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Abstraet--Phyllosilicates are major components of the <2-/xm fraction (1-3 wt. % of most bulk specimens) 
in more than 50 samples of air-fall tephra from several 1980 eruptions of Mount St. Helens. In all samples, 
trioctahedral smectite is the major clay mineral. The integral series of 00~ reflections in ethylene glycol- 
treated samples indicates a lack of interstratification; absence of a peak near 5/~ after heat treatment, the 
060 peak at 1.54 A, and energy dispersive chemical analyses indicate that the smectite is a Mg- and Fe- 
rich, trioctahedral saponite. Minor mica and chlorite are present in the <2-/xm fraction of most samples, 
and some samples show a peak near 12/~ after heating to 550~ which is probably due to the presence of 
an interstratifled chlorite/collapsed smectite or chlorite/collapsed vermiculite. The tephra contains glass 
and crystals originating from new magma and lithic fragments incorporated from the pre-existing cone. The 
clay minerals in the tephra are lithic components stripped from older, hydrothermally altered rocks during 
explosive ejection. Cleaned pumice fragments, which are new magmatic components, lack smectite, but 
contain rare biotite in xenoliths. Old, hydrothermally altered rocks from the volcano's summit and from 
the debris-avalanche (former north flank) contain saponite together with chlorite and chlorite/smectite 
which may have formed from it. Saponite and zeolites that precipitated from neutral to alkaline hydro- 
thermal solutions line cavities in some of these rocks. The saponite was probably not subjected to magmatic 
temperatures because heating this material for 5 min at 750~ collapses it irreversibly to 10 A. Kaolinite, 
alunite, and opal, indicative of acid-sulfate alteration, were found only in the pre-1980 summit crater and 
the southwest thermal area, but were not evident in the lithic components of the 1980 deposits. 
Key Words---Chlorite/smectite, Mr. St. Helens, Saponite, Smectite, Tephra, Volcanic ash. 

INTRODUCTION 

The 1980 eruptions of Mount St. Helens in south- 
western Washington state produced a huge debris av- 
alanche, pumiceous pyroclastic flows, and a blanket of 
air-fall tephra or ash (hereafter called tephra) extending 
eastward hundreds of kilometers. This report examines 
the nature and origin of phases in the <2-/xm fraction 
of the Mount St. Helens tephra as well as in some of 
the other types of deposits. Minerals formed by post- 
eruptive alteration of the new deposits are not included 
in this study, but are reported elsewhere (Dethier et al., 
1981b; Keith et al., 1981). 

GEOLOGIC SETTING 

History 
Mount St. Helens is a stratovolcano composed of 

andesite and basalt flows, dacite domes, and pyroclas- 
tic deposits (Verhoogen, 1937). Late Pleistocene and 
Holocene pyroclastic flows and mudflows extend tens 
of kilometers from the cone (Mullineaux and Crandell, 
1962), and tephras cover large areas northeast, east, 

1 Present address: EXXON Production Research Co., P.O. 
Box 2189, Houston, Texas 77001. 

2 Present address: Los Alamos Scientific Laboratory, P.O. 
Box 1663, Los Alamos, New Mexico 87545. 

and southeast of the volcano (Mullineaux et al., 1975). 
For the last 2000 years, Mount St. Helens has been the 
most active volcano in the conterminous United States 
(Crandell et al., 1975; Hoblitt et al., 1980). The last re- 
ported eruption prior to 1980 was in the 1850s (Hoblitt 
et al., 1980), although small areas of active fumaroles 
and hydrothermal alteration were reported by Phillips 
(1941) and Friedman and Frank (1977). 

Activity and deposits o f  1980 
The 1980 activity can be divided into three stages 

(Figure 1): (1) a dormant stage preceding 27 March dur- 
ing which weak fumarolic activity occurred along the 
margin of the summit dome, (2) a phreatic stage from 
27 March to 17 May characterized by mild ultravulca- 
nian eruptions of steam (heated ground water) with lith- 
ic material, and (3) a magmatic stage beginning with the 
catastrophic plinian eruption (steady vertical stream of 
fragmented magma and gas) of 18 May and extending 
to the time of writing (summer of 1981). 

Phreatic stage. Phreatic eruptions began on 27 March 
with steam explosions and eruption of tephra onto the 
flanks of the volcano. The tephra of this stage contained 
only lithic components derived from old rocks inside 
the cone, but deformation measurements made in late 
April and early May showed the north flank of the vol- 
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Figure 1. Diagrammatic sketches of Mt. St. Helens showing 
three stages of activity. Pervasive hydrothermal alteration, 
including smectite formation, occurs in areas marginal to and 
within the summit dome, Goat Rocks dome, and underlying 
feeder pipes. During the dormant stage, minor fumarolic ac- 
tivity occurred at the summit dome margins. During the 
phreatic stage, the upper altered part of the cone was fractured 
by earthquakes and steam explosions. At the onset of the mag- 
matic stage on 18 May, the altered upper cone was incorpo- 
rated into peripheral deposits, primarily the debris avalanche. 

can t  to be bulging outward at a rate of about 1.5 m/day 
(Lipman et al., 1980), suggesting that an intrusion of 
new magma was underway (Figure 1). Extensive areas 
of red, brown,  and yellow alteration were reported by 
Verhoogen (1937) and Phillips ( 1941) in the area of  the 
old summit dome, and similar coloration was seen at 
the Goat Rocks dome on the north flank. The alteration 
was probably a result of pervasive fumarolic activity 
that accompanied dome emplacement during the 17th 
and early 19th centuries (Crandell et al., 1975; Majors, 
1980). Fumarolic  activity probably continued at a di- 
minshing rate until early 1980 as a result of sealing of 
solution channels by mineral deposition, and cooling of  
intrusive bodies. 

Magmatic stage. The magmatic stage (Figure 1) began 
on 18 May (Christiansen, 1980) when a magnitude 5 
earthquake triggered a catastrophic avalanche of the 
bulging north flank to form a 2.5 km 3 debris avalanche 
deposit  (Glicken et al., 1980) consisting primarily of 
old, altered rock (Figure 2). The removal  of the north 
flank uncapped the hydrothermal system, and possibly 
the magma chamber,  and was immediately followed by 
a large, laterally directed explosion, by eruption of 
pumiceous pyroclastic flows consisting of fresh, mainly 
glassy magmatic material (Melson et al., 1980), and 
by a plinian eruptive column which spread a blanket of  
tephra for hundreds of kilometers east of the mountain 
(Sarna-Wojcicki and Waitt, 1980). This tephra and that 
of subsequent eruptions contained both new magmatic 
and old lithic components.  

Additional tephra eruptions occurred on 25 May, 12 

June, 22 July, 7 August, and 16-18 October,  and suc- 
cessive domes of viscous dacite were emplaced onto 
the new crater  floor in June, August, and October. 

METHODS 

Samples 
More than 100 samples were analyzed from three 

types of deposits: (1) debris avalanche; (2) pyroclastic 
flows (Figure 2), collected mostly on 7 and 8 June, 1980; 
and (3) tephra (Figure 3), collected within one day of 
the eruptions of 18 May, 25 May, and 12 June. Samples 
of vesicular dacite from the June dome, tephra and 
blocks erupted onto the flanks of the cone during the 
phreatic stage, and rock from the summit dome and 
southwest thermal areas on the upper cone were also 
examined. More specific data on sample locations and 
dates of collection are given in Dethier et al. (1981a). 

Analytical methods 
Preparation. Samples were ultrasonically disaggregat- 
ed for 30 sec in distilled water. Grain sizes were ana- 
lyzed by wet sieving and sedimentation using methods 
of Jackson (1974). The clay fraction was separated by 
centrifugation using time and speed data of Jackson 
(1974). Fine clay fractions (<0.2/xm) were separated 
with a Sharpies 3 supercentrifuge using methods of  
Jackson (1974). Clay fractions were suctioned through 
porous ceramic plates to produce oriented aggregates 
for X-ray powder  diffraction (XRD). Bulk samples for 
XRD analysis were ground to <50/zm and side-packed 
into box mounts. Cristobalite and tridymite were con- 
centrated by centrifugation of samples in a tetrabro- 
moethane-acetone mixture with a specific gravity of 
2.36, which removes plagioclase and quartz that inter- 
fere with the identification of small amounts of these 
silica minerals. The dimethylsuifoxide method of Ab- 
del-Kader et al. (1978) was used to ascertain the pres- 
ence of kaolinite. 

X-ray powder diffraction. XRD analysis was carried 
out using a G.E. XRD-5 diffractometer with Ni-filtered 
CuKc~ radiation and a scanning rate of 2~ Bulk 
samples were scanned from 2 ~ to 65~ clay fractions 
were scanned from 2 ~ to 35~ under the following con- 
ditions: (1) air dry (50-60% RH), (2) solvated with eth- 
ylene glycol, (3) heated to 300 ~ for one hour, and (4) 
heated to 550~ for one hour. For  selected samples, the 
<2-/xm, <0.2-/.Lm, and <0.02-tzm fractions were satu- 
rated with Mg and solvated with both ethylene glycol 
and glycerol. Some of these samples were also satu- 
rated with Na and with K prior to heating. For  some 
samples, the clay and fine clay fractions were separated 

3 Any use of trade names is for descriptive purposes only 
and does not imply endorsement by the U.S. Geological Sur- 
vey. 
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Figure 2. Map of 1980 deposits and sample locations on and near Mount St. Helens. Modified from U.S. Geological 
Survey (1980). 

with a supercentrifuge, dried, and packed into box 
mounts for XRD analysis. 

Optical microscopy. Standard thin sections,  grain 
mounts, and grains cast into plastic blocks and made 
into thin sections were examined by petrographic mi- 
croscope. 

Scanning electron microscopy (SEM). Rock chips and 
tephra grains were cemented onto aluminum stubs, 
sputter coated with Au-Pd alloy, and examined with an 
AMR scanning electron microscope at 25 kV. 

Chemical analysis. EDX analysis of individual mineral 
particles was carried out with an Ortec multichannel 
analyzer attached to an EDAX detector on the scanning 
electron microscope. 

RESULTS 

Whole-rock composition 
Mineralogy. Vesicular glass constitutes at least 50% of 
most pyroclast ic flows and dome rocks (Table 1), and 
plagioclase (andesine) is the dominant mineral, fol- 
lowed by hypersthene, hornblende, opaque minerals, 
and small amounts of apatite (Korosec et al., 1980). 
One sample of the June dome contained cristobalite. 

The tephras (Figure 4, Table 1) contain more than 
50% glass (Figure 5A), as well as lesser amounts of 
quartz, ~-cristobalite, and tridymite, in addition to the 
minerals described above (Fruchter et al., 1980). The 
major XRD peak of cristobalite is generally masked by 
the 201 plagioclase peak near 22~ but concentration 
by heavy l iquid(Figure 6) showed both cristobalite and 
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Figure 3. Location map of air-fall tephra samples. 

~3.20.~ 

. .C, Pp 

D-SH-3 - 

SH-I-E 

SHY _ 

SH'D- 

io o 20* ~ 4~ ~c~ so" 2e c ~  

MARCH 
and 
APRIL 

MAYI8 

MAY 25 

tr idymite to be present  in most samples. In some tephra 
samples (e.g., sample SH-CH-I ,  Figure 4) tr idymite 
peaks are present  in the XRD pattern of the bulk sam- 
ple. Silica polymorphs are especially abundant in the 
lithic tephra of  the phreatic stage which contained con- 
siderably less glass than the magmatic-stage tephras. 
Silica polymorphs were also identified in the 18 May 
tephra by Fruchter  et al. (1980) and Farlow et al. 
(1981). Fruchter  et  al. (1980) indicated that quartz, 
tridymite, and cristobalite total 1-3% of the bulk teph- 
ra; tr idymite peaks in the XRD patterns of the bulk 
sample suggest that this value may be slightly low, but 
certainly not more than 10%. Traces of biotite were re- 
ported in the 18 May tephra (Fruchter  et  al. ,  1980) and 
were identified optically in the 25 May tephra. 

The debris avalanche is a heterogeneous mixture de- 
rived largely from old rocks of the upper cone. In ad- 
dition to plagioclase and other minerals which dominate 

Figure 4. X-ray powder diffraction patterns of randomly 
oriented whole-rock samples of air-fall tephra. Top three are 
from the phreatic stage and were collected from the flanks of 
the cone; the lower one is from the 25 May eruption; all others 
are from the 18 May eruption. SH-MS-1 is from Missoula, 
Montana, SH-D-1 is from Denver, Colorado. Q = quartz, T = 
tridymite, C = cristobalite, P = plagioclase. 

bulk samples, silica polymorphs are fairly abundant 
(F igure  5B), and hemat i te  is widespread .  Smal l  
amounts of  chabazite and phillipsite (Figure 5C, 5D) 
were identified as vesicle fillings in altered andesite. 

Silica polymorphs are persistent,  though minor com- 
ponents of rocks from the old cone. Cristobalite was 
reported in the groundmass of many St. Helens lavas 
(Verhoogen, 1937). Samples collected by one of the 
authors from near the summit dome in 1972 contain 
cristobalite and tridymite. Four  blocks blown out of the 
crater during the phreatic stage and collected at the 

Table 1. Minerals present in whole-rock and <2-tzm fractions of various products of the 1980 Mount St. Helen's eruptions. 

Tephra of 
Tephra of 18 May, 25 May, and 

27 March-17 May Debris avalanche 1980 pumice I and dome 12 June 

Mostly from whole-rock analyses 
Minor glass Minor glass Glass Glass 
Plagioclase Plagioclase Plagioclase Plagioclase 
Hypersthene Hypersthene Hypersthene Hypersthene 
Hornblende Hornblende Hornblende Hornblende 
Opaque minerals Opaque minerals Opaque minerals Opaque minerals 

Mostly from <2-/~m fraction analyses 
Smectite Smectite No clay minerals Smectite 
Mixed-layer Mixed-layer No silica polymorphs Mixed-layer 

chlorite/smectite chlorite/smectite (cristobalite in June dome) chlorite/smectite 
Chlorite Chlorite Mica 
Tridymite Tridymite Chlorite 
Cristobalite Cristobalite Tridymite 
Quartz Quartz Cristobalite 

Hematite Quartz 
Chabazite 
Phillipsite 

1 From pyroclastic flows. 
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Figure 5. Scanning electron micrographs of 1980 Mt, St. Helens deposits, (A) Sand-size particles of tephra which fell on 
Yakima, Washington (sample DLG-2Y); fine particles have been removed to improve clarity. Vesicular grains are glassy pumice; 
others are plagioclase and lithic fragments. Bar scale = 200/*m. (B) Clast from the debris avalanche (sample SHW-CW) con- 
tainingtridymite(triangu•artwinsandhexag•nalp•ate)andcrist•ba•ite(sma•l•ir•egu•argrains). Barscale = 10b~m.(C)Andesite 
clast from lhe debris avalanche (sample SHW-I) showing phillipsite (left half), chabazite (lower right), and smectite (upper 
right). Bar scale = 10/xm. (D) Zeolites and smectite coating a vesicle in an andesite clast from the debris avalanche (SHW-I). 
Some of the smectite coating was broken during sample preparation. Bar scale = 5 #m. (E) Surface of pumice grain from the 
same tephra sample as in (A) from which fines have not been removed. Note abundant submicrometer-size particles adhering 
to the vesicular glass. Bar scale = 2/*m. (F) Smectite coating from a clast in the debris avalanche (sample SHW- 1). Bar scale = 
2/xm. 
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Figure 6. X-ray powder diffraction patterns of unoriented 
whole-rock 18 May tephra from Spokane, Washington (sample 
SH-SK-1). Upper pattern is untreated, lower is the low density 
fraction removed in a heavy liquid of specific gravity = 2.36. 
The main peak on the lower pattern is cristobalite (C); minor 
plagioclase (P) and tridymite are also present. 

summit contain the following assemblages of silica 
polymorphs: (1) cristobalite, quartz; (2) cristobalite, 
tridymite, quartz; (3) quartz; and (4) cristobalite, trid- 
ymite. These rocks consist of fresh dacite, apparently 
from the pre-1980 summit dome. Thin section study of 
the blocks showed no alteration of mafic minerals and 
a fine-grained crystalline groundmass. Opal was found 
coating rock-slide debris in the southwest thermal area. 

Clay fraction composition 
Grain-size analyses of tephra samples showed that 

those from Yakima (SH-Z), about 150 km east of the 
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Figure 7. X-ray powder diffraction patterns of the oriented 
<2/xm-fraction of 18 May tephra from Spokane, Washington 
(sample SH-SK-1). Smectite (S), plagioclase (P), and cristo- 
balite (C) are present. 
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Figure 8. X-ray powder diffraction patterns of the oriented 
Mg-saturated, <0.2-/zm fraction of 18 May tephra collected 
near Spirit Lake (sample SFIW-SL-1, not shown on Figure 2 
but near sample SHW-8). 

volcano, are sands, whereas samples from more than 
400 km away at Spokane (SH-SK- 1) and Missoula (SH- 
MS-2) are silts. All samples contain 1-4% clay-size (<2 
/zm) particles. The erupted material probably contained 
a larger amount of fines, which were carried away by 
stratospheric transport (Farlow et al., 1981). Much of 
the fine material in the air-fall tephra appears to be ad- 
hering to the surfaces of larger particles, as shown in 
Figure 5E. 

Minerals abundant in the whole-rock samples are 
also present in the clay fraction. Plagioclase was de- 
tected by XRD in the <0.02-/~m fraction; such a fine- 
grained feldspar may result from abrasion due to high- 
velocity grain impacts during eruption. Clay minerals 
are the dominant component of the <2-/~m fraction. 

Smectite. Smectite (Fe-saponite) is the most common 
clay mineral in the <2-/zm fraction, accompanied by 
plagioclase and cristobalite (Figure 7). The 001 reflec- 
tion is -14 -15  A for air-dried (50-60% RH) specimens 
of all smectite examined. Saturation of several samples 
with either Na or K resulted in a 12-13 A spacing at 50- 
60% RH, suggesting that in its natural state, the smec- 
tire has two water layers and divalent interlayer cat- 
ions. The absence of an 003 peak in the XRD pattern 
of the ethylene glycol treated sample and of an 002 peak 
from the pattern of the sample heated to 550~ (Figure 
8) has also been observed by the authors for smectites 
with high octahedral iron. These peaks are also absent 
in calculated patterns of Fe-rich smectite. The 060 peak 
at 1.54 A for the unoriented <0.2-/~m sample shows the 
smectite to be trioctahedral. A regular series of basal 
reflections for all specimens treated with ethylene gly- 
col indicates a minimum of mixed layering. Glycerol 
solvation of  Mg-saturated samples resulted in an ex- 
pansion to 18 A. 

An EDX analysis for smectite filling a vesicle in an 
altered clast from the debris avalanche (Figure 5F) in- 
dicates large amounts of Mg and Fe compared with AI; 
Ca is presumably in the interlayer position. Chemical 

https://doi.org/10.1346/CCMN.1982.0300401 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1982.0300401


Vol. 30, No. 4, 1982 Clay minerals in the 1980 Mount St. Helens deposits 247 

o 

IOA 
S 

\ 

M " ~  SHW-16 D 

• 
SHW-15W 

~ ' / ~  SHW-GB 

~ SHW-14W 

~ SHW-4W 

3 4 5 6 7 8 9 I0 II 12" 14"20 CuKcx 

Figure 9. X-ray powder diffraction patterns of the oriented, 
<2-tzm fraction from materials collected on the debris ava- 
lanche. All have been heated to 550~ S = collapsed smec- 
tite, C = chlorite, and ML = mixed-layer chlorite/collapsed 
smectite. 

analysis of the smectite in most of the deposits was not 
possible due to interference by other minerals. 

Mica. Minor amounts of mica in some of the deposits 
are indicated only by a small 10-A peak which is un- 
affected by ethylene glycol or heating. The presence of 
biotite in the coarser fraction suggests that this mica- 
ceous clay is probably biotite. 

Chlorite. Small amounts of chlorite in many types of  
deposits are indicated by a small XRD peak at 14 A after 
heating to 550~ (Figure 9). In a few samples the 7-A 
peak of chlorite was observed in XRD patterns of the 
unheated specimens. 

Mixed-layer chlorite/smectite. Chlorite/smectite is the 
second most widely distributed clay mineral and is 
present in small amounts in most of the deposits. It was 
identified in samples heated to 550~ by a distinct XRD 
peak or a diffuse bump or shoulder between 14 A and 
10 A. This mineral resembles chloritic intergrade de- 
scribed from soils (Jackson, 1963) as resulting from ir- 
regular distribution of A1- and Fe-hydroxy groups in the 
interlayer spaces of 2:1 minerals. Diffractograms show- 
ing discrete collapsed smectite with various amounts 
of chlorite and mixed-layer chlorite/collapsed smectite 
are shown in Figure 9. Because of interference by dis- 
crete smectite,  the response of the mixed-layer chlorite/ 
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Figure 10. X-ray powder diffraction patterns of the oriented, 
ethylene glycol-treated <2-/zm fraction from tephra from the 
phreatic stage, collected from the lower flanks of the volcano. 
Smectite (S), plagioclase (P), cristobalite (C), and tridymite 
(T) are present. Quartz (Q) is from the mounting plate. Sample 
dates and locations are in Dethier et al. (1981). 

smectite to ethylene glycol or potassium treatment or 
to Mg and glycerol treatment was ambiguous; the min- 
eral could just  as well be called chlorite/vermiculite or 
chloritic intergrade. Although the proportions of chlo- 
rite and smectite are variable, they are nearly equal in 
samples showing a distinct peak near 12 A. The poor 
quality of the XRD patterns (probably a result of  poor 
orientation due to the presence of non-phyllosilicate 
minerals) precluded determinat ion of  whether the 
mixed-layer phase is ordered or random. 

Kaolin group. A kaolin-group mineral is present only 
in samples of rock-slide debris from the southwest ther- 
mal area. The mineral has a broad peak at about 7.4/k 
which collapses to 7.2 )k on heating to 300~ The large 
spacing and the presence of a strong 02 peak at about 
4.4 )k in oriented specimens suggest that this mineral 
is dehydrated halloysite, or poorly crystallized kaolin- 
ite. 

Distribution of  clay minerals 

Phreatic stage and old rocks. The dominant clay min- 
eral in the phreatic tephras of 27 March-17 May is 
smectite (Table 1, Figure 10); also present are chlorite/ 
smectite and chlorite. The quartz peaks in some of the 
diffractograms of oriented aggregates are due to the 
porcelain plate and shot~ld be disregarded. The debris 
avalanche deposit  (Table 1) is a heterogeneous mixture 
of old rocks from the upper cone, many of which were 
subjected to hydrothermal alteration prior to 1980. Clay 
minerals in this deposit are similar to those in phreatic 
tephra, with dominant smectite; chlorite and chlorite/ 
smectite appear  to be slightly more abundant than in 
the tephra. In some of the clasts (Figure 5D, 5F) smec- 
tite and zeolites line cavities where they have obviously 
precipitated from solution. The four blocks blown out 
by phreatic eruptions which were described above with 
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Figure 11. X-ray powder diffraction patterns of the oriented, 
ethylene glycol-treated <2-/~m fraction from 18 May tephra. 
M = Mica, C = cristobalite, Q = quartz (in mounting plate), 
S = smectite, P = plagioclase. 

respect  to their silica polymorphs contain no clay min- 
erals. Samples of  altered dacite collected near the sum- 
mit in 1972 contain tridymite, cristobalite, and alunite, 
but lack smectite and chlorite. 

Magmatic stage. Four  specimens of pumice from the 
18 May pyroclastic flows were broken open in order to 
select a sample free of adhering tephra. These were 
ground and ultrasonically disaggregated, and the <2- 
/zm fraction was analyzed. None contained any clay 
minerals. Similar results were obtained with several 
samples of the June dome (Table 1). All samples of 
tephra (Table 1) from the 18 May, 25 May,  and 12 June 
eruptions contain dominant smectite and generally mi- 
nor or trace amounts of chlorite and chlorite/smectite 
(Figures 11 and 12). Unlike the other deposits,  these 
samples also contain minor amounts of mica. 

DISCUSSION 

Source of constituents in tephra 
Clay minerals are minor constituents in all samples 

of the tephra. Because they cannot have existed at mag- 
matic temperatures,  the clay minerals allow an estimate 
of the amount of lithic (old rock) material stripped from 
the vent area during eruption. 

Magmatic components. The pumice of the pyroclastic 
flows, except  for rare xenoliths, is entirely new mag- 

C,P 

Q 

SH-PA-I 

SH-CH-I 

4 ~ 6 ~ 16 ~ 2Q* 30 ~ 2 0  Cu K ( ~  

Figure 12. X-ray powder diffraction patterns of the oriented, 
ethylene glycol-treated <2-/xm fraction from 25 May tephra. 
Symbols same as for Figure 11. 

matic material formed during 1980, suggesting that 
some fraction of the plagioclase, hypersthene, horn- 
blende, magnetite, and glass in the magmatic-stage 
tephras is of new magmatic origin, and that all other 
minerals are lithic components derived from old rocks 
of the cone. A possible exception is the cristobalite in 
one sample of the June dome. The dome cooled more 
slowly than the tephra or  the pumice,  and some of  the 
glass may have devitrified to cristobalite (Lofgren, 
1971; Keith and Muffler, 1978). Because the tephra 
cooled rapidly,  it seems unlikely that the cristobalite in 
the tephra could have an origin similar to that in the 
dome. 

Lithic components. Clay minerals and silica poly- 
morphs are abundant in the debris  avalanche and 
phreatic tephra, both of which are composed of old 
rocks of the volcano blown out as lithic components of 
the May 18 and later tephra. Some cristobalite and trid- 
ymite, as well as poorly crystallized lithic fragments, 
could be derived from the solidified carapace o f a  cryp- 
todome emplaced during the phreatic stage and incor- 
porated into the 18 May tephra in the same manner as 
other lithic fragments. Although such minerals are part 
of the 1980 magmatic material, they are here considered 
lithic components  with respect to the tephra. Fruchter  
et al. (1980) described cristobalite-containing rock frag- 
ments in the tephra which may be pieces of devitrified 
glass common in the old rocks. Rose and Hoffman 
(1980) suggested that some of the coarse crystals of pla- 
gioclase, hypersthene, etc. in the tephra may also be of 
lithic origin. 

Clay minerals constitute at least 1% of the bulk 
tephra, and silica polymorphs (Fruchter  et at., 1980) 
constitute about 3%. Therefore, at least 4% of the teph- 
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ra consists of lithic fragments. These same minerals 
are also minor components of the old cone rocks from 
which the lithic fragments were derived. Assuming that 
the old cone rocks contain an average of 16% clay min- 
erals + silica polymorphs, the total amount of lithic 
fragments in the tephra would thus be about 25%. This 
value is a minimum because clay minerals and silica 
polymorphs, based upon XRD patterns, do not appear 
to constitute as much as 16% of bulk samples of most 
old rocks. 

Origin of smectite 
Smectite probably formed by relatively low-temper- 

ature hydrothermal alteration within the cone. Fe-sap- 
onites are common low-temperature alteration prod- 
ucts of andesite and basalt. The lowest temperature 
zone at a Hawaiian geothermal well (<325~ is mont- 
morillonite-rich (Fan, 1979), and smectite and minor 
chlorite were encountered at 1200 m depth (< 120~ in 
a drill hole sunk at the summit at Kilauea, Hawaii (Kel- 
ler et al., 1979). Kristmannsdottir (1979) reported Fe- 
saponite without chlorite interlayering at temperatures 
below 200~ in a geothermal well in Iceland, and ex- 
perimental alteration of basalt by seawater at 150~ 
(Seyfried and Bischoff, 1979) produced Fe-saponite as 
the major product. The saponite at Mount St. Helens 
probably formed from components derived from solu- 
tion of mafic minerals and glass. The precipitation of 
zeolites and saponite (Figure 5C, 5D, 5F) suggest al- 
teration by a hydrothermal system under neutral to 
mildly alkaline conditions and at temperatures gener- 
ally below 200~ How much, if any, of such alteration 
occurred during the 1980 activity is not known, but it 
is likely that the alteration is the result of long-term hy- 
drothermal activity after a previous eruptive episode, 
rather than newly-formed in the 2 months prior to 18 
May. 

In contrast, Yoder and Tilley (1962) formed smectite 
and mica by rapid quenching of hydrous basaltic melts. 
The mica and smectite in the Mount St. Helens tephra 
may have originated by quenching, but the absence of 
these minerals in the pyroclastic flows, which must also 
have been rapidly quenched, leaves such an origin in 
doubt. 

Origin of mixed-layer chlorite/smectite and chlorite 
Many studies of geothermal wells in volcanic areas 

have shown that the smectite zone described above 
changes at increasing depth to a zone of mixed-layer 
chlorite/smectite and ultimately to a zone of chlorite 
(e.g., Fan, 1977; Kristmansdottir, 1979). Thermal gra- 
dients at Mount St. Helens have probably varied both 
vertically and horizontally, away from cooling domes 
and intrusives. The mixed-layer chlorite/smectite and 
chlorite in many samples may have formed by the trans- 
formation of saponite at elevated temperatures near 
domes or cryptodomes by uptake of hydroxyls. Krist- 

mannsdottir (1979) found that mixed-layer chlorite/ 
smectite appears between 200 ~ and 240~ above 230 ~ 
250~ chlorite is the dominant phase. Seyfried and Bi- 
schoff (1981) reported mixed-layer chlorite/smectite 
from the experimental reaction of diabase and seawater 
at 300~ At Mount St. Helens, the debris avalanche 
and tephra samples represent an average sample of al- 
tered rock, and the dominance of smectite suggests that 
most of the alteration took place at temperatures below 
those of the chlorite zone. Some chloritic minerals 
could have been derived from chloritized biotite in the 
lithic fragments, although no large flakes of such ma- 
terial were observed. 

Origin of mica 
Biotite has been detected optically in coarser frac- 

tions of tephra and has also been identified by electron 
microprobe analysis (Fruchter et al., 1980). Because 
biotite was not observed as a primary constituent in the 
pumice or dome, it is probably a lithic or xenocrystic 
component of the tephra. Mullineaux et al. (1975) 
found biotite in the oldest (>38,000 years b.p.) depos- 
its, and it is also present in xenoliths and in the nearby 
Spirit Lake Pluton which may in part underlie the vol- 
cano. Another possible origin of the 10-A peak on the 
diffractograms is from irreversible collapse of smectite 
upon heating within the cone or during eruption, as sug- 
gested by the experiments described below. 

Origin of silica polymorphs 
Cristobalite, tridymite, and quartz may form either 

during prolonged cooling (devitrification) of glassy ma- 
terial at high temperatures (Keith and Muffler, 1978; 
Lofgren, 1971) or by hydrothermal alteration at much 
lower temperatures (Jones and Segnit, 1972). Certainly 
some cristobalite and tridymite formed by devitrifica- 
tion, such as that in the June dome or in the four summit 
blocks which were otherwise unaltered. Cooling his- 
tory may control which polymorph will form, as sug- 
gested by Keith and Muffler (1978), however, euhedral 
tridymite and cristobalite (Figure 5B) in altered rocks 
within the debris avalanche may have formed at low 
temperature from hydrothermal solutions. 

Temperature of the plinian cloud 
The presence of smectite in tephra places some limits 

on the temperature of the vent area and of the eruptive 
cloud. Heating experiments in air at 1 atm show that 
the Mount St. Helens saponite collapses irreversibly 
upon heating to 550~ for 1 hr or to 750~ for 5 min. 
Although the experiments were not exactly equivalent 
to the conditions of eruption and saponite is stable at 
high temperature and water pressure (Iiyama and Roy, 
1963), the pressure must have been close to atmospher- 
ic once the eruptive column left the vent area. Thus, 
the temperatures within the plinian cloud immediately 
after eruption must have been below 750~ Lower 
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temperatures inside the eruptive column are also sug- 
gested by the fact that the cloud was not glowing during 
eruption, and by infrared measurements of 177~176 
for the outer part of the eruptive column (Rice, 1981). 

Origin of  smectite in andosols 

Chichester et al. (1%9) reported smectite, chlorite, 
and chlorite/smectite intergrade from soils derived 
from Mazama tephra in Oregon and discussed the dif- 
ficulty of determining if these minerals are pedogenic. 
Dudas and Harward (1975) established that these soil 
clays were inherited from lithic constituents of the 
pumice for the proximal tephra and from subjacent 
materials for tephritic soils greater than 100 km from 
the eruptive center. The presence of similar minerals 
in the 1980 Mount St. Helens tephra supports the con- 
clusions of Dudas and Harward (1975). 

Comparison with other Cascade volcanoes 

Alunite, kaolinite, and opal, commonly formed by 
acid-sulfate alteration at other Cascade volcanoes such 
as Mount Baker (Frank, 1982), Mount Adams (Fowler, 
1935), Mount Hood, and Lassen Peak, are minor or 
absent in the new deposits at Mount St. Helens. At 
these volcanoes, oxidation of sulfur at the surface pro- 
duces sulfuric acid which percolates downward 
(Schoen et al., 1974). At Mount Baker, the summit area 
is extensively altered to kaolinite, alunite, pyrophyllite, 
opal, and cristobalite, and large debris avalanches of 
fractured, poorly indurated, altered rock have carried 
these minerals far down the flanks of the cone (Frank 
et al., 1975). 

At Mount St. Helens, minor kaolinite, cristobalite, 
tridymite, and opal were identified in the upper 30 cm 
of debris that mantled the old southwest thermal area. 
The debris originated in rubble spalling off the summit 
dome, but acidic alteration probably occurred in place 
by weak fumarolic activity in the thermal area. The 
rock temperature at the point of sampling in 1976 was 
52~ Alunite, tridymite, cristobalite, and quartz were 
present in the rim of the old summit crater. These areas 
and a similarly active thermal area on the north side of 
the cone at the ridge near The Boot (Phillips, 1941) con- 
tained the only known deposits of acid-sulfate altera- 
tion on the cone. Such minor acidic alteration is con- 
sistent with a sealed hydrothermal system which 
inhibits fluid discharge and attendant oxidation and 
acidification at the surface. Other evidence for a sealed 
hydrothermal system is the low level of pre-1980 ther- 
mal activity for which Friedman and Frank (i977) es- 
timated a volcanogenic heat discharge in 1973 of only 
0.1-0.3 megawatts from 1000-2000 m 2 of thermal 
ground--one to two orders of magnitude less than heat 
discharge at about the same time from Mount Baker, 
a volcano with a poorly sealed hydrothermal system. 

SUMMARY AND CONCLUSIONS 
(1) The tephra from the 18 May and subsequent erup- 

tions of Mount St. Helens contains a new magmatic 
component of glass, plagioclase, hypersthene, horn- 
blende and magnetite, and a lithic fragment component 
of these same minerals plus Fe-saponite, mixed-layer 
chlorite/smectite, chlorite, mica, and silica polymorphs 
(cristobalite, tridymite, quartz). 

(2) New pumice from the pyroclastic flows contains 
no lithic fragments (except for xenoliths) suggesting 
that the lithic material in the tephra was derived from 
old rocks of the vent area by explosive pulverization 
during eruption. 

(3) The minimum percentage of lithic material (in- 
cluding plagioclase and other crystals derived from pre- 
1980 rocks) in the magmatic-stage tephra, estimated 
from the amount of clay minerals and silica polymorphs 
in new and old deposits, is/>25%. 

(4) The debris avalanche is a jumble of old, partially 
altered rocks from the former summit area which, in 
addition to glass, plagioclase, hypersthene, horn- 
blende, and magnetite, contain Fe-saponite, chlorite/ 
smectite, chlorite, zeolites, and silica polymorphs. The 
silica polymorphs may have formed hydrothermally or 
by the devitrification of glassy lavas and dome rocks. 
The clay minerals resulted from rock alteration by a 
geothermal system within the cone at temperatures 
largely below 200~ The presence of zeolites and hy- 
droxy-interlayered saponite (chlorite/smectite) sug- 
gests mildly alkaline to neutral conditions in the geo- 
thermal system. 

(5) The absence of kaolinite, alunite, and opal in the 
debris avalanche and only minor occurrences of these 
minerals near the pre-18 May summit dome indicate 
that prior to 18 May t980, the geothermal system was 
sealed and allowed only minor fluid discharge and at- 
tendant oxidation and acidification at the surface. 
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Pe3mMe----~HYLqOCHJIHKaTbI $tBJIgIOTC~I FJIaBHbIMH KOMnOHeHTaMH qbpaKllnH pa3MepOM <2 /~M (1--3 Beco- 
Boro % 6o~IbmnncTaa OCHOBHbIX THnOB) B 6o~ee, qeM 50 o6paattax n3 BO3~ymHo-oca~oqHbIX Teqbp, naaep- 
;~ennblx npn necKoabKnx BapblBaX ayJiKana FopbI CB$ITOfi Eaenbl U 1980 ro~ly. TpexoI~Taa~pnqecr, nfi 
CMeKTnT nBngeTCfl raaaHbIM ramlnCTbIM Mnnepa~oM aO acex o6paaI~ax. Hoanan cepnn oTpamenn~l 00r 
o6pa3uoB nocJIe o6pa6oTr, n a aTrtaenoaoM rnnKoae yKa3blBaeT na OTCyTCTBHe BnyTpnnannacToaanng; 
OTCyTCTane nHKa a nO6nHaOCTn 5 A noc~Ie narpeBa H npHcyTCTBne nHKa 060 npH 1,54 ,~, a TaKme JIHC- 
nepcHbI~ XHMHUeCI~H~ anasIH3 yKaa~,Iaa~T Ha TO, qTO aTOT CMeKTHT nBJIneTCn Mg- H Fe-6oraT~,iM 
TpeXOKTag~KHqeCKHM CaHOItHTOM. neaHaqnTeJlbHble KOJIHqeCTBa CJ'lIO~bl H XJIOpltTa UpHCyTCTBylOT BO 
qbpaxnHH pa3MepOM <2 /XM B 6OJ~bmrIHCTBe o6pa3I~OB, H ne~oTopbie orpa3I~bI rIMetOT nHK ~ IIor.rlH3OCTH 
12 A nocJ~e narpeBa ~Io 550~ qTo, BepO~THO, CB$13aHO C npHcyTCTBHeM BHyTpHnan~acTOaaHHbIX XJ~OpH- 
TOB/OIIaBnlHX CMeKTHTOB ~ XJ'IOpHTOB/OHaBnn, IX BepMHKyJIHTOB. Teqbpa co~ep:~v~IT CTeK.qO H ~pHCTaJIJIbI, 
npoHcxo;amtme n3 HOBO~ MarMb~ H J1HTOBblX dpparMeHTOB ri3 npenr cy~ecTBy~on~ero Kortyca. FJm- 
H-IHCTble MltHepa.rIbl B ByJIKaI-IHqeCKOM neneae ,.qBJLqlOTC~ JIHTOBbIMH KOMnOHeHTaMI{ OT~e.rleltHblMH OT 
~IpeaHe~tunx nopo)l, rn~poTep~a.abno n3MenenHbiX BO apeMn B3pblBOB. tlHCTble qbparMenTb~ neM3bI, 
~OTOpbIe aB~I~I~TCn HOB~IMH MarMOB~IMH KOMnOHeHTaMH, He coaep>KaT CMeKTHT, no co~epmaT pe~Kafi 
6nOTHT B Kceno~InTax. ~peBrme, rvl~poTepMas~brto rt3MeHerm~e nopo~,~ n3 nnKa ay~Ii<ana n H3 aaann 
(npemHan ceBepngg CTOpOHa) coaepmaT canonnT aMecTe c X~IOpHTOM H X~IOpnTOM/CMeI<TnTOM, KOTOpbIe 
MOryT o6pa3OBaThC~ H3 aTnx nopo~I. CanonnT H tleo~IHTb~, l<OTOpble oca~a_anc~ OT He~TpahbnbIX JIO 
~eJIoqnbIx ra~poTepMa~Ibn~x paCTBOpOB 3aneraioT i~eml neroTopb~x H3 OTHX nopo~. BeponTuO, cano- 
HHT He no~BepraeTc$i MaFMOBbIM TeMnepaTypaM, HOTOMy qTO HarpeB ~TOFO MaTepHaJIa B TeqeuHe 5 MHHyT 
npn 750~ U3MenneT ero neoBpaTnMO B 10 A MnHepa_a. KaonnnnT, amOUnT, n ona~, yKaabma~omne Ha 
npHcyTCTBHe KHC~IOTHO-CyYibqbaTHbIX HaMeHeHH~, 6blJ~n Ha~?~.ReHbI TOJIbKO a KpaTepe H3 H3aep;~aHH~ 
nepen 1980 rO~OM H B ~O~<Ho-3ananHofi TepMnqecKo~ o6aacTH, HO He npncyTcTaoaa~a B JIHTOBblX KOM- 
nOHeHTaX oca~Koa 1980 rosa. [E.C.] 

Resiimee---Phyllosilikate sind die Hauptbestandteile der Fraktion <2/zm (1-3 Gew.-% der meisten Durch- 
schnittsproben) in den mehr als 50 Tephraproben von mehreren Eruptionen des Mount St. Helens des 
Jahres 1980. In allen Proben ist ein trioktaedrischer Smektit das h~iufigste Tonmineral. Die Basis-Reflexe 
bei mit ,~thylenglycol-behandelten Proben deuten darauf hin, dab keine Wechsellagerung vorhanden ist; 
das Fehlen eines Peaks bei 5 A nach dem Erhitzen, der 060-Peak bei 1,54 A und energiedispersive chemische 
Analysen zeigen, dab der Smektit ein Mg- und Fe-reicher, trioktaedrischer Saponit ist. Geringe Gehalte 
an Glimmer und Chlorit sind in den Fraktionen <2/~m der meisten Proben vorhanden. Einige Proben zeigen 
nach dem Erhitzen auf 550~ einen Peak bei 12 A, der wahrscheinlich von einer Wechsellagerung Chlorit/ 
kontrahierter Smektit oder Chlorit/kontrahierter Vermiculit herr/ihrt. Die Tephraproben enthalten Glas 
und Kristalle, die vom neuen Magma stammen und Gesteinsbruchst/icke die vom vorherigen Vulkankegel 
stammen. Die Tonminerale in den Tephraproben sind Gesteinsbestandteile, die von alten, hydrothermal 
ver~inderten Gesteinen stammen und wSJarend des Ausbruches aufgenommen wurden. Frische Bimsfrag- 
mente, die neue magmatische Komponenten sind, enthalten keinen Smektit, doch enthalten sie etwas Biotit 
und Xenolithe. Alte, hydrothermal ver~inderte Gesteine vom Vulkangipfel und vonder  Schuttlawine (ehe- 
malige Nordflanke) enthalten Saponit zusammen mit Chlorit und Chlorit/Smektit, die sich daraus gebildet 
haben krnnten. Saponit und Zeotithe, die aus neutralen bis alkalischen hydrothermalen Lrsungen aus- 
gefallen sind, treten in manchen dieser Gesteine als Hohlraumauskleidungen auf. Der Saponit kam 
wahrscheinlich nicht unter magmatische Temperaturen, da ein Erhitzen dieses Minerals auf 750~ fiir 5 
Minuten zu einer irreversiblen Kontraktion auf 10 A f/ihrt. Kaolinit, Alunit, und Opal, Indikatoren fiir eine 
Sulfat-saure Umwandlung, wurden nur im Gipfelkrater von vor 1980 und in den siidwestlichen thermalen 
Gebieten gefunden, traten aber nicht als Gesteinsbestandteile der Ablagerungen von 1980 auf. [U.W.] 

Rrsum~-Des  phyllosilicates sont les composrs maj eurs de la fraction <2/~m (1-3% par poids de la plupart 
des 6chantillons en masse) dans plus de 50 6chantillons de tephres tombant de l'air de plusieurs 6ruptions 
de 1980 du Mont St. Hrl~ne. Dans tousles 6chantillons, la smectite trioctabdrale est le minrral majeur. 
Les srries intrgrales de reflections 00t ~ d'rchantillons traitrs au glycol 6thyl~ne indiquent un manque 
d'interstratification; l 'absence d'un sommet prbs de 5 A apr~s un traitement ~t la chaleur, le sommet 060 

1,54/~, et des analyses chimiques dispersant l 'rnergie indiquent que la smectite est une saponite trioc- 
ta~drale fiche en Mg et en Fe. Du mica et de la chlorite mineurs sont prrsents dans la fraction <2/zm de 
la plupart des 6chantillons, et quelques 6chantillons montrent un sommet pros de 12 A apr~s 6chauffement 

550~ ce qui est probablement dfi ~ la prrsence d'une chlorite interstratifire/smectite effondrre ou d'une 
chlorite/vermiculite effondrre. Les tephres contiennent du verre et des cristaux provenant de magma nou- 
veau et des fragments tithiques incorporrs du cone prr-existant. Les minrraux argileux dans les tephres 
sont des composrs lithiques arrachrs pendant l 'rjection explosive de roches plus anciennes hydrother- 
malement alterres. Des fragments de pumice nettoyrs, qui sont des composres magmatiques nouveaux, 
manquent de smectite, mais contiennent de la biotite rare dans les xrnolithes. D'anciennes roches hydro- 
thermalement alterres du sommet du volcan et de l'avalanche-drbris (prrcrdemment la c6te nord) con- 
tiennent de la saponite ainsi que de la chlorite/smectite qui pourraient s'~tre formres ~ partir de cette 
premiere. Des saponites et des z6olites qui avaient prrcipitre de solutions hydrothermales neutres ~t al- 
kalines recouvrent les cavitrs de certaines de ces roches. La saponite n'a probablement pas 6t6 soumise 

des temprratures magmatiques puisqu'rchauffer ce matrriau pendant 5 min. ~ 750~ l'effondre irrrvers- 
iblement ~t 10 A. La kaolinite, l'alunite, l'opale, indiquant une altrration sulphate-acide, n'ont 6t6 trouv6es 
que dans le crat~re pr6-1980 et la rrgion thermale du sud-ouest, mais n'rtaient pas 6videntes dans les 
composts lithiques des deprts de 1980. [D.J.] 
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