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ABSTRACT

The development of an automated program for charac-
terization of particles using a scanning electron microscope
(SEM) with an energy dispersive X-ray detector (EDS) has
greatly reduced the time required for analysisof particulate
samples. The SEM system providesa digita representation
of all particlesscanned such that further measurement of the
size, shape, and areaare a product of image processing. The
EDS and associated software providesinformation asto the
particles chemical composition. Data obtained from the
SEM by this method are reduced by computer to obtain dis-
tribution graphs for size, density, shape, and mineralogy.
These SEM results have been tested by comparisons with
results obtained by traditional optical microscopy —the
results obtained by optical microscopy support the SEM
resultsand providedetailsconcerningcrystalinity and glass
content.

This method was applied to the ash that damaged the
engines from the Boeing 747-400 flight of December 15,
1989 (Brantley, 1990), which flew into the ash cloud from
Redoubt Volcano. The sample was collected from the pitot-
static system and had not been exposed to any engine parts
that might have changedits characteristics. The sampleanal-
ysis presented here demonstratesthe capabilitiesand infor-
mation obtai nablefrom our automated SEM technique.

INTRODUCTION

Studies of volcanic ash particlescan be used to under-
stand problems associated with volcanic ash clouds such as
aircraft engine damage, visibility, atmospheric dispersion,
and deposition of ash (Heiken, this volume). By using sev-
eral anaytical techniques, particles can be characterizedin
terms of size, shape, mass, mineralogy, and chemical com-
position. These characteristicsprovide detailed information
necessary to understandthe nature of volcanic ash clouds.

METHODSOF STUDY
SAMPLE PREPARATION

L oose samples, such asthe ash collectedfrom the pitot-
static system, can easily be prepared by traditional thin-sec-
tion techniques. Thisinvolvesmixing the ash with epoxy on
amicroscopeslide and then polishing flat to adesired thick-
ness. Both the SEM techniqueand optical microscopy tech-
niquescan usethe samedlide.

If the sample has been collected on filters, it is neces-
sary to remove the particlesfrom thefilter medium. For ash
collected on cotton or paper filters, thefilterscan be ashedin
a low-temperature radio-frequency oven. The ashing
destroysthe filter material and leavesthe particlesunaltered.
The particles then can be mixed with epoxy and madeinto a
thin section.

SEM PARTICLE-ANALY SISPROGRAM

The SEM usesasoftwareprogram originally developed
by L.J. Lee Group, Inc. for identification of airborne asbes-
tos particles. It was modified to analyze volcanic ash parti-
cles. For each particle, the size, diameter, area, elemental
composition and density are recorded. The location of each
particleisalso noted for easy returnto aparticular particleif
detailed examination is needed.

TREATMENT OF DATA

Thedataisfirst transferred from the SEM into aspread-
sheet from which various operations are performed. These
operationscharacterizethe particlesasto their mineralogy,
morphology, densities, and abundances. The spreadsheet
and operations are done with BBN Software Products Cor-
poration's RS-1 software program (G. Luedemann and G.
Bayhurst, unpub. data, 1989).
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Tablel. Mined definitionsused in thisreport.

[Numbers in definitionscolumn indicateweight percent]

Minera Definitions
QUAZ. oo Siz D
Cacite.........c..covvvvevn. Caz>90
Magnetite...................... FetTi2®0
Gypsum/anhydrite............ Cat+Sz290,Ca>41,S>29
Mica/clay......................... CatK+Al+S =80 Fe> 4
K>4,23<81<80
Fedgpar.......cccocoeevnens Cat Na+K+ Al+8i=80;
Fe<4; Al+8i> 59, 30 <Si<80
Amphibde..........ccoe.... FetMg+K+Cat+Al+Si<80

Fe> 5K >3;28>Si>80

Using the chemical analysisfor each particle, the min-
eralogy is determined based on seven minerals or minera
classes. If the particle does not meet the criteriaof the min-
eral definitions(table 1), itislabeled as™ other." Becausethe
SEM givesonly chemical compositionand not crystal struc-
ture, the glass content of the ash is not available by this
method. The particles are then plotted according to the fre-
guency of their mineral content.

The mean diameter, which is based on 16 measure-
ments, is used to establish size frequencies. These size fre-
guencies are calculated for both mineral type and overall
bulk particles. The longest diameter measurement and the
shortest measurement are ratioed without regard to mineral-
ogy to provide an aspect ratio that gives an indication of
shape. Digital image representational so allowscomputation
of a shape factor given as the particle perimeter squared
divided by the product of itsareaand 4 pi.

By using the resultsfrom the chemical analysis, we can
determine the mass of each particle by combining densities
and diameters. The densities are based on valuesfor oxides
for each element in the particle such as Si0,, Na;O, and
Ca0. The masses are used in several ways. The mass for
each particlecan be plotted on alog cumulativemass versus
log diameter to give mass accumulation curves. The mass
distribution can also be expressed as a percent total versus
phi (phi = -logy X (diameter in mm)) and analyzed usingthe
sequential fragmentation/transport (SFT) model of Wohletz
and others (1989).

The final function of the softwareis to determinevari-
ous statistical values for each sample. Our statistics sum-
mary contains the mean, standard deviation, minimum, and
maximum for several parameters and automaticaly prints
out a summary sheet.

To verify our programs, we prepared chemical-compo-
sition standardsby grindingwell-characterized mineral stan-
dardsto a fine powder. The powderswere then prepared in
the exact same manner as the ash particles. To verify our
sizing-routinesoftware, we used National Institute of Stan-
dards and Technology (NIST) standards for particle size.
The softwareprogram that i dentifiesmineralsfrom chemical

analysis was aso tested by using these composition stan-
dards, achieving 95 percent or better correct identification.

PETROGRAPHIC METHODS

Several hundred particles were examined and counted
by standard petrographi cmethods on an optical microscope.
This method allows usto determinenot only the mineralogy
of the particle but aso if the particle is noncrystalline or
glass. The importanceof thisis that the glass component of
the volcanic cloud has a big influence on melting tempera-
tures (Swanson and Beget, thisvolume).

RESULTSAND DISCUSSION

The mineralogy of the ash particles determined by
chemical composition was about 70 percent feldspar. The
other componentswere quartz, magnetite, micaor clay, cal-
cite, and amphiboles(fig. 1). An occasional particleof gyp-
sum or anhydrite was also observed. By using farly large
ranges for defining the minerals or mineral groups, only
about 10 percent of the ash wasunidentified. Themajority of
unidentified particles appear to be mixtures of minera
phases that were probably welded on glass fragments. This
result suggeststhat about 10 percent of the sampleis com-
posed of lithic fragments.

The optical analysis gives another perspective of the
mineralogy in that the glass component can be readily iden-
tified. The results from the optical analysis showed that the
particlesare mostly plagioclasefeldspar (46.7 percent), with
many of them being fractured. The glasscomponent was sec-
ond most abundant at 28.6 percent. The following were
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Figure 1. Minerdogy o ash patides from the December 15,
1989, eruption of Redoubt VVolcano as determined by scanning
dectron microsoopy.
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Table 2 Buk chemidry o glass from Redoult volcanic esh
from December 15, 1989, eruption.

Species Weight percent
Yo 69.9
ALOs. 10.4
FeO.......ocooiiiiiiee 5.0
Mgl 05
10710 2 84
NagO..ooooi 4.3
KoO oo 0.1

minor components. pyroxene 2.8 percent, hornblendes 4.2
percent, opague minerals 5.6 percent, altered rock 7.0 per-
cent, and magnetite 5.2 percent. The petrographic name of
thissampleisa hornblende, two-pyroxeneandesite.

If we assume that the glass component has nearly the
samechemical composition as the crystallineminerals, then
the results of the two methods are in good agreement. For
example, if approximately 30 percent of the chemicaly
defined feldspar particles are noncrystalline, then the per-
centage of crystalline feldspar would be approximately 49
percent.

With our method, we are able to obtain bulk-chemistry
compositions by simply averaging each chemica compo-
nent. For example, the average SiO, compositionfrom our
Redoubt samplewas 69.9 percent. Because of the high glass
content, the overall bulk chemistry (table2) showeda higher
SiO; concentrationthan the magma erupted during thistime
(Nye and others, 1990). This result is, however, consistent
with other studies of Redoubt volcanic ash (Swanson and
Beget, 1991).

Our sizing routine showed that, for this sample, the
majority of the particles were 20 um or less (fig. 2). The
different mineral types can show dlight differencesin size
distributionfrom the overall distribution, but they still show
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Figure2. Szedidributionaof dl mineras contained in ash from
the Decamber 15, 1989, eruption of Redoubt VVolcano.

that most of the particlesare smallerthan 20 pm (fig. 3). The
information obtained from size distributions can provide
insight asto the factorscontrollingthe type of damage done
to aircraft engines. For example, if the ash encountered had
alarge percentageof coarseparticles, thenincreased damage
from abrasion might be observed. If the ash isfine, it will
melt more rapidly and contributeto the material adheringto
turbinesurfaces.

Aspect ratios can be used for several purposes. The
morphology of the particle can be described in this way.
Aspect ratiosthat are closeto 1 indicate that the particleis
approximately equant in shape. For exampl e, the aspect ratio
of the feldspar particles(and glass) showedthat about in one-
third of them were equant (fig. 4). Also, the average shape
factor for the sample is 1.16, which characterizes nearly
equidimensional, polygonal cross sections.

The mass distribution curve gives other important
information about the nature of the volcanic ash. In our
Redoubt sample, even though the small particles were the
maost numerous, they contributed only asmall amount of the
mass (fig. 5). Another way of looking at massdistributionis
the phi plot (fig. 6). Thisplot showsthat over 60 weight per-
cent of the sample occurs between 62 um (4.0 phi) and 125
pum (3.0 phi). The overall mean diameter is 78 pm.

SFT analysis shows that the size distribution is poly-
moda , whichislikely aconsequenceof the variousdensities
and shapes in crystals, glass, and lithics that determine the
mass-to-sizeratio. Furthermore, SFT analysis(fig. 7) shows
amean diameter of 3.68 phi (0.078 mm) and a standard devi-
ation of 0.79 phi (+0.57 mm, -0.033 mm) and predictsthis
distribution by three subpopulations: (1) crystals (mode =
0.210 mm), (2) lithicfragments(mode= 0.099 mm), and (3)
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Figure 4. Aspect ratios of feldsO{)ar particles from the December
15, 1989, eruption of Redoubt VVolcano. Aspect ratio is determined

by dividingthe longest diameter by the shortest diameter.
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Figure 5. Mass digribution curve of ash particles found in ash
from the December 15, 1989, eruptiondf Redoubt Volcano.
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Figure6. Ph szedidribution plot of ash particles from the De-
cember 15, 1989, eruption of Redoubt Volcano. Phi = —log, x (dii-
ameter in mm). Individua barsadong x-axisare labded with sizein

phl units,

glass (mode = 0.041 mm). The dispersion values of these
subpopul ationsare analogousto standard deviationsfor log-
normal distributions. In addition, the dispersion values have
physical significance: with increasing dispersion, subpopu-
lation distributionsare generally more peaked, which results
from more evolved particle fragmentation and size sorting.
The crystal subpopulation (1) has adispersion value of 0.50,
which reflects the tight distribution in size determined by
growth kinetics. Positive dispersion values generally come
about from particle aggregation or nucleation, whereas neg-
ative values arise from fragmentation and attrition. In con-
trast, the glass subpopulation (3) has a dispersion value of
-0.51, which isafunction of itsfragmentation and transport
history (dispersion values of -0.6 or greater are typica of
fragmentation by water-magmainteraction). Thelithic sub-
population (2) has a dispersion value (0.15) that indicates
some aggregation after its fragmentation.

The statistical summary (table 3) givesoverall averages
for many important parameters of the volcanic ash sample.
This summary can be used to study the differences between

different ashes or samples of the same ash.
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Subpopulation size charaderidics analyzed by the
suential  fragmentation/transport (SFT) modd of
Wohletz and ather§1989).

[ See Wohletzand others (1989) for additional explanation)

Subpopulation __Mode  Digperson Fraction
phi mm
Qystds 225(0.2100 0% 008
Lithic fragments 3 34(0.09%9) 015 007
Gass 4.60(0.041) -0.51 02
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Figure 7. Subpopulation size characteridtics of ash from the
December 15, 1989, eruption of Redoubt Volcano.

CONCLUSIONS

To understand the nature of volcanic ash clouds, we
must understand the nature of the particles that make up the
cloud. By combining SEM and optical petrographic tech-
niques with powerful software analysis and theorieson par-
ticle transport, we obtain detailed information on the

Table 3. Statisticd summary for Redoubt volcanic ash from
December 15,1989, eruption.

Average Sandard Maximum
deviation
Diameter (pm) 133 129 141.0
Aspectratio 35 31
Area(pm?) 284.0 889.8 11,989.0
Dendity (g/cm?) 242 0.79 6.6

characteristics of the particles in volcanic ash clouds. The
characteristics of the ash cloud will determinewhereit goes,
how long it will stay in the atmosphere, how much damage
it will causeto an aircraft, and itseffectson the environment.

The volcanic ash ingested by the Boeing 747-400 that
encountered the Redoubt ash cloud on December 15, 1989,
has characteristics of material derived from eruption of
andesitic magma by rapid release of high-pressure gases,
perhaps by a hydrovol canic mechanism. Optical microscope
inspection revealed glass, blocky shards of minerals, and
hydrothermally altered andesitic rock fragments. The chem-
ical anadysis derived from SEM analysis confirms the
andesitic nature of the ash. Size analysis shows fragmenta-
tion characteristic of an evolved fragmentation process, such
as is expected for a water-magma interaction. The shape
analysis revealed dominantly low shapefactors, characteris-
ticof hydrovolcanic ash. Knowing the chemical composition
and finding that a large fraction of particles have a glass
structure, the melting-temperature range can be estimated.
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