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[1] The major explosive eruption of Chaitén volcano, Chile, in May 2008 provided a rare
opportunity to track the long-range dispersal and deposition of fine volcanic ash. The
eruption followed ~10,000 years of quiescence, was the largest explosive eruption globally
since Hudson, Chile, in 1991, and was the first explosive rhyolitic eruption since Novarupta,
Alaska, in 1912. Field examination of distal ashfall indicates that ~1.6 x 10" kg of

ash (dense rock equivalent volume of ~0.07 km®) was deposited over ~2 x 10° km? of
Argentina during the first week of eruption. The minimum eruption magnitude, estimated
from the mass of the tephra deposit, is 4.2. Several discrete ashfall units are identifiable from
their distribution and grain size characteristics, with more energetic phases showing a
bimodal size distribution and evidence of cloud aggregation processes. Ash chemistry was
uniform throughout the early stages of eruption and is consistent with magma storage prior
to eruption at depths of 3—6 km. Deposition of ash over a continental region allowed the

tracking of eruption development and demonstrates the potential complexity of tephra
dispersal from a single eruption, which in this case comprised several phases over a

week-long period of intense activity.

Citation: Watt, S. F. L., D. M. Pyle, T. A. Mather, R. S. Martin, and N. E. Matthews (2009), Fallout and distribution of volcanic
ash over Argentina following the May 2008 explosive eruption of Chaitén, Chile, J. Geophys. Res., 114, B04207,

doi:10.1029/2008JB006219.

1. Introduction

[2] Chaitén, a southern Andean arc volcano (42.8°S),
began erupting explosively on 2 May 2008, without recog-
nized warning. Prior to this, the volcano comprised a rhyolitic
lava dome within a 2.5 km diameter caldera, last thought to
have erupted at 9370 '*C years B.P. [Naranjo and Stern,
2004]. The event had immediate social and economic im-
pacts across southern Chile and Argentina, with more than
5000 people evacuated from settlements up to 75 km from the
volcano, and extensive ash deposition leading to regional
disruption of agriculture and aviation.

[3] From examination of Moderate Resolution Imaging
Spectroradiometer (MODIS; http://modis.gsfc.nasa.gov) sat-
ellite images and contemporary reports [Folch et al., 2008],
we produce the following summary of the early stages of the
Chaitén eruption (Figure 1b). Activity was most vigorous
during the first week of eruption, beginning with an energetic
phase on 2 May, for which contemporary reports estimate
a column height of 15 km. The plume from this episode
was directed SE across the Andes, with sharp edges, before
becoming more dispersed and drifting northward toward the
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Argentinean city of Bariloche (Figure 1b). This was followed
by a sustained explosive phase, with a lower column height
estimated to be 10 km or less, beginning on 3 May. This phase
formed a continuous, linear, sharp-edged plume, moving SE
and traveling beyond the Atlantic coast of Argentina. The
intensity of this phase may have been variable, but by 5 May
a similarly continuous, linear plume had an easterly orienta-
tion, with dispersed ash clouds reaching across the Atlantic
ocean, and others drifting northward along the Atlantic coast
of Argentina. On these images ash deposition is visible on the
ground, with a dense gray coverage in the region around
Esquel, arising from the 2 May phase, but no clear evidence
of ground deposition as far as Bariloche. Similarly, ground
deposits of ash are visible south of the 5 May plume, and are
presumed to result from the 3—4 May plume. The edges
of these deposits, where visible, are shown on the map in
Figure la. On 6 May the eruption entered a more intense
but short-lived phase, with column height estimates of up to
30 km, producing a cloud that drifted NE across the Andes,
before spreading eastward, and then ENE across Argentina.
A second burst later in the day resulted in similar plume
trajectories, and ash fallout the following day occurred as
far as 1000 km from source [Folch et al., 2008]. A further
explosive phase, of unknown intensity, occurred on 8§ May,
with transport directions corresponding closely to those
of the 6 May. Extensive ash deposits from the 6—8 May epi-
sodes are visible on the 12 May MODIS image, as far as the
Atlantic coast of Argentina. Explosive activity continued,
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Figure 1. Isopach map of the Chaitén distal ash deposit. Isopachs are drawn by hand and extended to the

approximate Andean watershed (288°longitude). Individual ashfalls are identifiable distally, for example,
from 3 (southernmost) and 6 May (northernmost), but in the Argentinean border regions units overlap, with
an additive thickness effect. Deposit edges, inferred where possible from satellite images, correspond with
and fall slightly outside the mapped 0.1 mm isopach. (a) Ashfall mass loading against thickness. The linear
relationship allows an estimation of deposit density at 997 kg m . (b) Plume dispersal over Argentina
during the first week of eruption, mapped from MODIS images. Ash deposition corresponds accordingly,

with some modification by low-level local winds.

but with much lower plume heights in the range of 2—5 km,
throughout the following months. There is little evidence that
this subsequent activity resulted in measurable fallout in
Argentina, except for minor ashfall observed in the border
regions on 30—31 May, and the volume of distal ash fallout in
Argentina from this continuing activity is considered negli-
gible in comparison to the 2—8 May period.

2. Ash Sampling

[4] Fieldwork was conducted across affected regions of
Argentina from 30 May to 11 June 2008, using MODIS
images showing plume dispersal to guide sampling. Ash
samples, and thickness and mass-loading measurements,
were taken at 227 sites transecting the deposit (Figure 1;
Figures S1 and S2 in the auxiliary material).' Heavy rainfall
in mid-May had disturbed the deposit in places. In such
locations, measurements were taken in protected spots, or by
taking an average thickness across the site. At higher eleva-
tions snowfall disturbed the deposit to a lesser extent. The ash

'Auxiliary materials are available in the HTML. doi:10.1029/
2008JB006219.

2 of

formed a continuous surface crust at thicknesses >0.5 mm,;
below this, wind erosion resulted in patchy preservation.
There was clear evidence in most areas of the influence of
rain and wind erosion on the deposit, particularly where the
deposit was thinnest, and preservation here was restricted to
sheltered pockets, such as pits in rock or pieces of refuse.
Care was taken at such sites to take measurements and sam-
ples from such locations. In some cases a degree of accumu-
lation had occurred in these sheltered spots owing to rain
washing. In such locations, an average site measurement was
produced by estimating the area of washing in (in as many
places as possible). Thus, while the deposit was no longer
pristine in many areas, because the removal or reworking
of ash by wind and water action had not been wholesale, and
by carefully selecting sampling sites, we were still able to
take measurements. It remains possible that some degree of
winnowing of fines occurred, though the degree to which this
may have taken place remains unclear. Using these methods,
we were able to map self-consistently to low ash thicknesses,
adopting as a minimum criterion [cf. Martin-Del Pozzo
et al., 2008] an assigned thickness of <0.1 mm where ash
was detectable only as a pale dusting on stiff leaves. Both
local people’s estimates of fresh ashfall thickness, and that
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Figure 2. Isopach area against thickness, with straight-line (exponential) segments fitted and a power law

fit for the 6 May deposit. Areas for the whole deposit were found by closing mapped isopachs around the
volcano location, while extrapolation of distal isopachs distinguished the 3 and 6 May deposits such that the
6 May deposit centers around a secondary maximum and the 3 May closes around the volcano. More rapid
proximal thickening (a steeper line segment) is likely in each case and necessary to prevent the 3 May
segment, when extrapolated back, from projecting above the whole deposit data.

estimated from coupled meteorological and dispersal models
[Folch et al., 2008], correspond well with our data. In some
cases a discrepancy exists, with our measurements being
slightly lower than fresh thickness estimates. This is likely
to be a result of closer particle packing and settling of the
deposit upon wetting by rainfall, resulting in a thinner, but
denser deposit, when compared to the fresh ashfall.

3. Results and Discussion
3.1. Ash Distribution

[5] Ash thicknesses, plotted on isopach maps (Figure 1),
reveal a complex distribution corresponding closely to plume
transport directions during different phases of the eruption.
Deposit edges inferred from MODIS satellite images lay
slightly outside the 0.1 mm isopach, validating our interpre-
tation that thin, fresh ashfall is observable remotely. This
correspondence of our mapped ash distribution with the
edges of fresh ashfall observed on MODIS images indicates
that wind-driven remobilization and redeposition of ash had
not occurred over spatial scales large enough to alter the
primary distribution. When mapped, our measured thickness
values show a highly self-consistent pattern, predominantly
decaying with distance. This suggests that, in spite of rework-
ing and removal of ash in many locations, our approach of
selecting sheltered localities and taking site averages of thick-
ness was valid. A more erratic pattern would be expected
if removal, redeposition and accumulation had affected our
measurements to a significant degree.

[6] Individual eruption phases produced discrete ash
units, which overlap in a complex fashion in medial regions
(<200 km from the vent). In more distal locations (>200 km
from the vent), ash fallout from discrete eruptive phases may
be distinguished when transported over areas without previ-

ous ashfall (e.g., 3 and 6 May; Figure 1), and is the result of
multiple eruption phases over a time period sufficient to
encompass changes in wind conditions. The total area
enclosed by the 0.1 mm isopach is ~1.7 x 10° km? much
larger than that of the Fuego 1974 deposit (~3 x 10° km?)
[Rose et al., 2008], but comparable to the 1980 Mt St Helens
eruption (~3 x 10° km?) [Bonadonna and Houghton, 2005].
The 1 mm isopach area (2.9 x 10* km?) suggests that the
Chaitén eruption was an order of magnitude smaller than that
of Hudson, 1991 (1.1 x 10° km?) [Scasso et al., 1994]. How-
ever, such thickness-based comparisons should be treated
with a degree of caution, since our measured thicknesses
potentially reflect a degree of postdepositional compaction,
and may not be directly comparable to fresh measurements
made for other fall deposits. Thus, such comparisons may
slightly underestimate the scale of the Chaitén eruption. The
bulk deposit density at the time of sampling, estimated from
sites where weighed samples were collected over measured
areas (Figure 1), indicates a mean of 997 kg m, and is
within the range expected for a rhyolitic ashfall deposit. The
fresh deposit (i.c., prior to rainfall) is likely to have had a
slightly lower bulk density than the deposit measured in the
field. If the only postdepositional change to the deposit is an
increase in bulk density, then this does not affect our mass or
dense rock equivalent volume estimates. Therefore, quoting
eruption size in terms of mass, and deposition in terms of
mass loading, is more meaningful, and more readily trans-
ferable for the purpose of interevent comparisons, than
magnitudes based on tephra thickness or volume alone.

3.2. Eruption Volumes

[7] Using plots of the logarithm of ash thickness, 7, against
the square root of isopach area, 4 (Figure 2) we determine
ashfall volumes by integration [Pyle, 1989, 1995; Fierstein
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Table 1. Estimates of Eruption Volumes and Magnitude
Whole Deposit With Isopachs Closed” Whole Mapped Deposit” 3 May Lobe® 6 May Lobe"

Volume® (km?)

Exponential 0.17 0.15 0.05 0.03

Power law - - - 0.04
Magnitude [Pyle, 2000] 424 4.19 3.69 3.54
Volume inside 0.1 mm isopach® 0.16 0.14 - 0.03
Total grain size mode(s) (pm) - - 46 30;115
Total grain size 98th percentile (;zm) - - 320 435

“These estimates are minimum values. An increased rate of proximal thickening is likely, and, for example, a maximum deposit thickness of 1 m would

increase the volume to 0.24 km® and the magnitude to 4.37.
®Western limit of isopach mapping at 288° longitude.
“Isopachs closed around volcano.

YEstimates based on deposit centered around the secondary maximum in Argentina, thus not directly comparable to data calculated for isopach closure

around the volcano.

°Volumes, in km?, can be converted to mass, in kg, by multiplying these values by 10'2.

and Nathenson, 1992]. On such plots, straight-line segments
are defined by exponential decay, describing an exponential
cone

T= Toexp(kaO‘S)

where £ is the line slope and 7y is the maximum deposit
thickness. Integrating below the cone to find V gives

Vv =2(T,/k)

To account for multiple straight-line segments, resulting from
increasingly rapidly decaying proximal deposit thicknesses,
we apply a correction, p, to each of N segments, deriving
[from Pyle, 1995]

PN = (2/k3+1){Tn+1 = L1 = In(T/Tps1)]} — (2//(:3)
x AT, — Tx[l = In(T,/T,)]}

where n and n+1 represent values obtained from the line
segment at distances larger and smaller than the break in
slope, respectively, and 7, is the deposit thickness at the break
in slope. Thus, using 7y and & from the most distal straight-
line segment, total deposit volume is

V=2(To/K*) +p1 +...+pv

From Fierstein and Nathenson [1992] the volume inside a
particular isopach, of area A4 is found using

V = (2To/k*)[1 — (kA + 1)exp(—kA)]

and a correction, p, must again be applied where necessary.

[s] All our isopach data can be approximated by two or
three exponential segments, as commonly observed for explo-
sive eruption deposits (Figure 2) [Pyle, 1989; Bonadonna
and Houghton, 2005]. From this we estimate that 1.6 x
10" kg of ash was deposited over Argentina. This is equiv-
alent to a tephra volume of 0.16 km®, or a dense rock
equivalent volume of 0.07 km®, assuming a density of
2.35 kg m* for crystal-poor rhyolite. Similarly, we estimate
a minimum total tephra volume of 0.17 km? (Table 1), a mass
of 1.7 x 10" kg. This estimate projects the thickening rate
derived from our mapped regions to the volcano location,

and in reality, based on observations elsewhere [Pyle, 1989;
Bonadonna and Houghton, 2005], more rapid proximal
thickening is likely. For example, assuming proximal thick-
ening to a maximum of 1 m, based on events of similar
magnitude, we produce a total tephra mass of 2.4 x 10" kg,
using the same density for the proximal deposit as for the
distal. Although the proximal thickening rate is uncon-
strained, this estimation demonstrates the potential uncer-
tainty in eruption volumes produced using only distal data.
We estimate that ~70% of ash, by volume, produced by the
eruption fell east of 288° longitude, over Argentina and the
Atlantic Ocean.

[9] The 6 and 8 May eruptive phase, as described in the
introduction, involved up to three short-lived energetic explo-
sions, with similar plume transport directions. The relative
intensity of these episodes is unclear, but the 8 May cloud
may have drifted northward in mid-Argentina (Figure 1b)
[Folch et al., 2008] rather than following the easterly direc-
tion of the 6 May. For simplicity, we refer to this northern
depositional lobe as the 6 May deposit. This produced a
0.1 mm isopach extending up to ~800 km from the volcano,
and accounts for 22% by volume of the mapped Argentinean
ashfall, forming closed isopachs around an isolated maxi-
mum ~200 km NE of Chaitén. This unit, midgray in color,
was distinctively coarser in mid-Argentina than the paler
deposit resulting from earlier eruption phases, and thinned
toward the Andean region. Given these field observations
and our mapped isopach dispersion patterns it is likely that
the isolated isopachs represent a secondary thickness maxi-
mum, rather than arising simply from overlap with the 2 May
fallout, although this may have added complexity to the dis-
tribution. If this is the case, more proximal thickening is
likely to occur in the unmapped region toward the volcano.
Such a feature may arise from fine-particle aggregation
[Carey and Sigurdsson, 1982; Brazier et al., 1983], resulting
in a larger effective grain size, owing to ash interaction
with frozen or liquid hydrometeors [Zextor et al., 2006;
Durant et al., 2008]. The less explosive 3 May eruptive
phase produced 0.05 km® of tephra, dispersed by strong
winds (Figure 1), and depositing ash in a sharp-edged linear
lobe. The complex distribution of the 2 May deposit, affected
by later ash overlap (Figure 1), does not permit its volume to
be estimated.

[10] We estimate that <8% of the whole deposit volume
lies beyond the 0.1 mm isopach, increasing to 14% for the 6
May unit. This may reflect a higher 6 May eruption column,
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but is potentially an artifact of deposit overlap elsewhere,
thickening distal ashfall through repeated or long-lasting
deposition. These estimates are made on the basis of extrap-
olating the most distal exponential segment. It is not clear
whether thickness decay remains exponential at distances
beyond a few hundred km, and more gradual decay may
occur, since the grain size distribution may change very little
with distance, with meteorological factors potentially having
a significant effect on particle sedimentation.

[11] A multiple-segment exponential decay model fits our
data for the whole deposit well (Figure 2), and has a sound
physical basis, with a maximum thickness decaying to zero.
However, individual units are not described by a single
exponential segment, perhaps reflecting depositional com-
plexities, whereby multiple phases occur within an apparent
single mappable unit, or changing controls on particle settling
and diffusion with distance, grain size and Reynolds number
[Ernst et al., 1996; Bonadonna et al., 1998].

[12] For tephra deposits with few distal data points the
extrapolation of a proximal exponential segment can produce
volume underestimation [Bonadonna and Houghton, 2005],
and a power law relationship may better represent the deposit:

T = Tpd "?

Here, Tpy is a constant and m is the power law coefficient.
Deposit volume is found using

V=(Tp/(2—m))(C*" —B*™)

where B is defined by the maximum thickness predicted from
the exponential relationship, such that B=(To/Tpr) Vmand C
is the downwind distance limit of volcanic cloud spreading,
assessed from satellite images [Bonadonna and Houghton,
2005].

[13] Asexpected from its temporal and spatial complexity,
a single power law does not fit the whole Chaitén deposit.
However, a power law curve fits the 6 May unit (Figure 2, the
inner point misfit may be attributed to our lack of proximal
data). Estimating downwind plume dispersion, C, of 800 km,
we produce a volume 19% larger than that found using
exponential segments. Again, it is unclear whether a single
power law would be expected to hold at the most distal
locations, where factors influencing fallout are likely to
change. Problems also arise in this method through the
subjective selection of integration limits, particularly C,
and we suggest the exponential segment method to be most
appropriate in this case, providing a good fit to the data and
requiring the fewest assumptions. Our estimated volumes and
bulk ash density of 997 kg m > indicate a minimum deposit
mass of 1.7 x 10" kg, or an eruption magnitude, (defined
as magnitude = log;o(erupted mass, kg) — 7) [Pyle, 2000] of
>4.2 (Table 1), suggesting that Chaitén was the largest
explosive eruption globally since Hudson, 1991.

3.3. Deposit Grain Size

[14] Grain size was measured for 140 samples by laser
diffraction size analysis, using a Malvern Mastersizer 2000
with Hydro MU attachment, with a refractive index of 1.52
and absorption coefficient of 0.1. Replicate samples from
13 sites showed good reproducibility of distribution shape
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and modes. Samples contaminated by dirt, recognizable from
anomalous coarse modes, or with skewed size distributions
resulting from postdepositional erosion were rejected. Sev-
eral samples showed bimodality, and very few showed a
smooth lognormal shape, with many unimodal curves being
skewed or showing a shoulder on one or both limbs, poten-
tially indicating multiple populations within a single grain
size distribution.

[15] Winnowing of fine material, by either wind or water
erosion, may have affected the grain size distributions of
samples, even if such processes did not clearly alter our
thickness measurements, since any removal of material is
likely to be selective toward the finest particles. One feature
of our data, which suggests the collected samples were
representative of the original material, lies in the consistency
seen in distribution shape over large areas, such as those
for all samples of the 3 May depositional lobe (Figure 3). In
contrast, degrees of winnowing would be expected to vary
locally, depending on the particular environment from which
a sample had been collected, leading to differences in dis-
tribution shape between sites. In a few cases, predominantly
from the most distal locations, where sample collection had
been most difficult, such secondary alteration was immedi-
ately apparent from anomalous grain size distribution shapes,
and these outliers were removed from our analyses. Other-
wise, however, winnowing processes do not appear to have
altered our samples significantly. Further evidence in support
of this arises from sites in the Esquel region, revisited in
January 2009, seven months after our original fieldwork.
Thicknesses had changed relatively little during this time
period, and by an approximately constant amount (i.e.,
similar absolute reductions in thickness). As such, deposits
originally measured at 3 mm thickness or more remained
largely intact as a continuous cover, with reductions of the
order of 2 mm, but still forming a surface crust. Thicker
deposits, such as those near the Chilean border, originally
measured at 10— 15 mm, had thus only decreased by a rela-
tively small proportion (<20%). Originally thinner deposits
had mostly disappeared as a surface cover, with evidence
remaining in sheltered localities, such as around the base of
large stones. For deposits originally measured at 1.5 mm or
below, virtually all evidence of the ashfall had disappeared.
In short, the ashfall remained surprisingly persistent, in spite
of its extremely fine-grained nature, wherever the original
deposit thickness had exceeded a few mm. Unexpectedly, this
may have been aided by rainfall, since the deposit commonly
formed a cohesive surface crust, presumably on drying,
offering a degree of resistance to erosion, and the early wet-
ting of the deposit may in fact have helped its short-term
preservation. In some areas, low-level ground plants had
stabilized the deposit and incorporation within the soil
sequence had begun to occur. In spite of the semiarid, fre-
quently windy conditions of the region, we suggest that
ground vegetation and surface crusting helped stabilize the
deposit, and at thicknesses above a few mm, the ashfall was
not as ephemeral as might initially be thought. Grain size
measurements from the January 2009 samples also confirm
that winnowing had not occurred to a significant degree in the
7-month period since initial sample collection (Figure 4).
Samples collected from sheltered localities, showing a lack of
internal structure, with a locally representative thickness and,
in some cases, with surface crusting were deemed to be in
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marked as black dots. For bimodal distributions the coarser mode is used. Isopleths are distinguished for the
3-5 and 6 May deposits and for the remainder, resulting from complex deposit overlap but dominated by
the 2 May fallout, which, with the 6 May, is far coarser than intervening ashfalls. (a) Plot of (area)’> against
In(grain size) for the 6 May isopleths, showing an exponential decay in coarse mode grain size. (b) Selected
grain size distributions for the 3 and 6 May fallouts. Locations marked on main map. The bimodality and
distance-related decay for the 6 May contrasts with the relatively stable unimodal character of 3 May. Curve
E shows bimodality due to overlap with finer deposits in the border region, while curve H may suffer from
both coarse contamination and fine-particle removal through wind erosion, a problem encountered in
thinner distal deposits. Locations marked “x” and “y”’ refer to Figure 4.

their original position. These showed no changes in grain size
distribution (Figure 4). In contrast, where ash was accumu-
lated by runoff (commonly showing fine-scale laminations)
the grain size distribution was narrowed, with a loss of fines
(Figure 4). The main process of deposit alteration in the
region (which had already occurred to some extent by the
time of initial fieldwork) was through water runoff accom-
panied by a loss of fines. Deposits affected by this process
were highly localized, commonly occurring around the edges
of impermeable surfaces such as paved roads. Such locations
were easily recognizable and could be avoided during sample
collection.

[16] Modal grain size, a precisely measurable parameter,
generally unaffected by coarse particle contamination, was

used to construct isopleth maps. For multimodal distribu-
tions, the coarsest mode was selected. The various units
distinguished (Figure 3) correspond well with mapped iso-
pachs (Figure 1). The 6 May modal grain size trend shows
exponential decay with a single line segment. However,
without sufficient data from other units, this cannot be
confirmed as a general case. West of the 6 May thickness
maximum, grain size increases as thickness decreases. In
some of these medial areas the 6 May modal grain size
exceeded thickness, and the deposit was visible as scattered
white pumices up to ~1 mm in diameter, lying on earlier
ashfall. The ubiquity of this feature in these localities, and the
strong bimodality of grain size distributions in this region,
with a prominent fine mode, indicates that this does not result
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Figure 4. Grain size distributions from two locations near
the Chilean border (x and y in Figure 3), where thicknesses
exceeded 1 cm. At each site sampling was conducted initially
on 5 June 2008 and subsequently on 11 January 2009. At
site x the 2009 sample was taken 1 km east of the original
location, from a deposit that appeared undisturbed. The grain
size distribution is unaltered from the 2008 condition. At
site y the 2009 sample was taken at the same location, from a
water-accumulated, stratified deposit. The 2009 sample shows
the effects of grain size distribution alteration: A long, flat, fine
tail; a narrowed peak; and possibly, in this instance, coarse-
particle contamination.

from winnowing of fine material. This demonstrates that the
overlap of deposits from different eruption phases is one
mechanism characteristic of the Chaitén deposits that leads to
multiple populations within a single grain size distribution.
[17] The 6 May unit shows grain size bimodality, with
modes at a stable ~25 um and at a coarser value, which
decreases steadily with distance from ~300 pm, such that the
modes merge in a unimodal distribution ~400 km from the
volcano (Figure 3). There are several possible explanations
for this complexity in grain size distribution shape. One is
that, in addition to the buoyant column, a coignimbrite cloud
may have been present during individual eruption phases.
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This could give rise to tephra populations of different
granulometries, in clouds at different heights. However, such
an explanation is not necessary to explain the complex tephra
dispersal pattern, since this is well accounted for by the
changing wind conditions during several days of eruption.
Furthermore, there is not at present clear evidence from the
region around Chaitén for the occurrence of large-scale
pyroclastic flows sufficient to generate coignimbrite clouds
of sufficient size to produce this feature. We therefore suggest
that the grain size distribution complexities arise both from
multiple deposit overlap and from fine-particle aggregation
processes. For example, the 6 May deposit overlaps with
those from earlier days in the medial region north of Esquel
(Figure 1), and here some of the complexity of shape is due to
this overlap. In addition, the unit itself is the product of two
or three similar explosive pulses, potentially introducing
further overlap-type complexities. We suggest that the finest
mode seen in the 6 May deposit reflects a different process, of
fine-particle aggregation. Both the stability of this peak with
distance, remaining static at ~25 pm, and its fineness (e.g.,
when compared to the 3 May deposit at similar distances)
points to the possibility that aggregation led to volumetrically
large proportions of fines falling out relatively early. Grain
size data identified from the 2 May deposit show similar
features. In contrast, ashfalls from the 3—5 May are finer and
unimodal, fining only gradually with distance, with a highly
consistent distribution shape and a mode, at ~60 pm, coarser
than the fine mode of the bimodal units. This suggests a
sustained activity level from 3 to 5 May, with a lower column
height than the more intense 2 and 6 May phases. Cloud height
differences may explain the lack of a clear aggregation-type
signature in the 3—5 May deposits, if higher eruption clouds
result in more efficient fine-particle aggregation and scaveng-
ing through frozen hydrometeor interactions [e.g., Durant
et al., 2008].

[18] Total grain size distributions (Figure 5) for the tephra
deposited over Argentina, were estimated for the 3 May (15—

10 100 1000
Grain-size (um)

Figure 5. Shaded maps, showing isopachs for the 3 and 6 May deposits (Figure 1), divided into sectors
around selected points (black ringed circles) and used to estimate total distal deposit grain size. Further
sector subdivisions, by isopachs, are shown in the silhouettes. These areas were used to weight each selected
grain size distribution using an assigned thickness of the geometric mean of enclosing isopachs. The

distributions thus estimated are shown in the graph.
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2 mm isopach range) and 6 May (down to 0.1 mm thickness)
units by dividing the deposit into sectors around selected
sites, a modification of the method of Carey and Sigurdsson
[1982]. Given the wide coverage but relatively sparse distri-
bution of our data points, we selected this method over
alternatives [e.g., Bonadonna and Houghton, 2005]. Sectors
were separated perpendicular to the deposit axis, where
possible at the midpoint of successive sites or at the nearest
mapped isopach. Sectors were split on the basis of isopachs,
and each subdivision received a representative thickness
from the geometric mean of the enclosing isopachs. The
product of subdivision area and thickness gave a weight to the
grain size distribution of a particular sector, the sum of which
provided a total grain size distribution estimate. The data
confirm a finer 3 May deposit, and show bimodality in the
6 May fallout (Table 1).

[19] With respect to respiratory hazard [Horwell and
Baxter, 2006], both deposits have similar total proportions
of thoracic (<10 pm) material. For the 6 May this increases
from 10% in the border regions to 20% distally, and is
generally 20—25% for other units, approaching 30% distally.
The respirable (<4 pm) proportion varies similarly, ranging
from 5% in medial regions of the 6 May unit to 15% in other
distal areas, a similar proportion to that in Mt St Helens’ 1980
ash at comparable distances [Durant, 2007]. However,
importantly for health concerns, locally resuspended ash is
likely to contain a greater proportion of fine material than that
estimated for the whole deposit (R. S. Martin et al., Envi-
ronmental effects of ashfall in Argentina from the 2008
Chaitén volcanic eruption, submitted to J. Volcanol. Geo-
therm. Res., 2009).

3.4. Ash Chemistry and Potential Impacts

[20] Bulk ash compositional analyses, undertaken on four
ash samples by X-ray fluorescence spectroscopy, and glass
analyses on 219 points of fifteen ash samples by electron
microprobe (Table 2), have been combined with composi-
tional data on the recent and previous eruptions of Chaitén
[Naranjo and Stern, 2004; Horwell et al., 2008]. With
calculated CIPW norm compositions [Kelsey, 1965] and
examination of particles by scanning electron microscope,
this shows the eruption involved a weakly peraluminous
rhyolitic melt, lacking phenocrysts, with minor proportions
of plagioclase and rarer biotite microlites, and a mean glass
silica content of 74.5 wt % (Figure 6). Distal ash lacked lithic
and crystal components, comprising variably vesicular pum-
ice and glass shards. Ash composition was relatively uni-
form, with subtle chemical differences between eruptive
phases suggested by discrete domains within the overall
compositional range occupied by samples from specific de-
positional lobes (Figure 6b). The ash has similar silica content
to, but is more sodic and less potassic than, the ~10 ka
Chaitén (Chal) ash [Lopez-Escobar et al., 1993; Naranjo
and Stern, 2004]. Rhyolites are rare in this portion of the
southern Andean volcanic arc, the only regional tephra of
comparable composition being the eastward dispersed Mic2
unit (Figure 6), identified as originating from Minchinma-
vida, 20 km east of Chaitén [Naranjo and Stern, 2004].
However, this rock composition is not typical of that pro-
duced by Minchinmavida, and the identification of the source
volcano, based on a lack of the Mic2 tephra outcropping west
of Minchinmévida, may not be correct, with Chaitén as the
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alternative. Field mapping of the Chal and Mic2 tephra
[Naranjo and Stern, 2004; S. Watt et al., unpublished data,
2009] suggest that, in comparison with the current Chaitén
eruption, although compositionally similar, these events were
significantly larger in magnitude. The only other documented
regional rhyolite is a sample from Yate [Mella, 2008], 140 km
to the north, though again this is atypical of the volcano.
Thus, the rhyolite produced at Chaitén is unusual in a
regional context, yet is the only magma type produced in
significant volumes during the known activity of Chaitén.
The homogeneous compositional character of the current
eruptive episode does not provide evidence for the involve-
ment of mafic magma in the eruption, and the highly evolved
nature may be a result of long-term magma storage and
melting of the granitoid basement, resulting in infrequent
eruptions of highly evolved magma. It remains unclear,
however, why this situation is not encountered at other
regional centers. The Hudson 1991 ash [Gutiérrez et al.,
2005; Kratzmann et al., 2009], the product of the only other
historic large explosive eruption in the region, is far less
evolved, with a broader compositional range.

[21] Comparison of incompatible trace element concentra-
tions in the Chaitén ash with other southern Andean volca-
noes suggests distinct evolutionary paths for the Chaitén
magma (Figure 6). While the Rb data suggest a trend poten-
tially consistent with fractionation of a melt similar to those
erupted at Hudson, Zr shows significant differences, and the
compositions are distinct from the fractionation trend defined
by volcanoes located between Chaitén and Hudson [cf.
Naranjo and Stern, 1998]. These data again show a close
similarity between the Mic2 tephra and Chaitén’s volcanic
products, while other Minchinmavida volcanics do not cor-
respond with Mic2. The trace element data are consistent
with a model whereby significant crustal assimilation oc-
curred in the Chaitén magma, through wholesale melting
of Patagonian batholith granitoids, and major element data
[Pankhurst et al., 1999] are also consistent with such a
process.

[22] Following the method of Blundy and Cashman
[2001], compositional norms of glass and bulk ash, plotted
on the granitic ternary diagram (Figure 6), are consistent with
magma equilibration under water-saturated conditions at
~100-200 MPa, or ~3—6 km depth, where dissolved water
content of up to 6 wt % [Tamic et al., 2001] may explain the
high eruption explosivity. Earthquakes recorded beneath
Chaitén in 2005 at ~10 km depth [Lange et al., 2008] may
thus correspond to deeper magma chamber replenishment,
precursory to the eruption.

[23] From the volumes lying beyond our mapped isopachs,
we estimate that 5% of the ash (9 x 10° kg) fell over the
Atlantic Ocean, mostly of grain size <50 pm. Eruptions of
this magnitude are potentially recorded in Argentine shelf
sediments, and are periodic contributors to the Antarctic and
Southern Ocean dust budget [McConnell et al., 2007].
Comparison with Patagonian dust (Figure 6), for which
Andean volcanic ash of the more common andesitic compo-
sition forms an important component [Gaiero et al., 2007],
shows that rarer rhyolitic ash, such as that from Chaitén, is a
minor dust component. The low iron content of Chaitén glass
(<1 wt % FeO) suggests this ash would have had a minor
impact on nutrient-limited portions of the Southern Ocean
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Figure 6. (a) Scanning electron microscope image of highly vesicular pumice from the 2 or 6 May ashfall,
collected 150 km from the volcano. Inset shows plagioclase microlite (outlined; 71 mol % Albite) within the
same sample. (b) Na,O against silica content for glass and bulk ash (our data, Horwell et al. [2008], and
Naranjo and Stern [2004]) from the recent Chaitén eruption and that at ~10 ka (Chal), with a rhyolitic
pumice from nearby Minchinmdvida volcano (Mic2) shown for comparison. The glass forms a single
compositional group, but the 3 May data cover a discrete domain within this, suggesting slight compo-
sitional differences between eruption phases. (c—d) Rb and Zr against silica for regional volcanics con-
taining >60 wt % SiO, [D Orazio et al., 2003; Gutiérrez et al., 2005; Kilian and Lopez-Escobar, 1991;
Lépez-Escobar et al., 1993; Naranjo and Stern, 2004; Notsu et al., 1987]. Points are shown for bulk tephra
or lava from Hudson, occupying a distinct group [cf. Naranjo and Stern, 1998], and for volcanoes between
Hudson and Chaitén (Cay, Corcovado, Maca, Melimoyu, Mentolat, and Yanteles), as well as for Chaitén,
distinguishing our data of the 2008 ash from those relating to older Chaitén volcanics [Kilian and Lopez-
Escobar, 1991; Lopez-Escobar et al., 1993; Naranjo and Stern, 2004]. Data are also given for local
samples of the Patagonian Batholith (from Futaleufi and Palena) [Pankhurst et al., 1999]. Data from
Minchinmavida are shown separately, with the Mic2 tephra labeled. (e) Glass compositions of glass and
bulk ash plotted on the granitic ternary diagram (method from Blundy and Cashman [2001]) and compared
with the Chal tephra [Naranjo and Stern, 2004]. The glass composition suggests equilibration at pressures
corresponding to magma chamber depths of ~3—6 km. (f) FeO* (assuming all Fe present as FeO) against
silica for the Chaitén 2008 glass and glasses from the compositionally mixed Hudson 1991 eruption
[Kratzmann et al., 2009] compared to the compositions of modern Patagonian topsoils and acolian dust
[Gaiero et al., 2007].
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Table 2. Bulk Ash and Glass Compositions of Chaitén Ash®
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Bulk Ash” Chaitén Glass®
0507a 0512a 0520a 0616b  0518B/14 3008/11  0408/8 0608/3  0707/13  Average (219 points)
Longitude —43.173 —43.432 —43.594 —42.056 —43.528 —42.683 —43.155 —42.723 —42.509 -
Latitude —71.751 —=71.557 —71.112 -71.163 —71.204 —-71.028 —70.107 —-71.729 —70.559 -
Distance to Chaitén (km) 82 111 151 149 140 133 210 76 175 -
Ash thickness (mm) 18 9 6 3 10 3 0.5 1 0.4 -
Modal grain sizes! (pm) 30,95 32,78 67 314,42 67 32 59 61;400 21 -
Major elements (wt %)
Si0, 73.78 71.06 72.85 73.86 74.49 75.05 74.44 75.01 74.04 74.50
TiO, 0.150 0.246 0.195 0.162 0.16 0.14 0.14 0.14 0.13 0.14
Al,O3 13.76 14.17 13.83 13.96 13.87 13.53 13.91 14.00 13.82 13.86
Fe,05 1.51 2.23 1.79 1.59 - - - - - -
FeO*¢ - - - - 1.26 1.16 1.28 1.28 1.23 1.27
MnO 0.057 0.065 0.059 0.059 0.00 0.08 0.06 0.06 0.06 0.05
MgO 0.26 0.47 0.33 0.32 0.26 0.18 0.26 0.26 0.24 0.26
CaO 1.47 1.71 1.55 1.62 1.36 1.24 1.39 1.39 1.39 1.35
Na,O 4.08 3.91 4.01 4.14 3.64 3.51 3.73 3.69 3.60 3.61
K,0 2.93 2.71 2.86 2.94 3.01 3.08 3.00 3.06 3.09 3.03
P,05 0.062 0.089 0.070 0.068 - - - - - -
L.O.L 0.89 2.38 1.08 1.04 - - - - - -
Total 98.95 99.03 98.62 99.75 98.05 97.98 98.21 98.88 97.61 98.07
Trace elements (ppm)
Rb 113 107 111 111 - - - - - -
Sr 145 161 152 153 - - - - - -
Y 13.4 16.8 14.4 13.7 - - - - - -
Zr 109 117 115 109 - - - - - -
Nb 7.8 8.1 8.4 7.7 - - - - - -
Ba 604 597 599 599 - - - - - -
Pb 19 19 21 20 - - - - - -
Th 11 12 13 12 - - - - - -
\Y% 13 27 12 11 - - - - - -
Cu 4 22 13 5 - - - - - -
Zn 35 42 39 36 - - - - - -
Ga 13 14 14 14 - - - - - -
As 15 15 16 17 - - - - - -

?Glass composition shown for five selected samples, with an average of all analyses.
®Measured by XRF at Open University Department of Earth Sciences, Milton Keynes, U.K. Cr, Co, Mo, Ni, S, Sc, U were around or below the detection
limit. Results were mostly within 2% of reference values for three standard materials for major elements, and within similar levels for four standards for trace

elements, except for Zn and Pb (4%), Cu (6%), and Nb (9%).

“Analyses by electron microprobe: beam diameter 10 pim, beam current 15 nA.

9Main distribution peak listed first if bimodal.
°FeO*, total Fe as FeO.

[cf. Martin et al., 1990] in comparison to large explosive
andesitic eruptions.

4. Summary

[24] We have mapped the distal ash deposit from the
Chaitén 2008 eruption, and produced the first field-based
estimates of eruption volume and magnitude. The complexity
of ash dispersal is directly related to a changing wind field
during the week-long main eruption period, and it is possible,
using this dispersal pattern, to reconstruct both the dominant
features of this wind field, and to use it to separate individual
eruption units. These units are compositionally highly uni-
form, but sample grain size distributions can be used to
elucidate further the transport and deposition of separate
units, with both grain size and modality related to changing
column height and eruption intensity.

[25] The multiple ash fallout units, each with distinct
dispersal patterns and granulometric characteristics, arise
from an eruption duration of sufficient length for regional
wind conditions to vary significantly, with the complexity
amplified owing to variable eruptive intensity in a multiphase
event. Explosive eruptions of comparable duration may result

in similar complexity, but past event reconstruction often
relies only on the more commonly preserved proximal deposits,
fitted with elliptical isopachs (and an implicit assumption of
a single eruption phase). Our work highlights the uncertainty
in extrapolation using sparse data, since the distal Chaitén
ash, all at thicknesses below 2 cm, is volumetrically large
and spatially complex, but preservation is likely to be highly
variable. Magnitude estimates of past eruptions based on data
from poorly preserved deposits may thus be rendered highly
inaccurate.

[26] The chemistry of the Chaitén 2008 ash, while unusual
in a regional context, is highly similar to previous products
of Chaitén. The finest, most distal ash from such eruptions,
though a periodic contributor to the Patagonian dust bud-
get, is unlikely to be a significant Southern Ocean nutrient
source, being low in iron, and volumetrically small in the
long term when compared with the more common, compo-
sitionally less-evolved, regional tephra.
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