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Abstract Studies of grain-size distributions of explosive vol-
canic eruptions provide important insights into fragmentation
mechanisms and eruptive conditions and are crucial to the
modeling of tephra dispersal. As a result of sedimentation
processes and plume dynamics, grain-size features vary sig-
nificantly both in the downwind and crosswind directions and
are difficult to characterize. We have analyzed grain-size fea-
tures in the downwind and crosswind directions of the two
largest eruptions of the last 2000 years of Cotopaxi volcano
activity (Ecuador). Crosswind grain-size variations are similar
for both eruptions (i.e., layers 3 and 5), while at any given
downwind distance from vent, the layer 3 deposit is coarser
than the layer 5 one. This suggests that layers 3 and 5 were
characterized by similar plume height but that layer 3 was
advected by a stronger wind. In addition, both deposits are
coarsest along the dispersal axis and become richer in ash in
the crosswind direction showing a Gaussian decreasing rate.
Deposit thickness also shows a Gaussian crosswind decay, but
layer 3 is significantly thicker at all points than is layer 5 due
to the former's larger erupted mass. Based on both quantitative
analysis of field data and on numerical simulations, we show
that tephra deposits associated with large explosive eruptions
(i.e., plume height of 30 km) should be sampled out to at least
200 km from the vent (depending on wind speed and

tropopause height) in order to derive complete grain-size dis-
tributions that are not depleted in fines. Eruptions occurring in
a strong wind field at high latitudes (e.g., Iceland) require
lesser representative-sampling distances because of the lower
tropopause heights.

Keywords Tephra . Total grain-size distribution . Plinian
eruptions . Voronoi tessellation .Mdphi

Introduction

Knowing the source characteristics of a volcanic eruption is
necessary to understand the associated dynamics and hazards.
In particular, erupted volume, plume height, mass eruption
rate, duration, and total grain-size distribution (TGSD) are
all fundamental physical parameters that need to be deter-
mined in order to characterize an explosive eruption (e.g., Pyle
1989; Fierstein and Nathanson 1992; Carey and Sparks 1986;
Mastin et al. 2009; Wilson and Walker 1987). Of these, the
TGSD is one of the most difficult to derive (e.g., Bonadonna
and Houghton 2005; Walker 1980; Murrow et al. 1980; Carey
and Sigurdsson 1982; Parfitt 1998), but it is necessary to in-
vestigate fragmentation mechanisms (e.g., Kaminski and
Jaupart 1998) and to forecast the spreading and sedimentation
of associated volcanic clouds, which has obvious hazard im-
plications (Bonadonna and Costa 2013; Folch 2012 and ref-
erences therein). Tephra deposits are typically sampled at var-
ious locations for thickness and grain size, and then individual
sample grain-size distributions are integrated together to de-
rive the TGSD (e.g., Walker 1971, 1980, 1981a, b, c; Murrow
et al. 1980; Sparks et al. 1981; Carey and Sigurdsson 1982;
Parfitt 1998). Bonadonna and Houghton (2005) have shown
how the Voronoi tessellation represents a robust statistical tool
to describe non-uniform distributions. Nonetheless, all
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techniques are strongly dependent on the deposit preservation
and sampling strategy. Two granulometric statistical parame-
ters, MdΦ and σΦ, are used to assess eruptive style and sedi-
mentation processes (e.g., Inman 1952; Walker 1971; Bursik
et al. 1992; Koyaguchi and Ohno 2001a, b).

In this paper, we present the results of grain-size analysis
carried out on the tephra deposits associated with two large
plinian eruptions of Cotopaxi volcano (layers 3 and 5; Barberi
et al. 1995; Biass and Bonadonna 2011). The last 2000 years
of Cotopaxi activity produced 22 tephra deposits with mostly
uniform composition (basaltic andesite to andesite) but differ-
ent textural features (Barberi et al. 1995). Six of these tephra
deposits are characterized by black scoriae, six by white pum-
ices, and the remainder are characterized by yellow to gray
lapilli. Column heights vary between 28 and 39 km a.s.l., with
the highest columns being associated with the gray and black
scoria deposits. Layers 3 (820±80 years BP) and 5 (1180±
80 years BP) are the best-preserved tephra deposits of this
period and are associated with white pumices and black sco-
riae, respectively (Fig. 1). In fact, even though they are both
andesitic (62 and 58 wt.% SiO2 respectively; Barberi et al.
1995), they show completely different clast microtextures
(Costantini 2010). Biass and Bonadonna (2011) have

characterized most physical parameters of these two eruptions
(Table 1). Here, we investigate the grain-size features of the
associated deposits, compare their dispersal with tephra de-
posits from other explosive eruptions, and draw important
conclusions on the general meaning of TGSD typically de-
rived from tephra deposits.

Methods

Samples of layers 3 and 5 were dry-sieved down to 63 μm (4
Φ) at the University of Geneva, and the fine-ash fraction
(<63 μm) was analyzed using the CILAS 1180 laser diffrac-
tion analyzer equipped with the wet dispersion mode, which
provides a measurement range from 0.04 to 2500 μm (http://
www.cilas.com/granulometrie.html). Volume fractions were
converted into weight fraction assuming constant particle
density, which is appropriate for particles <63 μm
(Eychenne et al. 2012). The two techniques were validated
based on size overlapping between 3 and 4 Φ carried out for
selected samples. Both isopach and MdΦ maps were hand
drawn based on thickness and grain-size data (Figs. 2 and 3).

Dedicated Lagrangian simulations were carried out to ex-
plore particle dispersal and investigate the completeness of
TGSD. Particles representing each grain-size categoryΦwere
released from the vent and transported within a static velocity
field associated with the vertical plume (Woods 1988; Sparks
1986), with the horizontal cloud spreading as a gravity current
(Bonadonna and Phillips 2003). Wind transport was described
based on the vertical profile of wind speed, which is almost
zero at the ground and linearly increases with altitude to a
maximum at the tropopause then linearly decreases again.
Particle sedimentation was described based on the assumption
of spherical particle shapes and with fallout regimes as de-
scribed in Bonadonna and Phillips (2003). Particle trajectories
were tracked at constant time steps. Critical input parameters
(initial velocity, plume radius at vent, gas mass fraction at
vent, and plume temperature at vent) were stochastically sam-
pled from suitable ranges (Table 2). Simulations were per-
formed only for particles ≤3 Φ (≥125 μm) because particles
>3Φ typically fall as aggregates at higher settling speeds (e.g.,
Brown et al. 2012).

Results

The isopach map of layer 3 is more elongated than the iso-
pach map of layer 5 due to stronger wind advection (Fig. 2).
This direction of maximum elongation is considered as the
downwind axis, while the perpendicular directions are set as
crosswind sections. The MdΦ isograde map of layer 3 also
shows slightly more pronounced elongation than that of
layer 5 (Fig. 3).

Fig. 1 Outcrop located 9.7 km from vent (CP001 in Fig. 2b) showing
both layers 3 and 5 of Cotopaxi volcano (named after Barberi et al 1995).
Thickness of layer 3 is 179.0 cm, and thickness of layer 5 is 27.5 cm
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Table 1 Physical parameters of Cotopaxi layers 3 and 5 eruptions (from Biass and Bonadonna 2011)

Parameters Layer 3 Layer 5 Methods

Plume height above vent (km) 23±1 26±1 From the model of Carey and Sparks (1986) using the geometric mean
of the 5 largest clasts

Erupted volume (km3) 2.4 0.5 Inversion technique with TEPHRA2 (Connor and Connor 2006)

Erupted mass (kg) 1.7×1012 0.6×1012 Converted from volume based on deposit density (700 and 950 kg/m3

for layers 3 and 5, respectively)

Mass eruption rate (kg/s) 4.0±0.9×107 5.9±0.7×107 From plume height based on the model of Wilson and Walker (1987)

Eruption duration (min) 570±195 134±25 Ratio between erupted mass (from inversion) and mass eruption rate

Wind speed at tropopause (m/s) 2 21 From the application of the model of Carey and Sparks (1986)

Volcanic explosive index 5 4 Based on erupted volume; Newhall and Self (1982)

Downwind samples
Crosswind samples (section 1)
Crosswind samples (section 2)
Other outcrops (used for grainsize)
Other outcrops (not used for grainsize)
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Fig. 2 a Isopach map of layer 3
(cm). Pink triangles indicate the
samples along the crosswind
section 1 (CW1; 15.7 km from the
vent).Green triangles indicate the
samples along the crosswind
section 2 (CW2; 18.0 km from the
vent). b Isopach map for layer 5
(cm). Pink triangles indicate the
samples along the crosswind
section 1 (CW1; 0 km from the
vent).Green triangles indicate the
samples along the crosswind
section 2 (CW2; 7.3 km from the
vent). Violet triangles indicate the
samples along the crosswind
section 3 (CW3; 14.7 km from the
vent). In both maps, yellow
triangles indicate the samples
used for the calculation along the
downwind axis, black circles
indicate other samples considered
in the calculation of the TGSD,
and empty circles indicate
outcrops used to compile the
isopach maps but that were not
considered in the calculation of
total grain size. Dashed red lines
indicate the line of zero-mass
loading (used for the Voronoi
tessellation). Zero line 1 is the
original zero line defined based
on our field work. Zero lines 2
and 3 are 5 and 10 km outside
zero line 1. Yellow lines indicate
downwind and crosswind
sections considered in this study
(i.e., DW, CW1, CW2, CW3)
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Trend of grain-size distribution along the dispersal axis

Values of MdΦ increase with distance from the vent at a sim-
ilar rate for layers 3 and 5 (i.e., similar slope in Fig. 4a). How-
ever, layer 3 is always coarser than layer 5 at any given dis-
tance from the vent. The amount of ash (particles <2 mm, ≥0
Φ) also increases with distance from the vent for both layers 3

and 5 (Fig. 4b). In contrast, sorting does not show any partic-
ular trend with distance from the vent and varies between 1.3
and 1.7 (Fig. 4c).

The comparison of two crosswind sections with a similar
distance from the vent (CW1 for layer 3, 15.7 km from vent,
and CW3 for layer 5, 14.7 km from the vent) shows a very
similar crosswind grain-size variation for the two units
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Fig. 3 IsoMdΦ map (Φ unit: Φ=
−log2d, where d is the particle
diameter in mm) for a layers 3 and
b 5. Colors of points show the
range of MdΦ value (see legend)
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(Fig. 5). The MdΦ clearly reaches a similar maximum (around
−2.5) at the dispersal axis and shows similar values away from
it (Fig. 5a). Conversely, ash content is lowest for both layers at
the dispersal axis (down to about 20 wt.%) and increases away
from it (up to 60wt.%) (Fig. 5c). Sorting does not show a clear
pattern even along the crosswind direction (Fig. 5d).

The decrease of both MdΦ values and deposit thickness in
the crosswind direction can be well described by a Gaussian
fit (Fig. 5a, b). However, layer 3 is significantly thicker at any
given distance from the dispersal axis (Fig. 5b).

Total grain-size distributions and representative-sampling
distance

TGSDs calculated applying the Voronoi tessellation method
of Bonadonna and Houghton (2005) for both layers are shown
in Fig. 6. Several sample distributions and zero lines, i.e., lines
of zero tephra load (Fig. 2), were considered in order to assess
the sensitivity of the technique for these deposits. Layers 3 and
5 show very similar unimodal TGSD (MdΦ is about −2.3 to
−2.1 Φ and sorting is about 1.7 and 1.8 Φ). Tables 3 and 4
show how the TGSD derived based on only downwind sam-
ples does not diverge significantly from the TGSD derived
based on the whole deposit (i.e., discrepancies are <5 % for
both layers). The shifting of the position of the zero line also
does not affect the final TGSD (Tables 5 and 6). Regardless of
the consistency of the results obtained for both layers, the
associated TGSDs are likely to be fine depleted due to the
limited deposit exposure.

In order to assess the TGSD completeness, simple La-
grangian simulations were performed (see BMethods^ for the
details of the methodology). In order to expand our results, we
also explored particle transport associated with two other
Plinian eruptions: Askja 1875 D and Pululagua 2450 BP

(Fig. 7) (Sparks et al. 1981; Volentik et al. 2010). Eruptive
parameters of all eruptions are shown in Table 7. Figure 7
shows how particles are advected below the tropopause height
for Askja 1875 D and Cotopaxi layers 3 and 5, while particles
fall vertically below the cloud base for Pululagua 2450 BP due
to the absence of wind. Because of the higher tropopause
height, 3 Φ particles travel farther for Cotopaxi layer 3 than
for Askja 1875D even though plume height and wind velocity
are similar (Table 5). Required sampling distances, i.e., the

distance to which tephra deposits should be sampled in order
to derive a representative TGSD are, according to our La-
grangian simulations, 350, 380, 310, and 120 km for Askja
D, Cotopaxi layer 3, Cotopaxi layer 5, and Pululagua deposits,

Fig. 4 Comparison of a median grain size (MdΦ), b weight percent of
ash (i.e., particles <2 mm/≥0Φ), and c sorting along downwind axis for
both layers 3 and 5. Numbers in box of (b) indicate the average and
standard deviation of σΦ for each layer. Best-fit equations in Fig. 4a are
MdΦ=0.16D–5.1 for layer 3 (D distance in km) andMdΦ=0.17D–4.8 for
layer 5. Sorting average values of (c) are 1.5±0.1 for layer 3 and 1.5±0.1
for layer 5

Table 2 Range of input parameters for deriving plume velocity profile
used in the Lagrangian simulations

Parameters Notation Range

Initial velocity (m/s) u0 100–400

Plume radius of vent (m) l0 20–200

Gas mass fraction at vent n0 0.01–0.05

Plume temperature at vent (K) θ0 1100–1300
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respectively (Fig. 7). The representative-sampling distance is
determined based on the deposition distance of a 3-Φ particle
assuming that particles smaller than 62.5 μm (4 Φ) mostly
sediment as aggregates (Brown et al. 2012) and should be
considered as an approximation; caveats associated with this
determination are discussed in the following section. None-
theless, considering that the most distal outcrop was sampled
at a distance of around 150 km for Askja D and 30 km for both
layers of Cotopaxi and for Pululagua, all associated field-
derived TGSDs are likely to be fines depleted (see Fig. 6
and the Appendix for associated TGSDs).

In order to generalize the results for particle transport asso-
ciated with a large eruption in varying wind conditions, La-
grangian simulations were also performed for the general case
of a plume height of 30 km and maximum wind speed at the
tropopause height of 10, 20, and 25 m/s (Fig. 8). For different
tropopause heights, Fig. 9 shows how representative-sampling
distances are smaller for lower tropopause heights. The higher
the tropopause height, the farther particles travel.

Discussion

This study provides interesting insights into the compilation
of TGSDs, with a special focus on TGSDs associated with
poorly exposed tephra deposits, such as those of Cotopaxi
layers 3 and 5. As an example, we note that the samples along
the downwind axes retain most of the grain-size information
for both layers. This is probably due to the poor deposit

exposure, which is limited for both layers, mostly because of
vegetation cover or removal by erosion. Based on a sensitivity
analysis of a better-exposed deposit, Bonadonna et al. (2015)
show that crosswind data can be crucial to the TGSD deter-
mination. Nonetheless, the small sensitivity of the method to
the position of the zero line is in agreement with the results of
Volentik et al. (2010) and Bonadonna et al. (2015).

Some conclusions on plume and cloud dynamics could also
be drawn. First, given that variations of grain-size distribution
with distance fromvent are mostly related to both plume height
and wind advection (e.g., Carey and Sparks 1986), both down-
wind and crosswind variations of MdΦ values of Cotopaxi
layers 3 and 5 imply similar plume heights. Second, the rate
of grain-size decrease along the dispersal axis (Fig. 4a) and the
grain-size variation along the crosswind direction show similar
trends (Fig. 5a). This can be explained as the effects of um-
brella cloud being similar for both eruptions. As discussed by
Wilson and Walker (1987), especially in the crosswind direc-
tions, grain-size variations are mostly related to spreading of
the umbrella cloud. Finally, MdΦ and thickness trends of both
layers 3 and 5 are well described by a Gaussian fit (Fig. 5a, b)
suggesting that particles are probably transported within a
spreading turbulent current. The larger thickness of layer 3 is
simply related to the larger erupted mass (Fig. 5b). In addition,
the sorting shows no systematic trend even in the crosswind
direction, indicating good mixing within the umbrella cloud.
The crosswind increase of ash content away from the dispersal
axis might indicate a preferential accumulation of fine particles
on the sides of the umbrella cloud (Fig. 5c).

Fig. 5 Comparison of a median
grain size (MdΦ), b deposit
thickness, c weight percent of ash
(i.e., particles >0Φ), and d sorting
(σΦ) for layers 3 and 5 along a
crosswind section at a similar
distance from the vent. Crosswind
section of layer 3 is 15.7 km from
the vent (CW1 of Fig. 2a).
Crosswind section of layer 5 is
14.7 km (CW3 of Fig. 2b).
Numbers in box of (b) indicate the
average of σΦ standard deviation
for each sorting average values of
figure (d) are 1.6±0.1 for layer 3
and 1.5±0.1 for layer 5
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Finally, information about the representativeness of a
TGSD can be derived. One crucial point in the character-
ization of explosive eruptions is how closely a TGSD
derived from tephra deposits represents the initial grain-
size distribution. Our Lagrangian simulations have shown
that all the published TGSDs considered in this study

(i.e., for Cotopaxi, Askja, and Pululagua) are probably
fines depleted because deposit exposure on land is limited
in extent, leading to distance-limited sampling. This is
expected to be true for most published TGSDs, particu-
larly those associated with prehistorical eruptions or with
eruptions that occurred close to the ocean. In contrast,
TGSDs derived for recent eruptions, for which the deposit
was sampled during and/or soon after emplacement, are
more likely to be complete. This is the case for the small-
volume Ruapehu 1996 deposit, which was sampled out to
150 km from vent just after the eruption (Bonadonna and
Houghton 2005). Completeness of TGSD is indicated by
the fact that the associated thinning trend can be de-
scribed by at least three exponential segments on a
semi-log plot of thickness versus distance from vent,
while for our four case studies, it can be mostly described
using only one exponential segment; only Askja 1875 D
shows a proximal break-in slope (see also the discussion
in Bonadonna and Houghton 2005 related to the com-
pleteness of thinning trends of tephra deposits). In any
case, it is important to notice how all current methods
for the determination of TGSD, ranging from simple data
averaging to Voronoi tessellation, cannot account for
missing data, and therefore they can only provide fine-
depleted TGSDs in the absence of distal deposits. Figure 8
shows simplified representative-sampling distances asso-
ciated with a 30-km-high plume and different wind veloc-
ity (maximum wind speed at tropopause, 10, 20, and
25 m/s). Simulations also show how the tropopause
height affects wind advection and particle travel distances
(Figs 8 and 9). For example, the tropopause associated
with Cotopaxi eruptions is higher (16 km a. s. l.), because
the volcano lies at low latitude, than is the tropopause
associated with Askja eruptions (9 km a. s. l.). Given that
wind speed typically decreases linearly above the tropo-
pause, particles associated with the Cotopaxi layer 3 erup-
tion traveled farther than particles associated with the
Askja 1875 D eruption, even though their plume height

Table 3 MdΦ and σΦ of total grain-size distribution for layer 3

All pointsa DW DW+CW1 DW+CW2 DW+CW1+CW2

Number of points 14 3 6 8 11

MdΦ −2.3 −2.3 −2.2 −2.2 −2.2
σΦ 1.7 1.7 1.7 1.7 1.7

Errorb (%) – 0.0 4.3 4.3 4.3

DW total grain size calculated considering only samples along the downwind axis, DW+CW1 total grain size calculated from the points along the
downwind axis and crosswind section 1 (15.7 km from the vent),DW+CW2 indicate the total grain size calculated from the points along the downwind
axis and crosswind section 2 (18.0 km from the vent),DW+CW1+CW2 total grain size calculated from the samples along the downwind axis, crosswind
section 1, and crosswind section 2
a The TGSD calculated from all points sampled for layer 3 (all points in Fig. 2a except the empty circles)
b The percentage of difference of MdΦ from all points

Fig. 6 TGSD of Cotopaxi a layers 3 and b 5
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and maximum wind velocity is similar (Table 7). As a
result, representative-sampling distances for a given
plume height and wind velocity are smaller for eruptions
occurring at higher altitudes for which the tropopause
height is lower (Fig. 9). It is important to note that, con-
sidering the simplicity of our Lagrangian simulations, the
representative-sampling distances derived in this study are
only an indication and some caveats are here discussed.
First, the wind field in our simulations was kept constant
for simplicity, but it typically varies with distance from
vent with the potential of affecting the final represen-
tative-sampling distance. Second, particle shape was con-
sidered spherical, and our simulations might overestimate
particle settling velocity predicting smaller representative-
sampling distances than expected for irregular particles.
Third, our representative-sampling distances are derived
based on particle size only and not on deposit thickness;
it is clear that the thicker the deposit at individual out-
crops the larger weight will have on the determination of

TGSD. As a result, very distal thin deposits might not
have a large influence on the final calculations. Fourth,
particle aggregation, which was not considered in this
study, enhances fine-ash sedimentation in proximal to me-
dial areas. As a result, the representative-sampling dis-
tances would be reduced for eruptions characterized by
size-selective sedimentation processes (e.g., particle ag-
gregation, convective instabilities). Finally, a 3-Φ size
threshold (i.e., 125 μm) was selected for simplicity to
describe the trajectory of the finest particles that do not
aggregate. It has been shown that particles <125 μm are
preferentially incorporated into aggregates (Schumacher
1994 and Van Eaton et al. 2012). However, aggregates
that also include larger particles, or that only contain
smaller particles, have also been observed (Brown et al.
2012). More studies on particle aggregation are required
to assess the uncertainty of such a size threshold and to
evaluate the variation of the resulting representative-
sampling distance.

Table 4 MdΦ and σΦ of TGSD for layer 5

All pointsa DW DW+CW1 DW+CW2 DW+CW3 DW+CW2+CW3 DW+CW1+CW2+CW3

Number of points 24 5 8 9 11 15 16

MdΦ −2.1 −2.2 −2.0 −2.3 −1.9 −2.2 −2.1
σΦ 1.8 1.7 1.8 1.7 1.6 1.7 1.8

Errorb (%) – 4.8 4.8 9.5 9.5 4.8 0.0

DW TGSD calculated only samples along the downwind axis, DW+CW1 TGSD calculated from the samples along the downwind axis and along the
crosswind section 1 (0.0 km from the vent),DW+CW2 TGSD calculated from the samples along the downwind axis and along the crosswind section 2
(7.3 km from the vent), DW+CW3 TGSD calculated from the samples along the downwind axis and along the crosswind section 3 (14.7 km from the
vent), DW+CW1+CW2 TGSD calculated from the samples along the downwind axis and along crosswind sections 1 and 2,DW+CW1+CW2+CW3
TGSD calculated from the samples along the downwind axis and all cross wind sections
a The TGSD calculated from all points sampled for layer 5 (all points in Fig. 2b except the empty circles)
b The percentage of difference of MdΦ from all points

Table 5 Differences in MdΦ and σΦ of TGSD for layer 3 related to
different zero-mass lines considered for the Voronoi Tessellation
technique

Zero line 1a Zero line 2b Zero line 3c

MdΦ −2.3 −2.3 −2.4
σΦ 1.7 1.7 1.7

Errord (%) – 0 4.3

a The line of zero thickness of layer 3 shown in the isopach map of Fig. 2
(dashed line)
b The lines traced 5 km further out from zero line 1
c The lines traced 10 km further out from zero line 1
d The percentage of difference of MdΦ from zero line 1

Table 6 Differences in MdΦ and σΦ of TGSD for layer 5 related to
different zero-mass lines considered for the Voronoi Tessellation
technique

Zero line 1a Zero line 2b Zero line 3c

MdΦ −2.1 −2.0 −2.0
σΦ 1.8 1.9 1.9

Errord (%) – 4.8 4.8

a The line of zero thickness of layer 3 shown in the isopach map of Fig. 2
(dashed line)
b The lines traced 5 km further out from zero line 1
c The lines traced 10 km further out from zero line 1
d The percentage of difference of MdΦ from zero line 1
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Fig. 7 Particle trajectories
calculated with a simple
Lagrangian method for a Askja
1875D, b Cotopaxi layer 3, c
Cotopaxi layer 5, and d Pululagua
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Table 7 Eruption parameters and TGSD parameters for selected eruptions of Askja, Cotopaxi, and Pululagua volcanoes

Eruption Plume height above
vent (km)

Wind speed at
tropopause (m/s)

Eruption style Erupted mass
(kg)

MER (kg/s) Duration (h) TGSD

MdΦ σΦ

Askja 1875 D 26 28 Plinian 5.0×1011 2.5×107 6.0 −2.3 4.2

Cotopaxi layer 3 23 28 Plinian 1.7×1012 4.9×107 2.3–12.7 −2.3 1.7

Cotopaxi layer 5 26 21 Plinian 0.6×1012 5.0×107 1.0–1.8 −2.1 1.8

Pululagua 2450 BP 24.5 0 Plinian (no wind) 3.0–5.0×1011 6.2–18.0×107 0.8–3.0 0.2 1.9

Askja D 1875: Carey et al. (2010), Carey and Sparks (1986), and Sparks et al. (1981). Cotopaxi layers 3 and 5: Biass and Bonadonna (2011). Pululagua:
Volentik et al. (2010)
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Conclusions

By combining field data for two large Cotopaxi plinian erup-
tions (layers 3 and 5) with dedicated numerical simulations, we
provide new insights into grain-size features of tephra deposits:

1. Cotopaxi layer 3 and 5 eruptions are characterized by
similar plume height (23 and 26 km above the vent), sim-
ilar MdΦ and σΦ (−2.3, −2.1, 1.7, and 1.8, respectively),
but different erupted masses (1.7×1012 and 0.6×1012 kg,
respectively) and wind advection (28 and 21 m/s at tropo-
pause, respectively). As a result, variations of grain-size
features (MdΦ and ash content) with distance from vent
(controlled by both plume height and wind advection) are
more pronounced in the downwind direction than in the
crosswind direction (mainly controlled by plume height).

2. MdΦ and deposit thickness of Cotopaxi layer 3 and 5
eruptions decrease along crosswind axis in a Gaussian
fashion, but while grain-size is similar for both layers at
any given distance from vent, layer 3 is always thicker
than layer 5 probably due to a larger erupted mass.

3. TGSDs derived using existing averaging techniques are
likely to be fines depleted if the deposit is not sampled
down to the representative-sampling distance, which is
mostly a function of plume height, wind speed and tropo-
pause height. As an example, to be TGSD representative,
samples must be taken out to a distance of around 350 km
from the vent for the deposits associated with Askja 1875
D and for both Cotopaxi layers 3 and 5. Samples to a
distance of only around 120 km are required for Pululagua
2450 BP because there was no wind advection.

4. Simplified representative-sampling distances, for an erup-
tion happening at a similar latitude as Cotopaxi volcano

(with a tropopause height of 16 km a.s.l) and character-
ized by a plume height of 30 km, with maximum wind
speeds of 10 and 20 m/s, are about 250 and 350 km,
respectively. Representative-sampling distances for erup-
tions with similar plume height but occurring at higher
latitudes (with a tropopause height 10 km a.s.l) are smaller
(e.g., about 200 and 300 km for wind speeds of 10 and
20 m/s, respectively).

5. Other important parameters and processes, which are not
discussed in this paper but that might also play an impor-
tant role, include particle aggregation (with implications
for the smallest grain sizes considered in the simulations),
settling velocities of irregular particles, and mass distribu-
tion in a deposit.
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