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Abstract. Tephra fallout from the A-1 (March 29, 0532
UT), B (April4,0135 UT),and C(April4,1122 UT) 1982
explosive eruptions of El Chichon produced three
tephra fall deposits over southeastern Mexico.
Bidirectional spreading of eruption plumes, as docum-
ented by satellite images, was due to a combination of
tropospheric and stratospheric transport, with heaviest
deposition of tephra from the ENE tropospheric lobes.
Maximum column heights for the eruptions of 27, 32,
and 29 km, respectively, have been determined by
comparing maximum lithic-clast dispersal in the de-
posits with predicted lithic isopleths based on a
theoretical model of pyroclast fallout from eruption
columns. These column heights suggest peak mass
eruption rates of 1.1 x 108, 1.9 x 108, and 1.3 x 108 kg/s.
Maximum column heights and mass eruption rates
occured early in each event based on the normal size
grading of the fall deposits. Sequential satellite images
of plume transport and the production of a large
stratospheric aerosol plume indicate that the eruption
columns were sustained at stratospheric altitudes for a
significant portion of their duration. New estimates of
tephra fall volume based on integration of isopach area
and thickness yield a total volume of 2.19 km?® (1.09 km?
DRE, dense rock equivalent) or roughly twice the
amount of the deposit mapped on the ground. Up to
one-half of the erupted mass was therefore deposited
clsewhere as highly dispersed tephra.

Introduction

El Chichon volcano, in the state of Chiapas, south-
eastern Mexico, erupted explosively on March 29, 1982,
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ending a repose period of 550 years (Tilling et al. 1984;
Duffield et al. 1984). Following one month of intense
shallow seismic activity at about 5 km depth (Havskov
et al. 1983), three major eruptions and numerous minor
phreatic events occured between March 29 and April 4.
The three major eruptions occurred on March 29 (0532
UT), April 4 (0135 UT), and April 4 (1122 UT) and have
been designated as the A-1, B, and C eruptions,
respectively (Sigurdsson et al. 1984; Varekamp et al.
1984). The major eruptions produced widespread
tephra fallout and generated devastating pyroclastic
surges and flows (Sigurdsson et al. 1984). Nine villages
within a roughly 7 km radius of the volcano were
partially or completely destroyed by surges, and as
many as 2000 people may have lost their lives.

Much attention has been focused on the massive
injection of sulfur, as SO,, into the stratosphere and the
potential for climatic modification (e.g., Pollack et al.
1982; Luther and MacCracken 1982). The unusually
high sulfur content of the 1982 magma remains an
enigma (Luhr et al. 1984; Rye et al. 1984), yet promises
to greatly increase our understanding of the role of
sulfur-rich eruptions in climatic oscillations (Devine et
al. 1984; Rampino and Self 1982). Geochemical studies
indicate that the preeruption magmatic sulfur content
may have been as high as 2.3 wt %, (SO;) (Varekamp et
al. 1984; Devine et al.1984). Such high contents of sulfur
relative to the other, typically dominant, volatile con-
stituents, such as H,O and CO,, suggests that sulfur
may have played a significant role in the eruptions
(Carey and Sigurdsson, in preparation).

In another paper, we have documented the stratig-
raphy of the pyroclastic deposits from the 1982 erup-
tions of El Chichon and presented a model for the
evolution of eruptive processes (Sigurdsson ct al. 1984).
In this paper we focus on the grain size distributions,
isopleth and isopach geometries of tephra-fall deposits
from the three major 1982 eruptions and relate them to
variations in eruption column dynamics and atmo-



128

spheric transport by using information from satellite
imagery and a computer model of tephra fallout.

Satellite observations of eruption plumes

Dispersal of plumes from the three major eruptions was
recorded by the GOES-East weather satellite using
both IR and visible-band imagery (Ness 1982; Matson
1984). Each event was characterized by plume dispersal
in two principal directions: east-northeast and south-
southwest (Fig. 1). Radiosonde profiles from the me-
teorological stations at Veracruz and Merida (380 and
590 km northwest and northeast of El Chichon, re-
spectively) show that ENE transport was controlled by
tropospheric winds, extending up to 18 km in altitude,
whereas WSW transport was the result of stratospheric
winds above 18 km (Fig. 2). The differential transport
produced elongate plumes which initially expanded
symmetrically along a ENE-WSW axis. The ENE lobes
of the plumes show consistently higher velocities in the
latter stages of each eruption relative to the WSW lobes.
This is most likely the result of slightly higher velocity
tropospheric winds over the Yucatan Pennisula, as
shown by the radiosonde data from Merida and
Veracruz (Fig. 2).

The average velocities of plume fronts (ENE and
WSW lobes) for the A-1, B, and C eruptions were
determined from sequential GOES-East weather satel-
lite images {Table 1). Plume front velocities of the ENE

VERACRUZ AVERAGE

N
14.2
1957
1.54 12.4,16.6
MARGH 29,1982
0000Z-1200Z 5.89
9.68
7.6
23.9,
26.5 26.5
23.9

APRIL 4,1982
0000Z-12002

Carey and Sigurdsson: The 1982 eruptions of El Chichon volcano, Mexico

March 29, 1982
"A" Eruption 0532 GMT - 24°N
1h intervals

MERIDA:’-‘

Gulf of Mexico

20°

Mexico

GUATEMALA © 200km
. CITY
— SCALE

Pacific Ocean

1 1 L . |
101°W 96° 9le 86°

Fig. 1. Lateral growth of the March 29, 1982 (A-1) eruption cloud from
El Chichon volcano as recorded by the GOES weather satellite.
Contours are in one hour intervals. Bi directional spreadingis duetoa
combination of tropospheric (ENE) and stratospheric (WSW)
transport

lobes for the A-1 and C eruptions are in good agreement
with observed tropospheric winds. Available velocity
data for the B eruption are, on the other hand, restricted
to the first two hours of the event because of an
incomplete sequence of satellite photographs. During
the first hour all three of the major events have plume
front velocities which are up to 709 greater than the
local tropospheric winds. The high initial velocities can
be attributed to the forced intrusion of the plume into
the atmosphere, resulting in large lateral velocities.
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Table 1. Plume-front velocities and horizontal expansions

Eruption A-1 B C

ENE lobe

Ave. vel. (m/s)* 2109h) 44(2h) 30(7h
Max. tropo. wind vel. (m/s)* 26 (M) 26 (M) 28 (M)
WSW lobe

Ave. vel. (m/s) 1909h) 21 2h 19(7h)
Max. strato. wind vel. (m/s) 20(GC) 10(M) 10 (M)

Horizontal expansion® (km2/s) 6.0 117 6.0

{(M)-Merida radiosonde data
(GC)-Guatemala City radiosonde

® Average velocity of the plume front over the period indicated in
parentheses, e.g., 9 h
Rate of horizontal plume expansion for the first hour of each
eruption

Early horizontal growth of the plume over Mount St.
Helens during the May 18, 1980 eruption was in excess
of 55 m/s compared to the local maximum tropospheric
winds of about 30 m/s (Sarna-Wojcicki et al. 1981;
Sparks et al.1986).

The average velocity of the WSW lobe from the A-1
eruption is 19 m/s, in good agreement with the strato-
spheric wind velocity (Table 1). Unfortunately, strato-
spheric wind velocities on April 4 are not available from
the Guatemala City station. The maximum velocity
recorded at the more northern Merida station is only
one-half of the dispersal velocity of the WSW lobes
(Table 1) and is thus probably not representative of the
stratospheric velocities as far south as E1 Chichon based
on the difference recorded between these stations on
March 29. It is likely that the velocities on April 4 were
comparable to those measured at Guatemala City on
March 29. The assignment of WSW-lobe transport to
stratospheric altitudes is also supported by the gener-
ation of strong gravity waves by eruption columns
piercing the tropopause (Mauk 1983) and the pro-
duction of a stratospheric aerosol layer up to 30 km
(Hofmann and Rosen 1983; McCormick and Swissler
1983).

The lateral expansion of each plume with time was
also determined from the GOES-East satellite images
(Fig. 3, Table 1). The expansion of plumes from the A-1
and C eruptions are similar with initial expansion rates
of about 6 km?/s, which increase to 22 km?/s after 9 and
7 hours, respectively. At similar time intervals the rate of
expansion of both A-1 and C eruption plumes is larger
than in the May 18, 1980 eruption of Mount St. Helens
(3-10km?/s), and plumes from the 1979 eruptions of the
Soufriere on St. Vincent (3-9 km?/s, Fig. 3). Eruption B
has the highest intial rate of plume expansion (11.7
km?/s) of all the El Chichon events (Table 1).
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Fig. 3. Eruption plume area (km?) time for the three major eruptions
of El Chichon solid lines; the May 18, 1980 eruption of Mount St.
Helens, solid dotted line (data from Sarna-Wojcicki et al. 1981); and
four eruptions of the Soufriere, St. Vincent, dashed lines (data from
Krueger 1982)

The horizontal expansion of an eruption plume is
due to entrainment and thermal expansion of air, wind
shear, and diffusion. A buoyant plume rising in a
stratified environment such as the atmosphere will
spread out between two levels, H, and H,. The basal
level (H,) is the altitude at which the plume density is
equal to the ambient atmosphere, and the upper level
(H) is the maximum height attained by the plume as a
result of its excess momentum at H,. Between these
levels the plume spreads laterally as a forced intrusion
(Sparks 1986). Simple mass balance considerations
suggest that the radial velocity is directly proportional
to the mass flux at H,, and inversely proportional to the
distance from the plume center (Fig. 4). Thus, for
eruptions with large mass fluxes, radial velocities be-
tween H,, and H, can easily exceed local wind speeds.

Sparks (1986) has shown that the expansion of the
initial Mount St. Helens plume on May 18, 1980,
follows a trend predicted by the simple mass balance
model (Fig. 4). Data for the growth of the three El
Chichon plumes trend at an angle to the predicted
curves for various column heights (Fig. 4). Radial
velocities were measured perpendicular to the tropo-
spheric and stratospheric lobes in order to elimate the
contribution of wind shear. Compared to Mount St.
Helens and the predicted curves, the E1 Chichon events
decelerate more rapidly as a function of distance from
source. The departure of the El Chichon data from the
predicted trends at large radial distance may reflect a
decrease in the mass eruption rate with time or



130

300 -

_ ol o
) o S
T [ |

RADIAL VELOCITY, m/s

W
I

DISTANCE, km

Fig. 4. Change in radial velocity as a function of distance from source
for the umbrella regions of eruption columns 6.8-33.6 km in height
(solid lines) based on conservation of mass (adapted from Sparks
1986). Solid circles are data from the May 18, 1980 eruption of Mount
St. Helens (Sparks et al. 1986). The three eruptions of El Chichon are
plotted with open circles (A-1), open squares (B), and solid triangles
(C). Dashed curve represents the radius of the column at Hy for
various column heights. Radial velocities of the El Chichon plumes
were measured perpendicular to the major atmospheric transport
directions

alternatively may result from uncertainties in defining
the edge of the plume at large distances from source.

The radial velocity data suggest that all of the El
Chichon eruption columns were initially in excess of
25 km (Fig. 4). Of the three events, eruption B had the
highest initial eruption column and thus the highest
mass eruption rate. Eruptions A-1 and C were lower yet
comparable to each other in magnitude. Evidence for a
larger mass eruption rate during the B eruption is also
provided by the greater dispersal of lithics (Sigurdsson
et al. 1984) and by the numerical modelling of pyroclast
fallout presented later.

The satellite images allow estimates of the duration
of each event with the precision of £0.5 h (Table 2).
Eyewitness accounts, seismicity, and satellite images
can all be used to define the beginning of each event. On
the other hand, the end of each event is more difficult to
determine because of the gradual decline in activity and
lingering ash clouds which obscure the volcano. We
take the end of activity as the onset of significant
reduction in plume density and decrease in column
height as shown by the IR and visible band satellite
images. These are, therefore, maximum estimates for
sustained high-altitude column activity but minimum
estimates for total eruptive activity. Eruption B was the
shortest event of the three main eruptions at 4.5 hours.
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The longest event was eruption C (7 h), and eruption A-
1 was intermediate (6 h).

Distribution and thickness of tephra-fall deposits

Tephra fallout from the three major eruptions of El
Chichon affected a large area of southeastern Mexico
and part of Guatemala. The area enclosed by the 1.0
mm isopach for the total fall deposit was 4.5 x 10* km?
prior to compaction and erosion (Varekamp et al. 1984).
Deposition occurred primarily from plume lobes trans-
ported within the troposphere (< 18 km), as shown by
the ENE and E dispersal axis of the deposits (Figs. 5-7).
Four widespread tephra-fall layers were produced by
the A-1, A-2, B, and C eruptions. Details of the
stratigraphy, nature, and distribution of these layers
along with associated pyroclastic surges and flows have
been presented by Sigurdsson et al. (1984). In this paper
we present more detailed isopach and isopleth maps of
the tephra-fall deposits which have been updated by
field data collected in January 1983. Stratigraphic
nomenclature of the fall deposits and their relationship
to the 1982 eruptive chronology is presented in Table 2.

The A-1 deposit follows a curved dispersal axis, first
trending north, then sweeping to the northeast (Fig. 5).
This distribution is most likely the result of tephra
transport by both low-altitude N winds (<4 km) and
upper tropospheric NE winds as shown in the March 29
wind profiles (Fig. 2). The layer-B-fallout axis trends
east, with a slight S component. This dispersal does not
directly match the course of the eruption plume obser-
ved from the GOES satellite. The difference between the
deposit on the ground and the track of the high altitude
plume can be attributed to an increasing southerly compo-
nent of transport as tephra settled into lower altitude winds
(Fig. 2). The orientation of the layer-C-fallout axis is simi-
lar to A-1, although not as northerly, which may reflect a
dimunition of low altitude winds with a southerly compo-
nent later in the day of April 4.

The thickest fall deposit within a 25 km radius of the
volcano was produced by the A-1 eruption (Fig. 8).
Some erosion of tephra-fall deposit B by overlying
pyroclastic surges and flows did occur in the proximal
area, however, so it is possible that the original
thickness of layer B may have exceeded A-1. Thus, our
thickness data for layer B within 8 km of the crater are
minimum values. The thickness of layer B has a
maximum at about 6 km from the crater (Fig. 8). Similar
displacements of thickness maxima downwind from
source have also been noted for several other deposits
(Waitt and Dzurisin 1981; Williams and Self 1983;
Sigurdsson et al. 1985; Walker 1980).
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Table 2. E1 Chichon 1982 eruption chronology (All times are GMT)
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Date Eyewitness®®  Satellite” Seismic?

Duration (h)

Tephra-fall
Designation

Description

March 29 0532

March 30 - 1500 - -

March 30 - 2100 - ~4

March 31 - 1930 - -

April 2 17007 - - -
April 3 - 0000-0030 - -

April 3' - 0830-0900 0840 -

April 3 - 1500 - -

April 4 0135

April 4 1122 1130 1110 7

0530-0600 0515 ~5

0130-0200 0139 ~4

A-1 Major phreatoplinian eruption,
eruption column > 17 km plume
dispersed to the ENE and WSW

- Small explosion, plume dispersed to
the E about 120 km

- Smalil explosion, eruption cloud to
midtroposhere, plume dispersed
350 km to the N

- Small explosion, eruption cloud to
upper troposphere, plume dispersed
to the E

- Small explosion, mushroom-shaped
cloud rose to 3.5 km in 30 min

- Small explosion, plume dispersed to
the E

A2 Small eruption, eruption column
reached tropopause, plume dispersed
to the ENE and WSW

- Small explosion, plume dispersed to
the SW and SE

B Major plinian eruption, eruption
column > 17 km, plume dispersed to
the ENE and WSW, pyroclastic flows
and surges

C Major phreatoplinian eruption,
eruption column > 17 km, plume
dispersed ENE and WSW

® Havskov et al. 1983

b SEAN Bulletin, vol. 7 no. 3, 1982, and NOAA satellite images (Matson, personal communication)

Grain size and component proportions

The proximal fall deposits can be discriminated on the
basis of both grain size and component abundances, as
well as stratigraphic position. This is a particularly
useful feature where they occur interbedded with thick
pyroclastic surges and flows, and the section is only
partially exposed (Sigurdsson et al. 1984).

Within 10 km of the crater, the gray, basal, A-1 fall
layer is normally graded and comnsists of juvenile
trachyandesitic pumice lapilli, crystals of plagioclase,
hornblende, clinopyroxene, Fe-Ti oxides, and pre-
‘dominantly igneous lithic fragments. The overlying A-2
is thin, poorly sorted, and fine grained even in the
proximal area, as is typical of falls derived from
phreatomagmatic explosions (Self and Sparks 1978).
The poor sorting, however, can in part be attributed to
impacting and penetration of pyroclasts which fell
during the B eruption on the next day. Because of its
limited distribution, small volume, and difficulties in

obtaining a sample uncontaminated by the B-fall, the
A-2 layer will not be discusses further.

The second major fall deposit, layer B, is slightly
normally graded, yet quite distinct in appearance from
A-1 because of its reddish-gray color, caused by a high
content of oxidized and hydrothermally altered lithic
fragments. Figure 9 illustrates the difference in com-
ponent abundances between the fall layers at 6.5 km
from the crater. Layer B has a much higher proportion
of lithics (red and gray) in all grain-size intervals
compared to A-1, whereas layer C is intermediate
between these two.

Bulk grain-size distributions of the three tephra-fall
units have been determined at 6.5, 13, and 22 km from
source. Beyond this distance, the three layers cannot be
easily differentiated in the field and bulk grain-size
analyses have been carried out on a combination of all
three layers at 77, 137, and 173 km from source
(Sigurdsson et al. 1984). Samples collected 6.5 km from
source exhibit moderate to poor sorting with some
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Fig. 5. Isopach map of layer A-1 from the March 29, 1982 eruption of
El Chichon. Contour intervals in mm. Data collected during June
1982 and January 1983
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Fig. 6. Isopach map of layer B from the April 4 (0135 GMT), 1982
eruption of El Chichon. Contours in mm

polymodality in the grain-size distribution that can be
attributed to the hydraulic equivalency of an assem-
blage of variable density components (ie., pumice,
lithics, and crystals). Varekamp et al. (1984) cited a
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Fig. 8. Thickness versus distance from source for the A-1, B, and C
tephra-fall layers. Note the secondary thickness maximum in the B layer
and in the fall deposit from the May 18, 1980 eruption of Mount St. Helens
(data from Waitt and Dzurisin 1981)

strong bimodality of the A-1 layer with modes at -1.5
and 3.0 phi at 17 km from source. This distribution
results from combining the coarse base and fine top of
layer A. We have subdivided their layer A into layers A-
1 and A-2 and believe that they were derived from
separate eruptions (Table 2; Sigurdsson et al. 1984).
Polymodality is still, however, evident in our size
distributions, and Varekamp et al. (1984) have made the
important observation that particle aggregation is a
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Fig. 9. Component abundances as a function of grain size for the A-1,
B, and C tephra-fall layers. Dark-stippled pattern corresponds to
lithics, light-stippled pattern to pumices, and white pattern to crystals.
Fall layers were collected 6.5 km from source and are bulk samples

common feature in El Chichon tephra leading to coarse
aggregate tails on the dry-sieved size distributions of
distal samples. These “coarse tails“ are not evident in
our data set because our wet-sieving technique results in
a breakup of the aggregates.

The average of the 5 largest pumices and lithics
found in a standard cross section of each layer, 0.5 m* in
area, were used to construct isopleth diagrams for the
three fall deposits (Figs. 10-12). This technique provides
a consistent method by which deposits from different
eruptions can be compared. The data show that at a
similar distance from source, layer B is significantly
coarser, both in bulk grain size (Fig. 9) and maximum
lithics (Fig. 13), than either layer A-1 or C. For example,
at 5 km from the source, the maximum lithic size in layer
B is twice that of either A or C. The grain size of layer C
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Fig. 10. Maximum pumice and lithic isopleths for the A-1 tephra-fall
layer. Contours are in mm. Data are the average diameter of the five
largest pyroclasts found in a 0.5 km? area through the entire layer

is slightly coarser than A-1, with few exceptions, The
distribution of maximum pumices and lithics are used
below to assess the eruption column dynamics and
atmospheric transport of pyroclasts.

The grain-size data and isopach maps can be used to
qualitatively assess differences in bulk fragmentation
for each of the eruptions. As was pointed out above,
layer B is distinctively coarser than either A-1 or C, yet it
has the same thickness as layer C beyond 20 km from
source. Layer A-1 is the thickest deposit close to the
volcano, but becomes subordinate to layers B and C
beyond 25 km from the source. These observations
imply that layer B had the lowes-degree of fragmen-
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Fig. 11. Maximum pumice and lithic isopleths for the B tephra-fall
layer. Contours are in mm

tation because it has a coarse proximal component and
a moderate distal fine-ash component. In contrast, the
highest degree of fragmentation is represented by layer
C which has the largest distal fine-ash component.
Intermediate between the two is layer A-1 which
accumulated a large mass of material close to source
with a relatively small volume of fine ash in the distal
area.

Numerical modelling of pyroclast transport

The 1982 eruptions of El Chichon provide an oppor-
tunity to quantitatively examine the process of tephra
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Fig. 12. Maximum pumice and lithic isopleths for the C tephra-fall
layer. Contours are in mm

dispersal from explosive eruptions as both meteorologi-
cal data and field measurements of unmodified fall
deposits are available. Such data sets are important
tests and potential calibrations of tephra-dispersal
models designed to reconstruct the dynamics and
energetics of ancient explosive eruptions from the
physical properties of pyroclastic deposits.

The principal factors which control the distribution
of tephra from explosive eruptions are column height
and wind speed. Carey and Sparks (1986) have de-
veloped a theoretical model for the fallout and dispersal
of tephra which allows the role of column height and
wind speed to be discriminated. The model is based on
turbulent-plume theory (Morton et al. 1956) as mod-
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Fig. 13. Maximum average diameter of the five largest lithic clasts asa
function of distance from source for the A-1 (open circles), B (solid
triangles), and C (inverted solid triangles) E1 Chichon fall deposits.
For comparison, data from the May 18, 1980 eruption of Mt. St.
Helens (solid circles) (Carey and Sigurdsson, unpublished data), 79
A.D. eruption of Vesuvius (open triangles) (Sigurdsson et al. 1985),
and the 1820 B.P. Taupo eruption (open inverted triangles) (Walker
1980} are also shown. Data are from transects along the main
dispersal axis of each deposit

ified for volcanic eruptions (Wilson et al. 1978; Sparks
and Wilson 1982; Sparks 1986). A numerical simulation
of the model predicts the maximum distribution of a
specific particle size as a function of column height for a
given wind profile. By calculating the trajectories of
three separate particles, the shape of the area of
maximum distribution can be defined (Fig. 14). This
area corresponds to a particle isopleth, which is rou-
tinely constructed from field data, and can be character-
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ized by two parameters: the maximum half width
measured perpendicular to the wind direction and the
maximum downwind extent from the source (Fig. 14).
The half width is strongly correlated with column
height, as first suggested by Wilson (1978), whereas the
downwind extent depends on both column height and
wind speed. As a result, the geometry of particle
isopleths can be used to estimate both column height
and wind speed (Fig. 15).

Original calculations based on the theoretical
model assumed a wind profile that was unidirectional at
all altitudes as in Fig. 14 (Carey and Sparks 1986). In the
case of the El Chichon eruptions, however, the main
tropospheric and stratospheric transport were roughly
in opposite directions (Fig. 2). A new set of calculations
have been completed using a simplified wind profile
that incorporates the reversal of transport directions
(Fig. 16). The effect of the reversal is to decrease the
maximum downwind dispersal of particles from erup-
tion columns in excess of 21 km compared to the
predictions based on the undirectional profile. This can
be attributed to “back transport™ within the strato-
sphere before particles settle below the tropopause.

Isopleth data for the A-1, B, and C eruptions
generally fall close to the predicted trend for particle
sizes of 0.8, 1.6, and 3.2 cm in diameter (Fig. 17).
Eruption B tends to plot consistently on the downwind
side of the predicted curve suggesting that the simplified
wind profile may not be the best representation of the
environmental conditions during this event. The data
do indicate, however, that all of the eruptions produced
columns which peaked above 25 km. Maximum column
heights for the A-1, B, and C eruptions based on the
average of the 0.8, 1.6, and 3.2 cm isopleths are 27.3,
31.6, and 28.8 km, respectively.

Fig. 14. Schematic representation of
particle fallout from an eruption col-
umn in a crosswind. An upwind stag-
nation point develops at R where the
radial velocity in the umbrella region
(H~Hy) equals the crosswind velocity.
Radial flow is deflected by the cross-
! wind and passes through the down-
wind plane defined by H,, Hy, and ZR,
Particles A (upwind), B (side), and C
(downwind) are released from the
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outer radius of a particle support
envelope determined by the locus of
points where the average vertical ve-
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C velocity of the particle. Trajectories of
these three particles define the geo-
metry of isopleth measured on the
ground. Unidirectional wind profile is
shown at left
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Fig. 17. Crosswind range versus maximum downwind range for 0.8-,
1.6-, and 3.2-cm-diameter lithic fragments as calculated for eruption
column heights between 7 and 43 km using bidirectional wind profile
(Fig. 16). Solid circles are acutal isopleth data for the A-1, B, and C
eruptions. Inflections in the predicted curves results from “back
transport” in the stratosphere for eruption column above 20 km
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Tephra-fall volumes and mass eruption rates

Recent studies show that tephra volumes determined
from the mappable portions of fall deposits are signif-
icantly underestimated due to distal fine-ash deposition
beyond the mapped area (Walker 1980; Carey and
Sigurdsson 1980; Rose et al. 1982). Two techniques are
available to incorporate the distal fine-ash component:
(1) integration of the function of isopach area versus
thickness (Rose et al. 1973) and (2) mass balance based
on the proportion of crystals versus melt in the magma
(Walker 1980; Carey and Sigurdsson 1980). Walker
(1981) has shown that for the Taupo pumice fall,
integration to a minimum thickness of 1 micron is
required to match the volume of tephra calculated by
the crystal/glass fractionation method.

Gutierrez-Coutino et al. (1983) estimated the total
volume of tephra fall from the three major eruptions of
El Chichon to be 0.45 km® (DRE, dense rock equiv-
alent) based on isopach data collected less than three
weeks after the eruption (Table 3). These field data are
regarded as most reliable as they were collected prior to
compaction and erosion of the deposit by rainfall.
Extapolation of this isopach data to the 1 micron
thickness yields a total volume of 1.09 km* (DRE)
(Table 3) or about 2 times the volume of the mappable
deposit. By using the duration of each event and the
equation relating column height to thermal flux (Wilson
et al. 1978; Sparks and Wilson 1982):

H=5.773 (1+n)~¥8 [QsT]'*, (1)

where H is the column height in meters, n is the ratio of
vertical gradient of absolute temperature to the adia-
batic lapse rate, Q is the mass eruption rate, s is the
specific heat of the tephra, and T is the temperature
difference between the tephra and surrounding atmo-

Table 3. 1982 El Chicon tephra-fall volumes
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sphere, it is possible to calculate column height for the
discharge of a specific volume of tephra. A magmatic
temperature of §50° C has been adopted for all thermal-
flux calculations (Luhr et al. 1984). If we first assume
that the volume mapped on the ground represents total
erupted volume, then the average column heights for
the A-1, B, and C eruptions would be 16, 20, and 17 km,
respectively. On the other hand, the extrapolated
volumes would indicate average column heights of 20,
24, and 22 km, respectively.

Evidence of maximum column height in excess of
25 km for each eruption is provided by the numerical
modelling of pyroclast dispersal and the presence of a
stratospheric aerosol layer up to 30 km (Hofmann and
Rosen 1983). Normal grading in the deposits suggests,
however, that maximum column heights occurred at the
onset of each event and then diminished with time. A
complete reconstruction of the temporal evolution of
column height would require detailed measurements of
particle size as a function of stratigraphic height in the
fall deposits, but the low thickness of the deposits
preclude such analysis. Some insight into the relative
change in column height during the events can, how-
ever, be obtained from remote-sensing observations.
Satellite images of the three eruptions show a dense
WSW stratospheric plume being generated throughout
most of each event. There is no evidence of early
detachment of the stratospheric plume as might be
expected if the column height diminished rapidly to an
altitude below the tropopause. Further evidence for
sustained stratospheric plumes comes from the aerosol
layer produced by the 1982 activity (McCormick et al.
1984). Maximum backscatter ratios measured by lidar 3
months after the eruptions were between 25 and 30 km,
with a smaller subsidary peak between 22 and 24 km.
Similarly, ballonborne measurements of particle con-

Eruption Vol. (km®*  (DRE) Vol (km®°  (DRE)? MER® Col. H, (km)'
March 29 A-1 0.19 0.10 0.60 0.30 3.5x107 20

(0532 GMT)

April 4 B 0.36 0.19 0.79 0.39 6.0x 107 24

(0135 GMT)

April4 C 0.31 0.16 0.80 0.40 40x107 22

(1122 GMT)

Total 0.86 045 2.19 1.09

 Volume of fall deposits mapped on the ground 3 weeks after the eruptions, Gutierrez-Coutino et al. (1983)

® Dense rock equivalent of (1) based on tephra density of 1.3 g/cm® and magma density of 2.5 g/cm®

¢ Volume of fall deposits extrapolated to 1 micron thickness using the method of Rose et al. (1973)

4 Dense rock equivalent of (3) based of tephra density of 1.3 g/cm® and a magma density of 2.5 g/em®

© Mass eruption rate (kg/s) calculated from extrapolated fall volumes (3) and durations estimated from satellite imagery (Table 2)
f Average column heights calculated using eq. (1) and average mass eruption rates (4)
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centration revealed two major stratospheric layers, one
centered at 25 km and the other at 21 km (Hofmann and
Rosen 1983). It is likely that the altitude of aerosol
maxima reflects the level at which sustained input of
material occurred. Based on these observations we infer
that eruption columns from the three events sustained
for a significant portion of their duration at altitudes in
excess of 22 km. Such altitudes are more in line with
average column heights calculated from extrapolated
tephra volumes and thus suggests that about half of the
tephra fall was carried beyond the mapped deposit.
Maximum mass eruption rates calculated from
Eq. (1) and column heights determined from the numer-
ical modelling of pyroclast distribution are 1.1 x 108, 1.9
x 108, and 1.3 x 10® kg/sfor the A-1, B, and C eruptions,
respectively. Based on the presence of normal grading in
the fall deposits, we infer that these rates apply only to
the beginning of each eruption. Average mass eruption
rates calculated from the total duration and volume of
tephra produced by each event are shown in Table 3.

Discussion

Satellite images of plumes from the three major ex-
plosive eruptions of El Chichon together with meter-
ological data demonstrate that tephra was distributed
in two directions as a result of a major wind reversal
above the tropopause. The orientation of the fallout
axis and asymmetry of isopach contours for each layer
indicates that deposition occurred primarily from
plumes transported east-northeast in the tropopause.
The ash transported in the stratosphere was apparently
so fine grained that it settled out only after very wide
dispersal of the plume over the Pacific Ocean. Of the
three deposits, layer B is the least fragmented and
contains the largest amount of lithics. These character-
istics are the result of extensive erosion and disruption
of the old summit dome through which the vent system
penetrated (Sigurdsson et al. 1984).

Each of the eruption columns penetrated the tropo-
pause and generated strong gravity waves (Mauk 1983).
Based on considerations of tephra volumes, eruption
durations, and transport directions we infer that col-
umn heights were sustained for some time at an altitude
of at least 22 km for all of the major events. Matson
{1984) cited column heights of 18.5, 16.9, and 16.9 km
for certain periods of the A-1, B, and C eruptions,
respectively, based on the correspondence between
infrared-derived plume temperatures and radiosonde
profiles at Veracruz. Column heights were assessed
using the lowest plume temperatures, but as a result of
the temperature reversal at the tropopause, a unique
assignment of altitude is not possible. Eruption col-
umns in the range 21-25 km would register tempera-
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tures warmer than those near the tropopause and thus
choosing the minimum IR temperature would lead to

* an underestimate of the column height. Matson (1984)
did, however, ascribe stratosperic heights of between
21 and 24 km to eruption plumes from the B and C
eruptions based on transport directions and plume
velocities.

In early May and late July 1982 the stratospheric
cloud from the El Chichon eruptions was sampled
between 16.8 and 19.2 km as part of the Dept. of
Energy’s Project Airstream (Mackinnon et al. 1984).
The data collected on these missions provides impor-
tant constraints on the heights attained by the 1982
eruption columns. Samples consisted mostly of angular
glass shards with minor crystalline phases between 2
and 40 um in size. Many of the particles were in the form
of clusters, some of which exceeded 50 um in size.
Mackinnon et al. (1984) analyzed the particle-size data
from the two missions using the settling velocity
equations of Wilson and Huang (1979) and assuming
eruption cloud heights of 26 km. The predicted sizes of
particles at 18 km on the dates of the two missions are
close to measured values, confirming column heights in
excess of 25 km. Mackinnon et al. (1984) state, however,
that the largest particles collected at 18 km were
somewhat larger than the values predicted by the
Wilson and Huang equations, This descrepancy may be
due to a higher initial cloud top, i.e., >26 km. Our
modelling of particle fallout from the El Chichon
eruptions indicates that maximum column heights for
the A-1, B, and C eruptions were 27.3,31.6,and 28.8 km,
respectively. Thus, the stratospheric particle-size data
provides independent support for the results of the
theoretical fallout model.

Normal grading in the three El Chichon fall layers
suggests that eruption columns reached maximum
elevation early in each event. A reduction in column
height, i. e., in magma discharge rate, may have been the
result of decreasing overpressure in the magma cham-
ber and conduit system, a rearrangement in the geo-
metry of the vent/conduit system, or a change in the
rheological properties of the magma. Scandone and
Malone (1985) have suggested that the relative differ-
ence between magma discharge rate at the surface
{(MDR) and magma supply rate from depth (MSR)
controls the style of an explosive event. When MDR is
close or equal to MSR, a sustained explosive eruption
occurs such as the May 18, 1980 eruption of Mount St.
Helens (Carey and Sigurdsson 1985). If MSR becomes
less than MDR, an eruption tends toward a pulsatory
style because the level of magma fragmentation mi-
grates rapidly downward until fagmentation is even-
tually inhibited.

Scandone and Malone (1985) applied the model to
explain the change in eruptive style at Mount St Helens
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during 1980-1981. A systematic decrease in MSR at
Mount St. Helens with time was attributed to an
increase in magma viscosity as progressively more
volatile-poor magma was being tapped. The magma at
El Chichon was unusually crystal rich with up to 56
wt%; phenocrysts and microphenocrysts (Luhr et al.
1984; Carey and Sigurdsson 1985). This high degree of
crystallinity would result in a magma viscosity as high
as 2.5 x 10? poise (Mc Birney and Murase 1984; Shaw
1972), significantly greater than the magma erupted at
Mount St. Helens on May 18, 1980 (Scandone and
Malone 1985; Carey and Sigurdsson 1985). The rapid
succession of relatively short eruptions at El Chichon,
particularly in the period April 3-4, suggests that MSR
was less than the MDR, and that the Jow MSR may
reflect the crystal-rich and highly viscous nature of the
magma.

Fach event was probably preceded by a period
during which overpressure developed either as a result
of volatile exsolution or the density contrast between
magma and crust. Once triggered, perhaps by a phre-
atomagmatic explosion, each event had a high initial
magma discharge rate which then decreased as overpres-
sures fell and the magma disruption level migrated
downward. As a result, the fall deposits are relatively
thin and normally graded. Most fall deposits will, of
course, exhibit some normal grading as residual fine ash
in the atmosphere settles out after an eruption ceases,
but the lack of basal reverse grading, as observed, for
example,in the 79 A.D. Vesuvius fall deposit (Lirer et al.
1973; Sigurdsson et al. 1985), supports the interpre-
tation of high initial eruption columns.

The injection of tephra into the stratosphere by the
El Chichon eruptions was also accompanied by a
significant amount of sulfur, initially as gaseous SO ,. In
the months following the eruptions the sulfur com-
ponent of the stratospheric cloud underwent a gas to
sulfuric acid-droplet conversion (Hofman and Rosen
1984a; Hofman and Rosen 1984b). Ballonborne
measurements indicate that the total stratospheric
aerosol mass may have been as much as 1.8 x10'® g
(Hofman and Rosen 1983; McCormick and Swissler
1983; Mroz et al. 1983). The sulfur-rich aerosol cloud
showed two prominent peaks in particle concentration
as a function of altitude. A lower peak was centered at
about 21'km and an upper peak at 25 km (Hofman and
Rosen 1983). Gradually, however, the two layers mixed
and by the end of 1982 only a single broad peak,
extending from the tropopause to about 30 km, was
detected.

The origin of the two peaks, separated by a generally
clean intermediate region, may be related to variations
in mass discharge rate (i. ¢., column height) between the
three El Chichon eruptions. One possibility is that the
upper peak is associated with a particularly energetic
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eruption. We have shown based on satellite imagery
and the distribution of maximum lithics that eruption B
had the largest average mass eruption rate of the three
events and therefore may have been responsible for the
25-km aeorsol peak. In this scenario, the lower peak
would be attributed to a combination of the A-1 and C
eruptions. Alternatively, the numerical simulations of
tephra fallout suggest that all three eruptions had
maximum column heights above 25 km at least tem-
porarily during each event. We do not have enough
data to reconstruct the entire history of each eruption
column as the layers are thin, and only the maximum
particle size within each fall layer was measured in the
field. If the maximum column heights were discrete
pulses relative to some stable, average discharge, then
the upper peak could be interpreted as the cumulative
effect of the maximum discharges for all three eruptions,
whereas the lower peak represents the cumulative effect
of the average discharge during the events. We prefer
the latter interpretation at this time primarily because
of the results from the numerical simulations of tephra
fallout.

Conclusions

Three widespread tephra-fall deposits were formed by
the March 29 (0532 UT, A-1), April 4 (0135 UT, B), and
April 4 (1122 UT, C), 1982 explosive eruptions of El
Chichon volcano in southeastern Mexico. Dispersal
and grain-size characteristics of the layers indicate that
the eruptions were moderate plinian events with some
indication of phreatomagmatic activity. The rapid
succession of these relatively short-lived eruptions may
have been controlled by a relatively low rate of magma
supply at depth compared to the rate of magma
discharge at the surface. Each event generated an
eruption column which penetrated the tropopause and
was sheared in two directions by a reversal in wind
direction between 18 and 20 km. A numerical simu-
lation of tephra fallout used in conjunction with field
data on the maximum dispersal of lithic fragments
indicates maximum eruption column heights of 27.3,
31.6, and 28.8 km for the A-1, B, and C eruptions,
respectively. These correspond to maximum magma
discharge rates of 1.1 x 108,1.9 x 10®,and 1.3 x 10® kg/s.
Normal grading in the fall deposits indicates that
maximum column heights occurred at or near the
beginning of each event,

Two stratospheric peaks in sulfur-aerosol con-
centration at 18 and 25 km height, observed shortly
after the eruptions, may be related to the peak and
average discharges for the three events or, alternatively,
the upper peak may correlate with the more energetic B
eruption. New estimates of tephra-fall volume which
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take into account the widely dispersed fine-ash com-
ponent increase our original value of 0.74 km? (0.37
DRE) to 2.19 km® (1.09 DRE) total for all three
eruptions. Only about one-half of the total tephra fall is
present in the mappable portion of the deposits.
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