms
of a1(t) and a2(t) is its “horizontal view” (see Figure 3).

Inspection of the expressions of h(t) given by equation (33), a1(t) and a2(t) given by equations (21) and (22),
and smin (a) and smax (a) given by equations (37) and (38) shows that the parameters included in the CS model
are ts∕tM, p, and q, when we scale t by tM, a by aM, and h(t) by h(∞). In other words, the CS model is char-
acterized by the three parameters. The sediments having the same values of ts∕tM, p, and q are identical in
their structure in terms of these dimensionless parameters. This similarity relation provides us with a way to
analyze the sediment layers of various volcanoes in a systematic manner. Among the three parameters, the
values of p and q are limited to narrow ranges so that the structure of the sediment is most sensitive to ts∕tM,
unless ts∕tM ≫ 1 or p − q + 4 ≃ 0.
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Table 1
Data of the Worzel D Ash Layer (Ledbetter & Sparks, 1979)

Variable Unit TR163-10 TR163-7

h(∞) (mm) 60 80

hcr (mm) 27 5.0

hcr∕h(∞) 0.45 0.063

aM (μm ) 225 320

a1cr (μm) 60 60

H (m) 3,500 3,435

tM (h) 67 37

Note. The hcr is the observed height of the critical level.
The values of tM were estimated by Ledbetter and Sparks
(1979) using the settling-velocity curves of Komar and
Reimers (1978).

4. Application to the Worzel D Ash Layer Using the CS Model
4.1. Procedure
We apply the CS model to estimate the duration of the eruption that produced
the deep-sea sediment Worzel D ash layer sampled in the eastern equatorial Pacific
(Ledbetter & Sparks, 1979). In order to make a comparison with Ledbetter and Sparks
(1979), we adopt the same assumption as theirs that the source GSD fH is constant, for
which the CS model is applicable. In addition, we identify ts with the duration of the
eruption, as in Ledbetter and Sparks (1979) (see also section 4.3). The data used are
summarized in Table 1. Among the three parameters ts∕tM, p, and q included in the CS
model, we set a constraint on p from the slope of the curve of the relation between the
settling time and the particle radius given in Figure 3 of Ledbetter and Sparks (1979).
The upper limit of p is estimated from the slope of the settling curve in the region of
small sizes, that is, a ∼ 10 μm, the size indicated by “smallest particle,” or smaller. In this
region, p is equal to 2, which corresponds to the Stokes sedimentation. The lower limit
is determined from the slope at a = 225 μm, the point marked “largest particle,” which
gives p = 1.5 for the core TR163-10. For the core TR163-7, we take a = 320 μm, which
gives p = 1.3. As a result, p is limited to the intervals of 1.5 ≤ p ≤ 2 for TR163-10 and
1.3 ≤ p ≤ 2 for TR163-7.

We carry out the following procedure to determine the values of ts∕tM and q from the observational data:

1. Calculate ts∕tM using the observed values of aM and a1cr, which is the minimum radius at the critical level,
by assuming a trial p value of 1.5 ≤ p ≤ 2 for TR163-10 and 1.3 ≤ p ≤ 2 for TR163-7. That is, ts∕tM is
calculated by

ts

tM
=
(

aM

a1cr

)p

− 1, (40)

which is given by equation (21) by setting t = ts + tM and a1(ts + tM) = a1cr.
2. Solve equation (35) numerically for q using the observed hcr∕h(∞) given in Table 1 and substituting the

values of p and ts∕tM obtained in Step 1 into equation (35).
3. Using the assumed values of p, and q and ts∕tM obtained above, plot smin and smax given by equations (37)

and (38) and compare with the observations.

4.2. Results
The results are shown in Figure 4 for samples TR163-10 and TR163-7 for p = 2, the upper limit of p.
The values of ts∕tM and q for p = 2 are ts∕tM = 13 and q = 5.3 for TR163-10 and ts∕tM = 27 and q = 5.9
for TR163-7. The values deduced for TR163-7 have larger uncertainty than those for TR163-10 because of the
small number of data points, the large ts∕tM, and the small hcr∕h (∞). Using the value of tM given in Table 1,
we obtain the duration ts = 36 days for TR163-10 and 42 days for TR163-7. We perform the same calcula-
tions assuming the lower limits of p = 1.5 for TR163-10 and p = 1.3 for TR163-7 and obtain ts = 17 days for
TR163-10 and 12 days for TR163-7 (see Table 2). The GSD structures for the upper and lower limits of p are
shown in Figure 5, indicating that the p dependence is small within the possible values of p. To summarize,
the duration is estimated to be 17 ≤ ts ≤ 36 days for TR163-10 and 12 ≤ ts ≤ 42 days for TR163-7. The ts

values are consistent with 20 ≤ ts ≤ 27 days estimated by Ledbetter and Sparks (1979) because both methods
used to deduce ts are essentially based on equation (40). They estimated ts from the difference of the settling
times of the particles of minimum and maximum radii at the critical level using the settling velocities shown
in Figure 3 in their paper (Komar & Reimers, 1978). In contrast, we consider the possible range of the p values
of 1.5 ≤ p ≤ 2 for TR163-10 and 1.3 ≤ p ≤ 2 for TR163-7, which lead to lower and upper limits of ts. Note that
compared with Ledbetter and Sparks (1979), we determined the ts value that reproduces the overall structure
of the sediments as precisely as possible, while they used the data points at the critical level alone. As a result,
the ts value has higher reliability, and our method makes it possible to estimate the unknown parameter q
characterizing the source GSDs.

Figures 4 and 5 exhibit, however, systematic deviation of the vertical height for particles of the maximum sizes
above the critical level; the predicted positions are lower than the observed positions. We explore the possibil-
ity that the critical level hcr was higher in the original sediment than that found by Ledbetter and Sparks (1979)
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Figure 4. Comparison of the observed and calculated grain size distribution structures for the Worzel D ash layer.
(left) Core TR163-10. (right) Core TR163-7. Red and blue filled circles indicate, respectively, maximum and minimum
particle radii at the stratigraphic positions reported by Ledbetter and Sparks (1979). Red and blue lines are the grain
size distribution structure calculated by the constant-source model for p = 2. The values of ts∕tM and q calculated
by the constant-source model are indicated in the panels.

because a finite resolution to discretize the sediment might have led to the error in the sampling intervals.
We assume that the precise critical level would have been hcr = 32 mm instead of the observed 27 mm for
TR163-10, and hcr = 8 mm instead of 5 mm for TR163-7, because it is possible that hcr is one layer higher
than that reported by Ledbetter and Sparks (1979). The results are shown in Figure 6 for p = 2, indicating
that the higher value of hcr provides a better fit than that in Figure 4 for both TR163-10 and TR163-7. The val-
ues of ts∕tM remain unchanged because they are definite quantities determined by the observed values of
aM∕a1cr and p, for which we set the same values as above (see equation (40). The results for the lower limits of
p are listed in Table 2. Note that a higher hcr is equivalent to a lower h(∞) because the GSD structure is scaled
by h(∞).

Table 2
Summary of the Analysis of the TR163-10 and TR163-7 Samples of the Worzel D Ash Layer

Critical level Critical size Duration Discharge ratea Vent radiusb,c,d Ring widthb,c,e

hcr a1cr Power index (TFV) Scaled duration Power index (GSD) ts Qv r l

Sample (mm) (μm) p ts∕tM q (days) (×105 m3/s) (m) (m)

TR163-10 27 60 1.5 6 4.8 17 1.7 54–61 0.3–0.4

2 13 5.3 36 0.8 37–42 0.1–0.2

120 1.5 2 3.7 4 6.6 108–123 1.2–1.5

2 3 4.3 7 4.1 85–97 0.7–0.9

32 60 1.5 6 4.6 17 1.7 54–61 0.3–0.4

2 13 5.1 36 0.8 37–42 0.1–0.2

120 1.5 2 3.2 4 6.6 108–123 1.2–1.5

2 3 3.8 7 4.1 85–97 0.7–0.9

TR163-7 5 60 1.3 8 5.2 12 2.4 65–74 0.4–0.5

2 27 5.9 42 0.7 35–39 0.1–0.2

120 1.3 3 5.2 4 7.3 113–129 1.3–1.7

2 6 5.9 9 3.1 74–84 0.5–0.7

8 60 1.3 8 5.2 12 2.4 65–74 0.4–0.5

2 27 5.9 42 0.7 35–39 0.1–0.2

120 1.3 3 5.1 4 7.3 113–129 1.3–1.7

2 6 5.8 9 3.1 74–84 0.5–0.7

Note. TFV = terminal fall velocity; GSD = grain size distribution.
aAssumed the total volume of 250 km3 (Ledbetter & Sparks, 1979). bSolid volume fraction is assumed to be 0.1. cOutward velocity of the ejected particles is
estimated from the sound speed in dust-rich atmosphere to be 140 to 180 m s−1. dCircular vent is assumed. eRadius of the outer rim of the ring dike is assumed
to be 5 km from the area of the present Lake Atitlán caldera.
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Figure 5. Same as in Figure 4 but the grain size distributions for the lower limits of p are included by the dashed lines
to see the p dependence. The lower limits are p = 1.5 for TR163-10 and p = 1.3 for TR163-7.

Another possible cause of the deviation seen in Figure 4 is that the value of the observed minimum radii at
the critical level, a1cr = 60 μm for both TR163-10 and TR163-7, may not be the original a1cr because of the
high mobility of small particles. There are two cases where a1cr = 60 μm is not the original minimum radius
at the critical level: (1) particles smaller than 60 μm were added later to the sediment, or (2) particles smaller
than 60 μm originally present in the sediment have been lost. The original a1cr was larger than is observed
now in the former case and was smaller in the latter case. To examine these two cases, we set a1cr = 120 and
30 μm, which are twice and a half of the a1cr observed in the present samples, respectively. Figure 7 shows
the results for TR163-10 (top row) and TR163-7 (bottom row). The left column examines case (1), and the right
column shows case (2). The top left panel indicates that a1cr = 120 μm well reproduces the overall feature
of the observed GSD structure of TR163-10 including the curvature of the vertical distribution of particles
of the minimum radii. On the other hand, a1cr = 30 μm is rejected because the systematic deviation of the
vertical heights for particles of the maximum sizes above the critical level is not improved. Thus, TR163-10
corresponds to case (1). The radii of the small particles added later to the sediment layers are roughly half of
the original a1(t). For sample TR163-7 shown in the bottom row, the results are not clear enough to distinguish
both possibilities because of the narrow measured range of the vertical position. Other results are shown in
supporting information S1.

In summary, the observational results can be reproduced by the later addition of small particles to the
sediment as well and the original a1cr was larger than 60 μm for sample TR163-10. Assuming the original
a1cr = 120 μm, the duration of the eruption that produced TR163-10 is estimated to be 4 ≤ ts ≤ 7 days, and
4 ≤ ts ≤ 9 days for TR163-7. These are not unique solutions, of course, and we hope that future studies will
carry out more detailed analyses of the Worzel D ash layer as well as other sediments with the use of more
realistic models.

Figure 6. Examination of the possibility of higher critical level in the original sediments. Same as in Figure 4 but the
GSDs for higher hcr of 32 mm (TR163-10) and 8 mm (TR163-7) are shown by the dashed lines in addition to the ones for
hcr = 27 mm (TR163-10) and 5 mm (TR163-7).
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Figure 7. Examination of the possibility of changes in the smallest particle radii a1cr at the critical level.
(top row) The TR163-10 and (bottom row) TR163-7. The left column assumes that the original a1cr was 2 times larger
than the presently observed radius of a1cr = 60 μm, whereas the right column assumes 2 times smaller.

4.3. Estimation of the Discharge Rate
The ts estimated above is actually the duration of the supply of particles to the source. Here we estimate
the magma discharge rate of the vents that produced the TR163-10 and TR163-7 sediments, provided that ts

nearly equals the eruption duration. The result is (0.68 to 7.3) × 105 m3 s−1 (see Table 2) for ts = 4 to 42 days
using the dense rock equivalent (DRE) volume of the eruption of∼250 km3 (Ledbetter & Sparks, 1979). This dis-
charge rate agrees roughly with that estimated by Ledbetter and Sparks (1979). The discharge rate obtained
here suggests the following picture of the vents that produced the TR163-10 and TR163-7 sediments. If we
assume a circular choked vent and the particle volume fraction at the vent of 0.1, the radius of the vent is
estimated to be 35 to 130 m for the sound speed of 140 to 180 m s−1 (e.g., Wilson et al., 1980). This radius
is within a range of the possible radius for a single vent during a large explosive eruption of 10 to 600 m
(Nishimura, 1998). In view of the existence of the present caldera lake, however, there is another possibility that
small multiple vents are separately aligned along the caldera rim and that these vents as a whole produced
the magma discharge rate given above. A single vent along the caldera rim is rejected because this leads to
unlikely narrow width of 0.2 to 1.7 m compared to the present caldera radius of 5 km. The picture of multiple
vents is in accordance with the suggestion of the recent geological and petrological study that simultaneous
eruptions from multiple vents are commonly associated with precursory events of caldera-forming eruptions
(e.g., Pistolesi et al., 2016).

However, we should keep in mind that the duration of the entire sedimentation process is longer than the
duration eruption itself in general, because particles injected into a certain level in the atmosphere, typically
the stratosphere, can stay for a long time in the atmosphere until they settle onto the sea surface; this is
true particularly for fine particles. As a result, the estimate of the discharge rate with the use of ts leads to a
lower value than the actual value. The long residence time in the atmosphere is shown for Youngest Toba Tuff
by the high-performance numerical simulation of global transportation (Costa et al., 2014). Another factor
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influencing the estimation of the discharge rate is aggregation and collisional fragmentation of the aggre-
gates, although we have discussed the sediments coming from dilute atmosphere far from the vent in this
paper. Fine particles produced by the collisional fragmentation stay long in the atmosphere, and this leads
to a low estimate of the discharge rate. With regard to aggregates, they falls faster than a constituent particle
(see Figure 4 in Costa et al., 2010). This implies that settling of aggregates onto the sea surface reduces the
residence time in the atmosphere; in consequence, the error of the discharge rate estimated from ts tends
to reduce.

5. Summary

We have proposed a theory that quantitatively describes the vertical structure of the GSD in plinian pyroclastic
fall deposits. The theory connects the vertical variation of the sediment GSD to the time variation of the source
GSD (equation (4). The former is observable using the geological analysis of the sedimentary deposits. Thus,
the GSD relation obtained in this study can serve as a basis or a reference model in extracting information on
volcanic activity from the sediment analyses.

This paper has mainly discussed the CS model, that is, the simplest case of the 1-D theory in which the source
height and the source GSD are constant during the duration of the release of ash particles from the source. In
this case, the relation between the source and sediment GSDs is given by equation (10). For the power laws of
particle radii for the terminal fall velocity and the source GSDs, the sediment GSD f0(a, t) is given by equation
(14). Here t in f0(a, t) is regarded as a label specifying the vertical position h in the sediment, and equation
(33) translates t into h. It has been shown that sediments have a similarity in the GSD structures within the
framework of the CS model. That is, the structure is characterized by three parameters: the scaled duration of
ts∕tM and the power indices p and q for the fall velocity and the source GSD, respectively. Using these three
parameters, we can determine the overall structure of the sediment and express its various quantities, such
as the height of the critical level hcr (equation (35), minimum and maximum radii a1 and a2 at any height in
the sediment (equations (21) and (22), and the vertical range smin and smax of the existence of particles of a
given radius a (equations (37) and (38).

The ability of the CS model to depict the overall features of the sediment enables us to analyze the sedi-
ment samples comprehensively. Deep-sea sediments are appropriate objects to analyze using the CS model
because the source height is constant over time. As an example of an application of the CS model, we analyzed
samples TR163-10 and TR163-7 of the Worzel D ash layer. Satisfactory reproduction of the observed structure
of these sediments is achieved for 17 ≤ ts ≤ 36 days and 3.2 ≤ q ≤ 5.3 for TR163-10 and 12 ≤ ts ≤ 42 days
and 5.1 ≤ q ≤ 5.9 for TR163-7 for the probable values of p. Furthermore, we found two possibilities that lead
to a better fit to the observed GSD structure: (1) the original critical level hcr was higher, or the total thickness
h(∞) was thinner than reported by Ledbetter and Sparks (1979); and (2) particles finer than the original a1cr

were added after the sedimentation. If possibility (2) is the case, ts is estimated to be 4 to 7 days for TR163-10
and 4 to 9 days for TR163-7. The uncertainty in the ts∕tM values stems mainly from those of hcr∕h(∞) and a1cr.
Among the various kinds of measurements of the sediment, the high-resolution measurements of hcr and
h(∞) and the identification of a1cr are of particular importance in determining the precise values of ts∕tM.
An alternative way to reduce the uncertainty in ts∕tM is to measure the power index q of the GSD, which was
unreported for the Worzel D ash layer. In spite of its simplicity, it is remarkable that the CS model reproduces
the observed overall GSD structures of the Worzel D ash layer well and has the potential to suggest possible
alterations after the formation of the original sediments. The CS model provides a basis for analyses and inter-
pretations of existing geological data of the stratigraphic variations in the deposit, at least in the deep sea, for
which the applicability conditions of the CS model are met relatively easily.

In this paper, we concentrated on the development of the theory focusing on the analysis of the sampled
sediments. We set, as a first step, an ideal situation that particles fall in the vertical column toward the bottom
and investigated the GSD of the sediment to make the comparison with the observed sediments as clear as
possible. In fact, the formation of the sediments is a result of the accumulation of the sequential processes,
such as the ejection of ash particles from the vent by the eruption, their transport in the atmosphere and the
sea, and sedimentation onto the sedimentary deposit. To deduce information from the observed sedimentary
structure, we consider that the study of the elementary processes included in the above sequence, such as
aggregation and settling behavior of irregular particles, should be conducted, in addition to the simulations
and theoretical studies and field works. For instance, sedimentation experiments such as a tank experiment
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under controlled conditions are encouraged to evaluate the role of complex processes of sedimentation by
using the advantage of our simple theory. It is hoped that the combination of various methods will enable a
new comprehensive study to read the memory of a volcanic eruption left in the sedimentary deposits.

Appendix A: Illustrative Example of an Application of the Theory

We provide an illustrative example in which the results that the theory predicts can be understood intuitively
without calculations. The situation set in the example is imaginary but will give us a handle on the theory.

Imagine a situation that the source height H(𝜏) decreases at the same velocity as a fall velocity of particles of
a particular radius b, that is, H′(𝜏) = −v(b). Particles of various radii are released from the source continuously
until the source “collides” with a sedimentary deposit. The source GSD fH(a, 𝜏) may vary with time 𝜏 . Particles
of radii larger than b fall faster than those of radius b and the descending source, and those smaller than b fall
more slowly. In this case, we guess the following:

1. All particles of radius b falling are on the same plane as that of the bottom of the source at any 𝜏 . As a result,
these particles reach the sediment surface at the same time.

2. All particles of radius b released from the source during its fall concentrate at the height labeled by t =
H(0)∕v(b), where H(0) is an initial source height. There is no particle of radius b in other vertical positions in
the sediment.

3. In the position labeled by t = H(0)∕v(b), there exist particles of radii other than b as well.

We show how the theory developed in section 2 leads to these guesses. We set 𝜏 = 0 at the beginning
of the release of particles from the source. The release ends at 𝜏 = ts. The time variation of the source height
is given by

H(𝜏) = H(0) − v(b)𝜏, (A1)

where 0 ≤ 𝜏 ≤ H∕v(b). For this H(𝜏), equation (3) is expressed by

g(𝜏, t) = t − 𝜏 − H(0) − v(b)𝜏
v(a)

, (A2)

and thus,

𝜕g
𝜕𝜏

= −1 + v(b)
v(a)

. (A3)

First, we investigate what the theory yields for particles of radius b, which fall at the same velocity as the
source. For these particles, g(𝜏, t) reduces to

g(𝜏, t) = t − H(0)
v(b)

(A4)

by setting a = b in equation (A2), so that 𝜕g∕𝜕𝜏 ≡ 0 and we cannot use equation (4). Instead, we need to start
from equation (2), which yields

f0(b, t) = ∫
ts

0
d𝜏 fH(b, 𝜏)𝛿

(
t − H(0)

v(b)

)
= 𝛿

(
t − H(0)

v(b)

)
∫

ts

0
d𝜏 fH(b, 𝜏). (A5)

The right-hand side indicates that all particles of radius b released during the descent of the source are con-
centrated at the layer labeled by t = H(0)∕v(b). Note that this result is in accordance with guesses 1 and 2
stated above. The total number of particles of radius b in the whole sediment is given by integrating f0(b, t)
over t,

N0(b) = ∫
∞

0
dt 𝛿

(
t − H(0)

v(b)

)
∫

ts

0
d𝜏 fH(b, 𝜏) = ∫

ts

0
d𝜏 fH(b, 𝜏), (A6)

indicating that the total number of particles of radius b in the whole sediment equals that released during the
descent of the source, as we should expect.

Next, we consider the case of a ≠ b. The value of 𝜏 that satisfies g(𝜏, t) = 0 is given by equation (A2), with
H′(𝜏) = −v(b) as

𝜃 = v(a)t − H(0)
v(a) − v(b)

= H(0)
v(b)

(A7)
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for the height labeled by t = H(0)∕v(b). Hence, the GSD at the height t = H(0)∕v(b) is given from
equation (4) by

f0

(
a,

H(0)
v(b)

)
= v(a)|v(a) − v(b)| fH

(
a,

H(0)
v(b)

)
, (A8)

indicating that the layer at the height t = H(0)∕v(b) in the sediment contains particles of various sizes, in
general (see guess 3 stated above). Note that the argument 𝜏 in fH(a, 𝜏) also equals H(0)∕v(b), indicating that
the GSD f0 at the height t = H(0)∕v(b) in the sediment is the same as the source GSD fH at the moment of the
“collision.” However, the f0(a,H(0)∕v(b)) is modulated by the factor of v(a)∕|v(a) − v(b)|. The magnitude of f0

at the height t = H(0)∕v(b) is enhanced or reduced by this factor compared to fH. The number density in this
position increases by this factor for large particles of v(a)> v(b)∕2 by “compression” owing to the descent of
the source, whereas it decreases by “dilution” for small particles of v(a) < v(b)∕2.

Acronyms

CS model constant-source model
GSD grain size distribution
TFV terminal fall velocity

Notation List

a particle radius [L]
aM radius of the largest particle in the whole sediment [L]
a1 minimum radius of particles at height labeled by t in the sediment [L]

a1cr minimum radius of particles at the critical level [L]
a2 maximum radius of particles at height labeled by t in the sediment [L]

b particle radius [L]
fH source size distribution

[
NL−4

]
f0 sediment size distribution

[
NL−4

]
F constant on the order of the volume flux of the largest particles

[
LT−1

]
g a function of time t and 𝜏 defined by equation (3) [T]
h height in the sediment [L]

hcr critical level in the sediment labeled by t = ts + tM [L]
H source height [L]
J0 volume flux of falling particles onto the sediment surface

[
LT−1

]
l width of the ring dike [L]

N0 total number of particles in the whole sediment
[
NL−4

]
p power index of terminal fall velocity [−]
q power index of source grain size distribution [−]

Qv magma discharge rate at the vent
[
L3T−1

]
r radius of the vent [L]

smax upper limit of the height of the presence of particles of radius a in the sediment [L]
smin lower limit of the height of the presence of particles of radius a in the sediment [L]

t arrival time of particles at the sediment; equivalent to the height of the sediment at time t [T]
ts duration of the release of particles from the source [T]

tM traveltime of the largest particle in the whole sediment from the source to the sediment; equal to the
onset time of formation of the sediment [T]

v terminal fall velocity
[
LT−1

]
V volume of a particle

[
L3N−1

]
𝛿 𝛿 function

[
T−1

]
𝜃i ith solution of g(𝜏) = 0 [T]
𝜏 departure time at the source [T]
𝜙 packing fraction of the sediment [−]

𝜑M proportional constant in the source size distribution
[
NL−4

]
⊓ rectangular function

IRIYAMA ET AL. 2212



Journal of Geophysical Research: Solid Earth 10.1002/2017JB014782

References
Alfano, F., Bonadonna, C., Delmelle, P., & Costantini, L. (2011). Insights on tephra settling velocity from morphological observations.

Journal of Volcanology and Geothermal Research, 208, 86–98.
Bonadonna, C., & Costa, A. (2013). Modeling tephra sedimentation from volcanic plumes. In S. A. Fagents, T. K. P. Gregg, &

R. M. C. Lopes (Eds.), Modeling volcanic processes: The physics and mathematics of volcanism (pp. 173–202). Cambridge: Cambridge
University Press.

Bonadonna, C., Costa, A., Folch, A., & Koyaguchi, T. (2015). Tephra dispersal and sedimentation. In H. Sigurdsson, et al. (Eds.), Encyclopedia of
volcanoes (2nd ed., pp. 587–597). San Diego, CA: Academic Press.

Bonadonna, C., Ernst, G. G. J., & Sparks, R. S. J. (1998). Thickness variations and volume estimates of tephra fall deposits: The importance of
particle Reynolds number. Journal of Volcanology and Geothermal Research, 81, 173–187.

Bonadonna, C., & Phillips, J. C. (2003). Sedimentation from strong volcanic plumes. Journal of Geophysical Research, 108, 2340.
https://doi.org/10.1029/2002JB002034

Bursik, M. (1998). Tephra dispersal. Geological Society, London, Special Publications, 145, 115–144.
Bursik, M., Sparks, R. S. J., Gilbert, J. S., & Carey, S. N. (1992). Sedimentation of tephra by volcanic plumes: I. Theory and its comparison

with a study of the Fogo A plinian deposit, Sao Miguel (Azores). Bulletin of Volcanology, 54, 329–344.
Carey, S., & Sigurdsson, H. (1987). Temporal variations in column height and magma discharge rate during the 79 A.D. eruption of Vesuvius.

Geological Society of America Bulletin, 99, 303–314.
Carey, S., & Sparks, R. S. J. (1986). Quantitative models of the fallout and dispersal of tephra from volcanic eruption columns.

Bulletin of Volcanology, 48, 109–125.
Cioni, R., Pistolesi, M., & Rosi, M. (2015). Plinian and subplinian eruptions, Encyclopedia of volcanoes (2nd ed., pp. 519–535). San Diego, CA:

Academic Press.
Costa, A., Folch, A., & Macedonio, G. (2010). A model for wet aggregation of ash particles in volcanic plumes and clouds: 1. Theoretical

formulation. Journal of Geophysical Research, 115, B09201. https://doi.org/10.1029/2009JB007175
Costa, A., Smith, V., Macedonio, G., & Matthews, N. (2014). The magnitude and impact of the Youngest Toba Tuff super-eruption.

Frontiers of Earth Science, 2, 16.
Costa, A., Pioli, L., & Bonadonna, C. (2016). Assessing tephra total grain-size distribution: Insights from field data analysis. Earth and Planetary

Science Letters, 443, 90–107.
Fisher, R. V., & Schmincke, H. U. (1984). Pyroclastic rocks. Berlin: Springer.
Houghton, B., & Carey, R. J. (2015). Pyroclastic fall deposits. In B. Houghton, et al. (Eds.), Encyclopedia of volcanoes (2nd ed., pp. 599–616).

San Diego, CA: Academic Press.
Kaminski, E., & Jaupart, C. (1998). The size distribution of pyroclasts and the fragmentation sequence in explosive volcanic eruptions.

Journal of Geophysical Research, 103, 29,759–29,779.
Komar, P. D., & Reimers, C. E. (1978). Grain shape effect on settling rates. The Journal of Geology, 86, 193–209.
Koyaguchi, T. (1994). Grain-size variation of the tephra derived from volcanic umbrella cloud. Bulletin of Volcanology, 56, 1–9.
Koyaguchi, T., & Ohno, M. (2001a). Reconstruction of eruption column dynamics on the basis of grain size of tephra fall deposits:

1. Methods. Journal of Geophysical Research, 106, 6499–6512.
Koyaguchi, T., & Ohno, M. (2001b). Reconstruction of eruption column dynamics on the basis of grain size of tephra fall deposits:

2. Application to the Pinatubo 1991 eruption. Journal of Geophysical Research, 106, 6513–6533.
Kranck, K. (1980). Experiments on significance of flocculation in the settling of fine grained sediment in still-water. Canadian Journal of Earth

Sciences, 17, 1517–1526.
Kranck, K., & Milligan, T. G. (1985). Origin of grain size spectra of suspension deposited sediment. Geo-Marine Letters, 5, 61–66.
Kranck, K., Smith, P. C., & Milligan, T. G. (1996). Grain-size characteristics of fine-grained unflocculated sediments I: ‘One-round’ distributions.

Sedimentology, 43, 589–596.
Kunii, D., & Levenspiel, O. (1969). Fluidisation Engineering. New York: John Wiley.
Ledbetter, M. T., & Sparks, R. S. J. (1979). Duration of large-magnitude explosive eruptions deduces from graded beddings in deep-sea ash

layers. Geology, 7, 240–244.
Lirer, L., Pescatore, T., Booth, B., & Walker, G. P. L. (1973). Two plinian pumice-fall deposits from Somma-Vesuvius, Italy. Geological Society of

America Bulletin, 84, 759–772.
Manville, V., & Wilson, C. J. N. (2004). Vertical density currents: A review of their potential role in the deposition and interpretation

of deep-sea ash layers. Journal of the Geological Society, 161, 947–958.
Martin, D., & Nokes, R. S. (1988). Crystal settling in a vigorously convecting magma chamber. Nature, 332, 534–536.
Nishimura, T. (1998). Source mechanisms of volcanic explosion earthquakes: Single force and implosive sources. Journal of Volcanology

and Geothermal Research, 86, 97–106.
Pistolesi, M., Isaia, R., Marianelli, P., Bertagnini, A., Fourmentraux, C., Albert, P. G., et al. (2016). Simultaneous eruptions from multiple vents

at Campi Flegrei (Italy) highlight new eruption processes at calderas. Geology, 44, 487–490.
Sparks, R. S. J., Bursik, M. I., Carey, S. N., Gilbert, J. S., Glaze, L. S., Sigurdsson, H., & Woods, A. W. (1997). Volcanic plumes. Chichester, UK: John

Wiley.
Walker, G. P. L. (1980). The Taupo pumice: Product of the most powerful known (ultraplinian) eruption? Journal of Volcanology and

Geothermal Research, 8, 69–94.
Wilson, L., & Huang, T. C. (1979). The influence of shape on the atmospheric settling velocity of volcanic ash particles. Earth and Planetary

Science Letters, 44, 311–324.
Wilson, L., Sparks, R. S. J., & Walker, G. P. L. (1980). Explosive volcanic eruptions—IV. The control of magma properties and conduit geometry

on eruption column behaviour. Geophysical Journal of the Royal Astronomical Society, 63, 117–148.

Acknowledgments
We thank Y. Suzuki and M. Ichihara
for their many helpful sugges-
tions. This work was supported by
JSPS KAKENHI grant 15J00926 and
partially by NEXT “Integrated Program
for Next Generation Volcano Research
and Human Resource Development.”
We wish to thank two anonymous
reviewers for constructive suggestions,
which helped improve the original
manuscript. Data are referenced within
this manuscript.

IRIYAMA ET AL. 2213

https://doi.org/10.1029/2002JB002034
https://doi.org/10.1029/2009JB007175

	Abstract
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


