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Laser-interference microscopy, Nomarski interference-contrast microscopy (on etched
polished sections), petrographic microscopy, and electron-microprobe analysis have been

used to study the phenocryst population of a sample of pumice from the May 18, 1980,

eruption of Mount St. Helens. The pumice appears to contain more than one population

of phenocrysts and may itself be a sample of different layers in a zoned magma chamber.
An overlapping sequence of events can be determined for the two most common pheno-

cryst types. A model developed from the zoning profiles involves an early stage of growth

at depth followed by a period of massive resorption of all phenocryst phases. The apparent
resorption of hornblende with no sign of magmatic reaction or opacite rims is remarkable.
Plagioclase compositions range from An., to Anrr, with the commonest composition being
Anou. There appears to be a general similarity between the zoning pattern in the mantles

of the larger phenocrysts (type I) and the complete zoning pattern of the smaller euhedral
phenocrysts (type II). We consider that this is due to contemporaneous growth. In spite
of overall similarities in zoning profiles, there are inconsistencies in both the compositions
and the number and type ofresorption events. Exact correlation between speciflc events

cannot be drawn pending more detailed magmatic stratigraphic correlation between phe-

nocrysts.

IN.1nooucrroN extraordinary amount of information on the products of

The May 18, 1980, eruption of Mou vailable' and we expect our present re-

duced a gray pumice containing small 
' using some novel observational tech-

clase, orthopyroxene, hornblende, anc lement the exisiting studies ofvolcanic

highly vesicular glass matrix (Kuntz rost interesting volcano'

known and postulated pre-eruption his t we used in this work is a pumice frag-

well constrained by experimental wor t8' 1980' pyroclastic flow collected near

low). we expected, therefore, that the lank of the Mount St' Helens "pumice

tion of crystals in the pumice would ; al'' l98l)' Plagioclase crystals in both

However, we have observed complexi lthin sections were examined optically
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searchers, and interested readers are referred in particular and Sigurdsson et al. (1984) restricts the P-T-X"ro Phase
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TABLE 1. Representative electron-microprobe analyses of feldspars from the Mount St. Helens
oumrce

MSH-A-1 MSH-A-3 MSH-A-5 MSH-B-1

sio, 55.77
Alro3 28.71
FeO 0 36
MgO b.d.
CaO 10.46
Na,O 5.62
K,O 0.12

Total  101.04

s5.36 58.86
28.43 2s.51
0.37 0.26
b.d. b.d.

10.67 7 82
5.44 7 13
0 .12  0 .21

100.39 99.79

51.65 37 29
47.66 61.52

0 .69  1  . 19

51.95 56.23
30.12 26.75
0 39 0.31
b.d. b d.

13.06 9.70
4.10  5 .98
0 . 0 6  0 1 4

99 68 99.11

63.55 46.89
36.10 s2.31
0 35 0.81

s3.25 59 01
30.12  26  16
0.33 0.34
b.d. b.d.

12.43 7.88
4.48 6.98
0.10  0 .21

100.71 100.58

60.18 37.96
39.25 60.84
0.58 't 20

58.97
z c . J o

0.32
b.d.
7.91
6.96
0 .19

99.71

X^" 50.35 38.16
Xo, 48.96 60.75
Xo, 0.69 1.09

Note. Structural formulae are calculated with all Fe treated as Fe3*. Reported analyses represent the
extreme compositions that were analyzed expressed as weight percent oxides (calculations after Nicholls
and Stout. 1986).

indicate that the observed phase assemblage, with the
exception of amphibole, can be reproduced from similar
melt compositions that are undersaturated with respect
to water. The experimental conditions that best repro-
duced the observed phase assemblage were 930 + l0'C,
220 + 30 MPa confining pressure, and Prro/P,"o, : 0.5-
0.7. Under these conditions, however, amphibole was not
stable. Merzbacher and Eggler (1984) explained crystal-
lization of amphibole in the natural system by higher
values of P"ro, perhaps induced by crystallization.

More recent experimental work by Rutherford and De-
vine (1986) has established that, in contrast to the earlier
work at logfo, : - 1 1.3 (Ni-NiO buffer), alogfor: - I 0.0
will stabilize amphibole in the natural liquid. These new-
est results indicate that the natural assemblage is stable
at 920 "C, 220 MPa (2.2 kbar) and H.O contents as low
as 4.60/o \itlh PHro/Pn"u : 0.67. Glass inclusions in the
natural amphibole contain 5.8016 volatiles and appear to
be slightly less evolved (in terms of Al,O, and SiOr) than
those in the natural plagioclase. The plagioclase in the
experimental runs decreased in An content with decreas-
ing PrrolPou,o, reaching Anro when PHzo/Pfl"id: 0.64.

From this experimental work, we assume that at some
pre-eruptive stage in its history, the May 18, 1980, dacite
magma (with 4 to 50/o HrO) was held in a magma cham-
ber at 220 MPa (6- to 7-km depth) where it crystallized
at about 920 "C to an assemblage of plagioclase, ortho-
pyroxene, iron oxide, amphibole, minor clinopyroxene,
and co-existing melt. When the magma erupted, it con-
tained approximately 35olo crystals.

Did the magma move directly to the surface-essen-
tially erupting from 220 to 0 MPa-in one rapid event,
a model consistent with that proposed by Rutherford et
al. (1985)? Did the magma pause subvolcanically prior
to eruption? Do the crystals in the dacite represent crys-
tallization at a single depth or at various levels in a ver-
tically zoned magma chamber (consistent with the results
of Melson, 1983)? Is there evidence in the crystal popu-
lations of any earlier magmatic phases? We expect that
evidence for such complications in the crystallization of
a magma might be preserved in the zonal stratigraphy of
phenocrysts. We hope that this present work will add
detail to existing knowledge of the crystallization history
of the May 18, 1980, pumice of Mount St. Helens.

--,
Fig. l. Two examples of finely zoned type II plagioclase showing even-oscillatory and normal-oscillatory zoning. (A) photomi-

crograph (cross-polarized light) of crystal MSH-D-9. (B) Nomarski image of the etched surface of crystal MSH-D-9. Note the
enhanced visibility of very fine zoning in this crystal. There are more than 28 zones with an average thickness of 4.8 pm. The arrows
point to discontinuities in the zoning due to resorption. (C) Narrow-fringe laser interferogram of crystal MSH-D-9 taken in green
light (514.5-nm wavelength) from an Ar-ion laser. Note the apparently flat core and the flat average composition in the mantle.
There are sudden jumps in the An content on the outside ofthe discontinuities that are interpreted as resorption layers ("R"). These
calcic jumps rarely exceed l0 molo/o An but may locally be as great as 20 mol9o An. (D) Digitized profile of the interferogram in
Fig. lC (traverse X to C) showing An content as a function of distance from the rim in the crystal. Note that some of the finer
oscillations cannot be resolved on this scale and have been smoothed out. (E) Plane-polarized-light view of crystal MSH-B- I . Note
the concentric arrangement of acicular apatite (A) along the outer zone of the crystal. (F) Nomarski image of the etched surface of
crystal MSH-B- I . Note the enhanced visibility of the very fine zoning in this crystal. The section goes almost completely through
the center ofthe crystal, which contains over 30 zones. Note the euhedral nature ofmost ofthe zones. "R" indicates a resorption
surface. (G) Nanow-fringe laser interferogram (514.5 nm) of crystal MSH-B-1. Note that the pattern is for the most part normally
zoned. (H) Digitized profile ofthe interferogram in Fig. lG showing An content as a function ofdistance from the rim along traverse
XY. The minor oscillations in composition have been smoothed over in this representation of the zoning.
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TrrBony AND METHoDS oF ANALysIS

Four polished thin sections and three thin sections cut
from the same pumice block were examined. Each pol-
ished thin section contained over 800 plagioclase phe-
nocrysts. About twelve representative crystals per slide
were chosen for closer scrutiny by laser and Nomarski
techniques. Optimum crystals were those sectioned
through or near their core and oriented so that one ofthe
crystal faces was vertical. This ensured that the zonation
parallel to that face was perpendicular to the plane ofthe
section (see Pearce, 1984a, for further discussion). Ab-
solute plagioclase compositions were obtained by elec-
tron microprobe. Each ofthese techniques is described in
detail below.

Electron microprobe

Feldspar compositions were determined with an
ARL-sEMe electron microprobe at the University of Cal-
gary. Standard operating conditions for feldspar analysis
were followed including l5-kV accelerating voltage, 300-
pA emission current, and 0. l5-pA beam current (Nicholls
and Stout, 1986). The beam diameter used during anal-
ysis was estimated from the luminescence of MgO to be
approximately 2 pm. Spectra for eight elements were col-
lected synchronously on wavelength-dispersive spec-
trometers. The data were reduced to weight percent ox-
ides with Bence-Albee (1968) correction methods as
programmed by Nicholls et al. (1977). The feldspars were
analyzed, for BaO, MgO, and FeO in addition to the ma-
jor oxide constituents. BaO was not detected, and MgO
concentrations were also below or at detection. FeO was
found to range from 0.20 to 0.50 wto/o. Representative
feldspar analyses from each sample are listed in Table 1.
Table I also gives the average detection limits and pre-
cision of these feldspar analyses (Nicholls and Stout,
l  986) .

Prior to analysis, each thin section had been etched
with acid for Nomarski imaging. Consequently, each
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sample was repolished enough to remove any topography
(Clark et al., 1986) and to ensure that the plagioclase
analyzed was not affected by the etching. Analytical points
were located precisely with the use of plane-polarized light
photomicrographs of each sample. The locations of anal-
yses were plotted on each photomicrograph with refer-
ence to optically discernible resorption surfaces, mineral
or glass inclusions, or the edges of crystals. The repro-
ducibility of the spot locations is no better than two beam
diameters.

Laser interferomefry

A complete description of this technique may be found
in Pearce ( I 984b). To summarize, polarized coherent green
Iight (wavelength : 514.5 nm) is produced from a Spectra-
Physics 164 Ar-ion laser operating at a few hundred mil-
liwatts. The source laser beam passes through a spatial
filter and collimator that expands the beam and produces
a planar wave front. A beam splitter separates the light
into a reference beam that bypasses the thin section and
a sample beam that travels through a plagioclase crystal
in the polished thin section. The wave front of the sample
beam becomes encoded with information about the mag-
nitude and distribution of refractive index in the crystal.
The sample beam is then allowed to interfere with the
reference beam at a second beam splitter. The resultant
linear narrow fringes are shifted from zone to zone in the
interferogram ("image") of the crystal because of changes
in refractive index (a result of changes in plagioclase com-
position from zone to zone).

The fringes (Figs. lC, 1G,2C,2G,38,3D, 3F, 3H) may
be interpreted as graphs of refractive index and hence
composition. (The photographs in each figure are usually
arranged in such a way that those with increasing An
content are toward the top.) The scale is such that a fringe
shift of one apparent wavelength is 33 An0/o as indicated
in Figure 3. Careful measurement and digitizing of these
fringes establishes the relative plagioclase compositions

--)
Fig. 2. Examples of banded type II and large sieve-textured type I plagioclase. (A) Photomicrograph (cross-polarized light) of

crystal MSH-D-l. Note the distinctive banded appearance of the crystal. (B) Nomarski image of the etched polished surface of the
above crystal. Over 20 zones are revealed by etching. The banded nature ofthis crystal is further brought out by this technique.
Relatively sodic bands, e.g., the rim, appear as topographic highs whereas more calcic bands (CP) appear as troughs or topographic
lows. "R" indicates resorption surface. Zonal widths range from 2.5 to 35 pm in this crystal with an average of about 7.5 pm. (C)
Narrow-fringe laser interferogram (514.5 nm) of the above crystal. The banded nature of this crystal is also observed in this
symmetrical view of the fringes. Note that the calcic highs appear as "plateaus" (CP) in the fringe pattern. (D) Digitized profiles of
the interferogram in Fig. 2C extending from the core (C) to the rim (X). Note that the banded nature ofthe zoning is even more
obvious in this representation. Each zone appears to have even-oscillatory zoning, but there are distinct breaks in composition
between the major zones. (E) Photomicrograph (cross-polarized light) of large (type I) crystal MSH-A-5. Note the severely resorbed
core. The outermost, finely banded mantle of the crystal is about 100 pm wide. (F) Nomarski image of etched crystal MSH-A-5.
The finely zoned mantle deposited upon the core is evident in this image. The fine bands in the outermost mantle of the crystal
average about I 0 pm in thickness and are for the most part euhedral. Note the crosscutting relationship of the fracture in the lower
right-hand corner of the crystal and the missing fragment directly below it. This fracturing event took place immediately prior to
vesiculation as the fine vesicle walls are unfractured. (G) Narrow-fringe laser interferogran (514.5 nm) of the crystal in Fig. 2F.
Note the essentially flat or eveq nature ofthe zoning. There is a double rim to the crystal located in the region ofthe surfaces marked
"R" and "X." "R" indicates a resorption surface; "X" is the outermost rim. (H) Digitized profile of the interferogram in Fig. 2G
(traverse X to C). Note the double normally zoned rim on the essentially flat zoning profile. Note that the zoning profile may be
traced right through the strongly resorbed core as a "ghost" fringe in Fig. 2G.
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between zones. Electron-microprobe analyses of selected
sites on each crystal serve to determine absolute An con-
tents, which in turn lead to absolute An determinations
for each zone.

Nomarski contrast interferometry

The Nomarski interference-contrast technique serves
to enhance zonal and discontinouous features of etched
plagioclase phenocrysts (see Anderson, 1983, 1984, and
Clark et al., 1986, for further details). Plagioclase is etched
with fluoboric acid HBF., which is then neutralized by
immersion in a saturated solution of NarCOr. Zones con-
taining relatively more Ca are etched more deeply than
those zones containing less Ca, thus producing a micro-
topographic relief of highs (sodic) and lows (calcic). The
polished thin sections are rinsed with water and dried; a
C coat is added to the surface to increase reflectivity and
eliminate internal reflections within the phenocrysts. Al-
though revealing very fine textural details of zonation,
this technique does not readily indicate composition.

OssrnvA,rroNs

The dull grayish-white pumice that we have studied is
typical of the May l8 pyroclastic flows. The petrography
of our sample agrees with that of Kuntz et al. (1981), and
the reader is referred to that paper for a more detailed
petrographic analysis of the pumice. Generally, the pum-
ice sample is a fine-grained mixture of plagioclase, horn-
blende, hypersthene, and trace opaques (magnetite) with-
in a highly vesiculated glass. Our modal analyses (not
counting the vesicles) are glass 64.60/o (62.1), plagioclase
2 6. 1 o/o (3 0. 0), orthopyroxen e 3 .0o/o (4. 2), hornblende 3. 90/o
(2.5), and opaques 2.2o/o (1.2) and agree with those of
Kuntz et al. (1981), shown in parentheses. The volume
of vesicles in our sample was found to be 69.70lo com-
pared with 7lolo reported by the latter authors. This is
remarkable agreement considering that we determined the
glass/vesicle ratio by point counting an etched polished
section in reflected light using Nomarski interference con-
trast, whereas Kuntz et al. determined this ratio from
bulk-density data. As in the work of Kuntz et al., we
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found clinopyroxene to be quite rare (one crystal in six
thin sections). All nonopaques contain variable amounts
ofa pale green, nonpleochroic, acicular mineral (average
size: 5 x 30 pm) that may be apatite.

Hornblende occurs as subhedral to anhedral cross sec-
tions and elongate laths about 100 to 300 pm in length.
About half the observed crystals exhibit features that we
prefer to interpret as being due to resorption, although an
alternative explanation might be conditions of growth
leading to rounded growth forms. Irregular rounded edges,
re-entrants, and minor sieve textures (which may be cross
sections of re-entrants) are all common in hornblende
crystals. This contrasts with the findings of Cashman and
Taggarr (1983) and Scarfe et al. (1982) who studied prod-
ucts of later eruptions. As we find no evidence of reaction
coronas, the hornblende appears to have simply dis-
solved with no reaction products being formed. Horn-
blende has intergrown with plagioclase, includes plagro-
clase, or is included in plagioclase. In some instances,
amphibole appears to have initiated convolute zoning in
the plagioclase host. Hypersthene commonly occurs as
150- to 200-pm equant grains; resorbed or spongy pheno-
crysts are rare, although we show one example of strongly
resorbed (spongy) hypersthene (Fig. aE).

Plagioclase occurs mainly as individual subhedral to
euhedral laths up to 2.7 mm long. The pumice contains
minor amounts of mutually intergrown plagioclase crys-
tals and rare intergrowths of plagioclase with hornblende,
hypersthene, and opaques. Plagioclase contains inclu-
sions of glass, acicular apatite (commonly restricted to
specific zones), hornblende, magnetite and, rarely, hyper-
sthene. Twinning is not very common but where present
occurs according to the albite, Carlsbad-albite, and per-
icline twin laws.

Plagioclase compositions vary from An' to Anur. Pla-
gioclase microphenocrysts appear to occur in two size
populations that we refer to as type I (larger) and tlpe II
(smaller euhedral). Most of the plagioclase crystals are of
the smaller size group (type II), ranging from 50 to 700
pm (rarely up to 1200 g.m) in length. They are typically
even-oscillatory to normal-oscillatory zoned, with flne

--J

Fig. 3. Photomicrographs and laser interferograms of Mount St. Helens plagioclase crystals. (A) Photomicrograph (cross-polarized
light) of crystal MSH-A-2. (B) Nanow-fringe laser interferogram (514.5 nm) of crystal MSH-A-2 (Fig. 3A). Note the even-oscillatory-
zoned nature of this crystal. The core (C) is Anrr, and the mantle is Anor. Zone widths (in reflected-light Nomarski) are from 2.5 to
7.5 pm and average 3.0 pm. There is no discernible rim. (C) Photomicrograph (cross-polarized light) of a slightly banded, even-
oscillatory-zoned crystal (MSH-A-1). "ST" indicates a sodic trough, and "R" indicates a resorption surface. (D) Nanow-fringe laser
interferogram (514.5 nm) of crystal MSH-A-I (Fig. 3C). A small core region is indicated by "C." "ST" indicates the sodic trough,
and "R" indicates a resorption event that followed the deposition ofthe sodic trough. Note the even nature ofthe oscillatory zoning
on the outside of the surface indicated by "R." There is no discernible rim. (E) Photomicrograph (cross-polarized light) of crystal
MSH-D- 1 I . Note that the birefringence in this crystal indicates a greater fluctuation in An content than is common for crystals of
this size. (F) Narrow-fringe laser interferogram (5 14.5 nm) of crystal MSH-D- 1 I (Fig. 3E). Note the resorption surfaces (R) usually
followed by an increase in Ca content shown by the calcic spikes. This increase may be as much as 15 mol0/0. The core composition
is 44 mol0,6 An; the average composition after resorption is 50 mo10/o An. There appears to be a slight, normally zoned rim. (G)
Photomicrograph (cross-polarized light) of crystal MSH-A-3. Note the banded nature of the zoning and the slightly more extreme
birefringence compared with crystal MSH-A-1, for example, in Fig. 3C. (H) Narrow-fringe laser interferogram (514.5 nm) of crystal
MSH-A-3 (Fig. 3G). Note the general resemblance of this pattern to that of Fig. 3F. Resorption events indicated by "R" are followed
by a shap increase in An content (calcic "spikes"). The core composition for this crystal is Anrr, the rim is about Anro, and zone
widths (reflectedJight Nomarski) vary from 2.5 to 14 pm and average 2.9 pm.
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oscillations ranging in width from 2 to 50 pm, but typi-
cally averaging l0 pm. Reverse zoning is rare.

Most of the larger (type I) plagioclase crystals (the xe-
nocrysts or the earliest generation ofplagioclase, as sug-
gested by Kuntz et al., 1981) have broad homogeneous
cores of Anuo_u, (up to 700 pm wide). These are surround-
ed by a mantle of Ano,_,. (200 to 300 pm thick), contain-
ing even- to normal-oscillatory zoning. The core is com-
monly characterized by many glass inclusions and patchy
extinction (e.9., Figs. 2E, 4C). The glass inclusions are
square to vermicular in shape. I-arger inclusions (up to
200 pm long) occur within the center of the core and are
usually interconnected to form a sinuous network. They
decrease in size toward the outer areas of the core, be-
coming individual rounded inclusions (with similar ap-
pearance to the "dusty inclusions" of Tsuchiyama, 1985).
These type I phenocrysts are almost invariably broken or
breached in some manner. On textural grounds, this pe-
riod of fracturing appears to be the last event affecting
the phenocrysts, and we tentatively identify this as the
catastrophic eruption of May 18, 1980. The outer finely
banded zones do not generally appear to have been af-
fected by resorption although there are exceptions (e.g.,
MSH-D-8 in Fig. 4C). A few of the phenocrysts have
albite twinning, and one large (2.7 mm) crystal was ob-
served.

Most plagioclase crystals have at least one notable dis-
continuity that cuts across earlier zones and may there-
fore be identified as a resorption surface. Because ofthe
repetition ofthis feature stratigraphically within a single
phenocryst (see Figs. lB, lC, and lD), we do not consider
that these discontinuities can be due to growth of hollow
cores, later filled in with plagioclase of a different com-
position. These resorption surfaces have a variety of mor-
phologies, some of which appear remarkably similar to
sedimentary depositional and erosional structures. Em-
bayments cutting earlier zones are usually less than l0
pm in depth (see Fig. 48) and may have associated glass,
opaques, and/or acicular inclusions trapped by post-so-
lution crystallization. The development of simple to
complex convolute zoning appears locally associated with
inclusions. Most of the crystals show an increase in An
content after these discontinuities, which may equal or
exceed the An content ofthe core area.

Electron-microprobe analysis

Plagroclase crystals from three polished thin sections
(MSH-A, MSH-B, MSH-D) were analyzed by electron
microprobe. The electron-microprobe data provide an
independent means of evaluating the compositional dif-
ferences within and between plagioclase grains. The anal-
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TreLe 2. Representative electron-microprobe
analysis of orthopyroxene from the
Mount St. Helens oumice

sio,
Alro3
FeO
Mgo
CaO

Total

52 84
0.97

21 42
23 87
1 0 5

100.1  s

si 1 9569
At 0.0423
Fe 0 6634
Mg 1 .3176
Ca 00417

4.0219

Note. Values are averages for five spots on a single
grain from thin section MSH-A.

yses also provide a reference composition to quantify the
interferograms. Representative feldspar analyses are re-
ported in Table I for the plagioclase crystals discussed in
the text. The reported analyses represent the most and
least An-rich zones that were analyzed in each crystal.

In characterizing the compositional ranges of the in-
dividual plagioclase crystals, we attempted lo analyze,
where possible, (l) compositionally homogeneous cores
of crystals, (2) extreme edges of crystals, and (3) at least
one side of any major resorption surface. Analyses that
belong to category 3 were difficult to reproduce because
of the topographic complexity of the resorption surfaces.
In several instances, such surfaces were associated with
strong oscillatory zoning (see Fig. lD or 2H). These re-
sorption surfaces may also be repeated over a very nar-
row width. Consequently, the measurement of these com-
position shifts by electron microprobe can be imprecise.
In such instances, the microprobe analysis may represent
an average composition. Figures lD, lH, 2D, and 2H
illustrate a very good match between the compositional
shifts measured by electron-microprobe analysis and las-
er interferometry.

To confirm that the material we have used is similar
to that worked on by the experimental petrologists, we
have analyzed some of the mineral phases. Our results
compare favorably with those of Rutherford et al. (1985,
Table 6) and Scheidegger et al. (1982, Tables 2 and 3).
The composition of a single pyroxene crystal from section
MSH-A is listed in Table 2. The analysis is an average of
five points on a single orthopyroxene crystal. Table 3 pre-
sents partial electron-microprobe analyses for the matrix
glass of the MSH pumice. The averages of analyses for
the three polished thin sections agree to well within the
analytical precision of the instrument. The matrix glass
is homogeneous in composition, at least on a thin-section
scale, and is inferred to represent the melt composition
that last equilibrated with the phenocrysts prior to erup-
tion.

Fig. 4. Resorption and discontinuous features in plagioclase and other minerals in the pumice. "R" denotes a resorption or
solution surface. (A) Nomarski image of a banded plagioclase crystal (MSH-D-l) showing a rounded, anhedral center and wavy
zones throughout. Subsequent layers of plagioclase infill the irregularities to achieve the straight edges of a euhedral crystal form.
(B) Nomarski image showing an apparent solution surface cutting through layers in plagioclase crystal MSH-D-9. The embayment
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ar "R" is infilled by convolute zones around an unseen glass inclusion (observed in transmitted lighO. (C) Photomicrograph (cross-
polarized light) of a large sieve-textured plagioclase (MSH-D-8) with central alteration that appears to have spread outward toward
the rim. Note the breach (shown by an arrow) that appears to crosscut the straight zones in the crystal rim. (D) Photomicrograph
(cross-polarized light) of an irregularly shaped and broken hornblende-a common occrurence in this pumice sample. Pan of this
hornblende is included in a plagioclase crystal (P). (E) Photomicrograph (cross-polarized hght) of sieve-textured hypersthene-an
uncommon occuffence rn this pumice sample. (F) Reflected-light photomicrograph of an anhedral, rounded magnetite crystal,
partially enclosed within a hypersthene crystal (OPX). The narrow glass vesicle walls are denoted by GI.
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Tnele 3. Representative whole-rock chemical analyses of the
Mount St. Helens oumice

Whole rock Partial glass analyses

MSH-1 MSH-2 A(n -  14) B(n :  1 1)  D(n :  13)
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sio,
Tio,
Alro3
FeO
MnO
Mgo

Naro
KrO
o n

Total

Note: Materials for whole-rock analysis are from samples MSH-I, -2.
Analysis is by X-ray fluorescence using fused discs with a lithium-meta-
borite flux Also reported are partial electron-microprobe analyses of the
glass matrix for samples MSH-A, -8, -D The values reported are the
average of 10 or more (n) electron-microprobe analyses.

Laser interferometry observations

Cores of the type I crystals tend to be Anuo_n., whereas
their finely oscillatory-zoned mantles are An45_55 figs. 2E
to 3H). Interferograms show that the cores tend to be
fairly uniform in composition with generally no more than
50/o An differences. Narrow rims of ditrerent compositions
are not well developed in either type I or type II crystals,
although there is a tendency for slightly more calcic pla-
gioclase (Anor_rn) at the outer edges of some crystals. Most
crystals (see Figs. lC, 2C,38, and 3D) have no discern-
ible rim in contrast to those from dacitic lavas from Mount
St. Helens (not shown) which commonly have discrete
rims of significantly different composition (Pearce, un-
pub. data). In the case of the type II crystals, the overall
background composition is tlpically Anor, on which abrupt
changes in composition may be superimposed. Sodic
"troughs" in the profiles, of compositions as low as An.r,
are locally present (see Fig. 3D, for example). More rare
are calcic "plateaus" in the profile that may, in some
cases, be up to An60, such as that of Fig. 2C. Locally,
there are more complicated fluctuations in composition
of up to 20 molo/o An across the discontinuity (see Figs.
lC, lD, 3F, and 3H). In contrast to the general patterns
just described, some crystals have a completely flat, even-
oscillatory pattern with very small oscillations in An
(about I to 30/o). In the case of crystal MSH-A-2 (Figs.
3A', 3B), optical determinations indicate that the crystal
has a "flat" mantle (Anor) surrounding a core of Anrr.

We consider, along with other workers (for example,
Bottinga et al., 1966, and Sibley et aI., 1976; see also
Smith, 197 4), that the small-scale fluctuations are due to
extremely local, diffusion-controlled interactions of the
crystal with the boundary layer surrounding it. If we at-
tribute the larger abrupt changes in composition to large-
scale changes in magmatic conditions (P".o, temperature,
etc.; see Smith and Lofgren, 1983), then we must con-
clude that individual crystals appear to have unique his-
tories that, although similar in overall aspect, are differ-

ent in detail. If we assume that magmatic conditions (P,
T, etc.) affect the composition of the growing crystals,
then it seems impossible for all the crystals in Figure 3,
for example, to have grown under exactly the same set of
magmatic conditions. Similarly, the sodic trough of MSH-
A-l (Fig. 3D) is incompatible with the calcic plateau of
MSH-D-I (Fig. 2C). Note that these two crystals are the
same size and the abrupt change in composition occurs
at about the same stage of growth in both crystals. This
appears to imply that magmatic conditions were not uni-
form even on the scale of a microphenocryst or, perhaps
more likely, our dacitic material contains more than one
population of crystals. Either prior to or during the erup-
tion, there was mixing of dacitic material with a variable
crystallization history. We are not aware of any study on
the homogeneity of the glass that might indicate mixing
of different liquids.

Nomarski contrast-interferometry observations

Nomarski imaging of etched polished surfaces reveals
detailed zoning and other textural features not readily
seen in transmitted light. For example, the details of the
glass vesicle walls in the pumice are clearly revealed in
Figure 4F. The volume ratio of glass/vesicle space is also
readily determined from observations of this type. Con-
volute zoning (associated with an inclusion and resorp-
tion surface) is shown in Figure 4B (at the point marked
"R"). We have found this inclusion and convolute zoning
association in other rocks, and we consider that it is of
general occuffence.

Nomarski imaging of zoning is especially valuable in
identifying cross cutting features associated with solution
surfaces in otherwise euhedral zonation. An example is
plagioclase MSH-B-l in Fig. lF, a microphenocryst con-
taining remarkably euhedral zones with the exception of
several resorption surfaces marked "R." Similar features
are evident in the crystal of Figure lB, which, however,
has more resorption surfaces. The euhedral form that is
so important in determining the origin of some types of
oscillatory zoning is sometimes indistinct in transmitted
light but is quite clearly defined in Nomarski observa-
tions. Examples ofthe exact resolution ofeuhedral zone
shape are shown in Figures 1B, 1F, 28, 2F,4,A., and 48.
A radius of curvature at the corner of a zone as small as
I pm may be detected in this manner. Such detail is be-
yond normal resolution in transmitted light using a slide
with a thickness of 30 pm. The euhedral nature of this
type of zoning, we consider, is compatible with abrupt
cessation of growth followed by renewed growth, com-
monly of a more calcic plagioclase without any trace of
a solution event between the zones. This type ofzonation
implies a difusion-controlled, local-boundary-layer
mechanism as suggested by numerous authors among
whom are Bottinga et al. (1966), Sibley et al. (1976), and
Pearce (1984c).

Nomarski imaging tends to reveal more zones and nar-
rower zones than conventional microscopy. For example,
banded plagioclase MSH-D-9 appears to contain 39 os-
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cillatory zones in transmitted light (Fig. lA; crossed
Nicols). In reflected light (Fig. lB), the same crystal
shows at least 58 zones. The average thickness of 550
zones measured in 24 crystals is 6.6 pm (standard devia-
tion, 7.6) in transmitted light and 4.2 pm (standard de-
viation, 1.5) in reflected light. Clearly, Nomarski obser-
vation in reflected light reveals much more detail than
conventional transmitted-light microscopy, and we rec-
ommend its use in studies in which the detailed obser-
vation of oscil latory zoning is important.

DrscussroN

Our observations indicate that the dacite magma that
formed the pumice fragment we have studied in this work
contained at least two populations of phenocrysts. These
populations are characterized in part by both the presence
or absence, and the type, of resorption features. These
two populations may represent samples of a zoned mag-
ma chamber (see Melson and Hopson, 1982) or the mix-
ing of different magmatic phases during eruption. There
is an overlap in the patterns of zoning composition be-
tween the large (type I, typically more than l-mm di-
ameter) plagioclase crystals with spongy cores, referred to
as "xenocrysts" by Kuntz et al. (198 l), and the small
(type II, typically less than 700-s.m diameter) euhedral
crystals that generally lack massive resorption features.
The outer, finely zoned mantles (200 to 300 pm thick) of
the large crystals appear to correspond to the complete
growth pattern of smaller crystals (one-half diameter :

200 to 300 pm). The compositions of both are approxi-
mately the same (Anrr-or); and the zoning profiles from
laser interferograms appear, at least superficially, to be
similar in their general features. For this period of crys-
tallization, there were no strong resorption events and no
great changes (more than 20 molo/o An) in composition.
Because of this apparent overlap, we regard most of the
large crystals as either early-formed phenocrysts or co-
magmatic xenocrysts. We prefer the former explanation.

Considering the work of Cashman and Marsh (1984),
and using the crystal-size distribution theory of Marsh
(1984), we speculate that the mantles of the large pheno-
crysts (because of their similar thicknesses) correspond in
time to the complete gowth history of the smaller phen-
ocrysts. Most of the type II microphenocrysts appear to
postdate the massive resorption event indicated by the
spongy interiors of the large crystals although there may
have been some overlap. We estimate the time for growth
of the type II crystals to be about 2000 d at a growth rate
of 0.1 pmld. We emphasize that this is only an order-of-
magnitude estimate.

There is no evidence of plagioclase overgrowth or of
solution enlargement postdating the fractures in the type
I crystals. The fracturing event that commonly shattered
these phenocrysts appears to be the last event that affect-
ed them. We correlate this event with the disruption of
the magma by magma fracturing during the Plinian erup-
tion of May 18, 1980. We consider it possible that the
relatively large volume of magma within the spongy in-

I 1 4 1

teriors of the crystals may have expanded with sufficient
force during magma fracturing to physically shatter the
large phenocrysts. This explanation requires substantia-
tion; however, it is consistent with petrographic obser-
vations that some fragments, embedded in pumiceous
matrix, may be fitted together to form an unfractured
crystal (Fie. 2F).

In keeping with our assumption that rounded forms
are most likely due to solution, and our observation that
there is an overlap of composition between the type I and
type II plagioclase phenocrysts, our detailed model based
on our observations, as well as those ofprevious workers,
is as follows:

1. Crystallization at depth (possibly greater than 7 km).
Plagioclase, possibly accompanied by amphibole, ortho-
pyroxene, magrretite, and apatite, was stable at this stage
of crystallization. The plagioclase composition was ap-
proximately Anuo, and the crystals grew to a diameter of
600 to 700 pm. If the work of Cashman and Marsh (1984)
is applicable for this stage of growth of the plagioclase,
this event might have taken about 2000 d.

2. A massive resorption event, probably due to upward
transport and pressure release. All of the phases were
unstable during this event and began to dissolve in the
magma. At this point, the plagioclase developed the
spongy appearance first recorded by Kuntz et al. (1981).
It is possible that during this event, if it was indeed due
to upward transport, there was a mixing of different layers
of the magma since some of the phenocrysts do not ap-
pear to have been severely resorbed. Hornblende was re-
sorbed and did not react with the magma.

3. Crystallization at lower pressure with only plagio-
clase being the stable phase. The plagioclase has a com-
position of Anrr-or, but typically Anor. It is possible that
orthopyroxene was also stable at this stage; however, we
have not enough evidence to decide this unequivocally.
This phase of development of the magma might corre-
spond to the cupola of Sigurdsson et al. (1984) or the
upper part of the zoned chamber of Melson and Hopson
(1932). From our work, we cannot determine the depth
of the magma at stage 3. At this point in the development
of the magma, additional centers of plagioclase growth
occurred, and type II (200- to 700-pm diameter) crystals
grew contemporaneously with the overgrowths of the pre-
existing, partially resorbed type I plagioclase. This re-
sulted in large (type I) crystals with finely zoned exteriors
and spongy interiors. During this period of growth, abrupt
changes in the stable composition ofplagioclase occurred.
These changes yielded a characteristic banded aspect to
the zoning in laser interferograms. It is notable that sodic
troughs are present in some crystals whereas calcic "pla-
teaus" occur in others. It is not known at this time what
caused these slight yet distinct changes in compositional
zoning profiles. Further work needs to be done on this
aspect of the Mount St. Helens problem. Nomarski im-
aging and transmitted-light microscopy clearly indicate
that periods ofresorption ofthe plagioclase occurred dur-
ing this growth stage.
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4. The eruption of May 18 accompanied by magma
fracturing (Sigurdsson et al., 1984) and disruption of the
type I plagioclase. It is notable that there are no quench
crystals or skeletal overgrowths on any of the phases or
in the glass, such was the rapidity of the eruption and
subsequent quenching of the liquid.

We emphasize thal the above model is the simplest
model that could explain the petrographic details we have
observed. We recognize that there are some microphe-
nocrysts present in minor amounts that do not fit our
simple two-stage model, and we regard these as probably
being cognate xenocrysts. The complex pattern of resorp-
tion events present in some crystals (e.g., Fig. lD) indi-
cates that a two-stage model is, at best, a first approxi-
mation. However, we believe such a model is an essential
step in the understanding of the complexities of the actual
volcanic events. It is interesting that Cashman and Marsh
(1984), working on later dacite flows ofthe period 1980-
1982, identified two cooling events-one at depth and
another after upward transport. In our model, however,
we consider that the two major stages of growth took
place "at depth" prior to eruption.

CoNcr,usroNs

The sample we have examined appears to contain more
than one population of phenocrysts and may itself be an
example of different layers in a zoned magma chamber.
A common sequence of events can be determined for
most of the phenocrysts in the sample and involves an
early stage of massive resorption of all phenocryst stages.
The resorption of hornblende with no sign of magmatic
reaction or opacite rims is remarkable. We consider that
this is very unusual for this rock type. There is a general
similarity in zoning patterns between the mantles of the
larger phenocrysts and the complete zoning patterns of
smaller euhedral phenocrysts of plagioclase. We consider
that this is due to contemporaneous growth. In spite of
evident similarities in zoning profiles of different crystals,
we are reluctant to draw an exact correlation between
specific events, pending more detailed magmatic strati-
graphic correlation work between phenocrysts. A study
of magmatic crystal stratigraphy and inferred magmatic
conditions is now in progress and will be reported at a
later date.
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