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Petrological and Geochemical 
Investigations of Eruptive Products 

Magma—erupt it passively to produce lava flows or domes; erupt it 
explosively and it is deposited as pyroclastic flows and tephra falls. Either 
way the products can be sampled and studied in great detail. Locked in 
the glass and minerals of lava flows and tephra is a complex, sometimes 
fragmentary record of a magma’s temperature and pressure during ascent 
and eruption. Advances in analytical technology now allow the probing 
of single grains for their short-lived radioactive nuclides. The ratios of 
these isotopes vary at known rates, so that an absolute sense of time can be 
imposed on the petrologic processes. Thus texture, mineralogy, and chem-
istry provide wide-ranging insight into the conditions of magma formation, 
transport, storage, and eruption.

Is the 2004–6 lava the gas-depleted residuum of the 1980s eruption? 
Petrochemical details and short-lived isotopes suggest that it is—that the 
newly erupted dacite is mostly or entirely derived from the same reservoir 
as the 1980s magma.

Is new magma necessary to account for the compositional changes 
seen? That answer is less clear. Some component of hotter dacitic magma 
(possibly injected during earthquake swarms in the 1990s?) could have 
influenced the overall magma composition and shifted the abundance of 
certain indicator elements. Growth patterns and isotopic values tell us that 
a substantial proportion of the plagioclase phenocrysts grew at about the 
time of the 1980s eruption. The iron-titanium oxide geothermometer indi-
cates magmatic temperatures of about 850°C; higher temperatures, above 
1,000°C in some cases, may be explained by recharge of hotter magma at 
depth (which left no telltale geochemical, mineralogical, or petrographic 
signature) or by latent heat released during the rapid and shallow ground-
mass crystallization. The geochemical fingerprints of the 2004–6 magma 
are too fuzzy to identify a single scenario for the eruption, but they point 
toward a timeline that began more than a decade before magma reached the 
surface in October 2004.
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An unusual perspective, this oblique view west as taken from the International 
Space Station on October 28, 2008. Much of the rugged terrain in the 
amphitheater is the new dome, but the 1980s dome can be recognized. The 
Breach drains north to Spirit Lake, seen at right of center.  NASA photo by the 
Expeditiion 18 crew. (http://earthobservatory.nasa.gov/IOTD/view.php?id=36298)

http://earthobservatory.nasa.gov/IOTD/view.php?id=36298
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Abstract
We report the results of recent geologic mapping and 

radiometric dating that add considerable detail to our under-
standing of the eruptive history of Mount St. Helens before 
its latest, or Spirit Lake, stage. New data and reevaluation of 
earlier work indicate at least two eruptive periods during the 
earliest, or Ape Canyon, stage, possibly separated by a long 
hiatus: one about 300–250 ka and a second about 160–35 ka. 
Volcanism during this stage included eruption of biotite- and 
quartz-bearing dacite domes and pyroclastic flows in the area 
west of and beneath the present-day edifice, accompanied by 
the deposition of set C tephras. Ape Canyon-stage rocks are 
compositionally similar to younger Mount St. Helens dacite.

The Cougar stage, about 28–18 ka, was probably the most 
active eruptive stage in Mount St. Helens’ history before the 
Spirit Lake stage. During the Cougar stage, a debris avalanche 
buried the area south of the present-day edifice, and volu-
minous pyroclastic flows, dacite domes, tephra, and a large-
volume pyroxene andesite lava flow were erupted. Two tephra 
sets, M and K, were deposited midway through this stage.

Swift Creek-stage deposits were emplaced in two phases, 
beginning about 16 ka and ending about 12.8 ka. During the 
first phase, set S tephras and three large fans and at least one 
smaller fan of dacitic fragmental material were deposited on 
the northwest, west, south, and southeast flanks of Mount 
St. Helens. The fans are dominated by lithic pyroclastic-flow 
deposits associated with dome building but include both pri-
mary and reworked material from pumiceous pyroclastic flows 
and lahars. One Swift Creek-age dome on the west flank of the 
volcano has been located, and others must have been nearby. 

During the second phase, set J tephras were deposited, but no 
pyroclastic flows or domes are known to be associated with 
the andesitic set J tephras.

Preliminary petrographic analysis of these older rocks 
suggests that the volcano’s magmatic system was simpler dur-
ing the Ape Canyon stage than during subsequent stages and 
that the magmatic system has evolved from relatively simple to 
more complex as the volcano matured. Compositional cycles 
as envisioned by C.A. Hopson and W.G. Melson for the Spirit 
Lake stage probably did not occur during the Ape Canyon stage 
but developed later during the Cougar and Swift Creek stages.

Introduction
The general eruptive history of Mount St. Helens was 

established through the work of U.S. Geological Survey 
(USGS) scientists D.R. Mullineaux and D.R. Crandell. 
Although the edifice was constructed primarily by eruptions 
of lava domes and flows, the volcano’s fallout tephra record 
is extensive; and away from the mountain and its fragmen-
tal apron, pumice and ash locally bury the older landscape, 
commonly to a depth of 3 m or more. Detailed study of these 
tephra deposits over a period of 30 years (see Mullineaux, 
1996, and references therein) has established a general 
geochronologic framework for understanding the volcano’s 
eruptive history. Four periods of intermittent volcanism, 
called stages, are recognized (fig. 1) on the basis of observed 
time-stratigraphic groups, or “sets,” of similar-age tephras, 
separated by weathered intervals. Tephra set C is the domi-
nant tephra of the earliest, or Ape Canyon, stage; tephra sets 
M and K mark the Cougar stage, tephra sets S and J mark the 
Swift Creek stage, and tephra sets Y, P, B, and W (and several 
less extensive ash layers) were deposited during the latest, or 
Spirit Lake, stage. An extensive apron of fragmental deposits 
surrounds the volcano and fills valleys draining the mountain 
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(fig. 2). Study of these deposits, which include sequences of 
pyroclastic flows, lahars, and debris avalanches, placed them 
into the general geochronologic framework (see Crandell, 
1987, and references therein).

Age control on the eruptive history of Mount St. Hel-
ens was established by radiometric (14C) dating of organic 
material in or directly beneath tephra, pyroclastic, and lahar 
deposits (Crandell and others, 1981; Crandell, 1987; Mul-
lineaux, 1996); however, most dating focused on the young-
est and best-preserved part of the volcano. Verhoogen (1937) 
published a crude geologic map, and Hopson (2008) a more 
detailed geologic map, of the edifice, both of which focus on 
the youngest part (Spirit Lake stage) of the volcano and pro-
vide little information on the older rocks.

New geologic mapping and radiometric dating allow us 
to refine and extend the general geochronologic framework—
especially in the older part of the record that predates con-
struction of the modern volcanic edifice. Here we report new 
radiometric (primarily 40Ar/39Ar) ages of Ape Canyon- and 
Cougar-stage lavas and pyroclastic deposits and describe the 
older rocks erupted from Mount St. Helens and preserved in 
its debris apron and in river valleys draining the volcano. We 

Stage and age Period and age Tephra set
 

Spirit Lake 
stage, 

3.9–0 ka

Modern period, 
1980–present

1980

Goat Rocks period, 
1800–1857 C.E.

layer T

Kalama period,
1479–1750 C.E.

set X 
set W

Sugar Bowl period,
1,200–1,150 yr B.P.

layer D

Castle Creek period, 
2,200–1,895 yr B.P.

set B

Pine Creek period, 
3,000–2,500 yr B.P.

set P

Smith Creek period, 
3,900–3,300 yr B.P.

set Y

Dormant interval,   12.8–3.9 ka

Swift Creek stage,   16–12.8 ka
set J 
set S

Dormant interval,   18–16 ka

Cougar stage,   28–18 ka
set K 
set M

Dormant interval,   35–28 ka

Ape Canyon stage,   300–35 ka set C

Figure 1. Mount St. Helens eruptive history.

integrate the tephrochronology of Mullineaux (1996) and the 
age information on lahars and pyroclastic flows reported by 
Crandell (1987) into a stratigraphy of the fragmental apron of 
the volcano. Although we modify the age ranges and intervals 
between eruptive stages at Mount St. Helens, we retain Mul-
lineaux and Crandell’s terminology. The single major modi-
fication to their scheme is that we assign volcanism substan-
tially earlier than about 40 ka and not recognized by them to 
their Ape Canyon stage, which thus lasted from about 300 to 
about 35 ka. In all, ranges of the four stages are Ape Canyon, 
300–35 ka; Cougar, 28–18 ka; Swift Creek, 16–12.8 ka; and 
Spirit Lake, 3.9–0 ka, as summarized in figure 1.

The eruptive products of Mount St. Helens are dominated 
by varied hypersthene-hornblende dacite but include olivine 
basalt, olivine and pyroxene andesite, and quartz- and biotite-
bearing dacite. Since the 1980 eruption, a tremendous volume 
of geochemical data has been generated. Most analyses are 
of Spirit Lake-stage rocks, obtained to determine the general 
chemistry of the youngest part of the volcano; some analyses 
were applied to determining the origin of Mount St. Helens 
magmas, but most analyses were not carefully correlated with 
stratigraphy. Unlike their well-studied younger counterparts, 
the products of the earlier eruptive stages are inadequately 
characterized. Here we combine major-element geochemical 
data from the literature with data generated by USGS labora-
tories and correlate them with the petrography of the rocks to 
characterize the Ape Canyon, Cougar, and Swift Creek stages 
of Mount St. Helens.

Analytical Techniques

K-Ar and 40Ar/39Ar Geochronology

Using 40Ar/39Ar incremental-heating techniques, we 
analyzed whole rock, groundmass, or plagioclase phenocrysts 
from 17 lava samples (see fig. 3 for locations). For whole rock 
experiments, samples were crushed, ultrasonicated, and sized 
to narrow ranges (typically 500–1,000 µm). For groundmass 
separates, samples were crushed, ultrasonicated, and sized 
to narrow ranges (typically 250–350 µm), depending on the 
distance between phenocrysts. Dense, clean groundmass was 
concentrated by using a Frantz magnetic separator and careful 
handpicking under a binocular microscope. For plagioclase 
separates, samples were crushed and sieved to narrow size 
ranges, depending on the sizes of inclusion-free plagioclase 
(typically 300–400 µm), and purified by using magnetic 
and density techniques, dilute HF etching, and handpicking. 
Samples were irradiated in six different packages between 
March 2000 and May 2005, all with identical technique. For 
irradiation, samples weighing 150–250 mg were packaged in 
Cu foil and placed in cylindrical quartz vials, together with 
27.87-Ma Taylor Creek sanidine fluence monitors and K-glass 
and fluorite to measure interfering K and Ca isotopes; quartz 
vials were wrapped in 0.5-mm-thick Cd foil to shield samples 
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Figure 2. Mount St. Helens area, southwestern Washington, before the 1980 eruption. Dashed outline 
denotes approximate limit of Mount St. Helens debris apron. Fragmental deposits derived from Mount St. 
Helens extend farther down all major drainages heading on volcano. Swift Reservoir fills the Lewis River 
valley between Swift Creek and Pine Creek, and Yale Lake fills valley west of Rain Creek. Base is pre-1980 
topographic quadrangle map (U.S. Geological Survey, 1919) in North American datum (later renamed North 
American Datum 1927), enhanced by D.W. Ramsey to create hillslope shading as if illuminated from northwest.
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from thermal neutrons during irradiation. Samples were irradi-
ated for 2 hours in the central thimble of the TRIGA reactor at 
the USGS laboratory in Denver, Colo. (Dalrymple and others, 
1981); reactor vessel was rotated continuously during irradia-
tion to avoid lateral neutron-flux gradients. The reactor con-
stants determined for these irradiations were indistinguishable 
from those in other recent irradiations, and a weighted mean 
of constants obtained over the past 5 years yields 40Ar/39Ar

K
 = 

0.000±0.0004, 39Ar/37Ar
Ca

 = 0.000706±0.000051, and 36Ar/37Ar
Ca

 
= 0.000281±0.000009. Sanidine TCR-2 from the Taylor Creek 
Rhyolite (Duffield and Dalrymple, 1990) is a secondary standard 
calibrated against the primary intralaboratory standard, SB-3, 
which has an age of 162.9±0.9 Ma (Lanphere and Dalrymple, 
2000). Fluence monitors were analyzed using a continuous laser 
system and a MAP 216 mass spectrometer, as described by 
Dalrymple (1989). Argon was extracted from groundmass and 

plagioclase separates using a Mo crucible in a custom resistance 
furnace modified from the design of Staudacher and others 
(1978) attached to the aforementioned mass spectrometer. Heat-
ing temperatures were monitored with an optical-fiber thermom-
eter and controlled with an Accufiber model 10 controller. Gas 
was purified continuously during extraction using two SAES 
ST-172 getters operated at 2.5 and 4 A.

Mass-spectrometric discrimination and system blanks are 
important factors in the precision and accuracy of the 40Ar/39Ar 
age determinations of Pleistocene lavas because of low radio-
genic yields. Discrimination was monitored by analyzing splits 
of atmospheric Ar from a reservoir attached to the extraction 
line. Typical system blanks, including mass-spectrometer 
backgrounds, were 1.5×10-18 mol of m/z 36, 9×10-17 mol of 
m/z 37, 3×10-18 mol of m/z 39, and 1.5×10-16 mol of m/z 40, 
where m/z is the mass/charge ratio.
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Commonly accepted criteria (McDougall and Harrison, 
1999) for a meaningful incremental-heating age are (1) a well-
defined plateau (horizontal age spectrum with no significant 
slope) comprising more than 50 percent of 39Ar released, (2) a 
well-defined isochron for plateau gas fractions, (3) concordant 
plateau and isochron ages, and (4) an 40Ar/36Ar isochron inter-
cept not significantly different from 295.5. Because several 
of the samples violate one or more of these criteria, for those 
samples we favor the isochron age or report a plateau compris-
ing less than 50 percent of 39Ar released.

For isochron plots, data are not corrected by using an 
atmospheric ratio. Reported isochron ages include plateau 
steps on well-behaved samples or a data subset that includes 
the most steps yielding a reasonable goodness of fit. We 
commonly exclude the highest and lowest temperature steps 
because they are most strongly affected by 39Ar recoil. We 
show normal isochron plots for these low-radiogenic-yield 
rocks because the data are easier to visualize. Isochron ages 
with a high probability-of-fit regression (a low mean square of 
weighted deviates, [MSWD ~1]; York, 1969) and an 40Ar/36Ar 
intercept not within the error of the present-day air ratio are 
interpreted to contain nonatmospheric initial Ar. For these 
samples, we interpret the isochron age as most meaningful. 
Isochron ages with an MSWD value greater than the critical 
value defined by Mahon (1996) are here reported with errors 
expanded by MSWD  (Ludwig, 1999); errors are reported at 
the 1σ level.

The K-Ar ages for samples SC97-141 and SC97-143 
were determined in Menlo Park, Calif., using techniques delin-
eated in Hildreth and Lanphere (1994).

Radiocarbon Dating

The samples with a laboratory number prefixed by 
“WW” were prepared at the USGS laboratory in Reston, 
Va., by John McGeehin and analyzed at the Center for 
Accelerator Mass Spectrometry of Lawrence Livermore 
National Laboratory in Livermore, Calif. The samples 
were pretreated with an acid-alkali-acid leaching process 
to remove contaminant C in the form of inorganic carbon-
ates and organic soil acids before conversion to CO

2
 and 

reduction with H
2
 to pure C in the form of graphite over 

an Fe catalyst. Additional details of sample processing and 
analysis were reported by McGeehin and others (2001) and 
Roberts and others (1997), respectively.

All 14C ages were calculated using the Libby 5,568-year 
half-life with δ13C = -25 and given in years before present 
(B.P.), defined as 1950 C.E. Errors as stated include one 
standard deviation (1σ) of counting statistics and an addi-
tional uncertainty attributable to isotope fractionation and 
sample processing. Radiocarbon ages of 0–22,000 yr B.P. 
were calibrated to calendar years by using the INTCAL04 
terrestrial age calibration (Reimer and others, 2004); older 
14C ages were calibrated by using the method of Cutler and 
others (2004).

Geochemistry

Analytical methods for USGS major-element analyses 
by wavelength-dispersive X-ray spectroscopy were routine, 
as described by Taggart and others (1987). All analyses 
were recalculated to 100 percent anhydrous, with the Fe

2
O

3
/

FeO ratio set to 0.2 of the total Fe analyzed as Fe
2
O

3
. Analy-

ses from the literature were recalculated by using the same 
scheme. A few analyses, however, lack either P

2
O

5
 or MnO 

content, and so those two components were estimated on the 
basis of analyses of similar rocks. John Pallister, Cynthia 
Gardner, and Rick Hoblitt provided additional USGS analyses.

Results

K-Ar and 40Ar/39Ar Analyses

The results of K-Ar and 40Ar/39Ar analyses of Mount 
St. Helens rocks are summarized in table 1, and the data for 
incremental-heating experiments are listed in appendix 1. 
Plateau and isochron ages are plotted in figure 4. The dated 
samples are briefly described below, from youngest to oldest 
in the same order as in table 1. Sample locations (fig. 3) are 
referable to North American Datum 1927 (NAD 27).

Sample SC98-155.––Dacite of Kalama Dome (Evarts and 
Ashley, 1990a), a small dome of porphyritic hornblende dacite 
with sparse resorbed biotite overlying till of Hayden Creek age 
in the Kalama River valley (lat 46º07.79' N., long 122º19.76' 
W.). Generally, only a single population of plagioclase is pres-
ent, although a few phenocrysts are resorbed and all display 
oscillatory zoning with thick sodic rims. The groundmass 
is fresh and contains abundant microlites in clear glass. The 
whole-rock sample yielded all-negative apparent ages but 
has a well-constrained 16.3±12.9-ka isochron age compris-
ing 94 percent of 39Ar released, with an 40Ar/36Ar intercept of 
289.2±0.9 and MSWD = 1.4. Higher-temperature steps con-
tained little K-derived 39Ar and had older apparent ages (see 
chemical analysis in table 5).

Sample SC99-343.––Andesite of Swift Creek, a thick 
andesite lava flow of porphyritic hornblende-augite-hyper-
sthene andesite to dacite overlying Cougar-stage pyroclastic 
flows on the south flank of the volcano (lat 46º08.60' N., long 
122º10.27' W.). Several populations of plagioclase phenocrysts 
are present, and most hornblende is converted to an aggregate 
of plagioclase, pyroxene, and Fe-Ti oxide. The groundmass is 
turbid, with tiny crystals set in cryptofelsite. The whole-rock 
sample yielded an excellent plateau age of 17.8±2.7 ka and an 
equivalent isochron age. The andesite of Swift Creek, named 
not for the stage but for its location along Swift Creek, was 
emplaced late in Cougar time.

Sample SC03-611D.––A clast of coarsely porphyritic 
hornblende dacite with sparse quartz from a Cougar-stage 
lahar deposit along the north shore of Lake Merwin in 
the Amboy quadrangle (lat 45º58.91' N., long 122º26.35' 
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40Ar/39Ar data  Plateau age  Isochron age 

Sample Material Total-gas age (ka) %39Ar (steps) Age (ka) Error 
(1σ) Age (ka) Error 

(1σ) MSWD 40Ar/36Ari

SC98-155 Whole rock -95.1±8.6 72 (9 of 27) -51.2 7.3 16.3 12.9 1.4 289.2±0.9

SC99-343 Whole rock -52.4±8.7 79 (7 of 14) 17.8 2.7 18.7 4.5 0.94 294.1±1.4

SC03-611D Groundmass 15.2±3.0 37 (4 of 14)* 21.7 1.8 21.2 2.9 1.8 298.7±2.3

SC03-612 Plagioclase 363.8±7.3 37 (3 of 9) 24 11 84.5 13.6 2.7 288.4±1.6

SC98-192 Whole rock 29.1±2.2 80 (6 of 14) 27.9 1.7 28.5 4.0 0.80 295.5±3.0

SC97-109 Groundmass 7.8±6.2 88 (6 of 12) 34.9 4.6 39.5 5.4 0.41 290.0±0.8

SC03-619A Whole rock 34.1±1.1 97 (12 of 14) 39.8 1.0 40.0 2.4 1.6 295.0±2.2

P90-22A Plagioclase 302.7±8.4 36 (2 of 8) 54 10

SC03-620A Plagioclase 754.1±8.5 36 (3 of 9) 74 11 79.8 29.9 1.8 293.2±5.1

SC98-251A Whole rock -361.9±12.4 83 (10 of 18) -184 10 91.5 24.2 1.3 281.5±1.1

SC98-193 Groundmass -42±18 20 (2 of 9) 112 24 147 37 0.65 289.7±1.8

SC98-193 Plagioclase 369.2±35.9 69 (5 of 9) 107.4 39.2 134 169 0.52 294.1±8.3

SC97-143 Plagioclase 695±31 42 (2 of 8) 113.8 40.8 -71.4 145.4 0.61 322.6±16.0

SC03-642 Plagioclase 530.4±8.8 52 (3 of 10) 160 8.8 166.6 46.0 2.9 288.8±4.1

99YC-P32 Plagioclase 519±122 77 (7 of 13) 247 12 155 55 1.3 318±15

98LC-Q219H2 Plagioclase 366±17 62 (3 of 9) 263 19

98LC-Q219B Plagioclase 404±28 85 (7 of 9) 269 13 276 19 0.81 292.2±4.1

K-Ar data                         K2O         Argon                         

Sample Material K-Ar age (ka) Weight (g) wt % No. S.D. 40Arrad (mol/g) 40Arrad %

SC97-143 Whole rock 109±24 25.421 1.456 2 0.005 2.277 x 10-13 1.8

W97-141 Whole rock 296±7 26.198 1.856 2 0.011 7.891 x 10-13 25.4

* Weighted mean age, because the plateau does not comprise the required 50 percent of 39Ar released.

Table 1. Summary of 40Ar/39Ar and K-Ar ages.

[See text for discussion of preferred ages, shown in bold. Maximum ages in italics. K-Ar ages calculated by using 1976 International Union of Geological Sciences constants 
(Steiger and Jäger, 1977): λβ = 4.962×10-10/yr, λε= 0.581×10-10/yr, 40K/K

total
 = 1.167×10-4 mol/mol. Errors are estimates of analytical precision at the 68-percent confidence level.]
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Figure 4. Argon plateau and isochron diagrams for dated samples from Mount St. Helens deposits (see fig. 3 for locations).
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Figure 4.—Continued.
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W.). The lahar deposit contains debris-avalanche dacite and, 
probably, andesite of Swift Creek, and so it must have been 
emplaced late in Cougar time. The amphibole is mostly con-
verted to an aggregate of pyroxene, oxide, and plagioclase and 
originally may have been cummingtonite. Plagioclase displays 
various zoning patterns, but resorbed phenocrysts are relatively 
uncommon. The groundmass is mostly devitrified to a rela-
tively coarse-grained intergrowth of plagioclase and quartz. 
The groundmass sample yielded a disturbed age spectrum 
containing only four concordant steps, with a weighted-mean 
age of 21.7±1.8 ka. A 21.2±2.9-ka isochron age comprising 
43 percent of the 39Ar released is indistinguishable from the 
weighted-mean age and has a higher-than-atmospheric inter-
cept and a good fit. We interpret the isochron age as the most 
reliable (see chemical analysis in table 5).

Sample SC03-612.––A clast of porphyritic hornblende 
dacite with sparse quartz from a Cougar-stage lahar deposit 
along the north shore of Lake Merwin in the Amboy quad-
rangle (lat 45º58.93' N., long 122º26.45'W.). The lahar 
deposit contains debris-avalanche dacite and, probably, 
andesite of Swift Creek and is of late Cougar age. Plagio-
clase displays various zoning patterns, but resorbed phe-
nocrysts are relatively uncommon. The groundmass is fresh 
and consists of crystallite-poor glass. A plagioclase separate 
from this rock yielded a climbing age spectrum from 27 ka 
to nearly 2 Ma. We interpret the weighted-mean age of three 
concordant low-temperature steps (24±11 ka) as a maximum 
age for the rock.

Sample SC98-192.––Dacite of June Lake, a thick, weakly 
welded lithic pyroclastic-flow deposit exposed at June Lake 
(lat 46º09.14' N., long 122º09.65' W.) on the south flank of the 
volcano. The deposit overlies mid-Tertiary arc volcanic rocks 
and is overlain by Cougar- and Swift Creek-stage pyroclastic-
flow deposits. The rock is a porphyritic hypersthene-horn-
blende dacite. Most amphibole is converted to an anhydrous 
assemblage of pyroxene, plagioclase, and Fe-Ti oxides and 
may have originally been cummingtonite. The groundmass 
contains abundant tiny microlites and is nearly completely 
devitrified to cryptocrystalline material. The whole-rock 
sample yielded an excellent 27.9±1.7-ka plateau age and an 
equivalent isochron age.

Sample SC97-109.––Dacite of McBride Lake, a coarsely 
porphyritic hornblende dacite with sparse quartz from a Cougar-
stage debris-avalanche or lahar deposit (loc. 55 of Crandell, 
1987) near McBride Lake, on the southwest flank of the volcano 
(lat 46º08.49' N., long 122º15.45' W.). The rock is a common 
component of the lahar and reworked lahar deposits along 
the north shore of Lake Merwin (fig. 3). Plagioclase displays 
various zoning patterns, and a small proportion of phenocrysts 
have resorbed zones. The groundmass is cryptocrystalline and 
fresh. The groundmass sample yielded an excellent 34.9±4.6-ka 
plateau age comprising 88 percent of 39Ar released. The highest-
temperature steps have very low 40Ar/36Ar ratios, forcing the 
40Ar/36Ar intercept to be low and the isochron age to be slightly 
older. We interpret the plateau age as the most reliable (see 
chemical analysis in table 4).

Sample SC03-619A.––Coarsely porphyritic hornblende 
dacite with sparse quartz from an Ape Canyon-stage lahar 
deposit that overlies Hayden Creek Drift and is exposed just 
above high water along the north shore of Lake Merwin in 
the Ariel quadrangle (lat 45º59.07' N., long 122º31.55' W.). 
The rock is a common component of Ape Canyon-stage lahar 
deposits in the Lewis River valley (fig. 2). The amphibole is 
mostly converted to an aggregate of pyroxene, Fe-Ti oxide, 
and plagioclase. Plagioclase displays various zoning patterns, 
and a small proportion of the phenocrysts have resorbed 
zones. The groundmass is mostly devitrified to a relatively 
coarse grained intergrowth of plagioclase and quartz. The 
groundmass sample yielded an excellent plateau age of 
39.8±1.0 ka and an equivalent isochron age (see chemical 
analysis in table 4).

Sample P90-22A.––Porphyritic quartz-biotite-hornblende 
dacite clast from a pumiceous pyroclastic-flow deposit overly-
ing Hayden Creek Drift. John Pallister collected this sample 
from locality 16 of Crandell (1987, probably unit P1, his fig. 
7) in Smith Creek valley (lat 46º12.35' N., long 122º05.05' 
W.). At this locality, the pyroclastic-flow deposits are interbed-
ded with set C tephras, and the abundance of hornblende and 
paucity of cummingtonite suggest that these pyroclastic-flow 
deposits may be equivalent to tephra layer Cy. Crandell and 
others (1981) reported an age older than 46.4 ka cal yr B.P. for 
this deposit. The rock is pumiceous and consists of plagio-
clase, abundant hornblende, biotite, quartz, and sparse cum-
mingtonite in a glassy groundmass with very sparse microlites. 
Plagioclase displays various zoning patterns but phenocrysts 
are generally fresh and lack sieve textures. A plagioclase sepa-
rate from this rock yielded a U-shaped age spectrum; no good 
fit to the isochron data is evident. We interpret the weighted 
mean of the youngest apparent ages (54±10 ka) as a maximum 
age for the rock.

Sample SC03-620A.––Coarsely porphyritic quartz-biotite-
hornblende dacite from a lahar deposit exposed along the north 
shore of Lake Merwin in the Ariel quadrangle (lat 45º59.16' N., 
long 122º31.22' W.). The rock is a common component of Ape 
Canyon-stage lahar and derivative sedimentary deposits in the 
Lewis River from Yale Dam to Woodland, 32 km west. Smaller 
hornblende phenocrysts are converted to an aggregate of pyrox-
ene, Fe-Ti oxide, and plagioclase, and larger ones have opacite 
rims. Plagioclase displays various zoning patterns, but resorbed 
phenocrysts are relatively uncommon. The groundmass is fresh 
and composed of crystallite-rich glass. A plagioclase separate 
from this rock yielded a climbing age spectrum from 72 ka to 
older than 3 Ma. We interpret the weighted-mean age of three 
concordant low-temperature steps (74±11 ka) as a maximum 
age for the rock.

Sample SC98-251A.––Light-colored, porphyritic 
hornblende-hypersthene dacite pumice from the two-pumice 
pyroclastic-flow deposit exposed in the cliffs west of Swift 
Creek (lat 46º05.87' N., long 122º11.95' W.). Most amphibole 
is converted to an anhydrous assemblage of pyroxene, pla-
gioclase, and Fe-Ti oxide. Plagioclase is the most abundant 
phenocryst phase and displays several textures but is generally 
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fresh and unresorbed. The groundmass consists of fresh glass 
choked with abundant tiny crystallites. The whole-rock sample 
yielded negative ages. An isochron comprising intermediate 
steps of the incremental-heating experiment yielded a good fit 
at 91.5±24.2 ka; however, we interpret the 24,380-yr age for 
laboratory No. W-2540 (table 2) as more reliable.

Sample SC98-193.––Andesite of Butte Camp, a porphy-
ritic hypersthene-hornblende andesite from a glaciated lava 
dome at Butte Camp, collected from talus in an unnamed 
creek on the northwest side of the dome (lat 46º10.5' N., long 
122º14.3' W.). The rock consists of porphyritic hypersthene-
hornblende dacite without quartz and biotite. This rock is a 
component of Hayden Creek-age glacial deposits and Ape 
Canyon-age lahars in the Lewis River and North Fork of the 
Toutle River (fig. 3). Resorbed phenocrysts of plagioclase 
and hornblende are sparse; some phenocrysts are probably 
derived from disaggregation of cumulate-textured inclusions. 
The groundmass glass is clear and fresh but crowded with 
microlites. Age experiments on plagioclase and groundmass 
separates were attempted for this rock. Plagioclase yielded a 
good plateau age of 107.4±39.2 ka comprising 69 percent of 
39Ar released; isochron age is concordant but has a large error 
because of low radiogenic yields. The groundmass experi-
ment was disturbed but yielded a 147.1±36.5-ka isochron, 
within the error of the plagioclase result. We interpret the 
plateau age as the most reliable (see chemical analysis in 
table 4).

Sample SC97-143.––Unnamed hypersthene-hornblende 
dacite from a Cougar-stage lahar deposit (lat 46º03.78' N., 
long 122º13.48' W.) along (Forest Service) Road 90, approxi-
mately 1 km west of Crandell’s (1987) locality 45. The rock 
consists of coarsely porphyritic hypersthene-hornblende 
dacite with sparse quartz. This rock is a minor component 
of Cougar- and Ape Canyon-age lahar deposits in the Lewis 
River from Swift Dam to Woodland, 46 km west-southwest. 
Amphibole phenocrysts are fresh but have thin opacite rims; 
plagioclase phenocrysts are fresh and are present mostly in 
a single population. The groundmass consists of microlite-
choked clear glass. A plagioclase separate yielded a U-shaped 
age spectrum; no good fit to the isochron data is evident. We 
interpret the weighted mean of the youngest apparent ages 
(113.8±40.8 ka) as a maximum age for the rock. This age is 
equivalent to a 109±24-ka K-Ar age obtained in a pilot study, 
which we interpret as the most reliable (see chemical analysis 
in table 4).

Sample SC03-642.––Unnamed porphyritic hypersthene-
hornblende dacite from a megablock in the Cougar-stage debris-
avalanche deposit exposed in Swift Creek (lat 46º05.25' N., long 
122º12.40' W.). The rock consists of porphyritic hypersthene-
hornblende dacite with no quartz or biotite. This rock is a minor 
component of the Cougar-stage debris-avalanche deposit (see 
"Discussion" section). Plagioclase displays various zoning pat-
terns, including a few phenocrysts with resorption zones. The 
groundmass is fresh and consists of crystallite-choked glass. 
A plagioclase separate from this rock yielded a climbing age 
spectrum. Three intermediate incremental-heating steps yielded 

a plateau age of 160±8.8 ka, and an isochron age comprising 
the first 71 percent of 39Ar released yielded a similar age of 
167±46 ka. We interpret the plateau age as the most reliable 
(see chemical analysis in table 4).

Sample W97-141.––Dacite of Goat Mountain (Evarts 
and Ashley, 1990b), a coarsely porphyritic hornblende-biotite 
dacite with abundant quartz from the southeast flank of Goat 
Mountain (lat 46º08.85' N., long 122º16.96' W.). The rock is a 
common component of Hayden Creek-age glacial deposits and 
Ape Canyon-age lahars in the Lewis River from Yale Dam 32 
km west to Woodland and in the Kalama River west of (Forest 
Service) Road 81 (fig. 3). Our K-Ar age of 296±7 ka (table 
1) is significantly younger than the discordant K-Ar ages on 
hornblende (3.18±0.3 Ma) and biotite (1.06±0.6 and 0.76±0.6 
Ma) reported by Engels and others (1976).

Sample 99YC-P32.––Bed of set C tephra beneath Amboy 
Drift (equivalent to Hayden Creek Drift) on the crest of 
Green Mountain, about 33 km southwest of the volcano in the 
Amboy quadrangle (lat 45º57.84' N., long 122º29.04' W.). The 
bed, which is about 2 m thick, is composed of coarse ash and 
scattered lapilli of weathered dacitic glass containing crystals 
of plagioclase, quartz, biotite, green hornblende, and cum-
mingtonite, contains charred woodchips, and overlies a soil 
developed on Tertiary bedrock. Plagioclase yielded a plateau 
age of 247±12 ka comprising 78 percent of 39Ar released. Iso-
chron results suggest a high 40Ar/36Ar intercept but within the 
error of air. We interpret the plateau age as the most reliable.

Sample 98LC-Q219H2.––Block of slightly vesicu-
lar, coarsely and densely porphyritic dacite from a debris-
flow(?) bed in the sequence of ice-contact deposits at Cape 
Horn Creek in the Ariel quadrangle (lat 45º59.16' N., long 
122º33.48' W.). Phenocrysts of plagioclase, quartz, biotite, 
green hornblende, and cummingtonite occur in a groundmass 
of hydrated glass. Plagioclase exhibits complex zoning and 
some resorption but is fresh and free of inclusions. Some horn-
blende grains are zoned to cummingtonite rims. Plagioclase 
yielded a three-step plateau age of 263±19 ka comprising 62 
percent of 39Ar released but no usable isochron age.

Sample 98LC-Q219B.––Pumice-lapilli bed in a 
9-m-thick sequence of ice-contact deposits exposed in a 
roadcut on the south valley wall of Cape Horn Creek, about 
37 km southwest of the volcano in the Ariel quadrangle 
(lat 45º59.16' N., long 122º33.48' W.). The deposits consist 
almost entirely of Mount St. Helens-derived dacite debris and 
overlie Amboy Drift (Hayden Creek Drift). The sample, from 
a 0.5-m-thick bed of slightly reworked pumice lapilli, consists 
of phenocrysts of plagioclase, quartz, biotite, green-brown 
hornblende, and cummingtonite within a matrix of totally 
weathered glass. Plagioclase yielded an excellent plateau age 
of 269±13 ka comprising 85 percent of 39Ar released and a 
comparable isochron age of 276±19 ka.

Radiocarbon Ages

Absolute time control for Crandell and Mullineaux’s 
stratigraphy of the Ape Canyon and Cougar stages was based 
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Laboratory 
No. Sample No. Radiometric age 

(14C yr B.P.) Calibrated age

 Cougar-stage deposits

W-2413 — 18,560±180 22,170 (+190/−240)

W-4531 — 19,160±250 22,620 (+520/−210

WW-4543 SC03-517A 19,670±60 23,590 (+120/−150)

— Scott BC 19,700±550 23,650 (+485/−965)

W-2540 — 20,350±350 24,380 (+510/−480)

— MS-5 22,720±1,400 28,850 ±1,400

 Ape Canyon-stage deposits

WW-3481 SC98-166B 42,950±560 47,430±600

WW-5561 JEO 09/15/05-3/1 44,960±930 49,540±1,000

Table 2. Radiocarbon and calibrated ages of Ape Canyon- and Cougar-stage 
deposits.

[All values in years ± 1σ. Samples with laboratory numbers prefixed by “WW” were prepared 
at the U.S. Geological Survey laboratory in Reston, Va., and analyzed by John McGeehin at 
Lawrence Livermore National Laboratory in Livermore, Calif. by accelerator mass spectrometry. 
These samples were pretreated with standard acid-alkali-acid wash, and ages were calculated with 
a 14C half-life of 5,568 yr and δ13C = –25 (see text for sample descriptions and locations). Samples 
with laboratory numbers prefixed by “W” are from Crandell and others (1981) and were not 
pretreated (see Crandell and others, 1981, for sample descriptions and locations). Sample MS-5 is 
from Major and Scott (1988), and sample Scott BC from Scott (1989). Samples younger than 22 
ka were calibrated by using the curve of Reimer and others (2004); samples older than 22 ka were 
calibrated by using the curve of Cutler and others (2004). Calibrated ages are reported as calendar 
years before 1950 C.E. Calibration curve of Cutler and others (2004) does not give uncertainties, 
which are rounded upward from the uncalibrated age.]

on several uncalibrated ages of samples that were not pre-
treated before analysis (Crandell and others, 1981). Radio-
carbon samples, when not pretreated to reduce contamination 
by modern organic material, commonly yield inconsistent or 
minimum ages. Furthermore, the calibrated ages, especially 
those in the range 20–50 ka, are 2–6 ka older than the uncali-
brated ages. These factors lead to differences between the 
ages reported here and those reported by Crandell and others 
(1981), Crandell (1987), and Mullineaux (1996).

Brief descriptions of three new samples from the Ape 
Canyon and Cougar stages and two samples from the report 
by Crandell and others (1981) are given below and listed in 
table 2. Sample locations, which are referable to NAD 27, are 
shown in figure 3.

Sample WW-4543 (SC03-517A).––Charcoal from a 
Cougar-stage hypersthene-hornblende dacite pyroclastic-flow 
deposit (“Cougar-stage white pumice”) exposed at lake level 
on the north shore of Swift Reservoir (figs. 2, 3), overlying 
set K tephra (lat 46º04.22' N., long 122º09.67' W.), in the 
Mount Mitchell quadrangle. The sample is stratigraphically 
equivalent to laboratory No. W-2413 (table 2, Crandell and 
others, 1981) from nearby locality 46 of Crandell (1987) and 
approximately stratigraphically equivalent to laboratory No. 
W-4531 (table 2; Crandell and others, 1981) on a hypersthene-

hornblende dacite pyroclastic-flow deposit at locality 36 of 
Crandell (1987) in Pine Creek (figs. 2, 3).

Sample Scott BC.––Wood from sediment interbed-
ded with Cougar-stage lahar deposits in the South Fork of 
the Toutle River (fig. 1) about 0.5 km upstream from the 
confluence with Bear Creek (approx. lat 46º14.0' N., long 
122º12.65' W.) in the Elk Mountain quadrangle. The sample 
was described by Scott (1989, p. B32) as from the Bear Creek 
section but was unnumbered.

Sample W-2540.––Charcoal from a pumiceous pyroclastic-
flow deposit (“two-pumice pyroclastic flow”) exposed near Rain 
Creek, west of the Swift Reservoir (loc. 46 of Crandell, 1987), 
and underlying sets M and K tephras (approx. lat 46º03.25' N., 
long 122º12.9' W.) in the Mount Mitchell quadrangle.

Sample MS-5.––Charcoal from alluvial sediment below 
a lahar deposit (Major and Scott, 1988) at the intersection of 
Washington Highway 503 and Baker Road, near Speelyai Bay, 
Lake Merwin (lat 45º59.78' N., long 122º23.95' W.) in the 
Amboy quadrangle. The deposit contains Cougar-stage dacite 
but lacks debris-avalanche dacite, and so the deposit is Cougar 
age but predates the Cougar-stage debris-avalanche deposit 
(see next section).

Sample WW-3481 (SC98-166B).––Charcoal from unit 2, 
measured section C-2, upper zone of layer Cb, in the Muddy 
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River quarry (lat 46º11.06' N., long 122º03.09' W.) at the 
confluence of the Muddy River and Smith Creek (Mullineaux, 
1996, p. 21) in the Smith Creek Butte quadrangle. The sample 
is equivalent to laboratory No. W-2661, the age of which is 
37,600±1,300 14C yr B.P. (Crandell and others, 1981).

Sample WW-5561 (JEO 09/15/05-3/1).––Charcoal col-
lected from a sandy lahar deposit along the north shore of 
Lake Merwin near Woodland Park (lat 45º59.48' N., long 
122º29.11' W.) in the Amboy quadrangle. The clast population 
of the deposit is dominated by quartz-biotite dacite pumice, 
possibly equivalent to layer Cw (Vogel, 2005). Age courtesy 
of Jim O’Connor (U.S. Geological Survey).

Other Ages
Crandell and others (1981) reported 17 uncalibrated 

ages for the Swift Creek stage. Although these ages span a 
substantial period, some are internally inconsistent, and many 
are inconsistent with the ages reported by other workers from 
places where set S tephras are preserved. Here we present the 
most consistent raw ages and calibrated equivalents for the 
Swift Creek stage from Crandell and others (1981) and other 
literature (table 3).

Discussion

Ape Canyon Stage

Before the Ape Canyon stage, the Mount St. Helens area 
was an eroded terrain of moderate relief carved into mid-Ter-
tiary (32–23 Ma) arc volcanic rocks (Evarts and others, 1987). 
The Cascade Range in southern Washington was repeatedly 
glaciated during the middle and late Pleistocene, and glaciers 
extended from the vicinity of the volcano westward to as low 
as about 30-m altitude in the Lewis River valley as recently as 
60 ka (Grigg and Whitlock, 2002; Evarts, 2004b). Thus, the 
early record of Mount St. Helens volcanism is poorly pre-
served and incomplete. A few set C tephras and lava domes 
are locally preserved, but the most extensive record of early 
volcanism in the area is preserved as clasts in the Cougar-stage 
debris-avalanche deposit (see discussion below) and in glacial 
deposits and lahars in the lower Lewis River valley (Evarts, 
2004a, b, 2005) and the valleys of the North and South Forks 
of the Toutle River (Scott, 1989; Evarts, 2001). Clasts of 
similar rock types in many younger Mount St. Helens pyro-
clastic deposits indicate that these older rocks also underlie 
the present-day edifice. New and existing radiometric ages of 
rocks and deposits emplaced during the Ape Canyon stage are 
plotted in figure 5.

Domes in the Goat Mountain and Butte Camp Area
Recent geologic mapping has established the extent of 

lava domes and remnants of lava domes that project above 

younger deposits in the area between Goat Mountain and 
the dome at Butte Camp (fig. 2), and additional rock types 
have been recognized in the Cougar-stage debris-avalanche 
deposit (see discussion below). The quartz-biotite dacite 
of Goat Mountain contains 68–69 weight percent SiO

2
 and 

yielded a K-Ar age of 296±7 ka (sample W97-141, table 1). 
The hypersthene-hornblende andesite of Butte Camp contains 
62–63 percent SiO

2
 and yielded an 40Ar/39Ar plateau age of 

107.4±39.2 ka (sample SC98-193, table 1). A small remnant 
of another dome east of Butte Camp is a quartz-biotite dacite 
containing 68 percent SiO

2
. All these rocks occur in younger 

glacial deposits and lahars in the Toutle, Kalama, and Lewis 
River valleys. Similar rock types have been recognized as 
lithic clasts in Spirit Lake-stage pyroclastic deposits (for 
example, the Sugar Bowl blast deposit).

Debris-Avalanche Dacite and Rocks Preserved 
in the Cougar-Stage Debris-Avalanche Deposit

A substantial part of the Ape Canyon-stage edifice was 
removed by the Cougar-stage debris avalanche (see discussion 
below). A quartz-biotite dacite, called debris-avalanche dacite, 
which occurs as a few dome remnants and composes about 
90 percent of the debris-avalanche deposit, is lithologically 
similar to other Ape Canyon-stage quartz-biotite dacites but 
is hydrothermally altered. Preliminary ion microprobe U-Th 
dating of zircons in debris-avalanche clasts indicates an age of 
about 71±9 ka for the dacite (J.S. Pallister, written commun., 
2004). The debris-avalanche dacite and dome remnants vary 
little in composition and contain 64–65 percent SiO

2
.

A few other dacite types constitute the remaining 10 per-
cent of the Cougar-stage debris-avalanche deposit. A hornblende 
dacite containing 64 percent SiO

2
 yielded an 40Ar/39Ar plateau 

age of 160±8.8 ka (sample SC03-642, table 1). A sample of 
the dacite of McBride Lake from the deposit at McBride Lake 
(sample SC97-109, fig. 3; loc. 44 of Crandell, 1987) yielded an 
age of 34.9±4.6 ka (table 1), one of the youngest ages from Ape 
Canyon-stage deposits.

Deposits Associated with Hayden Creek Drift in 
the Lewis River Valley

Near Mount St. Helens, the oldest preserved volcanic 
deposits overlie till that Crandell (1987) correlated with the 
Hayden Creek Drift of the Mount Rainier region (Crandell and 
Miller, 1974) on the basis of similar weathering characteris-
tics. Crandell concluded that activity at the Mount St. Helens 
volcanic center entirely postdated this glaciation, which he 
inferred was age equivalent to marine isotope stage 4 (~60–75 
ka)—too young, as we show below.

Equivalent deposits in the lower Lewis River valley 
mapped as Amboy Drift by Mundorff (1964) and Evarts 
(2004a, b, 2005), contain clasts of quartz- and biotite-bearing 
dacite compositionally indistinguishable from Ape Canyon-
stage rocks, recording the occurrence of preglacial or syn-
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Laboratory 
No.

Description
Radiometric age

(14C yr B.P.)
Calibrated age

W-3548 Wood below layer Jg, South Fork of the Toutle River 10,710±150 12,790 (+80/−180)

W-5724 Peat below layer Jg, Fargher Lake 10,980±250 12,900 (+300/−150)

USGS-2780 Peat directly above and below layer Jyn 12,020±60 13,855 (+90/−50)

W-5719 Peat below layer Jy(?), Fargher Lake 11,580±250 13,400 (+300/−200)

W-2832 Base set J, east of Lahar 11,700±90 13,570 (+90/−130)

W-2441 Base set J, Smith Creek 11,880±110 13,750 (+120/−140)

W-2655 Pre-set J lahar, Muddy River, Cedar Flats fan 11,800±90 13,730 (+160/−260)

W-2866
Post set S, pre-set J lithic pyroclastic-flow deposit, Smith 

Creek, Cedar Flats fan
11,900±190 13,775 (+200/−225)

W-2870
Post set S, pre-set J lithic pyroclastic-flow deposit, Smith 

Creek, Cedar Flats fan
11,550±230 13,400 (+250/−200)

W-2868
Post set S, pre-set J lithic pyroclastic-flow deposit, Smith 

Creek, Cedar Flats fan
12,110±110 13,970 (+100/−140)

W-3145 Pre-set J lahar, South Fork of the Toutle River, Crescent Ridge fan 12,270±90 14,130 (+190/−140)

W-3133 Peat above set S, Tower Peak quadrangle 12,120±100 13,990 (+100/−140)

Porter 1 Sediment above set S, Skykomish Valley, Wash. 13,460±70 15,970 (+110/−180)

Porter 2 Sediment above set S, Skykomish Valley, Wash. 13,560±70 16,110 (+240/−160)

Porter 3 Peat above set S, Ohop Valley, Wash. 13,600±70* 16,150 (+230/−170)

QL-1436 Peat above set S, Davis Lake, Wash. 13,800±210 16,425 (+335/−320)

W-2983
Pyroclastic-flow deposit between layers Sg and So, mouth of 

Swift Creek
13,130±350 15,525 (+540/−470)

W-3141
Pumiceous pyroclastic-flow deposit, early set S, Forest Road 

90 at Swift Creek
12,910±160 15,225 (+270/−210)

Clague 1 Estimated layer Sg age, Mono-Fish Lake paleomagnetic record 13,350±100* 15,850 (+200/−230)

WSU-2714 Shells below layer Sg, Mabton, Wash. 13,325±185 15,800 (+300/−300)

USGS-684 Shells below layer Sg, Touchet, Wash. 14,060±450 16,750 (+800/−600)

*  Uncertainty not given and arbitrarily assumed to be 70 or 100 yr, respectively.

Table 3. Radiocarbon and calibrated ages of Swift Creek-stage deposits.

[All values in years ± 1σ. Calibrated ages are reported as calendar years before 1950 C.E. All samples were pretreated except those with a labora-
tory number prefixed by “W.” Most of those are from Crandell and others (1981) except samples W-5719 and W-5724, which are from Mullineaux 
(1996), and sample W-2983, which is from Hyde (1975) (see Crandell and others, 1981, for sample descriptions and locations). Samples Porter 1 
and Porter 2 are from S.C. Porter and T.W. Swanson (written commun., 2006); sample Porter 3 is from Porter and others (1983); sample USGS-684 
is from Waitt (1985); sample USGS-2780 is from Carrara and Trimble (1992); sample QL-1436 is from Davis and others (1982); sample WSU-
2714 is from Baker and Bunker (1985); and sample Clague 1 is from Clague and others (2003). All samples were calibrated by using the curve of 
Reimer and others (2004).]

glacial eruptions at the Mount St. Helens volcanic center. 
Furthermore, small remnants of alluvial and possible debris-
flow deposits composed mostly of Mount St. Helens-derived 
quartz-biotite±cummingtonite dacite are interbedded with drift 
at scattered sites in the Lewis River valley (Evarts and others, 
2003; Evarts, 2004a, b, 2005). The largest such deposit, in the 
valley of Cape Horn Creek (fig. 3) about 37 km southwest of 
the modern volcano, is composed of well-bedded silt, sand, 
pumiceous pebble gravel, and probable debris-flow beds that 
contain prismatically jointed dacite clasts as large as 35 cm 

across. These beds, as thick as 9 m, consist almost entirely 
of quartz-biotite dacite debris and overlie till that contains 
sparse clasts of similar lithology. Several quartz-biotite dacite 
clasts from the Cape Horn Creek locality contain 65–67 
percent SiO

2
. The paucity of Tertiary rock fragments indicates 

that these beds are not typical fluvial sedimentary deposits 
of the Lewis River system, and their position—nearly 460 
m above the valley floor—is much too high for them to be 
an erosional remnant of a valleywide fill. The sedimentary 
deposits are interpreted as freshly erupted dacitic debris that 



610  A Volcano Rekindled: The Renewed Eruption of Mount St. Helens, 2004−2006

Ape Canyon stage

0255075100125150175200225250275300325

Cougar, Swift Creek, 
and Spirit Lake stages

Dacite of
Goat Mountain 

Calibrated radiocarbon age
U/Th age
Thermoluminescence age
K-Ar or 40Ar/39Ar age. Open
    symbol, maximum age

Apparent
dormant
interval

Andesite of 
Butte Camp

Dacite of McBride Lake

Set C
tephra

Lahar

Dacite clasts incorporated into
Cougar-stage debris avalanche,
clasts in lahars in the Lewis River,
and ash in central Washington

       Ash and blocks
recovered from glacial deposits

Dacite clast in lahar

AGE, IN THOUSANDS OF YEARS

AP
PR

OX
IM

AT
E

ST
RA

TI
GR

AP
HI

C 
PO

SI
TI

ON

Upper

Lower

EXPLANATION

Figure 5. Dated samples for the Ape Canyon stage of Mount St. Helens’ eruptive history, showing ages 
and analytical (1σ) errors. Samples without error bars have uncertainties smaller than symbol, except for 
oldest thermoluminescence age, which lacks an estimated error. Open symbols, maximum ages. Arranged in 
approximate stratigraphic order; direct stratigraphic relations do not exist or are unknown for some samples and 
deposits. See tables 1 and 2 and text for data and references. Radiocarbon ages in calibrated years before 1950 
C.E. The Ape Canyon stage lasted from nearly 300 to about 35 ka, with a long hiatus from about 250 to about 160 
ka. A second, smaller hiatus may have occurred from about 70 to about 50 ka; however, additional, as-yet-undated 
samples from glacial and lahar deposits in the Lewis River may partly or completely fill these gaps. Cougar, Swift 
Creek, and Spirit Lake stages of Mount St. Helens eruptive history fit into the small box at the upper right.

was transported across the surface of a glacier that occupied 
the Lewis River valley at that time and that accumulated in a 
small lake at the glacier margin. Plagioclase separated from a 
pumice-lapilli bed in the Cape Horn Creek section yielded an 
40Ar/39Ar plateau age of 263±19 ka (sample 98LC-Q219H2, 
table 1), and plagioclase separated from a lithic dacite block 
in a debris-flow(?) bed yielded an analytically similar plateau 
age of 269±13 ka (sample 98LC-Q219B, table 1). Although 
both these ages are somewhat younger than the conventional 
K-Ar age of 296±7 ka for the dacite of Goat Mountain, they 
all indicate that the earliest activity at the Mount St. Helens 
volcanic center was considerably earlier than inferred by Cran-
dell (1987) and Mullineaux (1996), and that the Hayden Creek 
or Amboy Drift is, at least partly, considerably older than 
inferred by Crandell and represents a glacial advance during 
marine isotope stage 8 (~300–250 ka).

Lahar Deposits in the Lewis River Valley
The most diverse known record of Ape Canyon-stage 

volcanism is preserved in lahar and related sedimentary 
deposits of post-Hayden Creek Drift age in the Lewis River 

valley. The occurrence of various similar rock types sug-
gests the presence of several lava domes in the vicinity of 
the volcano and Goat Mountain before construction of the 
present-day edifice. Rocks from these domes are preserved in 
till and lahar deposits around Speelyai Bay, along the shores 
of Lake Merwin (fig. 3; Evarts, 2004a, b), and as far as 15 
km farther downstream near Woodland (Evarts, 2005; Vogel, 
2005). The lahar and lahar-runout deposits are dominated by 
Ape Canyon-stage dacite and contain little Tertiary bedrock 
material. Most of these deposits consist of dense dacite lava 
clasts that are well rounded, suggesting that they originated 
as stream alluvium derived from near the volcano and were 
incorporated into and transported by lahars. Typically, a few 
rock types dominate each lahar deposit, but several of the 
deposits are monolithologic, for example, the deposit exposed 
near the Speelyai Bay boat ramp (loc. E of Major and Scott, 
1988) composed of dacite of McBride Lake. The dacite of 
McBride Lake from the deposit near McBride Lake (loc. 
44 of Crandell, 1987) yielded a plateau age of 34.9±4.6 ka 
(sample SC97-109, table 1). Three other clasts of common, 
quartz-bearing hornblende dacite containing 65–66 percent 
SiO

2
 collected from Ape Canyon- and Cougar-stage lahar 

deposits in the Lewis River valley yielded a plateau age of 
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39.8±1.0 ka (sample SC03-619A, table 1), a K-Ar age of 
109±24 ka (sample SC97-143, table 1), and a maximum age 
of 74±11 ka (sample SC03-620A, table 1). Some deposits 
that consist almost exclusively of well-rounded quartz-biotite 
dacite pumice clasts within a sandy matrix are interpreted as 
reworked set C tephra emplaced as lahars or reworked from 
lahar deposits, as discussed below.

Terraces of laharic gravel and dacite-bearing alluvium 
occupy several levels along the shore of Lake Merwin (fig. 3). 
These deposits, as high as 40 m above the pre-reservoir river 
level, demonstrate that during the Ape Canyon and Cougar 
stages and after the Hayden Creek-age glacier had retreated, 
the lower Lewis River valley (fig. 2) contained an extensive 
fill of volcaniclastic debris from Mount St. Helens. Alterna-
tively, these deposits may represent remnants of lahars and till 
deposited along the margins of the valley at times when it was 
filled with glacial ice. The rock types in similar deposits in the 
North Fork of the Toutle River and lower Cowlitz River val-
leys (Evarts, 2001) are poorly studied.

Set C Tephra
The oldest deposits from Mount St. Helens recognized 

by Crandell and others (1981) are set C tephras, with age 
about 40 ka. A new calibrated age of 47,430±600 yr B.P. 
(laboratory No. WW-3481, table 2) for tephra layer Cb in 
the Muddy River quarry is from the same locality as labora-
tory No. W-2661 (uncalibrated age 37,600±1,300 yr B.P.) 
of Crandell and others. Charcoal from a monolithologic and 
probably syneruptive pumiceous sandy lahar on the north 
shore of Lake Merwin (fig. 3, loc. H of Major and Scott, 
1988) yielded a calibrated age of 49,540±1,000 yr B.P. 
(laboratory No. WW-5561, table 2). Near the volcano, set C 
deposits that overlie Hayden Creek till are all younger than 
about 50 ka because any older tephras have been removed or 
obliterated by glaciation.

Deposits of quartz- and biotite-bearing tephra miner-
alogically equivalent to set C of Crandell (1987) and Mul-
lineaux (1996) are widespread southwest of the volcano, 
where they are locally more than 2 m thick (Mundorff, 1964; 
Evarts and Ashley, 1990a, b; Evarts, 2004a, b, 2005). These 
deposits, which generally overlie Hayden Creek or Amboy 
Drift, were assumed to be coeval with the proximal C tephra 
and are no older than about 50 ka. However, at a few sites in 
the Lewis River valley (fig. 2), fallout beds of set C tephra 
underlie till (Evarts, 2005). Plagioclase from a tephra bed 
beneath till on Green Mountain, about 33 km southwest of 
Mount St. Helens (fig. 3; Evarts, 2005), yielded an 40Ar/39Ar 
plateau age of 247±12 ka (sample 99YC-P32, table 1), 
confirming that much-older set C tephras are preserved 
locally. Furthermore, two other tephras in central Washing-
ton that are correlated chemically with Mount St. Helens 
yielded thermoluminescence ages of 83.2±8.3 and about 115 
ka (Busacca and others, 1992; Berger and Busacca, 1995). 
A thermoluminescence age of 46±5 ka for tephra layer Cy 
(Berger and Busacca, 1995) agrees closely with the cali-

brated ages for the adjacent layer Cb and the reworked set C 
pumice emplaced as lahars, as discussed above.

Set C tephras and related pyroclastic-flow deposits 
consist of coarsely porphyritic quartz-biotite-cummingtonite-
hornblende dacite, mineralogically similar to dense quartz-
biotite dacite of the Ape Canyon stage. Fresh set C pumice 
is rare because most deposits are deeply weathered. Two 
samples of set C tephra and pumice from pyroclastic-flow 
deposits at locality 16 of Crandell (1987) have compositions 
consistent with Ape Canyon-stage dacite. They contain 65–68 
percent SiO

2
, but most analyses have a loss on ignition of 

more than 5 percent and plot off the trends defined by dense 
dacites for most components, suggesting that their composi-
tions have been affected by hydration and alkali and silica 
loss (fig. 6).

Figure 6. Silica-variation diagrams for Ape Canyon-stage 
rocks from the Mount St. Helens area (see figs. 2, 3). Samples 
are mostly U.S. Geological Survey analyses but include some 
analyses compiled from published reports (Crandell, 1987; 
Smith and Leeman, 1987; Mullineaux, 1996). A, K2O versus SiO2. 
B, MgO versus SiO2.
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Ape Canyon-Stage Petrography and Chemistry

Most Ape Canyon-stage rocks consist of coarsely 
porphyritic hornblende dacite characterized by the pres-
ence of quartz and, commonly, biotite. Phenocrysts typically 
constitute 30 to 40 volume percent of the rock. Plagioclase 
dominates the phenocryst assemblage and is commonly 0.5 
to 1 cm across; complex zoning patterns are present, but 
resorption textures are sparse. Rounded and embayed quartz 
is generally present and locally abundant; in a few rocks, 
quartz is euhedral. Biotite is sparsely present in about half 
of Ape Canyon-stage dacites, and abundant in a few. Biotite 
phenocrysts are generally small but can be as large as 5 mm 
across―for example, in the dacite of Goat Mountain. Small 
phenocrysts of hypersthene are typically present, especially 
in rocks lacking biotite, but are generally sparse. Hornblende, 
commonly 0.5 to 1 cm long, is present in most Ape Canyon-
stage dacites. Cummingtonite is sparsely present in a few 
samples. Complex zoning patterns in hornblende are sparse. 
Coarse-grained cumulate-textured inclusions and small 
quench-textured andesitic inclusions are rare in Ape Canyon-
stage dacites (except in the andesite of Butte Camp).

Representative analyses of samples of Ape Canyon-stage 
rocks are listed in table 4, and a larger dataset is plotted in fig-
ure 6. The samples range in SiO

2
 content from about 62 to 70 

weight percent and, despite mineralogic differences, are com-
positionally similar to dacite from the other volcanic stages at 
Mount St. Helens (fig. 7). About half of the samples of Ape 
Canyon stage-rocks contain about 64–66 percent SiO

2
, similar 

to the dacite from later volcanic stages, especially the Cougar 
and Swift Creek stages. Their contents of all other oxides are 
also similar to those of younger rocks, including high Na

2
O, 

which distinguishes Mount St. Helens from other Cascade 
volcanoes. A few Ape Canyon-stage dacites have higher SiO

2
 

contents, as much as 68–69 percent. Andesite is the primary 
composition of the andesite of Butte Camp, and some weath-
ered set C tephras may be andesitic. In summary, although 
little is known in detail about Ape Canyon-stage rocks, they 
are clearly related to younger Mount St. Helens dacites and are 
derived from the Mount St. Helens magmatic system.

Summary of Ape Canyon-Stage Volcanism

Radiometric dating of Ape Canyon-stage deposits indi-
cates at least two periods of volcanism at Mount St. Helens 
during Ape Canyon time—one about 300–250 ka and another 
about 160–35 ka—possibly separated by a long hiatus. Alter-
natively, the evidence for eruptive events between 250 and 160 
ka has been buried by younger volcanic deposits or simply not 
yet recognized. The earlier period is represented by the dacite 
dome of Goat Mountain (fig. 2), just west of the volcano, and 
by tephra and sediment associated with glacial till in the Lewis 
River valley and elsewhere (fig. 2). The later period is rep-
resented by megablocks in the Cougar-age debris-avalanche 
deposit, dacite clasts in lahar deposits in the river valleys 
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Figure 7. Silica-variation diagrams for 700 Mount St. Helens 
rocks plotted by eruptive stage or, for Spirit Lake-stage rocks, 
by eruptive period. Not shown are 1980–86 or 2004–6 rock 
compositions. Samples are mostly U.S. Geological Survey 
analyses but include some analyses compiled from published 
reports (Halliday and others, 1983; Crandell, 1987; Smith and 
Leeman, 1987, 1993; Gardner and others, 1995; Mullineaux, 1996; 
Hausback, 2000). A, K2O versus SiO2. B, MgO versus SiO2.

draining the mountain, the andesite of Butte Camp and a few 
nearby eroded remnants of unnamed lava domes, set C tephra 
near the volcano, and older tephra in central Washington. A 
second, shorter hiatus may have occurred during the later 
period between about 70 and 50 ka. Some eruptions occurred 
while the Lewis River valley was occupied by ice.

An extensive hydrothermal system existed at Mount St. 
Helens late in Ape Canyon time. Most of the debris-avalanche 
dacite in the Cougar-stage debris-avalanche deposit and some 
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Sample -------- SC98-193 SC03-642 SC03-619C SC02-539A SC97-143 SC03-603A SC03-619A

Unit------------- abc hbd qbp qbp hbd qbp* hbd

Latitude N ----- 46°10.5′ 46°05.25′ 45°59.07′ 45°59.19′ 46°03.78′ 46°14.05′ 45°59.07′

Longitude W -- 122°14.3′ 122°12.40′ 122°31.55′ 122°33.49′ 122°13.48′ 122°09.08′ 122°31.55′

Major-element analyses, weight percent

SiO
2

62.00 63.74 64.63 65.12 65.13 65.31 65.34

Al
2
O

3
17.74 17.67 18.07 18.78 17.11 16.91 17.60

Fe
2
O

3
1.08 0.93 0.89 0.82 0.94 0.93 0.82

FeO 3.90 3.33 3.22 2.93 3.38 3.35 2.96

MgO 2.70 2.08 1.80 1.56 1.93 2.04 1.70

CaO 5.68 5.38 4.74 4.18 4.64 4.56 4.75

Na
2
O 4.53 4.48 4.53 4.62 4.48 4.48 4.62

K
2
O 1.29 1.39 1.22 1.25 1.40 1.50 1.37

TiO
2

0.80 0.69 0.61 0.56 0.66 0.65 0.59

P
2
O

5
0.20 0.22 0.23 0.11 0.26 0.21 0.18

MnO 0.08 0.07 0.07 0.07 0.08 0.07 0.07

LOI 0.02 1.02 1.93 3.04 0.84 0.14 0.20

FeO*/MgO 1.80 2.02 2.24 2.35 2.19 2.06 2.18

Sample -------- SC03-620A SC97-109 SC02-484 SC02-539B P90-22A W97-141 SC03-620B

Unit------------- qbp mcb dad qbp C pf gm qbp

Latitude N ----- 45°59.16′ 46°08.49′ 46°04.03′ 45°59.19′ 46°12.36′ 46°08.85′ 45°59.16′

Longitude W-- 122°31.70′ 122°15.45′ 122°11.85′ 122°33.49′ 122°05.04′ 122°16.96′ 122°31.70′

Major-element analyses, weight percent

SiO
2

65.54 65.77 65.82 66.61 67.42 67.76 70.23

Al
2
O

3
17.24 16.91 17.12 18.20 16.73 16.78 17.00

Fe
2
O

3
0.86 0.93 0.86 0.85 0.78 0.66 0.49

FeO 3.09 3.34 3.11 3.05 2.80 2.39 1.75

MgO 1.79 1.91 1.76 1.35 1.40 1.27 0.67

CaO 4.62 4.44 4.55 3.54 4.03 3.92 2.73

Na
2
O 4.56 4.32 4.43 4.01 4.52 4.63 4.81

K
2
O 1.43 1.49 1.48 1.58 1.57 1.79 1.81

TiO
2

0.59 0.65 0.60 0.60 0.53 0.48 0.34

P
2
O

5
0.20 0.17 0.20 0.12 0.17 0.25 0.13

MnO 0.07 0.08 0.07 0.08 0.06 0.07 0.04

LOI 0.12 0.29 2.19 2.94 2.32 0.29 1.15

FeO*/MgO 2.15 2.19 2.21 2.81 2.49 2.36 3.26

Table 4. Composition of representative Ape Canyon-stage rocks.

[All samples analyzed at the U.S. Geological Survey laboratory in Denver, Colo.; analysts, David Siems and Joseph E. Taggart, Jr. All values in weight 
percent, recalculated to 100 weight percent on an anhydrous basis, with Fe

2
O

3
 = 0.2 total Fe, analyzed as Fe

2
O

3
. LOI, loss on ignition (in percent). 

Samples are coded to stratigraphic units as follows: abc, andesite of Butte Camp; dad, debris avalanche dacite; gm, dacite of Goat Mountain; hbd, quartz-
bearing hornblende dacite; mcb, dacite of McBride Lake; qbp, quartz-biotite dacite; qbp*, lithic clast in the Sugar Bowl blast deposit.]
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remnants of similar rocks in the area between Goat Mountain 
and Butte Camp (fig. 2) are propylitically altered. Calcite is 
abundant and pyrite sparse within the matrix; mafic minerals 
are altered and replaced by chlorite and, rarely, epidote; and 
the groundmass of these rocks is thoroughly recrystallized, 
indicating alteration by hot water. Although the timing of this 
alteration is unclear, the debris-avalanche dacite is about 70 ka 
in age, and the absence of older altered rocks suggests that the 
hydrothermal system was active in the interval after about 70 
ka and before about 30 ka.

The long period of intermittent volcanism during the Ape 
Canyon stage produced a cluster of dacite domes at an altitude 
as high as about 1,800 m slightly west of and at the present site 
of Mount St. Helens. In tephra sections, the interval between 
sets C and M (Cougar stage) is occupied by ash deposits, as 
thick as 1 m, that contain at least three weathering profiles 
(Mullineaux, 1996). Thus, the nature and duration of the 
hiatus between the Ape Canyon and Cougar stages is poorly 
constrained, but no lava flows or domes related to Mount St. 
Helens have ages corresponding to the period 35–28 ka.

Cougar Stage

The Cougar stage, between about 28 and 18 ka, was prob-
ably the most active stage in the volcano’s history before its 
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most recent, or Spirit Lake, stage. During the Cougar stage, 
voluminous pyroclastic flows, dacite domes, tephra, and a 
large-volume pyroxene andesite lava flow accompanied a 
debris avalanche. A few events have recently been recognized 
that preceded previous reconstructions of the Cougar stage. 
In combination with calibrated radiocarbon ages, these events 
reveal that the Cougar stage began somewhat before the 21–18 
ka range proposed by Crandell (1987) and Mullineaux (1996). 
Cougar-stage stratigraphy is summarized in figure 8, and the 
ages of Cougar-stage rocks and deposits are listed in tables 1 
and 2. These new ages and those presented in the subsection 
below entitled “Swift Creek stage” suggest that the Cougar 
and Swift Creek stages may have been separated by only a 
short hiatus; nevertheless, herein we retain the terminology 
of Crandell (1987) and Mullineaux (1996). The eruptions and 
deposits related to tephra sets M and K are designated “Cougar 
stage,” whereas those related to tephra sets S and J are desig-
nated “Swift Creek stage.”

Early Domes and Lahar Deposits
Early in the Cougar stage, an unknown number of horn-

blende dacite domes were erupted under the area covered by 
the present-day volcano (fig. 2). Though buried by younger 
volcanic deposits, these domes are represented by blocks in 

Figure 8. Dated samples for the Cougar stage of Mount St. Helens’ eruptive history, showing ages and 
analytical (1σ) errors. Open symbols, maximum ages. Arranged in approximate stratigraphic order; direct 
stratigraphic relations do not exist or are unknown for some of these samples and deposits. Radiocarbon ages 
in calibrated years before 1950 C.E. The Cougar stage lasted from about 28 ka to about 18 ka. See tables 1 and 
2 and text for data and references. Stratigraphic position of dacite clasts in Cougar-stage lahar is shown at 
approximate position of parent domes, which may be related to dome building that accompanied Cougar-stage 
white pumice eruptions. Lahar containing dacite clasts also contains andesite of Swift Creek and slightly 
postdates it. Same symbols and error bars as in figure 5.
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lithic pyroclastic-flow deposits, blocks in the Cougar-
stage debris-avalanche deposit, and clasts in Fraser-age glacial 
till and lahar deposits in the Lewis River valley. Lahar deposits 
containing various hypersthene-hornblende dacite clasts occur 
in the area around the east end of Swift Reservoir and in the 
lower Lewis River valley overlying Ape Canyon-stage lahar 
deposits. Some of these lahars probably traversed the Pine 
Creek drainage from a source in the vicinity of the present-day 
volcano. Lahar deposits and their reworked equivalents that 
lack debris-avalanche dacite are extensive in the Lewis River 
valley from Swift Dam to the east end of Lake Merwin and 
probably predate the Cougar-stage debris-avalanche deposit 
(see below). Charcoal in sediment from beneath a lahar deposit 
near Speelyai Bay yielded a calibrated age of 28,850±1,400 yr 
B.P. (sample MS-5, table 2) that is interpreted as a maximum 
age for the deposit (Major and Scott, 1988). A dacite clast from 
a similar nearby lahar deposit yielded an 40Ar/39Ar isochron 
age of 21.2±2.9 ka (sample SC03-611D, table 1). Lahar 
deposits of similar age and lithology also occur in the South 
Fork of the Toutle River and Cowlitz River drainages (fig. 3; 
Crandell, 1987; Scott, 1989; Evarts and Ashley, 1990b). Wood 
from sediment interbedded with these lahar deposits yielded 
a radiocarbon age of 23,650 (+485/−965) cal yr B.P. (sample 
Scott BC, table 2; Scott, 1989).

A small dome of hypersthene-hornblende dacite con-
taining 63.5 percent SiO

2
 in the Kalama River valley 13 km 

southwest of Mount St. Helens (figs. 1, 2) was informally 
designated the “dacite of Kalama Dome” by Evarts and 
Ashley (1990a). The rock yielded an 40Ar/39Ar isochron age of 
16.3±12.9 ka (sample SC98-155, table 1), but the large uncer-
tainty of the age and absence of stratigraphic context for this 
dome prevents interpreting its relation to other Cougar-stage 
events. The dacite of Kalama Dome probably was erupted dur-
ing the Cougar stage, but a Swift Creek age is also possible. A 
small exposure of a cummingtonite-hypersthene-hornblende 
dacite lithic pyroclastic-flow deposit, called the dacite of June 
Lake, underlies Swift Creek-stage deposits near June Lake. 
The rock, which contains nearly 69 percent SiO

2
, yielded an 

40Ar/39Ar plateau age of 27.9±1.7 ka (sample SC98-192, table 
1), indicating deposition during the Cougar stage. Fragments 
of this rock type also occur as lithic clasts in the two-pumice 
pyroclastic-flow deposit (see below). Early Cougar-stage rocks 
in the Cougar-stage debris-avalanche and lahar deposits near 
the east end of Swift Reservoir consist mostly of porphyritic 
hypersthene-hornblende dacite containing 64–65 percent SiO

2
 

that was emplaced as domes and lithic pyroclastic flows.

Cougar-Stage Debris-Avalanche Deposit and 
Two-Pumice Pyroclastic-Flow Deposit

The most devastating Cougar-stage event was a debris 
avalanche composed primarily of Ape Canyon-stage rocks. 
First noted by Mullineaux and Crandell (1981) and described 
briefly by Newhall (1982), the debris avalanche emplaced a 
200- to 300-m-thick sheet of mostly hydrothermally altered 

debris in the drainage of ancestral Swift Creek as far south as 
the Lewis River (fig. 2). Crandell suggested that this debris 
avalanche originated in the area between Butte Camp and 
Goat Mountain. The approximately 17-km runout of the 
debris avalanche, however, suggests an origin from an altitude 
of about 2,000 to 2,200 m, estimated by using the length/
distance relation of Siebert (1984). Together with remnants 
of the debris-avalanche deposit that are buried under younger 
deposits in the Cedar Flats area, the evidence suggests a 
source in the area of the present-day edifice. The volume of 
the Cougar-stage debris-avalanche deposit was at least 1 km3, 
probably nearly 2 km3, similar in volume to the 1980 debris 
avalanche. The Cougar-stage debris avalanche blocked the 
Lewis River at the present site of Swift Creek, and incision of 
the temporary dam generated flood-breakout lahars down-
stream in the Lewis River valley as far as the Columbia River 
and filled the lower Lewis River valley with lahar deposits to 
depths of at least 75 m. Filling of Yale Lake and Lake Merwin 
flooded many exposures of these lahar deposits, but they crop 
out sporadically along the shores of both reservoirs (Evarts, 
2004a, b) and are well exposed in the vicinity of the commu-
nity of Cougar. These lahar deposits are interpreted to be of 
Cougar age because they contain abundant clasts of debris-
avalanche dacite and pumice from the overlying two-pumice 
pyroclastic-flow deposit. Lahar deposits and material eroded 
from the Cougar-stage debris-avalanche deposit also filled the 
east end of the valley now covered by Swift Reservoir to a 
depth of about 75 m.

Emplacement of the Cougar-age debris-avalanche deposit 
was followed immediately by a large dacitic pyroclastic erup-
tion that produced the two-pumice pyroclastic-flow deposit, 
charcoal from which has a calibrated age of 24,380 (+510/–480) 
yr B.P. (laboratory No. W-2540, table 2). The contact between 
these two deposits displays no evidence of erosion or soil for-
mation; thus, onset of the eruption that produced the two-pum-
ice pyroclastic flow probably initiated the Cougar-stage debris 
avalanche, which in the Swift Creek drainage is buried under as 
much as 100 m of pumice and ash.

The two-pumice pyroclastic-flow deposit consists of 
many individual flow units and has a volume of at least 
1 km3. These flow units contain pumice of two distinct 
lithologic and compositional types: light-colored pumice 
of hypersthene-hornblende dacite containing 66–68 percent 
SiO

2
, and homogeneous light- to dark-brown pumice of 

augite-hypersthene-hornblende dacite containing 63.5–64.5 
percent SiO

2
 (fig. 9; table 5). Blocks of banded pumice of 

both compositions are rare. The two-pumice pyroclastic-flow 
deposit can be recognized by abundant blocks of pumice, 
several meters across, as far as 12 km from the volcano. 
Dense, prismatically jointed blocks of dacite near the top of 
the two-pumice pyroclastic-flow deposit demonstrate that 
late in the eruption, dacite domes grew in the vent. Small 
amounts of the two-pumice pyroclastic-flow deposit or its 
reworked equivalent also occur in the Cedar Flats area and 
in some lahar deposits in the lower Lewis River and in the 
South Fork of the Toutle River west of Sheep Camp (fig. 3; 
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loc. 71 of Crandell, 1987). The distribution of the two-pum-
ice pyroclastic-flow deposit is similar to that of the underly-
ing Cougar-stage debris-avalanche deposit, suggesting that 
the vent was in the area of the present-day edifice.

Tephra Sets M and K and Cougar-Stage White 
Pumice

Sets M and K tephra were erupted in quick succession 
after the two-pumice pyroclastic flow and were followed by a 
second large-volume dacitic pyroclastic eruption that produced 
the herein-named Cougar-stage white pumice. Early-emplaced 
set M tephras consist of cummingtonite-hornblende dacite and 
are overlain by hypersthene-hornblende-cummingtonite dacite 
tephra, also in set M (Mullineaux, 1996). The composition of 
set M tephra is poorly known, because only a few analyses 
of weathered pumice that yielded andesitic compositions are 
available. Set K tephra consists of hypersthene-hornblende 
dacite (Mullineaux, 1996), and a single analyzed sample con-
tains 67 percent SiO

2
.

Extensive pyroclastic-flow deposits of the Cougar-stage 
white pumice overlie sets M and K tephras and the two-
pumice pyroclastic-flow deposit on the south flank of Mount 
St. Helens from the Lewis River cliffs eastward to Marble 
Mountain (fig. 2). Smaller exposures occur in the Smith and 
Pine Creek drainages. Three calibrated ages for the Cougar-
stage white pumice (samples W-2413, W-4531, WW-4543, 
table 2) range from 22.2 to 23.6 ka. The Cougar-stage white 
pumice consists of porphyritic hypersthene-hornblende dacite, 
with subtle variations in phenocryst content and abundance. 
Six analyses fall into two groups: one containing about 63 
percent SiO

2
 and a second containing about 65 percent SiO

2
. 

The variations in lithology, composition, and age suggest that 
the Cougar-stage white pumice may represent more than one 
eruption, although no stratigraphic breaks within the unit have 
been observed.

Andesite of Swift Creek
The Cougar stage culminated with emplacement of the 

andesite of Swift Creek, a lava flow on the south flank of 
Mount St. Helens (fig. 2). The vent for the lava flow was near 
an altitude of about 1,830 m, probably at or near the summit of 
the volcano at that time. The andesite of Swift Creek consists 
of porphyritic hornblende-augite-hypersthene andesite to dacite 
containing 61–63.5 percent SiO

2
 with a complex phenocryst 

assemblage. About 0.75 km3 in volume, this lava flow was 
probably the largest in the history of Mount St. Helens. Its 
varying composition and multiple populations of plagioclase 
and mafic phenocrysts indicate a magma-mixing origin.

The andesite of Swift Creek, as thick as 200 m, flowed 
nearly 6 km down Swift Creek, where it presently forms 
the divide between the West Fork and main stem of Swift 
Creek. In contrast to the interpretation by Crandell (1987), 
the lava flow appears to overlie the two-pumice pyroclastic-

flow deposit and probably overlies the Cougar-stage white 
pumice. Our radiometric dating of this lava flow indicates 
an 40Ar/39Ar plateau age of 17.8±2.7 ka (sample SC99-343, 
table 1). Fraser-age till (for example, locs. 39, 40, 47, and 49 
of Crandell, 1987) contains abundant clasts derived from the 
andesite of Swift Creek and so must at least partly postdate 
its emplacement.

Petrography of Cougar-Stage Rocks

Most Cougar-stage rocks are less coarsely porphyritic 
than Ape Canyon-stage rocks. Crystal content commonly 
approaches 50 volume percent, although the crystals in 
Cougar-stage rocks are generally smaller. Cougar-stage rocks 
are dominated by plagioclase, with hornblende and hyper-
sthene as the major mafic phenocryst phases. Cummingtonite 
and augite are present in a few units, especially set M tephra, 
but quartz and biotite are generally absent, even in high-silica 
dacite. Plagioclase phenocryst populations vary, but plagio-
clase in most Cougar-stage dacite displays complex zoning 
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Figure 9. Silica-variation diagrams for Cougar-stage rocks 
from the Mount St. Helens area (figs. 2, 3). Samples are mostly 
U.S. Geological Survey analyses but include some analyses 
compiled from published reports (Crandell, 1987; Smith and 
Leeman, 1987, 1993; Evarts and Ashley, 1990a, b; Mullineaux, 
1996). A, K2O versus SiO2. B, MgO versus SiO2.
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Sample ------- SC97-114 SC97-141 SC98-251A SC98-250 SC01-440 SC02-487 SC98-155

Unit------------ asw two-pum dk two-pum dk two-pum lt white white dk

Latitude N ---- 46°07.24′ 46°04.19′ 46°05.87′ 46°05.16′ 46°03.25′ 46°06.62′ 46°07.79′

Longitude W-- 122°12.17′ 122°11.84′ 122°11.95′ 122°12.25′ 122°12.88′ 122°10.69′ 122°19.76′

Major-element analyses, weight percent

SiO
2

61.23 63.72 64.28 66.12 64.88 63.26 63.50

Al
2
O

3
17.66 17.29 17.24 17.16 17.56 17.87 17.55

Fe
2
O

3
1.15 1.05 1.00 0.83 0.96 1.04 0.97

FeO 4.13 3.80 3.61 2.97 3.44 3.75 3.51

MgO 2.67 2.21 2.09 1.52 1.68 2.13 2.10

CaO 5.97 4.80 4.70 4.18 4.23 4.82 4.90

Na
2
O 4.50 4.47 4.50 4.57 4.67 4.53 4.63

K
2
O 1.40 1.44 1.52 1.76 1.55 1.46 1.76

TiO
2

0.84 0.77 0.72 0.58 0.63 0.76 0.73

P
2
O

5
0.36 0.35 0.26 0.24 0.33 0.31 0.27

MnO 0.09 0.09 0.08 0.07 0.07 0.08 0.08

LOI 0.08 0.96 1.17 0.95 2.29 1.85 0.06

FeO*/MgO 1.93 2.14 2.17 2.44 2.56 2.20 2.09

Sample ------- SC98-192 SC03-611D SC03-580 SC03-581 SC04-696 SC04-700C SC03-612

Unit------------ djl hbd hbd hbd hbd hbd hbd

Latitude N ---- 46°09.14′ 45°58.91′ 46°06.29′ 46°06.30′ 46°02.43′ 46°02.66′ 45°58.93′

Longitude W-- 122°09.65′ 122°26.35′ 122°00.40′ 122°00.39′ 122°04.53′ 122°05.55′ 122°26.45′

Major-element analyses, weight percent

SiO
2

68.92 66.06 65.01 65.06 63.70 64.41 69.24

Al
2
O

3
16.46 17.05 17.32 17.20 18.11 17.54 16.34

Fe
2
O

3
0.62 0.86 0.88 0.89 1.01 0.92 0.60

FeO 2.23 3.09 3.16 3.21 3.64 3.32 2.18

MgO 1.13 1.79 1.93 1.88 1.80 2.00 1.08

CaO 3.51 4.37 4.87 4.78 4.62 5.04 3.43

Na
2
O 4.72 4.45 4.46 4.66 4.50 4.58 4.68

K
2
O 1.79 1.46 1.48 1.41 1.50 1.27 1.80

TiO
2

0.44 0.60 0.63 0.62 0.71 0.64 0.43

P
2
O

5
0.14 0.19 0.18 0.21 0.32 0.21 0.17

MnO 0.06 0.07 0.07 0.08 0.08 0.08 0.05

LOI 0.09 0.46 1.28 0.04 2.58 0.01 1.30

FeO*/MgO 2.47 2.16 2.05 2.14 2.53 2.08 2.51

Table 5. Composition of representative Cougar-stage rocks.

[All samples analyzed at the U.S. Geological Survey laboratory in Denver, Colo.; analysts, David Siems and Joseph E. Taggart, Jr. All values in 
weight percent, recalculated to 100 weight percent on an anhydrous basis, with Fe

2
O

3
 = 0.2 total Fe, analyzed as Fe

2
O

3
. LOI, loss on ignition (in 

percent). Samples are coded to stratigraphic units as follows: asw, andesite of Swift Creek; djl, dacite of June Lake; dk, dacite of Kalama Dome; 
hbd, hornblende dacite clasts in debris-avalanche and lahar deposits at the east end of Swift Reservoir and in lahar deposits in the lower Lewis 
River valley; two-pum dk or two-pum lt, dark or light-colored pumice in two-pumice pyroclastic flow; white, Cougar-stage white pumice.]
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patterns; the zoning in larger crystals preserves an extended 
history of repeated crystallization and resorption, whereas 
smaller crystals are generally weakly zoned. Hornblende phe-
nocrysts can be complexly zoned and commonly have thick 
to thin breakdown rims—features typical of those observed in 
younger Mount St. Helens dacites (Rutherford and Hill, 1993; 
Rutherford and Devine, this volume, chap. 31; Thornber and 
others, this volume, chap. 32).

Coarse-grained inclusions with cumulate or plutonic 
textures are present in Cougar-stage rocks but generally are 
smaller and less conspicuous than in Swift Creek- or Spirit 
Lake-stage rocks. Inclusions with quenched textures have been 
observed only in the dacite of June Lake and the two-pumice 
pyroclastic-flow deposit. Features indicating strong disequi-
librium are generally absent in Cougar-stage dacite; however, 
Mullineaux (1996) reported the presence of olivine in sepa-
rates of tephra layer Mo that suggests a basaltic component 
in the magmatic system at that time. Despite the petrographic 
differences, Cougar-stage rocks are compositionally similar 
to Ape Canyon-stage dacite (figs. 6, 9) and to younger Swift 
Creek- and Spirit Lake-stage dacites (fig. 7). The petrogra-
phy and chemistry of Cougar-stage rocks indicate production 
from various magma batches of similar composition that were 
fractionated under similar conditions. Andesitic composition, 
shown by some set M tephras and the andesite of Swift Creek, 
suggest the presence of a more mafic component during 
the Cougar stage than earlier in Mount St. Helens’ history. 
The magmatic system of the Spirit Lake stage probably first 
evolved during the Cougar stage.

Summary of Cougar Stage Volcanism

The earliest known Cougar-stage eruptive events were 
lahars in the South Fork of the Toutle River, Pine Creek, and 
the Lewis River (fig. 2) and lithic pyroclastic flows on the 
south flank of Mount St. Helens, which are about 28 ka in age. 
These deposits probably originated from lava domes erupted 
in the area of the present-day edifice. Many Ape Canyon-stage 
deposits in that area were removed and redeposited in ances-
tral Swift and Pine Creeks by the Cougar-stage debris ava-
lanche, which was followed immediately by the two-pumice 
pyroclastic flow (about 24.4 ka) and then by sets M and K 
tephras and the Cougar-stage white pumice (about 23.6–22.2 
ka). The debris flow and pyroclastic eruptions formed a thick 
sequence of fragmental deposits on the south flank of the vol-
cano that blocked the Lewis River at Swift Creek. Subsequent 
failure of this blockage generated flood-breakout lahars that 
traversed the lower Lewis River. Emplacement of the andesite 
of Swift Creek about 18 ka divided the south flank into the 
West Fork of Swift Creek and the Swift Creek drainages.

At the end of the Cougar stage, Mount St. Helens con-
sisted of a cluster of dacite domes at the site of the present-day 
edifice. No eruptions of the volcano are known between about 
18 and about 16 ka, corresponding to the demise of the Cougar 
stage and the onset of the Swift Creek stage. The hiatus is 

probably shorter than that envisioned by Crandell (1987) 
and Mullineaux (1996), because additional eruptions, unrec-
ognized by them, occurred between the Cougar-stage white 
pumice and the basal set S tephra of the Swift Creek stage.

Swift Creek Stage

During the Swift Creek stage, the widespread sets S and 
J tephras were erupted, and three extensive fans of fragmental 
debris were emplaced on the southeast, south, west, and north-
west flanks of Mount St. Helens from dacite domes. Crandell 
(1987) speculated that these fans were emplaced by disruption 
of a single dome approximately in the center of the present-
day edifice. However, though broadly lithologically similar, 
the dacitic clasts that occur within the Swift Creek, Crescent 
Ridge, and Cedar Flats fans are lithologically distinct and must 
each have had separate sources.

Swift Creek Fan
The Swift Creek fan covers much of the south flank of 

Mount St. Helens in the drainage of the West Fork of Swift 
Creek (fig. 2), where it overlies Cougar-stage deposits and 
Fraser-age till. This fan includes some of the deposits described 
by Hyde (1975) as the Swift Creek assemblage. The lower part 
of the fan, which predates late set S tephra (Crandell, 1987), 
consists of pumiceous and lithic pyroclastic-flow deposits of 
cummingtonite-bearing hypersthene-hornblende dacite contain-
ing about 67 percent SiO

2
. The upper part of the fan, which 

postdates set S tephra, consists of lithic pyroclastic-flow depos-
its of hypersthene-hornblende dacite containing 64–65 percent 
SiO

2
. The total thickness of the fan is about 30 m. Lahar depos-

its dominated by clasts of Swift Creek age cap the fan. Similar 
deposits in the small canyon just south of the old Timberline 
Campground at 1,340 m altitude on the northeast flank of the 
volcano are correlated with the Swift Creek fan. The site of the 
dome(s) that erupted the Swift Creek fan is poorly known, but it 
must have been in the vicinity of the present-day edifice. Haus-
back (2000) suggested that the Loowit and Archybacter domes, 
which are exposed in the walls of the 1980 eruption crater, are 
of Swift Creek age. If so, their petrography and lithology are 
most similar to Swift Creek fan rocks. The Swift Creek fan is 
smaller in volume than the Crescent Ridge or Cedar Flats fan. A 
lahar deposit exposed below Merwin Dam on the Lewis River 
(fig. 3) is probably related to the Swift Creek fan, and some 
lahar deposits in the vicinity of Cougar may be of Swift Creek 
age (Crandell, 1987).

Crescent Ridge Dome and Crescent Ridge Fan
The Crescent Ridge fan is a wedge of fragmental mate-

rial that stretches from the Studebaker Creek area southward 
to Butte Camp on the northwest and west flanks of Mount St. 
Helens (fig. 2). This fan is at least 200 m thick, approximately 
centered below the Crescent Ridge dome, and consists domi-
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nantly of lithic pyroclastic-flow deposits. Pumiceous pyro-
clastic-flow deposits are also common in the lower part of the 
fan. Lahar deposits from the Crescent Ridge fan are preserved 
locally in the South Fork of the Toutle River (for example, loc. 
72 of Crandell, 1987; Evarts and Ashley, 1990b) and in the 
Toutle River north of Silver Lake (Evarts, 2001).

Rocks of the Crescent Ridge fan are well exposed in the 
headwaters of the South Fork of the Toutle River (loc. 76 of 
Crandell, 1987) and in Studebaker Creek (fig. 2). The rocks fall 
into two lithologic groups: an early, primarily pumiceous group 
of cummingtonite-hornblende dacite (sparse small hypersthene) 
and a later, dominantly lithic group of augite-hypersthene-
hornblende dacite (abundant hypersthene and sparse augite). 
Lithology varies somewhat in each group, especially in the 
abundances of different size ranges of plagioclase, but the tex-
tural characteristics of plagioclase are similar. The abundance 
of relatively large plagioclase crystals derived from gabbroic 
inclusions also varies. Both groups contain 64–65 percent SiO

2
, 

although a few samples contain less. The composition and 
phenocryst mineralogy of the Crescent Ridge dome are similar 
to those of the lower, pumiceous part of the fan.

Most, and possibly all, of the Crescent Ridge fan prob-
ably postdates set S tephra (Crandell, 1987). No set S tephras 
have been observed within the fan, and layer Jg tephra overlies 
the fan. Preliminary paleomagnetic data (D.E. Champion, 
written commun., 2005) suggest that the early and late parts of 
the fan differ in age, possibly by decades or centuries. The dis-
tribution and mineralogy of the Crescent Ridge pyroclastic-fan 
deposits suggest that they originated partly from the currently 
exposed part of the Crescent Ridge dome, as well as from a 
now-buried uphill extension of the Crescent Ridge dome or 
from nearby domes no longer exposed. On the west flank 
of Mount St. Helens, drainage radial to the Crescent Ridge 
dome incised the Crescent Ridge pyroclastic fan; some of that 
drainage is still active, but part was later buried by voluminous 
pyroclastic-fan deposits of Spirit Lake (Kalama) age.

Cedar Flats Fan
The Cedar Flats fan completely filled the valley of Pine 

Creek and spilled into the Lewis River valley in the vicinity 
of Cedar Flats (fig. 2) during the period between the eruption 
of sets S and J tephra. This fan is at least 100 m thick in Pine 
Creek and 50 to 100 m thick in the Cedar Flats area. Remnants 
of lahar and lithic pyroclastic-flow deposits in the Smith Creek 
and Ape Canyon drainages indicate that a small component of 
the Cedar Flats fan originated on the east flank of Mount St. 
Helens and traveled down the Muddy River. The fan is domi-
nated by lahar deposits but also contains lithic pyroclastic-
flow deposits of dense hypersthene-hornblende dacite similar 
to set S tephra that were produced by hot collapses of growing 
domes which must have been situated near the present-day 
edifice. The Cedar Flats fan filled the Lewis River valley to a 
depth of at least 50 m in the area around the west end of Swift 

Reservoir and flowed an unknown distance down the Lewis 
River. Most clasts in the fan contain 64–65 percent SiO

2
.

Age of Swift Creek-Stage Volcanism

The age of set S tephras (specifically the late set S lay-
ers Sg and So) is disputed. Radiocarbon ages (fig. 10; table 
3) cited by Mullineaux (1996) seem to establish the onset of 
set S volcanism at about 15.5 ka, on the basis of the age of a 
pyroclastic flow interbedded in the set. However, additional 
radiocarbon ages from localities where layers Sg and So are 
interbedded with Missoula Flood deposits in eastern Washing-
ton and Vashon Drift in the Puget Lowland are as old as 16.5 
ka (Davis and others, 1982; Porter and others, 1983; Baker and 
Bunker, 1985; Waitt, 1985; S.C. Porter and T.W. Swanson, writ-
ten commun., 2006). These radiocarbon ages were determined 
on shells, peat, or sediment, and the results are neither internally 
nor stratigraphically consistent. Furthermore, in at least one 
sample, it is unclear which set S layer was being dated. The 
samples from set S pyroclastic flows were not pretreated, and 
so their ages may be slightly too young. Correlation using the 
Mono Lake-Fish Lake paleosecular-variation curve suggests an 
age for layers Sg and So of about 15.8 ka (Clague and others, 
2003), depending on the assumptions used. Consideration of all 
these ages suggests the most reliable age for layers Sg and So is 
about 16 ka. The older set S tephras are probably no more than 
a few hundred years older, because they lack weathering zones 
(Mullineaux, 1996).

The precise ages of the Swift Creek-stage pyroclastic fans 
are unknown. Accumulation of the Swift Creek fan probably 
began around 16 ka and continued for an unknown period. The 
Crescent Ridge fan at least partly overlies set S tephras and is 
overlain by set J tephras. These fans may have accumulated 
quickly; a dated lahar deposit overlying the Crescent Ridge fan 
is younger than about 14 ka. The Cedar Flats fan postdates set S 
tephra and predates set J tephra; determinations on unpretreated 
samples from within the fan indicate an age of about 14 ka if 
the age for tephra layer Jyn is accurate. The apparent hiatus 
shown in figure 10 in the period of about 15–14 ka separates 
volcanism related to the older set, S, and the younger set, J, and 
is corroborated by the weak soil zone at the top of set S tephra 
(Mullineaux, 1996). However, nonexplosive volcanism prob-
ably continued during at least part of this period and formed the 
Crescent Ridge and Cedar Flats fans.

All three fans of Swift Creek stage are overlain by set J 
tephra. Calibrated ages are slightly contradictory, probably 
owing to a lack of pretreatment among the samples processed 
before 1990. The best single age may be that of Carrara and 
Trimble (1992) for layer Jyn in northeastern Washington. 
The sample was pretreated, and its calibrated age, 13,855 
(+90/−50) yr B.P. (laboratory No. USGS-2780, table 3), sug-
gests that set J tephra probably began accumulating at least as 
early as about 13.86 ka. Other ages suggest that the later set J 
tephras may be as young as about 12.8 ka. Additional geo-
chronologic data are needed to refine the period represented 
by Swift Creek-stage volcanism.
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Figure 10. Dated samples for the Swift Creek stage of Mount St. Helens’ eruptive history, showing ages and analytical 
(1σ) errors. Arranged in approximate stratigraphic order; direct stratigraphic relations do not exist or are unknown for 
some samples and deposits. Radiocarbon ages in calibrated years before 1950 C.E. The Swift Creek stage lasted from 
about 16 ka to possibly as late as about 12.8 ka. See table 3 and text for data and references. Same symbols and error 
bars as in figure 5, except open symbol, which represents estimated age for tephra layer Sg on the basis of correlation of 
radiocarbon ages with Fish Lake and Mono Lake paleomagnetic records.

Swift Creek Stage Petrography

Set S tephras consist of cummingtonite- and hornblende-
bearing silicic andesite and dacite (fig. 11; table 6), and all but 
layer Sw also contain hypersthene (Mullineaux, 1986). Analy-
ses indicate that layer So contains about 62–63 percent SiO

2
 

and layer Sg about 64 percent SiO
2
. Varyingly porphyritic 

dacite, containing 63 to 67 percent SiO
2
 and containing com-

binations of hornblende, hypersthene, and augite, were erupted 
from Mount St. Helens during the period equivalent to and 
shortly after set S tephras and deposited as the fans described 
above. Though similar macroscopically, the pyroclastic fans 
are distinguishable on the basis of their relative proportions of 
phenocrysts, textural characteristics of phenocryst minerals, 
and systematic differences in bulk chemistry. Plagioclase and 
hornblende display complex zoning patterns and evidence of 
reheating, resorption, and reaction.

Early set J tephras, layers Js and Jy, consist of hypersthene-
hornblende silicic andesite containing 62–63 percent SiO

2
; and 

later set J tephras, layers Jb and Jg, of hypersthene-hornblende 

andesite containing 58–61 percent SiO
2
 (Mullineaux, 1996; 

Smith and Leeman, 1987). The youngest and most widespread 
set J tephra, layer Jg, also contains augite. No lava domes or 
flows are known to be associated with set J tephra; however, a 
dacite lava flow adjacent to, but clearly younger than, the Cres-
cent Ridge dome may be similar in age to set J.

Some Swift Creek-stage dacite contains reacted cum-
mingtonite or augite. Complexly sieve-textured plagioclase 
with thin overgrowth rims is common in tephra layer Jg, much 
more so than in any set S-related Swift Creek rocks described 
to date. Complexly zoned hornblende is also common. 
Coarse-grained inclusions with cumulate or plutonic textures 
are locally common in rocks of the Crescent Ridge and Cedar 
Flats fans but generally smaller and less conspicuous than in 
Spirit Lake-stage rocks. Inclusions exhibiting quench texture 
are absent in Swift Creek-stage rocks. Although no tempera-
ture data are available, the presence of cummingtonite in early 
Swift Creek-stage rocks suggests that the magmas may have 
evolved from relatively cool and wet to relatively hot and dry 
(Geschwind and Rutherford, 1992).
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Figure 11. Silica-variation diagrams for Swift Creek-stage 
rocks from the Mount St. Helens area (figs. 2, 3). Samples 
are mostly U.S. Geological Survey analyses but include some 
analyses compiled from published reports (Halliday and others, 
1983; Crandell, 1987; Smith and Leeman, 1987; Mullineaux, 1996; 
Hausback, 2000). A, K2O versus SiO2. B, MgO versus SiO2.

Summary of Swift Creek-Stage Volcanism

Volcanism was intense during the relatively short Swift 
Creek stage, from about 16.0 to about 12.8 ka. Eruptions 
during this stage were dominated by the extrusion of dacite 
domes and the generation of lithic pyroclastic flows derived 
from them. Lithic pyroclastic-flow deposits were extensively 
reworked in the Pine Creek drainage, and two widespread 
tephra sets were erupted: set S before most of the dome 
building and set J after the dome building. The composition 
and lithology of Swift Creek-stage dacite vary little, but set 
J tephras are andesitic. At the end of the Swift Creek stage, 
Mount St. Helens consisted of a cluster of dacite domes with a 
summit altitude as high as about 2,100 m. Thick sequences of 
fragmental deposits filled the drainages of the mountain from 
Studebaker Creek south around to Pine Creek. Additional fans 
were probably emplaced on the north flank but, if so, have 
been buried by younger deposits. No eruptions are known 
between about 12.8 ka and the beginning of the Spirit Lake 
stage at about 3.9 ka (Crandell, 1987; Mullineaux, 1996).

Spirit Lake Stage

The Spirit Lake stage (3.9–0 ka), which includes the 
youngest and most complex part of the eruptive history of 
Mount St. Helens, has been described in several reports, 
particularly those by Hoblitt and others (1980) and Mul-
lineaux and Crandell (1981), and so only a brief summary is 
given here. The excellent preservation of deposits, abundance 
of radiocarbon ages (Crandell and others, 1981; Hausback 
and Swanson, 1990), tree-ring chronology (Yamaguchi, 
1983, 1985; Yamaguchi and Lawrence, 1993; Yamaguchi 
and Hoblitt, 1995; Yamaguchi and others, 1990) and paleo-
magnetic work (Hagstrum and others, 2002) have elucidated 
considerable detail for this period. Although volcanism was 
intermittent, with hiatuses of a few to about 600 years, at 
the scale of our knowledge of other stages the Spirit Lake 
stage appears continuous. The Spirit Lake stage is divided 
into seven eruptive periods (fig. 1): the Smith Creek (3.9–3.3 
ka), Pine Creek (3–2.5 ka), Castle Creek (2.2–1.9 ka), Sugar 
Bowl (1,200–1,150 yr B.P.), Kalama (1479–1750 C.E.), Goat 
Rocks (1800–1857 C.E.), and Modern (1980–present) (data 
and terminology of Mullineaux, 1996; slightly modified by 
Clynne and others, 2004; Clynne and others, 2005). Volca-
nism during the Spirit Lake stage is dominated by dacite, as 
were earlier stages, but various compositions from basalt to 
high-silica dacite have also been erupted (fig. 7). Basalt and 
basaltic andesite dominated during the Castle Creek period, 
andesite was erupted during the Pine Creek and Kalama peri-
ods, and basaltic to andesitic magmatic inclusions sparsely 
occur in some dacites of the Pine Creek, Sugar Bowl, and 
Kalama periods.

The bulk of the pre-1980 edifice of Mount St. Helens 
above about 1,800-m altitude was constructed during the Spirit 
Lake stage. During the Smith Creek period, Mount St. Helens 
was highly explosive and erupted mostly tephra and pyro-
clastic flows, but at least one lava dome was also emplaced, 
and large lahars swept down the North Fork of the Toutle 
River to at least the Columbia River. During the Pine Creek 
period, Mount St. Helens erupted at least three dacite domes, 
and two large fans of lithic dacite were deposited by lithic 
pyroclastic flows and lahars, one in the Pine Creek and Swift 
Creek drainages and another in the Studebaker and Castle 
Creek drainages. During the late Pine Creek period, Mount St. 
Helens erupted andesite and basaltic andesite lava flows; then, 
after a short hiatus, volcanism resumed. During the Castle 
Creek period, Mount St. Helens erupted dacite, andesite, and 
basalt as tephra, pyroclastic flows, and lava domes and flows. 
During the Pine Creek and Castle Creek periods, Mount St. 
Helens gained much of its cone shape, and by their end, it 
had attained an altitude of about 2,450 m. During the Sugar 
Bowl period, three dacitic lava domes were emplaced, and a 
small lateral blast and tephra layer were erupted. The early 
Kalama period was initiated by two large tephra eruptions and 
followed by the growth of dacite lava domes and pumiceous 
and lithic pyroclastic flows; the middle Kalama period was 
dominated by eruption of andesite lava flows; and during the 
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Sample ------- SC98-201 SC03-573 SC03-583 SC03-587A W95-84 W94-32

Unit------------ Jg cff cff cff cd csf

Latitude N ---- 46°11.4′ 46°04.53′ 46°04.45′ 46°09.92′ 46°12.04′ 46°11.47′

Longitude W-- 122°14.1′ 122°00.25′ 122°00.07′ 122°05.51′ 122°12.73′ 122°13.85′

Major-element analyses, weight percent

SiO
2

59.40 64.63 64.44 63.96 64.41 64.75

Al
2
O

3
19.02 17.32 17.59 17.33 17.46 17.39

Fe
2
O

3
1.26 0.90 0.91 0.97 0.95 0.91

FeO 4.54 3.23 3.27 3.50 3.40 3.29

MgO 3.16 2.09 1.96 2.21 1.95 1.91

CaO 5.94 4.98 4.91 5.13 4.97 4.78

Na
2
O 4.29 4.54 4.64 4.55 4.58 4.65

K
2
O 1.12 1.41 1.34 1.35 1.36 1.40

TiO
2

0.93 0.63 0.63 0.71 0.67 0.63

P
2
O

5
0.25 0.19 0.22 0.22 0.18 0.20

MnO 0.10 0.07 0.08 0.08 0.08 0.08

LOI 2.73 0.20 0.01 0.15 0.09 0.14

FeO*/MgO 1.79 1.93 2.09 1.98 2.18 2.16

Sample ------- W94-72B W01-211 SC98-270A SC98-266 SC98-269 SC03-587B

Unit------------ csf swf swf swf swf S

Latitude N ---- 46°12.81′ 46°07.79′ 46°05.64′ 46°07.21′ 46°07.23′ 46°09.92′

Longitude W-- 122°14.13′ 122°12.02′ 122°13.36′ 122°12.08′ 122°12.35′ 122°05.51′

Major-element analyses, weight percent

SiO
2

65.02 64.46 64.69 64.97 66.99 65.76

Al
2
O

3
17.41 17.48 17.65 17.37 17.14 18.12

Fe
2
O

3
0.87 0.90 0.91 0.90 0.75 0.81

FeO 3.15 3.24 3.28 3.23 2.72 2.93

MgO 1.84 2.14 1.89 1.88 1.36 1.50

CaO 4.90 4.98 4.80 4.73 4.09 4.17

Na
2
O 4.57 4.54 4.52 4.63 4.74 4.52

K
2
O 1.40 1.37 1.39 1.42 1.47 1.35

TiO
2

0.60 0.63 0.64 0.62 0.50 0.57

P
2
O

5
0.17 0.19 0.16 0.17 0.15 0.21

MnO 0.07 0.07 0.08 0.08 0.07 0.07

LOI 0.96 0.55 0.20 0.06 0.15 3.58

FeO*/MgO 2.14 1.89 2.17 2.14 2.49 2.44

Table 6. Composition of representative of Swift Creek-stage rocks.

[All samples analyzed at the U.S. Geological Survey laboratory in Denver, Colo.; analysts, David Siems and Joseph E. Taggart, 
Jr. All values in weight percent, recalculated to 100 weight percent on an anhydrous basis, with Fe

2
O

3
 = 0.2 total Fe, analyzed 

as Fe
2
O

3
. LOI, loss on ignition (in percent). Samples are coded to stratigraphic units as follows: cd, Crescent Ridge dome; cff, 

Cedar Flats fan; csf, Crescent Ridge fan; J, layer Jg pumice; S, set S pumice; swf, Swift Creek fan.]
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late Kalama period, a large dome was emplaced at the summit 
of the volcano. Overall, during the Kalama period, lava flows 
and a summit dome added about 500 m height to the volcano 
and gave Mount St. Helens its pre-1980 form. During the Goat 
Rocks period, a tephra layer, lava flow, and a dome and small 
lithic pyroclastic fan were emplaced.

Implications of Older Rocks for the 
Mount St. Helens Magmatic System

Although only limited data are available to character-
ize the magmatic system of Mount St. Helens before the 
Spirit Lake stage, a few generalizations are possible. On the 
basis of the data discussed above, we infer that the general 
interpretations of Smith and Leeman (1987, 1993) that were 
derived primarily from their study of the Spirit Lake stage 
are generally applicable to the earlier stages. Dacite at Mount 
St. Helens probably originates by melting of mafic rocks in 
the lower crust (Smith and Leeman, 1987), and andesite is 
the result of mixing between dacite and basalt derived from 
the mantle (Smith and Leeman, 1993). The more detailed 
mixing model of Pallister and others (1992) for the Kalama 
period is probably applicable to other periods of the Spirit 
Lake stage. Disaggregation of the abundant coarse-grained 
inclusions in many Mount St. Helens dacites and andesites 
are a complicating factor for interpreting these rocks (Cooper 
and Reid, 2003).

Hopson and Melson (1990) recognized similarities in 
the composition of Mount St. Helens rocks that were repeated 
over time, and they introduced the concept of compositional 
cycles. They noted a tendency for eruptions early in a cycle to 
be highly explosive and the magma to contain cummingtonite 
and (or) quartz plus biotite. They inferred that the magma 
is relatively cool and water rich at the beginning of a cycle. 
As the cycle proceeds, the magma becomes hotter and less 
water rich, eruptions less explosive, and the mafic phenocrysts 
dominated by hornblende and hypersthene. The volcano tends 
to produce dacite that varies only slightly lithologically over a 
period of decades to centuries, probably indicating replenish-
ment of the shallow magma chamber with hotter and dryer 
magma from deeper in the magmatic system. Cycles end with 
effusive eruptions of relatively mafic composition containing 
an anhydrous mineral assemblage of hypersthene, augite, and, 
sporadically, olivine. Hopson and Melson (1990) attributed 
the cycles to establishment of a compositional gradient in the 
magmatic system during repose of the volcano, eruption of 
part of the system, and reestablishment of the compositional 
gradient during the following repose.

Hopson and Melson’s compositional-cycle concept, 
which was developed before any comprehensive understand-
ing of the eruptive history of Mount St. Helens, fails to explain 
many details of this history. These details are probably better 
explained by the occasional interaction of a fundamentally 
dacitic magmatic system with basalt from the mantle. Never-

theless, evidence suggests that volatile enrichment of the shal-
low magmatic system from below plays a role in the evolution 
of Mount St. Helens magmas.

Compositional cycles as envisioned by Hopson and 
Melson (1990) for the Spirit Lake stage were probably absent 
during the Ape Canyon stage. The common presence of biotite 
and quartz during the Ape Canyon stage indicates that early 
Mount St. Helens magmas were generally cooler and wetter 
than those later in its eruptive history. Successive eruptive 
units vary considerably petrographically, and equilibrium 
phenocryst textures suggest probably much less interaction 
between magma batches, possibly because recharge and erup-
tions were more intermittent. The volume erupted per unit 
of time was smaller and the magmatic system less integrated 
during the Ape Canyon stage, especially before about 50 ka. 
However, the detailed stratigraphy of the Ape Canyon stage 
is poorly known, and the incomplete preservation of Ape 
Canyon-stage deposits makes recognition of compositional 
cycles difficult.

By the Cougar stage, the magmatic system was begin-
ning to resemble that of the present day. At times during the 
Cougar stage, Mount St. Helen erupted cool and wet magmas 
containing cummingtonite, although most Cougar-stage rocks 
lack cummingtonite, biotite, or quartz, are less crystalline than 
most Ape Canyon-stage rocks, and probably represent hotter, 
less evolved magma. Although the magmatic system was still 
primarily dacitic, more interaction occurred between magma 
batches, and the volcano was probably more continually active 
than during the Ape Canyon stage. Sequences of pumiceous 
pyroclastic-flow deposits as thick and widespread as those 
emplaced in Cougar time have not been erupted since. The 
Cougar stage probably culminated with eruption of the volu-
minous andesite of Swift Creek, a mixed-magma lava flow.

The Swift Creek stage may be the first well-developed 
magmatic cycle at Mount St. Helens. The thin weathering zone 
between the Cougar and Swift Creek stages and the return 
to cummingtonite-bearing magma suggests a short hiatus 
between the stages. After an initial explosive phase, the Swift 
Creek stage was primarily a period of dacite dome building. 
During this period, the volcano erupted dacite with decreas-
ing chemical variation and an increasingly anhydrous mafic 
phenocryst assemblage. Complex zoning of plagioclase and 
hornblende phenocrysts and evidence of disequilibrium condi-
tions indicate that interaction between dacitic magma batches 
was extensive. These features suggest cryptic interaction of 
the Swift Creek dacitic magma with a hotter, probably more 
mafic magma as the Swift Creek stage progressed. The Swift 
Creek stage ended with the eruption of set J tephras, which 
are sparsely porphyritic and andesitic and contain resorbed 
phenocrysts, indicating interaction with hot or mafic magma.

During the earlier stages, the Mount St. Helens magmatic 
system erupted proportionately more dacite than during the 
Spirit Lake stage. The mafic component is subtler, possibly 
because it represents a smaller proportion of the total mag-
matic system. Alternatively, interaction with mafic magma 
may have occurred at a deeper level during the earlier stages 
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than during the Spirit Lake stage. Much additional study of 
the petrology of rocks from the Ape Canyon, Cougar, and 
Swift Creek stages is needed to further evaluate the magmatic 
system during the early history of Mount St. Helens.

Summary
The stratigraphy and radiometric dating described herein 

provide more detail on the early history of Mount St. Helens 
than was previously available, and the petrographic and bulk-
rock chemical data are useful for a preliminary evaluation of 
the long-term magmatic history of the volcano. Radiometric 
dating of rocks preserved in debris-avalanche, lahar, and 
glacial deposits demonstrates that Mount St. Helens has a 
much longer history than previously appreciated. Rocks as 
old as 300 ka are recognized and assigned to the Ape Canyon 
stage of Crandell (1987) and Mullineaux (1996). Many Ape 
Canyon-stage rocks are recognized by the presence of quartz 
and (or) biotite but are chemically similar to younger Mount 
St. Helens dacite.

During the Cougar and Swift Creek stages, the eruptive 
style of Mount St. Helens changed from intermittent dacitic 
activity of the Ape Canyon stage to the episodic and com-
positionally varying activity of the Spirit Lake stage. Sig-
nificant eruptive events of the Cougar stage included dacite 
dome building, removal of part of the edifice by a debris 
avalanche, and emplacement of large-volume pyroclastic 
flows and an andesite lava flow. The Swift Creek stage was 
relatively short lived and dominated by the construction of 
dacite domes on the edifice and fans of fragmental mate-
rial on the flanks of the volcano. Preliminary petrographic 
analysis of Cougar- and Swift Creek-stage rocks suggests 
that Cougar-stage rocks resemble Ape Canyon-stage rocks, 
whereas Swift Creek-stage rocks are more like those of the 
Spirit Lake stage. These characteristics indicate that the vol-
cano’s magmatic system has evolved from relatively simple 
to more complex as the volcano matured and that interaction 
between dacitic magma batches with more mafic magma 
increased from the Ape Canyon to Spirit Lake stages. Further 
work may allow us to subdivide the history of the Ape Can-
yon stage and will clarify the magma processes active during 
the Ape Canyon, Cougar, and Swift Creek stages.
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Appendix 1. 40Ar/39Ar Analyses of Mount St. Helens Rocks
[This appendix appears only in the digital versions of this work—in the DVD-ROM that accompanies the printed volume 

and as a separate file accompanying this chapter on the Web at: http://pubs.usgs.gov/pp/1750. ]

Complete incremental-heating, gas extraction, and radiometric age data from 17 experiments on 16 rock samples are  
tabulated in nine worksheets of a Microsoft Excel file. 

http://pubs.usgs.gov/pp/1750
http://pubs.usgs.gov/pp/1750/appendixes/CH28_Clynne_Digital_Appendix/
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Identification and Evolution of the Juvenile Component in 
2004–2005 Mount St. Helens Ash

By Michael C. Rowe1, Carl R. Thornber2, and Adam J.R. Kent3

Abstract
Petrologic studies of volcanic ash are commonly used 

to identify juvenile volcanic material and observe changes in 
the composition and style of volcanic eruptions. During the 
2004–5 eruption of Mount St. Helens, recognition of the juve-
nile component in ash produced by early phreatic explosions 
was complicated by the presence of a substantial proportion 
of 1980–86 lava-dome fragments and glassy tephra, in addi-
tion to older volcanic fragments possibly derived from crater 
debris. In this report, we correlate groundmass textures and 
compositions of glass, mafic phases, and feldspar from 2004–5 
ash in an attempt to identify juvenile material in early phreatic 
explosions and to distinguish among the various processes that 
generate and distribute ash. We conclude that clean glass in the 
ash is derived mostly from nonjuvenile sources and is not par-
ticularly useful for identifying the proportion of juvenile mate-
rial in ash samples. High Li contents (>30 µg/g) in feldspars 
provide a useful tracer for juvenile material and suggest an 
increase in the proportion of the juvenile component between 
October 1 and October 4, 2004, before the emergence of hot 
dacite on the surface of the crater on October 11, 2004. The 
presence of Li-rich feldspar out of equilibrium (based on Li-
plagioclase/melt partitioning) with groundmass and bulk dac-
ite early in the eruption also suggests vapor enrichment in the 
initially erupted dacite. If an excess vapor phase was, indeed, 
present, it may have provided a catalyst to initiate the eruption. 
Textural and compositional comparisons between dome fault 
gouge and the ash produced by rockfalls, rock avalanches, and 

vent explosions indicate that the fault gouge is a likely source 
of ash particles for both types of events. Comparison of the 
ash from vent explosions and rockfalls suggests that the fault 
gouge and new dome were initially heterogeneous, containing 
a mixture of conduit and crater debris and juvenile material, 
but became increasingly homogeneous, dominated by juvenile 
material, by early January 2005.

Introduction
The phreatic explosion at Mount St. Helens, Wash., on 

October 1, 2004, was the first of four such events that occurred 
between October 1 and 5, 2004, preceding the emergence of 
hot dacitic lava on the crater floor on October 11, 2004. From 
October 5, 2004, through December 2005, two additional 
explosions and numerous rockfalls sent volcanic ash over the 
crater rim (Scott and others, this volume, chap. 1).

Petrologic characterization of volcanic ash provides a 
means to monitor volcanic activity and to assess precursory 
evidence of changes in eruptive behavior (Taddeucci and oth-
ers, 2002). Volcanic monitoring by way of ash characterization 
is commonly conducted because ash may be collected easily 
at relatively low cost. Also, because the volcanic edifice is not 
always accessible, volcanic ash may provide the only petro-
logic evidence for changes in eruptive behavior.

Juvenile magmatic glass has been observed in the 
tephra produced before extrusion of lava flows and domes or 
before large magmatic eruptions (Watanabe and others, 1999; 
Cashman and Hoblitt, 2004). “Juvenile,” as defined in this 
study, refers to ash and dome lava erupted hot, with textural 
and geochemical characteristics similar to the earliest dome 
material (sample SH304, collected Nov. 4, 2004) and later 
dome samples. (Dome samples dredged from the crater floor 
before sample SH304 was collected consist of a heteroge-
neous mixture of crater and conduit debris and minor juvenile 
material; Pallister and others, this volume, chap. 30). Monitor-
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ing of glass compositions in volcanic ash has also identified 
multiple magmatic components in eruptions and recorded 
compositional change over the course of a single eruption 
(for example, Pallister and others, 1992; Swanson and others, 
1994, 1995; Schiavi and others, 2006).

At Mount St. Helens, previous eruptive products compli-
cate the ash story, making petrologic monitoring of volcanic 
ash more difficult. Lava-dome growth from 1980 to 1986 
generated a thick (~250 m) cap of dacitic lava over the pre-
existing conduit. In addition, crater-filling breccia and tephra 
from 1980 and earlier eruptions may underlie the 1980–86 
lava dome for 500 m or more (Friedman and others, 1981). 
Ash produced by explosions is therefore likely to contain a 
substantial proportion of “older” Mount St. Helens material. 
Analysis and comparison of ash is further complicated by 
mechanical sorting during transport, requiring consideration 
of such variables as sample location relative to the vent and 
windspeed and wind direction (for example, Sparks and oth-
ers, 1997; Houghton and others, 2000).

Petrologic studies of older Mount St. Helens tephra 
provide a basis for comparing the products of the 2004 erup-
tion (ongoing at time of writing, early 2007). Glass analyses 
of 1980–82 tephra and dome samples demonstrated trends 
of increasing crystallinity and decreasing water content, with 
lower water content likely associated with progressively lower 
volume and less intense post-May 18 explosive eruptions 
(Sarna-Wojcicki and others, 1981a; Melson, 1983). Textural 
comparisons of the May 18, 1980, blast material with that 
from precursory eruptions indicate that juvenile material 
appeared as early as 2 months before the climactic eruption 
and that the juvenile component was reflected by ash particles 
with either glassy or microcrystalline matrices, characteris-
tic of shallow crystallization (Cashman and Hoblitt, 2004). 
Cashman and Hoblitt’s study is significant in that it identifies 
the need to consider partially crystalline material in addition 
to glassy fragments as potentially juvenile. Also, it provides a 
textural comparison for current eruptive products.

Several previous studies of trace elements, capable of 
transport within volatile phases, in tephras were undertaken 
to identify evidence for magmatic degassing associated with 
explosive events before and after May 18, 1980 (Thomas 
and others, 1982; Berlo and others, 2004). Whole-rock 210Pb 
excess and Li enrichment (max ~23 µg/g) in plagioclase feld-
spar in the 1980 cryptodome, followed by significantly lower 
Li contents in feldspar within the May 18 fallout tephra and 
pyroclastic-flow deposits and subsequent eruptive events, led 
Berlo and others (2004) to propose that the anomalously high 
Li contents resulted from vapor transfer from a deeper magma 
source to shallow stored/stalled magma.

The goals of this study of 2004–5 Mount St. Helens 
ash were to (1) identify and track changes over time in the 
composition and proportion of juvenile eruptive material in 
explosive events associated with the reactivation of Mount St. 
Helens; and (2) combine textural and geochemical observa-
tions to distinguish between the processes and products of ash 
generation, including a comparison of ash from rockfalls and 

vent explosions. Accomplishing these goals required a detailed 
examination of the textures and geochemical characteristics of 
erupted ash samples in comparison with dome petrology and 
geochemistry, discussed elsewhere in this volume (Cashman 
and others, this volume, chap. 19; Pallister and others, this 
volume, chap. 30; Thornber and others, this volume, chap. 32; 
Kent and others, this volume, chap. 35).

Methods

Sample Collection

After the October 1, 2004, phreatic eruption of Mount 
St. Helens, 27 ash-collection stations were established around 
the perimeter of the volcano (fig. 1). Ash samples collected 
before the placement of stations were from relatively clean flat 
surfaces (fig. 2A). Collection stations were distributed radially 
along line-of-sight to the volcano, ranging in distance from 
2.4 to 10 km from the vent (fig. 1). Each station consisted of 
a rebar-suspended double bucket (fig. 2B); the inner bucket, 
with drainage slits approximately a third up from its base, was 
suspended within the outer bucket to allow excess water to 
drain without significant loss of ash. Ash was collected at sta-
tions over periods ranging in length from less than 3 to more 
than 15 days until November 29, 2004 (fig. 3). Ultimately, 
ash collection at the established stations was a function of 
station accessibility, whereas the presence of ash depended 
on predominant wind directions during the period preceding 
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Figure 2. Examples of ash-collection sites. A, Clean, flat surfaces. B, At an ash collection station. Inset is a schematic drawing 
of the ash-collection buckets, showing drainage slits in upper bucket and drainage holes in base of lower bucket; bolts in lower 
bucket provide support and suspension of upper bucket. C, On snow-covered surfaces. D, In petrology spiders (see text for 
description). Inset is top view of petrology spider, with nylon netting for identification and collection of hot ballistic material on 
left and baffled compartments for ash and lithic fragments on right.

collection. After November 29, 2004, most ash samples were 
collected from discrete ash-producing events (either explo-
sions or rockfalls and rock avalanches) on snow-covered (fig. 
2C) or otherwise-clean surfaces. Snow-covered surfaces pro-
vided easy identification of new ash and allowed for tracking 
of deposited ash to its source (fig. 2C). Additional ash samples 
were collected in August 2005 from collection devices placed 
in the crater (“petrology spiders,” fig. 2D), similar to those 
deployed for seismic and deformation monitoring (LaHusen 
and others, this volume, chap. 16).

A total of 15 samples collected between October 1, 2004, 
and March 9, 2005, were analyzed in this study (table 1), of 
which 12 are of ash spanning the period October 1, 2004, 
through March 9, 2005, two are of dome fault gouge (collected 
Nov. 4, 2004, and Feb. 22, 2005), and one is from a crater 
debris flow (collected Oct. 20, 2004) associated with collapse 
of the initial spine (table 1). (See Pallister and others this vol-

ume, chap. 30, for a detailed description of dome fault gouge 
and crater debris flow collection.)

Of the four early explosive events, only the three 
included in this study (12:02 p.m. Oct. 1, 9:43 a.m. Oct. 
4, and 9:05 a.m. Oct. 5) produced downwind ash fallout 
between October 1 and October 5, 2004 (Major and others, 
2005). Samples from the suite of Mount St. Helens 2004–5 
ash deposits (Rowe and others, 2008) were selected for our 
purposes on the basis of emplacement date, wind directions, 
and volume of material collected.

Analytical Methods

Major-element compositions of groundmass glass, melt 
inclusions (where possible), feldspar, and mafic minerals 
(amphibole, clinopyroxene, and hypersthene) were measured 
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Sample Type Date collected Eruption date

MSH04E1DZ_1 ash 10/1/2004 10/1/2004

MSH04E2A03_A1 ash 10/4/2004 10/4/2004

MSH04E3RANDLE_2 ash 10/5/2004 10/5/2004

MSH04A20_10_11 ash 10/11/2004 10/5/04–10/11/04

MSH04A09_10_12 ash 10/12/2004 10/4/04–10/12/04

MSH04A20_10_16 ash 10/16/2004 10/11/04–10/16/04

MSH04A21_10_20 ash 10/20/2004 10/15/04–10/20/04

MSH04A04_11_2 ash 11/2/2004 10/16/04–11/2/04

MSH04MR_11_4 ash 11/4/2004 11/4/2004

MSH05JP_1_14A ash 1/14/2005 1/13/2005

MSH05JV_1_19 ash 1/19/2005 1/16/2005

MSH05DRS_3_9_4 ash 3/9/2005 3/8/2005

SH303-1 gouge 11/4/2004 10/18/04

SH307-1 gouge 2/22/2005 2/12/05

SH300-1 crater debris1 10/20/2004 10/15/04

1Only fine material collected from the crater debris flow is included in this study; includes 2004 dacite as well as 
older crater-floor debris.

Table 1. Ash, gouge, and crater debris samples analyzed in this study.

[Eruption dates for crater debris and gouge samples estimated by J.S. Pallister. Further details of ash samples are 
available in Rowe and others (2008).]

for all 12 ash samples by electron microprobe analysis. To 
reduce potential sampling biases, 25 to 50 feldspar phe-
nocrysts, ~20 mafic phenocrysts, and 10 to 20 glass specimens 
were analyzed from each sample, approximately proportional 
to their relative abundances in ash samples, as estimated visu-
ally. Backscattered electron images were taken of all the ash 
and dome gouge samples to document the heterogeneity of ash 
particles within and between samples. Trace-element contents 
in feldspar from 14 samples were measured by laser-ablation 
inductively coupled plasma mass spectrometry (LA-ICP-MS). 
In addition, major- and trace-element contents in feldspar from 
the two dome fault-gouge samples (SH303-1 and SH307-1, 
table 1) and trace-element contents in feldspar from the crater 
debris sample (sample SH300-1, table 1) were determined.

Electron microprobe analyses were conducted on a 
Cameca SX–100 instrument at Oregon State University. 
Analyzed samples were not sieved, and phenocrysts and 
glasses of all sizes were analyzed to reduce the possible bias 
created by mechanical sorting during transport (Houghton 
and others, 2000). Wherever possible, electron microprobe 
analyses of phenocryst phases were made within 15 µm of 
the grain boundary. Electron microprobe analyses of glass 
were conducted according a procedure modified from that of 
Morgan and London (1996). Na and K were counted for 60 s, 
using a 2-nA beam current, a 15-keV accelerating voltage, and 

a 10-µm beam diameter. Al, Ca, Cl, Fe, Mg, Mn, P, S, Si, and 
Ti were analyzed by using a 30-nA beam current, a 15-keV 
accelerating voltage, and 10-µm beam diameter, with count 
times ranging from 10 to 50 s. The narrow beam diameter 
(~20 µm is optimal) was required by the small size of glassy 
fragments in the ash (Morgan and London, 1996). Feldspar 
(30 nA) and mafic phases (50 nA) were measured by using 
a 15-keV accelerating voltage and 5- and 1-µm beam diam-
eters, respectively. A rhyolite glass standard (USNM 72854 
VG–568), a feldspar standard (Labradorite USNM 115900), 
and a pyroxene standard (Kakanui augite USNM 122142) 
were analyzed before each analytical session. Glass standard 
statistics are presented in Rowe and others (2008).

Trace-element (Ba, Ce, Eu, La, Li, Nd, Pb, Pr, Sr, and 
Ti) contents in feldspar were determined by LA-ICP-MS 
analysis in the W.M. Keck Collaboratory for Plasma Spec-
trometry at Oregon State University, using a 193-nm ArF 
Excimer laser. Analyses were performed by using a stationary 
laser (70-µm spot size) to ablate a progressively deepening 
crater in the sample materials, requiring targeted feldspar 
phenocrysts to be larger than ~80 µm in diameter. Owing 
to the large spot size required and the fine grain size of the 
feldspar in the ash, analyses were made close to the center 
of inclusion-free grains. Each individual analysis represents 
40 s of data acquisition during ablation, with background 
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Figure 3. Collection dates for ash-collection stations (see fig. 1) 
from October 1 (day 0) through November 29 (day 60), 2004.

count rates measured for 30 s before ablation. A 4-Hz pulse 
frequency resulted in an ablation crater 15 to 20 µm deep. 
Trace-element abundances were calculated relative to the 
NIST 612 glass standard, which was analyzed under identical 
conditions throughout the analytical session. U.S. Geologi-
cal Survey glass BCR-2G was also analyzed as a secondary 
standard. Counts were normalized to 29Si, also measured 
during ablation, and contents were determined according 
to the method of Kent and others (this volume, chap. 35). 
Precision of trace-element analysis is presented by Kent and 
others (this volume, chap. 35). Li contents, most relevant to 
this study, have a precision of 7 to 8 percent (1σ), although 
for one session, involving measurement of samples SH300-
1, MSH04A20_10_16, and MSH05DRS_3_9_4 (table 1), 
analytical uncertainties calculated from repeated analyses of 
standard BCR-2G may be as high as 25 percent (1σ). Overall, 
uncertainties are similar to those in the analyses by Berlo and 
others (2004) and Kent and others (this volume, chap. 35), 
who reported analytical uncertainties of ~10–15 percent.

Results

Glass and Groundmass

The groundmass in ash samples is dominated by crystal-
line to microcrystalline textures, with groundmass crystalliza-
tion resulting in the formation of crystalline silica and feldspar 
microlites (fig. 4). Matrix textures of the juvenile dacite are 
described elsewhere in this volume (Cashman and others, this 
volume, chap. 19; Pallister and others, this volume, chap. 30). 
Late crystallization of the groundmass significantly influenced 
glass analyses. Al

2
O

3
 and SiO

2
 contents were used to screen 

glass analyses for microlite crystallization (fig. 4), resulting 
in 81 reliable analyses of glass, herein referred to as “clean 
glass.” Most clean-glass analyses were obtained from pumice 
fragments and glass adhering to phenocrysts. Major-element 
contents in clean glass vary widely, likely owing to localized 
effects of melt crystallization and the inherent heterogeneity of 
the ash, especially in early explosions. SiO

2
 contents in clean 

glass range from 52 to 79 weight percent but dominantly are 
from 72 to 78 percent (table 2). No temporal trend is apparent 
to suggest a systematic change in the melt composition over 
the course of 2004–5 sampling (fig. 5).

Mafic Minerals

Mafic minerals analyzed in the ash samples include 
hypersthene, amphibole, clinopyroxene, and olivine. Hyper-
sthene, which is the dominant mafic mineral in the ash, varies 
widely in composition (En

47.1–73.7
). Hypersthene in dome 

sample SH304-2 (En
53.3–65.8

), as well as in older 1980s dome 
samples (En

44.3–69.8
), similarly varies widely in composition 

(fig. 6). Amphibole compositions in the ash, new dome dacite, 
and the 1980–86 dome dacite are essentially identical, most 
easily observed in Al

2
O

3
 and FeO* contents. Al

2
O

3
 content 

ranges from ~7 to 14 weight percent in the ash and 1980–86 
dome material and from ~6 to 15 weight percent in the 2004–6 
dome dacite, although in all three samples Al

2
O

3
 contents 

cluster between 10 and 13 weight percent (fig. 7). Similarly, 
total Fe contents range from ~10 to 18 weight percent FeO* in 
the ash, 1980–86 dome, and 2004–6 dome (fig. 7; Rutherford 
and Devine, this volume, chap. 31; Thornber and others, this 
volume, chap. 32).

The thickness of the outermost disequilibrium-reaction 
rims on amphibole phenocrysts in the ash varies widely, with 
thick reaction rims (>15–20 µm) present on some grains. 
Disequilibrium-reaction rims on amphiboles from new dome 
dacite typically are ~5 µm thick, sporadically 6 to 10 µm thick, 
and rarely 50 to 100 µm thick, with larger rims commonly 
associated with amphibole xenocrysts (Thornber and others, this 
volume, chap. 32). Variations in thickness of amphibole disequi-
librium-reaction rims decreased over the course of the eruption, 
with only rare thick rims in March 8, 2005, tephra. The presence 
of thick-rimmed amphibole grains is characteristic of 1980–86 
magmas (Rutherford and Hill, 1993) but differs from the uni-
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Sample Analysis SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO2 Cl Total

E2A03_A1 2 73.30 0.47 14.72 1.19 0.05 0.22 1.40 4.37 2.75 0.09 0.01 0.14 98.71

E2A03_A1 7 74.00 0.27 15.91 0.89 0.00 0.06 2.09 4.28 2.83 0.07 0.00 0.04 100.44

A20_10_11 11 72.32 0.26 15.02 1.21 0.04 0.09 1.66 4.77 2.28 0.08 0.01 0.12 97.86

A20_10_16 2 76.81 0.24 13.79 1.42 0.02 0.16 0.52 2.92 4.52 0.04 0.00 0.09 100.53

A20_10_16 4 77.63 0.34 12.64 0.97 0.00 0.05 0.57 3.15 4.21 0.03 0.00 0.02 99.61

A21_10_20 14 74.75 0.34 14.24 0.53 0.00 0.02 1.24 3.97 3.41 0.07 0.01 0.01 98.59

A04_11_2 16 71.52 0.22 18.38 0.97 0.00 0.06 2.70 4.26 3.28 0.06 0.00 0.00 101.45

JP_1_14A 1 75.49 0.22 14.00 0.47 0.00 0.10 1.00 4.47 4.12 0.05 0.01 0.05 99.98

JP_1_14A 2 76.06 0.23 12.60 1.32 0.00 0.00 0.33 5.49 3.19 0.18 0.01 0.05 99.46

JP_1_14A 3 73.83 0.18 15.34 0.63 0.02 0.04 1.70 4.45 4.49 0.03 0.01 0.01 100.73

JP_1_14A 6 76.01 0.22 13.78 0.53 0.00 0.09 1.22 2.77 5.33 0.23 0.01 0.03 100.22

JP_1_14A 9 78.38 0.16 12.69 0.64 0.01 0.03 1.29 1.62 5.01 0.04 0.00 0.03 99.90

JV_1_19 4 74.14 0.26 16.05 1.44 0.05 0.07 1.50 5.54 3.03 0.09 0.00 0.02 102.19

JV_1_19 8 71.17 0.09 16.05 0.42 0.01 0.03 1.68 4.55 2.28 0.05 0.02 0.03 96.38

SH304-2 1 A9b hb1 75.2 0.19 13.5 0.87 0.00 0.01 0.88 2.32 5.09 0.01 nd 0.103 98.27

SH305-1 1 kc g-22 76.6 0.34 12.4 1.35 0.01 0.03 0.27 3.01 5.72 0.08 nd 0.110 99.92

1Representative analyses of dome samples SH304 and SH305 from Pallister and others (this volume, chap. 30).
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Table 2. Electron microprobe analyses of clean, juvenile glass.

[Juvenile glass as described in text is based on MgO and K
2
O fields defined by glass and inclusion analyses of samples SH304 and SH305. Specific analysis 

from among a suite is listed in “Analysis” column. Total Fe reported as FeO. nd, not determined. Sample prefixes MSH04 and MSH05 have been removed; see 
table 1 for complete sample numbers.]

Figure 4. Silica-variation 
diagram showing Al2O3 versus 
SiO2 contents in groundmass 
glass of ash fragments. 
Compositional range between 
feldspar and quartz end members 
is characteristic of highly 
crystalline groundmass. Red data 
points, clean glass (see text for 
explanation). Inset X-ray map 
(Al Kα) shows crystallization of 
feldspar (orange) and quartz 
(blue) in juvenile groundmass.
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Figure 5. Silica-variation diagrams of MgO and K2O versus SiO2 contents in clean glass (see text for explanation). Blue field, 
pre-2004 tephra and dome glass compositions (Sarna-Wojcicki and others, 1981a; Melson, 1983); yellow field, glass and melt-
inclusion compositions for dome samples SH304 and SH305 from current explosions (see Pallister and others, this volume, 
chap. 30). Plots are paired to show tephra from early vent explosions (A, B), tephra from October 5 to November 2, 2005 (C, D), 
and tephra from rockfalls and vent explosions from November 4, 2004, to March 8, 2005 (E, F).
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Figure 6. Compositions of hypersthene phenocrysts 
analyzed from 1980–86 Mount St. Helens, dome sample 
SH304-2A, and 2004–5 ash samples. Shaded field, range 
of 1980–86 hypersthene compositions from top panel.

Figure 7. Al2O3 versus total Fe (FeO*) in amphiboles in ash 
samples. Blue field, amphibole in 1980–86 eruptive material; 
yellow field, amphibole in 2004–6 dome material.

formly thin (~5 µm thick) decompression rim around 2004–5 
dacitic amphiboles, an observation suggesting that the early 
ash samples have older Mount St. Helens material mixed with 
juvenile ash particles.

In addition to the presence of thick reaction rims on 
amphibole phenocrysts in the ash, the identification of 
clinopyroxene and rare olivine phenocrysts in the early ash 
supports the interpretation that these samples were a heteroge-
neous mixture containing some proportion of older Mount St. 
Helens eruptive material. Discrete clinopyroxene phenocrysts 
are present in the early ash samples but rare in the new dome 
material, where they typically are associated with xenolith 
fragments. Clinopyroxene phenocrysts were not observed in 
the ash samples collected after October 20, 2004.

Owing to the compositional variation of hypersthene and 
amphibole phenocrysts in the ash samples and the complete 
compositional overlap between these phases in the new dome 
and 1980–86 dome, mafic-mineral phases are of limited value 
for identification of juvenile material and are not discussed 
further here. (See Rutherford and Devine, this volume, chap. 
31, and Thornber and others this volume, chap. 32, for discus-
sion of the textural and compositional variations of Mount St. 
Helens 2004–5 amphiboles.)

Feldspars

Feldspar phenocrysts in ash, gouge, and crater debris vary 
widely in composition. Feldspar phenocryst compositions in 
the ash range from An

87
 to An

28
, overlapping samples from 

both the new dome (An
53–33

) and 1980–85 dome (An
51–34

). As 
with mafic-mineral phases, major-element contents in feldspar 
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in the ash and new dome samples are indistinguishable from 
older Mount St. Helens eruptive material (Rowe and others, 
2005; Streck and others, this volume, chap. 34). A total of 266 
LA-ICP-MS analyses were completed on 14 of the samples 
included in this study. Significant variations were noted in the 
contents of Ba (14.5–224 µg/g), Sr (532–1,603 µg/g), La (1.0–
9.7 µg/g), Pb (0.3–7.0 µg/g), and Li (6.9–48.5 µg/g) (Rowe and 
others, 2008). La has a well-defined, and Pb a weakly defined, 
positive correlation with Ba, whereas Sr is negatively cor-
related with Ba (fig. 8). Correlations between trace elements 
(excluding Li) and anorthite content are believed to be due 
both to variations in feldspar/melt partition coefficients with 
anorthite content and to changes in melt composition as a 
result of fractionation of plagioclase, hornblende, hypersthene, 
and oxides during melt evolution (Kent and others, this vol-
ume, chap. 35).

Li in feldspar, in contrast to other trace elements, does not 
correlate with other major or trace elements. In addition, on 
the basis of feldspar/melt partitioning, the highest Li contents 
would require >>200 µg/g Li in the melt (Bindeman and oth-
ers, 1998), significantly greater than that observed in the bulk 
dacite (21–28 µg/g; Kent and others, 2007; Thornber and oth-
ers, 2008b). In ash samples collected after November 4, 2004, 
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Li contents are more homogenous and consistently lower rela-
tive to earlier ash samples, with a maximum Li content of 30 
µg/g (fig. 9). This decrease in Li content was also observed in 
dome samples collected after Mount St. Helens dome sample 
SH304, which was estimated to have been erupted on or about 
October 18, 2004 (Kent and others, 2007; Pallister and others, 
this volume, chap. 30; Kent and others, this volume, chap. 35).

Discussion

October 1–5, 2004, Ash Explosions

Identification of a Juvenile Component
Identification and quantification of the juvenile compo-

nent in the products of early Mount St. Helens eruptive events 
can be used to evaluate the likely course of a reawakening 
volcano. By comparing glass compositions and feldspar trace-
element contents in the ash with those of 1980–86 and 2004–5 
dome materials, the proportion of juvenile material (if pres-
ent), as previously defined, in the early erupted ash may be 

Figure 8. Selected trace-element contents in feldspar in ash samples.
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Figure 9. Histograms of Li contents in feldspar from each of 14 analyzed samples. Feldspar Li contents >30 µg/g (dashed line) in 
ash samples collected before November 4, 2004, coincide with Li contents in juvenile feldspar from dome sample SH304. Eruption 
dates of samples are given in parentheses.
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calculable. Most major-element contents in glass overlap with 
those in eruptive products of 1980–82 (Sarna-Wojcicki and 
others, 1981a; Melson, 1983) and pre-1980 (Sarna-Wojcicki 
and others, 1981a). However, matrix glass and melt inclusions 
from 2004–5 Mount St. Helens samples SH304 and SH305 
have distinctly lower MgO contents (<0.5 weight percent) and 
higher K

2
O contents (max 5.5 weight percent) at comparable 

SiO
2
 contents (fig. 5; table 2; Pallister and others, this vol-

ume, chap. 30). On the basis of variations in MgO and K
2
O 

contents, glasses can be divided into what appear to be older 
glassy ash fragments and juvenile material. Judging from these 
criteria, none of the clean-glass analyses from the October 
1 and 5, 2004, explosions are considered juvenile, although 
glasses with juvenile characteristics were observed in ash from 
the October 4, 2004, explosion (fig. 5). However, the high 
crystallinity of the groundmass, resulting in few clean-glass 
analyses, precludes definitive estimates of the proportion of 
juvenile glass observed in early eruptive material. In addition, 
all of the analyzed pumice fragments fall within the composi-
tional fields defining older volcanic deposits (fig. 5).

Backscattered electron images provide a textural com-
parison between juvenile crystalline groundmass (fig. 10B) and 
a pumiceous glass fragment compositionally similar to older 
volcanic deposits (fig. 10D). Both textural and compositional 
comparisons between the various groundmass types are critical 
to avoiding a common misconception that glassy ash particles 
(for example, fig. 10D) are always representative of the juvenile 
component associated with an eruption, as previously attributed 
(for example, Sarna-Wojcicki and others, 1981b; Swanson and 
others, 1995; Watanabe and others, 1999).

Previous studies of 1980s tephra and dome samples indicate 
that the Li content in feldspar from 1980–85 lavas and tephras 
is as high as ~25 µg/g (fig. 11; Berlo and others, 2004; Kent 
and others, this volume, chap. 35). In contrast, the Li content in 
plagioclase from early 2004 dome sample SH304-2A (erupted 
approx. Oct. 18, 2004) ranges from 28 to 43 µg/g Li, distinctly 
higher than that in older Mount St. Helens feldspar (Kent and 
others, this volume, chap. 35). This difference provides a means 
to trace the contribution to ash samples collected between 
October 1 to October 5, 2004, from juvenile magma (figs. 9, 
11). As previously discussed, after dome sample SH304-2A 
was collected, Li contents dropped to levels similar those in 
1980–85 materials (<30 µg/g), thus limiting the usefulness of this 
approach to material produced only at the start of an eruption.

Measured Li contents in plagioclase in ash erupted from 
October 1, 2004, to March 9, 2005, form two populations. 
The Li contents of most plagioclase phenocrysts range from 
10 to 25 µg/g and appear to be broadly normally distributed 
around a mean of 19 µg/g (fig. 9), whereas a smaller subset 
(~25 percent) of grains have distinctly higher Li contents (max 
46 µg/g). On a cumulative-probability plot (fig. 11B), most 
plagioclase phenocrysts lie on a straight-line segment, with a 
mean of ~18 µg/g, consistent with a near-normal distribution; 
however, a distinct break in slope occurs at ~30 µg/g, suggest-
ing that the higher Li contents may derive from a different 
population. If we divide the samples into two groups, using a 
Li content of 30 µg/g as a boundary, application of Student’s 
t test (appropriate for comparing the means of small samples 
that may show some departure from a normal distribution; for 
example, Borradaile, 2003) suggests that these two sample 

Figure 10. Backscattered 
electron images of dome rock, 
ash fragments, and pumice 
fragments. A, Groundmass 
from dome sample SH304. B, 
Ash fragment from sample 
MSH04MR_11_4 (feldspar 
Li content of 33.7 µg/g). 
C, Glassy fragment of ash 
with extensive plagioclase 
microlite crystallization from 
sample MSH04E2A03_A1. D, 
Pumice fragment from sample 
MSH04E2A03_A1.

100 µm

C
500 µm

A

100 µm

B

50 µm

D



640  A Volcano Rekindled: The Renewed Eruption of Mount St. Helens, 2004−2006

50

40

30

20

10

0

.01 .1 1 5 20 50 80 95 99
10 30 70 90 99.9

PROBABILITY, IN PERCENT

Feldspar in 2004–5 Ash

0

5

10

15

20

25

30

<10 10-
12

12-
14

14-
16

16-
18

18-
20

20-
22

22-
24

24-
26

26-
28

28-
30

30-
32

32-
34

34-
36

36-
38

38-
40

40-
42

42-
44

1980–1985 (N=535)
SH304-2A/2C (N=53)

A

B

RE
LA

TI
VE

 F
RE

QU
EN

CY
, IN

 P
ER

CE
NT

Li, IN MICROGRAMS PER GRAM

Li,
 IN

 M
IC

RO
GR

AM
S 

PE
R 

GR
AM

Figure 11. Li contents in feldspar in dome rocks. A, Histogram 
of Li contents in feldspar in 1980–85 dome rocks (black bars, 
N=535) and in sample SH304 (gray bars; N=53). Data for 1980–85 
samples from Berlo and others (2004) and Kent and others (this 
volume, chap. 35); data for sample SH304 from Kent and others 
(this volume, chap. 35). B, Li content versus probability for 2004–5 
feldspar in ash. In a single normally distributed population, this 
relation would plot as a straight line. Distinct change in slope at 30 
µg/g Li content suggests that multiple populations of plagioclase 
grains are present in ash samples.

groups are significantly different at the >99.9-percent confi-
dence level. Furthermore, the >30-µg/g-Li sample group is 
indistinguishable from plagioclase from samples SH304-2A 
and SH304-2C, whereas the <30-µg/g-Li sample group is 
indistinguishable from plagioclase from the 1981–85 dome 
samples (table 3). From this we suggest that the plagioclase 
containing >30 µg/g Li in ash produced by explosions from 
October 1 to 5, 2004, was derived from Li-enriched juvenile 
magma similar to that sampled by dome samples SH304-2A 
and SH304-2C.

Li enrichment in feldspar, which is interpreted to result 
from transfer of a magmatic vapor phase, is expected to occur 
only within juvenile material, not in older conduit material 
or debris covering the conduit (Kent and others, 2007). This 
interpretation is supported by (1) the absence of anomalous 
Li contents in plagioclase in gabbroic inclusions; and (2) the 
high Li contents (max ~200 µg/g) in amphibole-hosted melt 
inclusions, consistent with concentrations required in the melt, 
as estimated from plagioclase/melt partitioning (Bindeman 
and others, 1998; Kent and others, 2007). On the basis of this 
evidence, 8 out of 39 (~20 percent) of the feldspars from the 
October 1 to 5, 2004, ash deposits are juvenile. Though not 
definitive, the proportion of juvenile material also increases 
from October 1 to October 4, 2004, suggesting a possible 
increased involvement of juvenile material in explosions. One 
explanation for this increase is upward movement of magma 
within the shallow conduit, consistent with the appearance 
of hot dacite on the surface of the crater floor on October 11, 
2004.

A discrepancy is evident between estimates of the 
proportion of juvenile material in ash based on Li contents 
in feldspars versus the compositions of glass fragments. A 
possible cause for this discrepancy is that only a few clean-
glass analyses were obtained as a result of quartz and feldspar 
microlite crystallization (figs. 4, 10). This same microcrystal-
line texture is also observed in dome samples, suggesting that 
the shallow magmatic crystallization observed in dome rocks 
occurred before fragmentation of the dacite. Because most 
of the juvenile groundmass had crystallized before eruption, 
clean-glass analyses ultimately underestimate the proportion 
of juvenile material in early ash samples.

Evidence for a Volatile Eruption Trigger
The high Li contents measured in early-erupted feldspar 

from the ash (max 48 µg/g) and dome samples (max 41 µg/g) 
may indicate an increase in volatile components at the initiation 
of the 2004 eruption. As previously discussed, the high Li con-
tent measured in feldspar would require a Li content in melt of 
~200 µg/g, on the basis of plagioclase/melt partition coefficients 
(Bindeman and others, 1998), despite the lower Li contents (21–
28 µg/g) measured in bulk dacite. As suggested by Berlo and 
others (2004), the Li-rich feldspar could be explained by enrich-
ment of shallow-stored magma through upward movement of an 
alkali-enriched vapor from deeper within the magmatic system. 
Because the highest Li contents were measured only before 
collection of sample SH305-1 (estimated eruption date, Nov. 20, 
2004), this difference suggests greater vapor enrichment during 
the early stages of the eruption. Kent and others (2007) esti-
mate that vapor enrichment must have occurred within the year 
before the eruption (potentially within just a few days) before 
the eruption, because earlier enrichment would have resulted 
in diffusional equilibration of feldspar in gabbroic inclusions—
which have lower Li contents than groundmass plagioclase. The 
decrease in feldspar Li contents over time observed in the dome 
dacite samples may indicate that the volatile-enriched magma 
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Feldspar in dome rocks Feldspar in 2004–5 ash

2004 1981–85 1980 Li-poor Li-rich

Mean 33.4 17.1 13.1 17.6 37.5

Standard deviation (1σ) 3.8 4.3 4.6 5.8 4.5

Number of samples (N) 53 28 507 177 18

Table 3. Statistics of Li contents in feldspar in 2004–5 ash, new dome lava, and 1980–85 dome lava.

[2004 sample is SH304-2A, erupted about Oct. 18 and collected Nov. 4, 2004, showing data from Kent and others 
(this volume, chap. 35). Li contents in feldspar for 1980 materials from Berlo and others (2004). Data for 1981–85 
from samples SH100, SH141, and SH187, analyzed at Oregon State University (Kent and others, this volume, chap. 
35). Li contents in feldspars from ash produced during the 2004–5 eruption are divided into“Li-poor” (<30 µg/g) and 
“Li-rich” (>30 µg/g) groups on the basis of statistical analysis (fig. 11; see text for discussion).]

was only a shallow cap on a larger magma body (Kent and oth-
ers, this volume, chap. 35).

A CO
2
 output of 2,415 t/d, measured on October 7, 2004, 

followed by a steady decline in ensuing months also suggests 
a greater volume of gas early in the eruption, although the 
higher gas output could also result from higher extrusion rates 
early in the eruption (Gerlach and others, this volume, chap. 
26). Together, both the high Li contents in feldspar and the 
highest CO

2
 output measured on October 7, 2004, may indi-

cate the presence of an excess volatile phase, partly resulting 
from volatile components transferred from a deeper magma, 
before the onset of the eruption. An increase in vapor pressure 
may have helped drive the explosions of October 2004. (For a 
more detailed discussion on the formation of the vapor phase, 
see Berlo and others, 2004, and Kent and others, this volume, 
chap. 35.)

Ash Generation

Airborne ash at Mount St. Helens is produced by both 
vent explosions and rockfalls or rock avalanches. Two general 
mechanisms are typically described for the generation of ash 
during vent explosions. In magmatic explosions, exsolution 
and expansion of gases in magma during its ascent leads to 
vesiculation and fragmentation of the magma (Heiken, 1972; 
Cashman and others, 2000). In contrast, phreatomagmatic 
eruptions result primarily from the rapid expansion, at Mount 
St. Helens, of meteoric water as it interacts with magma and 
(or) hot rock at depth (Morrissey and others, 2000).

Ash from Mount St. Helens’ 2004–5 vent explosions is 
dispersed more widely than ash from rockfalls, with fallout 
reported as far as Ellensburg, Wash., after the March 8, 2005, 
vent explosion (Mastin and others, 2005; Scott and others, 
this volume, chap. 1). Rockfalls and rock avalanches in this 
eruption resulted from dome growth and oversteepening (Val-
lance and others, this volume, chap. 9). Rockfalls and rock 
avalanches, with elutriation of fine ash particles, occur much 
more frequently than vent explosions and are typically smaller, 

sending ash as high as 3,000 m into the air before it falls prox-
imal to the edifice (Scott and others, this volume, chap. 1). In 
addition to vent explosions and rockfalls, small volumes of 
airborne ash may be distributed by elutriation during steaming 
of the dome or resuspended off crater walls by strong winds—
relatively low energy mechanisms for ash transportation.

Mechanisms of ash generation and distribution of the 
2004–5 Mount St. Helens eruption are not easily discernible 
by using criteria of grain shape, volume of glass, or textural 
and compositional heterogeneity of ash particles (see above 
descriptions). In this eruption, very little glassy material was 
present in the ash, and <5 percent of the clean-glass samples 
are considered juvenile. Juvenile groundmass observed in the 
dome and in the ash is mostly crystalline (quartz and feldspar), 
with localized vesiculation and devitrification (figs. 10A, 10B). 
Water-by-difference measurements of melt inclusions in phe-
nocrysts from dome samples SH304 and SH305 support gas 
emission data which, for this eruption, indicate that juvenile 
magma had degassed extensively before eruption (Gerlach and 
others, this volume, chap. 26; Pallister and others, this volume, 
chap. 30). The degassed and crystallized nature of the magma 
may have reduced the role of expansion of magmatic vola-
tile components in the generation of ash, during either vent 
explosions or rockfalls and rock avalanches. In addition, the 
abundance of lithic fragments and paucity of glass shards or 
pumice fragments suggest that vent explosions (Oct. 1, 4, and 
5, 2004; Jan. 16, 2005; Mar. 8, 2005) are dominantly phre-
atic in origin and that crystallization of the rising magma had 
occurred before the explosive events.

By comparing geochemical analyses of feldspar and glass 
in conjunction with the backscattered electron imaging of ash 
derived from vent explosions and rockfalls or rock avalanches, 
we attempted to distinguish between possible causes and 
mechanisms for the dispersal of ash. Major-element composi-
tions of matrix glass and glass inclusions from the January 13, 
2005, rockfall ash correlate well with juvenile compositions 
determined from glass analyses of dome samples SH304 and 
SH305 (fig. 5). In contrast, less than half of the glass analy-
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ses from the January 16, 2005, vent explosion correlate with 
juvenile fields. This discrepancy demonstrates that the vent 
eruptions entrain more of the exotic fragments derived from 
crater debris in the vent area.

A distinct contrast is observed when comparing glass 
compositions from the rockfall events of November 4, 2004, 
and January 13, 2005. Whereas the ash from the November 
4, 2004, event is dominated by older glass, the ash from the 
January 13, 2005, event is dominated by juvenile glass (fig. 
5), suggesting that the part of the early dome (or uplift area) 
responsible for ash generation contained a significant amount 
of older material but by January 2005 was composed domi-
nantly of juvenile dacitic material. This conclusion is also 
supported by field observations and pre-November 2004 dome 
samples (Pallister and others, this volume, chap. 30; Reagan 
and others, this volume, chap. 37).

Juvenile ash fragments from large rockfalls (Nov. 4, 2004, 
and Jan. 13, 2005) and vent explosions (Jan. 16, 2005, and Mar. 

8, 2005) have nearly identical groundmass textures, as described 
above (fig. 12). Both processes produce strikingly similar grain 
shapes. Ash particles dominated by large phenocrysts com-
monly reflect the general shape of those phenocrysts and are 
more angular, whereas ash particles dominated by groundmass 
typically range in shape from subangular to round. In prin-
ciple, particle shape in magmatic eruptions is controlled by the 
shape and abundance of vesicles, whereas glassy fragments 
in phreatomagmatic eruptions are commonly pyramidal or 
blocky (Heiken, 1972). In both magmatic and phreatomagmatic 
eruptions, however, relatively rapid cooling should result in the 
generation of glassy material. In contrast, in an experimental 
study of dacite fragmentation using Mount St. Helens 1980 
gray dacite, similar to the cryptodome with low H

2
O contents 

and composed of ~30 volume percent phenocrysts, the material 
produced brittle, angular fragments (Alidibirov and Dingwell, 
1996). This material more closely resembles some of the par-
ticles observed in recent rockfalls and explosions, suggesting 

Figure 12. Backscattered 
electron images of 
characteristic ash particles 
from dome rockfalls (A, B), 
vent explosions (C, D) and 
dome gouge (E, F). A, Rounded 
ash fragment from sample 
MSH05JP_1_14A, from rockfall 
on January 13, 2005. B, More 
highly disaggregated ash 
particle from same sample as 
in figure 12A. C, Subrounded 
ash fragment with grain shape 
controlled by larger feldspar 
and hypersthene phenocrysts 
from sample MSH05JV_1_19, 
from explosion of January 16, 
2005. D, Largely devitrified ash 
particle (see X-ray map in fig. 
3) from explosion of March 
8, 2005. E, Low-magnification 
image of disaggregated dome 
gouge from sample SH307-1. 
F, Enlargement of rounded 
clast in figure 12E, showing 
characteristic ash morphology.

100 µm

100 µm 200 µm

200 µm

200 µm1,000 µm

A B

C D

E F



29. Identification and Evolution of the Juvenile Component in 2004–2005 Mount St. Helens Ash  643

that fragmentation may have occurred by brittle failure without 
frothing or vesiculation of the magma. Similarities in grain 
shape and texture of the juvenile matrix from different types of 
events suggest that the ash is generated by related processes.

The disaggregation of the outer 1 to 3 m of the dome 
(dome fault gouge; see Cashman and others, this volume, 
chap. 19, for a detailed description) provides an additional 
potential source for ash particles, independent of magmatic 
fragmentation. Gouge particles are dominantly subangular to 
rounded, similar to the particles observed in a large propor-
tion of the ash (figs. 12E, 12F). Groundmass textures of dome 
gouge (sample SH303-1, table 1) extruded on October 18, 
2004, are heterogeneous, suggesting that at that time the gouge 
contained a high percentage of exotic wallrock fragments.

The heterogeneity of the dome gouge may also explain 
the dominance of glass compositions representative of older 
eruptive events in the November 4, 2004, dome-collapse 
ash. In addition, Li contents in feldspar from the November 
4, 2004, ash closely resemble those of the gouge, which are 
dominantly low (<30 µg/g) and do not correlate well with 
those of either dome samples SH304 or SH305 (figs. 9, 11; 
Kent and others, this volume, chap. 35). Recall that feldspars 
with Li contents below 30 µg/g are a statistically distinct group 
from the Li-rich population and correlate with older Mount St. 
Helens eruptive products (fig. 11). In contrast, the January 13, 
2005, dome-collapse ash is significantly more homogenous, 
with glass compositions matching that of the growing dome 
(fig. 5). This homogeneity was also observed in the dome fault 
gouge (sample SH307-1, table 1) collected on February 22, 
2005, with groundmass textures resembling those of the grow-
ing dome, and groundmass textures and grain shapes similar to 
those observed in the ash.

Textural and geochemical evidence presented here 
suggests that airborne ash in the 2004–6 eruption is largely 
generated from the dome fault gouge. Large dome-collapse 
events and explosions may also produce a significant com-
ponent of material resulting from brittle failure of the dacite 
during expansion of volatile components, despite low volatile 
contents. These particles would have groundmass textures 
similar to dome gouge but would likely have angular to suban-
gular grain shapes instead of the more rounded particles found 
within the gouge (Alidibirov and Dingwell, 1996; Cashman 
and others, this volume, chap. 19).

The particle size distributions of ash samples generated 
from both dome collapse and vent explosions overlap sig-
nificantly, largely owing to the distance to the vent at which 
samples were collected; therefore, particle size is inconclusive 
for distinguishing source mechanism (fig. 13). Mean particle 
size varies but generally decreases with increasing distance 
from the vent. In addition, the mean particle size of ash from 
vent explosions is significantly greater than that from dome-
collapse events, despite collection farther from the vent, 
illustrating the farther transport of coarse ash during more 
explosive events. The particle size distribution of dome gouge 
differs from that of ash deposited from either dome-collapse 
events or vent explosions (fig. 13). However, because variables 

resulting in mechanical sorting of the ash, including explosiv-
ity of the eruption, windspeed, height of the ash cloud, and 
distance to the vent, are not taken into account in this compari-
son, particle size distributions cannot be used to corroborate 
textural evidence which suggests that a large proportion of the 
ash is derived from the dome fault gouge.

Distal ash believed to remobilize during steaming or 
from strong winds is dissimilar to ash from the rockfalls and 
vent explosions. The ash collected between October 6 and 
November 2, 2004, contains abundant exotic particles and 
pumice fragments and substantially less of the highly crystal-
line groundmass characteristic of the juvenile dome material 
commonly erupted during discrete ash-producing events. 
Only a small proportion of clean juvenile glass is present in 
all of the ash samples collected during this interval, and no 
systematic variation is observed in the proportion of juvenile 
glass over time, despite the appearance of hot dacite on Octo-
ber 11, 2004. Similar results are observed for Li contents 
in feldspar during this period, with high Li contents in only 
~4 percent (3 of 79) of analyzed feldspar, despite identify-
ing ~22 percent (5 of 23) of juvenile feldspar in the fine 
material in the sample collected from the October 20, 2004, 
crater debris flow (sample SH300-1, table 1). Remobilization 
of ash particles from the crater walls by strong winds, and 
elutriation of fine ash particles from rising steam, appear to 
have (1) preferentially transported low-density material, such 
as pumice fragments; and (2) resulted in apparent dilution 
of the estimated proportion of juvenile material as a result 
of greater contamination from older volcanic rocks. Despite 
the continuous ash collection, therefore, sampling of discrete 
events appears to provide a more representative depiction of 
current eruptive conditions.
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Figure 13. Particle size distribution for ash derived from rockfalls 
and rock avalanches (black solid lines, N=13), vent explosions 
(dashed lines, N=7), and dome gouge (red solid lines, N=2). Wide 
variation is partly attributable to varying distance from vent 
(numbers in parentheses are distance in kilometers to vent) and 
explosivity of eruption. Note that even at greater distance from vent, 
explosive deposits generally have a larger average particle size.
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Conclusions
This textural and geochemical examination of 2004–5 

Mount St. Helens ash provides several important observa-
tions and conclusions with regard to early eruptive events and 
processes of ash generation and transportation.

         The Li content in feldspar from dome sample SH304 1. 
is >30 µg/g, significantly higher than in older Mount St. 
Helens eruptive material, allowing for the identification of 
juvenile plagioclase in the ash. Li contents may indicate 
an increase in the proportion of juvenile material from 
October 1 through 4, 2004. High Li contents in feldspar 
are useful as a tracer for juvenile material only during the 
beginning stages of the eruption—within 6 weeks after 
eruptive onset—because after about November 20, 2004 
(estimated eruption date of sample SH305), Li contents in 
feldspar dropped to levels similar to that observed during 
the period 1980–86. The decrease in Li content also sug-
gests that the volatile-enriched magma was only a shallow 
cap on a larger magma body.

         The clean glass in ash samples is mostly older volca-2. 
nic material. Juvenile groundmass is typically crystalline 
(quartz and feldspar), with localized devitrification and 
patchy, very fine vesiculation, contrary to the traditional 
assumption that clean glass is juvenile volcanic material. 
Estimates of the proportion of juvenile material based on 
glass analyses are significantly lower than those based on 
Li content in plagioclase.

         Groundmass textures, grain shapes, and compo-3. 
sitional similarities among ash from vent explosions, 
rockfalls, and dome fault gouge particles suggest that the 
gouge is a significant source of ash material. Despite dif-
ferences in particle size, the grain shapes and textures of 
particles from rockfalls and vent explosions are relatively 
similar, suggesting that the ash is derived by a similar 
mechanism in both events. The heterogeneity observed 
in early ash samples correlates with observations that the 
early extruded dome material and fault gouge contained 
a significant proportion of older volcanic material. The 
increase in the homogeneity of ash over time is consistent 
with a similar trend in dome and fault gouge samples.

        The presence of an excess volatile phase, as indicated by 4. 
the high Li contents in feldspar, may indicate the presence of 
a greater proportion of vapor at the top of the conduit where 
shallow-stored magmas had stalled. This excess vapor may 
have been the catalyst for initiation of the 2004–6 eruption.

        Continuous monitoring of ash samples during peri-5. 
ods of relatively low eruptive activity may not provide a 
representative depiction of the current eruptive processes, 
owing to contamination from other debris. Therefore, col-
lection and monitoring of discrete dome-collapse events 
and vent explosions provides the most accurate record of 
the current eruption.
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Abstract
Eighteen years after dome-forming eruptions ended in 

1986, and with little warning, Mount St. Helens began to 
erupt again in October 2004. During the ensuing two years, 
the volcano extruded more than 80×106 m3 of gas-poor, 
crystal-rich dacite lava. The 2004–6 dacite is remarkably 
uniform in bulk-rock composition and, at 65 percent SiO2, 
among the richest in silica and most depleted in incompatible 
elements of the magmas erupted at Mount St. Helens dur-
ing the past 500 years. Since shortly after the first spine of 
lava appeared, samples have been collected using a steel box 
dredge (“Jaws”) suspended 20–35 m below a helicopter and, 
occasionally, by hand sampling. As of the spring of 2006, 25 
age-controlled samples have been collected from the seven 
spines of the new lava dome. Samples were obtained from 
both the interiors of spines and from their carapaces, which 
are composed of fault gouge and cataclasite 1–2 m thick. The 
dacite lava is crystal rich, with 40–50 percent phenocrysts. 
The groundmass is extensively crystallized to a cotectic 
assemblage of quartz, tridymite, and Na- and K-rich feldspar 
microlites, raising the total crystal content to more than 80 
percent on a vesicle-free basis in all but the earliest erupted 

samples. Early samples and those collected from near the 
spine margin are more glassy and vesicular that those col-
lected later and from the interior of the spines. Oxide ther-
mobarometer determinations for the earliest erupted samples 
we collected cluster at temperatures of approximately 850ºC 
and at an oxygen fugacity one log unit above the nickel-nickel 
oxide (NNO) buffer curve. In contrast, samples from rela-
tively glass-poor samples erupted in late 2004 and early 2005 
have zoned oxides with apparent temperatures that range to 
greater than 950ºC. The higher temperatures in these micro-
lite-rich rocks are attributed to latent heat evolved during 
extensive and rapid groundmass crystallization. Low volatile 
contents of matrix glasses and presence of tridymite and 
quartz in the high-silica rhyolite matrix glass indicate exten-
sive shallow (<1 km) crystallization of the matrix, driven by 
degassing of water and solidifying the magma below the level 
of the vent. The mode of eruption of the dacite as a series of 
fault-gouge-mantled spines is explained by this process of 
extensive subvent degassing and solidification.

Although the dacite from this eruption is more silica 
rich than 1980–86 dome rocks, most major and trace element 
concentrations of the 1980–86 and 2004–6 magma batches are 
similar, and magmatic gas emissions have been low and have 
had similar ratios to those of the 1980s, raising the possibility 
that the magma might be residual from the 1980–86 reservoir. 
However, titanium and chromium are enriched slightly relative 
to the most recent 1980–86 and Goat Rocks (A.D. 1800–1857) 
eruptive cycles, and heavy rare-earth-element abundances are 
slightly depleted relative to those erupted during the past 500 
years at Mount St. Helens. These data suggest either addition 
of new gas-poor dacite magma or tapping of a region of the 
preexisting reservoir that was not erupted previously.

A relatively low pressure of last phenocryst growth 
suggests that the magma was derived from near the apex of 
the Mount St. Helens magma reservoir at a depth of about 



648  A Volcano Rekindled: The Renewed Eruption of Mount St. Helens, 2004−2006

5 km. Viewed in the context of seismic, deformation, and 
gas-emission data, the petrologic and geochemical data can 
be explained by ascent of a geochemically distinct batch 
of magma into the apex of the reservoir during the period 
1987–97, followed by upward movement of magma into a new 
conduit beginning in late September 2004.

The question of new versus residual magma has implica-
tions for the long-term eruptive behavior of Mount St. Helens, 
because arrival of a new batch of dacitic magma from the deep 
crust could herald the beginning of a new long-term cycle of 
eruptive activity. It is also important to our understanding of 
what triggered the eruption and its future course. Two hypoth-
eses for triggering are considered: (1) top-down fracturing 
related to the shallow groundwater system and (2) an increase 
in reservoir pressure brought about by recent magmatic replen-
ishment. With respect to the future course of the eruption, 
similarities between textures and character of eruption of the 
2004–6 dome and the long-duration (greater than 100 years) 
pre-1980 summit dome, along with the low eruptive rate of the 
current eruption, suggest that the eruption could continue slug-
gishly or intermittently for years to come.

Introduction
End members of natural phenomena offer important 

constraints on processes, in part because they provide a means 
to understand boundary conditions. The ongoing eruption of 
Mount St. Helens is such an end member, as it represents a 
sustained low-rate dacite eruption at a potentially explosive 
volcano. A fortunate combination of conditions has allowed us 
to investigate fundamental questions about volcanic plumbing 
systems, triggers for eruptions, and controls on explosivity.

The dacite has largely solidified to crystalline rock 
beneath the surface, such that the first two years of the erup-
tion have been characterized by nearly continuous extrusion 
of lava spines. Furthermore, because the spines have been 
extruded at an angle, the vent has been partially exposed 
through most of the eruption, allowing up-close access by 
helicopter to install instruments, document the character of the 
spines, and collect a series of lava and gouge samples through 
time. The sample collection, along with field observations and 
seismic, deformation, thermal, and gas monitoring, form the 
basis for this and other petrologic papers in this volume.

We have employed an unusual method of sampling bor-
rowed from the oceanographic community. A dredge bucket 
suspended beneath a helicopter was used repeatedly to collect 
samples from the actively extruding spines over the course of 
the eruption. Samples have been distributed widely to petrolo-
gists and geochemists at a variety of institutions in the U.S. 
and overseas. Accordingly, petrologic studies of the 2004–6 
eruption were undertaken through a team approach, which 
brought together more than 25 petrologists from a dozen 
institutions to contribute to the interpretation of the eruption 
(Pallister and others, 2005). We thank these scientists and 

acknowledge their contributions and those of our USGS col-
leagues, as through this community approach and synthesis of 
different types of data we have advanced our understanding.

This report deals primarily with the general petrology of 
the dacite lava and what it tells us about magmatic processes 
when viewed in the broader context of monitoring data and 
Mount St. Helens’ history. We report results from field obser-
vations and petrographic studies using optical and scanning 
electron microscopy, microprobe analyses of glasses and Fe-Ti 
oxide minerals, Fourier-transform infrared (FTIR) spectros-
copy, and a comparison of the whole-rock major- and trace-
element compositions of 2004–6 samples with those of previ-
ous eruptive episodes at Mount St. Helens. Other petrologic 
reports in this volume focus on silicate mineral chemistry and 
zoning, isotopic data, phase equilibria, and the petrology and 
chemistry of ash samples, as well as detailed studies of the 
chemistry of the dacite and textures of the fault gouge that 
mantles the lava spines.

Field Geology and Sampling
A chronology of the 2004–6 eruption is given by Scott 

and others (this volume, chap. 1), and details of lava-dome 
growth are described and illustrated by Vallance and others 
(this volume, chap. 9) and summarized in digital elevation 
models and photogeologic maps (Schilling and others, this 
volume, chap. 8; Herriott and others, this volume, chap. 10). 
Here we provide only a brief outline of field relations used to 
establish eruption ages of samples and field observations that 
are important to interpretation of the petrology. The 2004–6 
eruption sequence began with intense seismic unrest, uplift of 
crater floor, and deformation of glacial ice during late Septem-
ber 2004, which were followed by a series of phreatic explo-
sions during the first week of October. Beginning October 11, 
2004, spines of juvenile lava extruded in the deformed area, 
and these have continued to extrude virtually continuously 
ever since. On January 16, 2005, and March 8, 2005, the only 
sizable explosions since early October 2004 blanketed the 
crater floor with ash and ballistic fragments. For safety, a steel 
dredge (fig. 1), sling-loaded to a helicopter, and a few short-
duration landings were used to collect rock and gouge samples 
from the spines. A total of 25 locations were sampled on 16 
days during the period between October 2004 and February 
2006, as shown in table 1 and in the photogeologic maps of 
Herriott and others (this volume, chap. 10).

There have been no pumiceous eruptions in this eruptive 
sequence, and, except for small flows formed during collapse 
of the initial spine in October–November 2004 (fig. 2), there 
have been no dome-collapse pyroclastic flows. Descriptions of 
ash samples collected from deposits of the few small explosive 
eruptions and many small rockfalls and rock avalanches are 
given in Rowe and others (this volume, chap. 29), and descrip-
tions of the fault gouge, which mantles the dacite spines, are 
given in Cashman and others (this volume, chap. 19).
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A

B

February 15, 2006

February 15, 2006

Site of image B

Spine 7

Poorly consolidated
gouge on surface

of spine 7

Figure 1. Photographs illustrating use and design of rock dredge. Dredge allowed collection 
from normally inaccessible locations, as shown in the main photos. A, Upper lip of spine 7, where 
fragments of consolidated gouge and lava from close to the gouge carapace were collected on 
February 15, 2006. USGS photo by J.S. Pallister B, View looking down at dredge from helicopter while 
sampling blocks of dacite from near gouge contact. As shown in the inset photos, the dredge is a 
plate-steel frame, 30 by 60 cm and 30 cm deep, beneath which hangs a removable heavy-gauge wire-
screen basket for collecting rocks (lower inset). Upper edge of frame is serrated to better bite into 
rock or gouge, giving dredge its informal name, “Jaws.” Basket can be replaced with steel box for 
sampling fine-grained material such as gouge (upper inset). Dredge is lifted from a steel ring attached 
to 1-m-long steel lift arm bolted to sides of frame to allow adjustment of bite angle. A steel leader 
cable 6 mm in diameter and 5 m long is attached to steel ring on lift arm. The ring allows side loads to 
be imparted on dredge to help dislodge it if it becomes wedged in rock face. Steel cable is attached to 
standard electrically released sling-load cable from helicopter. USGS photo by J.S. Pallister.
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Sample No. Spine Collection date Eruption date Limiting dates

SH300 1 10/20/2004 10/15/2004 10/11/04–10/20/04

SH3001 10/20/2004 <19861

SH3012 10/27/2004 <19862

SH302    1 or 2 10/27/2004 10/14/2004 10/12/04–10/27/04

SH304 3 11/4/2004 10/18/2004 10/12/04–11/04/04

SH305 3 1/3/2005 11/20/2004 10/27/04–12/01/04

SH306 4 1/14/2005 12/15/2004 12/07/04–12/21/04

SH307 4 2/22/2005 2/12/2005 02/01/05–02/15/05

SH308 4 2/22/2005 1/21/2005 01/15/05–02/01/05

SH309 4 2/22/2005 1/13/2005 01/07/05–01/25/05

SH310 4 2/22/2005 1/16/2005 01/10/05–01/28/05

SH311 4 1/19/2005 1/16/2005 01/16/05–01/19/05

SH312 4 4/10/2005 3/8/2005 03/08/05–03/08/05

SH313 4 4/19/2005 4/1/2005 03/15/05–04/05/05

SH314 5 4/19/2005 4/17/2005 04/16/04–04/19/05

SH315 4 4/19/2005 4/1/2005 03/15/05–04/05/05

SH316 5 5/24/2005 4/15/2005 04/01/05–05/10/05

SH317 5 6/15/2005 5/1/2005 04/10/05–05/30/05

SH318 5 7/13/2005 7/7/2005 07/01/05–07/09/05

SH319 5 7/13/2005 5/15/2005 05/01/05–05/25/05

SH320 5 7/13/2005 7/1/2005 06/26/05–07/06/05

SH321 6 8/19/2005 8/10/2005 08/05/05–08/19/05

SH322 6 8/19/2005 8/15/2005 08/10/05–08/19/05

SH323 6 10/18/2005 9/10/2005 08/10/05–10/19/05

SH324 7 12/15/2005 12/5/2005 11/23/05–12/07/05

SH325 7 02/07/2006 12/20/2005 12/05/05–01/01/06

SH326 7 02/15/2006 1/10/2006 01/01/06–01/20/06

1 Dredge sample SH300 contained 2004 dacite and rock fragments uplifted from crater floor (1980–86 dome or shallow 
conduit rock).

2 Hand sample SH301 contained several dacite blocks pushed up from crater floor (1980–86 dome or shallow conduit rock).

Table 1. Rock samples collected in the crater of Mount St. Helens from October 2004 to February 2006.

[All samples of new dome are multiple rock fragments collected by helicopter dredging except SH301 and SH325, 
collected by hand. Sample numbering sequence continues that adopted for Mount St. Helens reference collection 
from 1980–86. Sample numbers with hyphenated suffixes (for example, SH304-2G1) elsewhere in the report refer to 
individual fragments in these composite samples (Thornber and others, 2008b). Eruption dates are estimated by using 
collection locations and known lineal rate of extrusion to track samples back to vent, as described in text. Limiting dates 
specify time interval for emplacement, from known field relations.]

On October 11, 2004, the first spine (spine 1) of new lava 
was extruded through uplifted glacier near the south flank of 
the 1980–86 lava dome, and we began collecting lava samples 
soon after. During the remainder of October, spine 2 emerged 
and extended to the south, while a new area of the glacier was 
uplifted east and then southeast of spine 1. Our initial samples 
were collected from spine 1 by helicopter dredging using a 
makeshift bucket dredge, followed by landings and hand sam-
pling on October 27 and November 4. By October 27, protu-
berances of hot lava had breached the area of uplifted glacier 

in the southeastern part of the crater, and by November 4 an 
elongate wedge of new lava had emerged from the uplift, risen 
to a height of about 100 m (fig. 3), and been thrust laterally 
toward the south crater wall, plowing the glacier aside. Because 
of its elongate, recumbent form, this spine 3 became known as a 
“whaleback,” a term used to describe similar recumbent spines 
during an early stage of the eruption at Soufrière Hills volcano, 
Montserrat (Watts and others, 2002). Initially, the whaleback 
had a smooth east face mantled by soft white fault gouge; this 
face dipped 40º–60º degrees east and was marked by down-
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Spine 1

October 27, 2004

Figure 2. Oblique aerial photograph (view to southeast) of small 
pyroclastic flow (with vapor clouds rising from it) produced by 
rockfall from spine 2 (shrouded in cloud) on October 27, 2004. 
Snowmelt from flow produced watery lahar in small channel on 
snow-covered glacier, forming small debris fan in basin at base of 
spine 1. USGS photo by J.S. Pallister.

plunge striations and darker colored “bathtub rings,” the latter 
recording uplifted positions where the spine had previously 
been in contact with a debris apron at its base. During Novem-
ber and December 2004, global positioning system (GPS) data 
and fixed-camera observations recorded the whaleback moving 
southward in conveyorlike fashion, transporting new lava from 
a vent at its north end and shedding it as hot talus blocks to the 
south and west (Schilling and others, this volume, chap. 8; Val-
lance and others, this volume, chap. 9).

By mid-December 2004, oblique longitudinal fractures 
developed in spine 3. By early January 2005, spine 3 had 
broken into multiple fracture-bounded segments and spine 4 
began to emerge from the vent. Spine 4 was also extruded to 
the southeast as a whaleback. It overrode rubble from spine 3 
until it too reached the south crater wall and fragmented in mid 

to late April as spine 5 emerged from the vent. Spine 5 over-
rode the two earliest spines. It began to fragment into rubble 
in late July 2005. Smaller, rubbly spine 6 then emerged, but it 
was extruded to the southwest from the vent and extended far-
ther west than previous spines. During the fall of 2005, a sag 
opened between spines 5 and 6 as spine 6 continued to extrude 
and thrust upward and to the southwest. Finally, during 
October 2005 and continuing into 2006, spine 7 emerged and 
was thrust steeply to the southwest; it overrode spine 6, and 
part of it collapsed to form a talus apron that extended onto 
the narrowing west arm of Crater Glacier, which was trapped 
between the westward-thrusting dome and the crater wall. The 
eruption of spine 7 has continued to the time of this writing 
(September 2006) and has been characterized by near-vertical 
spine growth and collapse, producing a large mass of dacite 
rubble in the western part of the crater.

The relatively low angle of extrusion through most of the 
eruption produced inclined spines that were extruded to the 
south (spines 2–5), such that the northern half of the vent mar-
gin was exposed at the surface. This margin consisted of an 
arcuate rim of hot gouge, convex on its north side. The south-
ern margin of the vent has not been exposed. Extrapolation of 
the exposed rim as a circle yields a vent diameter of 100–200 
m; however, variably exposed extensions of the gouge rim 
along the east and west margins of the spines (on occasions 
for several hundred meters) suggest an oval vent outline. This 
oval outline may be the result of the inclined intersection of a 
north-plunging cylindrical conduit with the crater floor, or it 
may indicate a true elongation of the vent.

Each of the spines displayed a carapace of white to tan fault 
gouge or cataclasite 1–2 m thick as it emerged from the vent 
(Cashman and others, this volume, chap. 19). The gouge zone is 
striated, with multiple layers of subparallel slickensides oriented 
parallel to the transport direction at the point of emergence 
from the vent. The orientation of the slickensides, combined 
with photographically or GPS-determined rates of linear spine 
transport, provide a means to “backtrack” sample localities to the 
vent and thereby establish eruption ages. The vent is assumed to 
be at the altitude of the crater floor below Crater Glacier.  Using 
this method, approximate eruption dates have been estimated 
for each of the dome samples, along with age ranges, the latter 
reflecting uncertainty in rate of transport from the vent to the 
collection locality (table 1). One sample (SH312) is assigned 
a unique eruption age, coincident with the explosion of March 
8, 2005, because it was melted into a nylon rope on a near-vent 
monitoring station (McChesney and others, this volume, chap. 7; 
LaHusen and others, this volume, chap. 16).

Laboratory Methods

Petrography and Microbeam Analysis

Polished thin sections of representative samples were 
prepared and examined using petrographic and scanning elec-
tron microscopes (SEM), electron microprobe, and imaging 
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October 27, 2004

November 4, 2004

Spine 
window

Annulus of roof-rock debris

Spine 
window

Annulus of roof-rock debris

SH304  
dacite

Annulus of roof-rock debris

Weathered gouge

Roof-rock pendant

Fresh gouge

SH303

SH304  
dacite

Annulus of roof-rock debris

Weathered gouge

Roof-rock pendant

Fresh gouge

SH303

SH301SH301

Location of 
inset photo
Location of 
inset photo

Figure 3. Sampling sites for new dome rocks early in eruption. A, View to west of lava exposed at 
crest of uplifted glacier in southeast crater on October 27, 2004; USGS photo by J.S. Pallister. Steam 
emanates from surface of spine 3, surrounded by dark (wet) debris from the crater floor and root of 
the 1980–86 dome that was brought to surface atop spine. Inset shows initial window through crater-
floor debris, exposing gouge on spine 3 surface. Our sample SH301 was from roof rock collected near 
helicopter (circled). B, View to west of same area on November 4, 2004, showing fault-gouge mantled 
and striated east face of spine 3, now about 100 m above uplifted surface of the deformed glacier. 
USGS photo by J.S. Pallister. First dense dacite sample of the spine interior (SH304 ) was dredged from 
southeast end of spine 3 and was still hot when returned to a staging area 10 km distant. First gouge 
sample was collected during a short-duration landing at SH303. Note roof-rock pendant of crater-floor 
debris, which was transported upward as spine emerged from glacier and rose upward and obliquely to 
the southeast. See Cashman and others (this volume, chap. 19) for additional details of gouge carapace.
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methods. Because of extensive, very fine grained groundmass 
crystallization, modal analyses were done using a combination 
of optical point counting, low- and high-magnification SEM 
image analysis of backscattered electron images, and multiele-
ment microprobe-stage raster maps. Thin-section raster map 
data were processed using image analysis software to give area 
percentages for a series of color bins, which were adjusted to 
differentiate phases in the sample and then combined through 
a series of additions, subtractions, and normalizations to yield 
approximate area percentages of the phases. Stage raster maps 
were made for large (1 cm2) and small (2.56 mm2) areas, the 
latter to yield a high-resolution image (2-μm pixel spacing), 
which was required to resolve microlites. For example, the 
color spectrum was adjusted so that red areas in the large-area 
aluminum (Al) map equal the area percentage of plagioclase 
phenocrysts (fig. 4). When added to percent of small green 
lath-shaped microlites in the high-resolution aluminum map, 
this gives the total feldspar abundance. Similarly, red to yellow 
areas of the two iron (Fe) maps (fig. 4) gives the percentage of 
oxides, which is subtracted from the percentage of nonblack 
areas in the high-resolution silicon (Si) map to determine 
percentage of void space. Yellow areas in the high-resolution 
Si map give the percentage of SiO2 phases, which are present 
only in the groundmass. Glass abundance is obtained from 
the potassium (K) maps by subtracting the area percentage of 
K-rich phases (yellow, alkali feldspar) in the high-resolution  
map from the percentage of glass (blue) in the large-area, 
lower resolution map. Using these types of mapping and 
image analysis techniques, it has been possible to quantify the 
abundance and textures of crystals, glass, and vesicles at scales 
ranging from centimeters to microns (table 2).6

Matrix glass, glass inclusions, oxide minerals, and 
selected silicate minerals were analyzed using the electron 
microprobe, and the results are summarized in tables 3 and 
4 and in appendix 1 (included in the digital version of this 
paper). Most microprobe analyses were conducted at 15-kV 
accelerating voltage and 20-nA beam current, using the JEOL 
8900 microprobes at U.S. Geological Survey (USGS) labora-
tories in Denver, Colo., and Menlo Park, Calif. SEM analyses 
were conducted using a JEOL 5800LV SEM equipped with an 
energy-dispersive X-ray system (EDS) at the USGS micro-
beam laboratory in Denver. Natural and synthetic silicate 
standards were used and off-peak background corrections were 
applied to standards and unknowns; secondary silicate-mineral 
standards were used to verify and monitor the analytical 
routines. Glass standard NIST SRM 610 (Ihinger and others, 
1994; Pearce and others, 1997) was used as a secondary stan-
dard for sulfur (S) and chlorine (Cl).

Beam spot sizes were varied according to the material 
being analyzed and the nature of the problem being examined. 
Point beams were used for oxides and to examine zoning 
profiles, larger spot sizes (to 40 µm) were used where possible 
to analyze glasses, and iterative counting techniques, similar 

to those pioneered by Nielson and Sigurdsson (1981), were 
used during all glass analyses to monitor and, where indicated, 
to correct for alkali and silica migration. To avoid loss related 
to electron beam damage, the elements sodium (Na), K, and Si 
were analyzed before other elements in glasses, and count rates 
were collected for these elements starting immediately when 
the beam was unblanked. Curves were individually fit to the 
count-rate data for each analysis, and the intercept at time zero 
was used in the data reduction routines. Long count times (>300 
seconds on and off peak) were used for S and Cl analyses, 
yielding detection limits of 70–90 ppm for S and about 50 ppm 
for Cl. On the basis of long-term reproducibility of standard 
analyses, analytical reproducibility for microprobe analyses 
is estimated as 1–2 percent of the reported amounts for major 
elements, except for H2O, which is calculated by the difference 
of complete major- and minor-element probe analyses from 100 
percent and is subject to uncertainties of about 1 weight percent.

In addition, two sets of approximately 700–1,000 micro-
probe point analyses each were done in polygonal grids and 
averaged to characterize the bulk composition of two small 
quenched inclusions in two samples. A third set of grid-
ded point analyses were done over a similar-size grid in the 
host dacite of one of the samples to test the method. To save 
time, mean atomic number background corrections and short 
(approximately 20 s) dwell times were used for these analyses, 
cutting analytical time to approximately 36 hours for each 
area. The resulting data for the dacite host were also used to 
calculate an analytical mode by binning analyses into mineral 
types, glass, and void space according to a series of composi-
tional and stoichiometric rules (see tables 2 and 5).

IR Spectroscopic Analysis

Dissolved water and carbon dioxide in two unusual 
glassy samples, SH304-2G1 and SH304-2G2, were deter-
mined by Fourier-transform infrared (FTIR) spectroscopy 
in the Department of Earth and Planetary Sciences at the 
American Museum of Natural History, using a Nicolet 20SXB 
FTIR spectrometer attached to a Spectra Tech IR Plan micro-
scope, according to methods described by Mandeville and 
others (2002). A total of 10 to 16 spots were measured in the 
most microlite-free (Fe-Ti oxides and orthopyroxene) regions 
of matrix glass in each sample, and IR results are reported in 
table 6. Because of the small thicknesses of films of glass in 
the matrix of typical microcrystalline dacite, it has only been 
possible to determine water contents by FTIR on the matrix 
glass in the one glass-rich sample (SH304-2G).

Bulk-Rock Analysis

Representative samples of the dacite lava were coarsely 
crushed in a hydraulic press and hand-picked for bulk-rock 
analyses. Splits of the crushed dacite were cleaned of xenolithic 
material, and the cleaned samples were submitted for analysis at 
USGS labs in Denver, Colo. Splits of many of the samples were 
also analyzed at Washington State University’s Geoanalytical 

6 Tables 2 through 9 are grouped at the back of this chapter, after  
“References Cited.”
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Figure 4. Electron microprobe-stage raster maps of sample SH305-1A illustrating the procedure for deriving abundance 
of phases from image analysis. Each map was produced by driving microprobe stage over areas approximately 1 cm2 
(left images) and then 2.6 mm2 (right images; to differentiate matrix phases) while simultaneously recording X-ray peak 
intensities from five wavelength-dispersive spectrometers and from backscattered electron detector. The X-ray intensities 
are compared to standard intensities to derive approximate concentrations of major elements as oxides and are plotted 
according to stage position to produce images shown here. Note that each map has a unique color scale.

Laboratory. Major-element analyses of whole-rock samples 
were obtained by X-ray fluorescence (XRF) methods (Tag-
gart and others, 1987). Trace-element abundances for selected 
samples were determined by Induction Coupled Plasma–Mass 
Spectrometric (ICP–MS) and Instrumental Neutron Activation 
Analysis (INAA) methods (Baedecker and McKown, 1987). On 
the basis of replicate analyses of standards, analytical reproduc-
ibility of major-element abundances is estimated to be better 
than 0.4 percent of the reported values for SiO2 and Al2O3. 
For other elements, reproducibility is better than ±2 percent of 
values in the range 1–10 wt. percent and better than ±6 percent 
for abundances less than 1 wt. percent. Coefficients of variation 
(100 × ( x/σ ), in percent) for INAA analyses, based on count-
ing statistics, are given in table 8.

Modal Compositions and Textures of 
the Dacite Lava

Microcrystalline Dacite

The spines erupted from Mount St. Helens in 2004–6 are 
composed of remarkably crystal-rich hornblende-hypersthene 
dacite. For consistency with past usage at Mount St. Helens, 
the term hornblende is used informally herein for rock names. 
In fact, the amphiboles in the 2004–6 dacite range in composi-
tion from magnesiohornblende and tschermakite to magne-
siohastingsite (Rutherford and Devine, this volume, chap. 31; 
Thornber and others, this volume, chap. 32), and therefore 
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Figure 4.—Continued.

we use the more general term amphibole when referring to 
individual crystals. Microbeam mapping of three microcrystal-
line dacite samples (SH304-2A, SH305-1A, SH315-4) yields 
total crystal contents that range from 69 percent to 87 percent 
(phenocrysts+microlites) on a void-free basis. Phenocryst 
content of the microcrystalline dacite averages 46.0 percent 
(±4.3 percent), also on a void-free basis (table 2). The high 
total crystal content is a result of extensive groundmass crystal-
lization, which produced fine-grained mosaics of microlites, 
residual glass, and vesicles. For consistency with previous work 
(Cashman, 1992) a cutoff of approximately 30 µm is used to 
distinguish microlites from phenocrysts in modes. The micro-
lite-rich groundmass texture of the 2004–6 dacite is referred 

to as “microcrystalline” to distinguish it from the more typical 
hyalopilitic textures of the 1980s lavas.

Samples collected from spine 3 during the early stages 
of the eruption (table 1), when the eruption rate was high 
(that is, greater than 5 m3/s; Schilling and others, this volume, 
chap. 8; LaHusen and others, this volume, chap. 16), and from 
the exterior margin of the spines are relatively glassy. For 
example, interior sample SH304-2A has, by microbeam map 
analysis, approximately 45 percent phenocrysts of plagioclase, 
amphibole, hypersthene, and Fe-Ti oxides set in a microcrys-
tal-rich matrix that contains approximately 33 percent micro-
lites and 22 percent glass on a vesicle-free basis (table 2). 
Exterior sample SH305-1A is also relatively vesicular (37 per-
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cent) and glassy (30 percent on a vesicle-free basis). However, 
samples erupted subsequently have less glass. For example, 
sample SH315-4 from spine 4 (erupted approximately April 1, 
2005) has only about 13 percent glass (table 2), and samples 
collected later in 2005 and in 2006 have only trace amounts 
of glass. The presence of two populations of vesicles in the 
microcrystalline dacite, one with larger (100–500 µm long) 
irregular vesicles, and a second with small (1 µm) spherical 
vesicles implies continued degassing during microlite crystal-
lization (figs. 5A, 5B).

A detailed look at SH305-1A shows several features 
that are characteristic of the 2004–6 dacite. First, plagioclase 
phenocrysts commonly have overgrowth rims that are partly 
irregular in form and appear to have grown rapidly (fig. 5A). 
Amphibole crystals are complexly zoned and have thin, 
fine-grained breakdown rims (fig. 5C) that average 5 μm in 
thickness (Thornber and others, this volume, chap. 32). The 
groundmass contains abundant plagioclase microphenocrysts 
and microlites in a glassy matrix (figs. 5B, 5D). The matrix 
of this sample shows the onset of very late stage cotectic 
precipitation of Na- and K-rich feldspar and quartz, which 
commonly nucleate at the margins of larger plagioclase crys-
tals. Additionally, there is a minor component of tridymite 
(acicular dark-gray crystals in fig. 5D), as also reported by 
Blundy and Cashman (2001) for slowly cooled samples of 
the March 1983 Mount St. Helens dacite. 

Later erupted samples preserve noticeably less glass 
in the matrix. For example, sample SH315-4 from spine 4 
(erupted approximately April 1, 2005) has only about 13 
percent glass (table 2; fig. 6A). The groundmass has some 
still-distinguishable plagioclase microlites, but these have been 
largely subsumed into a near-holocrystalline matrix (fig. 6B). 
Also common in this sample are fairly large, discrete crystals 
of quartz (fig. 6B). Sample SH316 from spine 5 shows similar 
features to samples from spines 3 and 4, with evidence of 
rapid rim growth on many plagioclase phenocrysts (figs. 6C) 
and small patches of preserved glass in a near-holocrystalline 
matrix (fig. 6D). Sample SH315 also contains broadly folded, 
vesicular, pink-colored veins a few millimeters to a few centi-
meters in cross section and extending for tens of centimeters 
across large blocks (fig. 7A). Scanning electron micrograph 
images from within one of the veins display an irregular 
network of matrix phases between the phenocrysts, formed by 
finely intergrown tridymite, quartz, Na- and K-rich feldspar, 
and void space (fig. 7B). Where larger cavities are transected 
by the plane of the thin section, the silica-feldspar intergrowth 
is seen to extend into the vesicle space (fig. 7C), exposing 
delicate networks of tridymite and feldspar (figs. 7D, 7E). 
Magnetite grains in the vein zones have undergone oxidation 
exsolution (fig. 7F). These features document a continuum of 
matrix crystallization, extending from a fluid-saturated magma 
into a vapor-dominated phase of crystallization.

Samples collected later in 2005 and in 2006 have only 
trace amounts of glass and show even more extensive ground-
mass and vapor-phase crystallization. An examination of 
SH321 and SH322 from spine 6 (samples erupted on approxi-

mately August 10 and August 15, 2005, respectively) reveals 
groundmasses composed entirely of microlites (figs. 8A–D) 
and consisting of graphic intergrowths of a “granite minimum” 
assemblage of sodic plagioclase (An20–30), quartz, tridym-
ite, and a more potassic feldspar (anorthoclase to sanidine). 
Quartz and the feldspars occur as subhedral crystals within the 
intergrowths. Tridymite occurs within the graphic intergrowths 
and protrudes into vesicle space (fig. 8A), attesting to crystal-
lization from both melt and gas phases. Microprobe analyses 
of representative groundmass phases are given in table 3, and 
many are keyed to figure 8.

Cristobalite is a common groundmass phase in sam-
ples from each of the spines. It displays a characteristic 
microbotryoidal texture and commonly fills vesicles and 
interstices in the dacite, as well as within rare diktytaxitic 
quenched inclusions. The occurrence is indicative of late-
stage vapor-phase crystallization, similar to that described 
for cristobalite in the 1980 Mount St. Helens cryptodome 
(Hoblitt and Harmon, 1993).

Glassy Dacite

The dredge haul from spine 3 on November 4, 2004 
(SH304 sample series, Thornber and others, 2008b), contained 
principally blocks of still-hot, pink to gray, microcrystal-
line dacite. However, the haul also contained several small 
(2–5-cm diameter) dark glassy dacite fragments. Most of 
these have bulk compositions, phenocryst assemblages, Fe-Ti 
oxide temperatures, and textures that indicate they are derived 
from uplifted parts of the 1980–86 lava dome. However, one 
flow-banded glassy fragment (SH304-2G) has characteristics 
that suggest it may be juvenile (for example, overlapping 
Fe-Ti oxide temperature and similar bulk composition com-
pared to the microcrystalline dacite). Sample SH304-2G is a 
hornblende-hypersthene dacite with 72 percent glass (fig. 9, 
table 2). The ratio of K2O in the glass compared to that of the 
whole rock is indicative of a glass content of only 54 percent 
and suggests that the sample is enriched in glass and depleted 
in crystal components (table 2), such as would occur by flow 
segregation or filter-pressing, an effect that is consistent with 
the flow-banded character of the fragment (fig. 9A). Although 
there is some uncertainty in establishing that this sample is 
juvenile, it is investigated in more detail here as a possible 
analogue for the melt phase of the 2004 magma before the 
extensive groundmass crystallization. Unlike the amphibole 
phenocrysts in the microcrystalline dacite, which have reac-
tion-rim thicknesses that cluster at about 5 μm (Rutherford and 
Devine, this volume, chap. 31; Thornber and others, this vol-
ume, chap. 32), the amphibole phenocrysts in SH304-2G lack 
reaction rims (fig. 9B), indicating more rapid ascent, as might 
be expected during the earliest phase of the eruption. The glass 
in this sample contains swarms of very small (less than 1 μm 
diameter) hypersthene microlites (figs. 9C, 9D), similar to 
those found in the outer zones of plagioclase phenocrysts in 
the 2004–6 dacite (Streck and others, this volume, chap. 34).
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Figure 5. SEM backscattered electron images (A, B, D) and one optical image (C) of microcrystalline dacite sample 
SH305-1. This early 2004 sample (eruption date, November 20, 2004, table 1) has relatively glass-rich groundmass and 
shows early stages of shallow cotectic groundmass crystallization. Magnification varies; scale bars labeled on images. 
A, Plagioclase phenocryst. Note irregular, cuspate margins, indicative of rapid growth. B, Groundmass. Visible in A and B 
are two size populations of vesicles: large (irregular) and smaller (oval to spherical). C, Zoned amphibole with thin (5 µm) 
reaction rim. D, Small plates of tridymite (dark gray).

Inclusions

Inclusions in volcanic rocks provide glimpses of country 
rock surrounding magma reservoirs and conduits, plutonic 
equivalents or cumulates from host magmas, quenched 
blebs of other magmas, and potentially even partially melted 
source rocks for the magmas (Bacon, 1986; Costa and others, 
2002; Jackson, 1968; Smith, 2000). Mount St. Helens dacites 
contain a rich suite of inclusions, consisting primarily of 
dioritic to gabbroic plutonic rocks, and the 2004–6 lava dome 
is no exception.

Plutonic and Metamorphic Inclusions
The 2004–6 dacite contains relatively abundant 

medium-grained gabbroic to dioritic inclusions as well as 
minor banded and granoblastic amphibolite inclusions. 
They are present in both dome lava and gouge samples; we 
estimate their abundance at 1–5 percent. Although not yet 
studied in detail, in hand sample the inclusions appear to 
be similar to the gabbroic and metamorphic inclusions that 
make up 3–5 percent of the 1980–86 lava dome (Heliker, 
1995; Pallister and others, 1991). We previously thought that 
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Figure 6. SEM backscattered electron images of microcrystalline dacite samples emplaced in April 2005. These samples 
have experienced rapid and extensive groundmass crystallization, producing a nearly holocrystalline groundmass. 
Magnification varies; scale bars labeled on images. A and B, sample SH315-4, erupted April 1, 2005. In B note dark-gray 
quartz grain (center) and micrographic intergrowth of feldspar and quartz forming the groundmass. C and D, Sample SH316, 
erupted April 15, 2005.

some of the gabbroic inclusions represented cumulates from 
the Mount St. Helens magma reservoir, but U-Pb ion-probe 
zircon ages of about 25 Ma for several samples (our unpub-
lished ion microprobe data) suggest that many of these may 
instead be derived from a Miocene gabbroic to quartz diorite 
intrusive complex inferred from gravity data to underlie the 
volcano (Williams and others, 1987).

Dacite Inclusions
Some samples collected from the later spines of the 

2004–6 eruption contain small (1–5 cm) inclusions of dacite 
with slightly different textures or degrees of alteration com-

pared to the host dacite. Petrographic examination and elec-
tron microprobe analyses of one of these inclusions in sample 
SH321-1C show little difference in mineralogy or composi-
tion across the inclusion boundary. Another (SH316-1A) has 
a bulk composition distinct from the host dacite, with 63.4 per-
cent SiO2, and it likely represents a xenolith entrained in the 
conduit magma and derived from the root of the 1980–86 lava 
dome. We suspect that many such “dacite-in-dacite” inclusions 
are fragments of shallow conduit lava and wall rocks, incorpo-
rated as the conduit shifted slightly to feed subsequent spines. 
Consistent with this idea, an examination of inclusions in 
the gouge carapace and variations in bulk composition of the 
gouge (Cashman and others, this volume, chap. 19) indicate 
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Figure 7. Photograph and SEM 
backscattered electron (BSE) 
images of microcrystalline dacite 
sample SH315-5. Sequence 
shows progressive increase in 
magnification, and locations are 
mapped on preceding images. 
A, Polished thin section, 4.5 cm 
in long dimension, showing pink-
colored vesicular vein. B and C, 
BSE images showing network of 
fine-grained microlite-rich matrix 
between phenocrysts. D and E, 
BSE images showing phases 
identified by morphology and 
energy-dispersive spectrometric 
(EDS) analysis: Fsp = Na+K-rich 
feldspar; Mt = titanomagnetite; Opx = 
orthopyroxene (hypersthene). F, BSE 
image of titanomagnetite grains in 
the vein zone showing development 
of oxidation-exsolution lamellae.

that the conduit margins incorporated a range of crater floor 
rocks as the gouge formed.

Quenched Magmatic Inclusions
Two small (<1-cm diameter) inclusions, composed of 

diktytaxitic networks of plagioclase and amphibole crystals 
and containing variable amounts of glass and void space, were 
found in samples SH315-4 (figs. 10A, 10B) and SH321-1C. As 
magma mixing has been involved in the evolution of mag-

mas erupted at Mount St. Helens during the past 4,000 years 
(Pallister and others, 1992; Smith and Leeman, 1993) and has 
been implicated as a trigger for explosive eruptions (Pallister 
and others, 1996), we searched the 2004–6 rock collection 
for additional examples, and we examined these two inclu-
sions in detail. Our search indicates that although dacite-in-
dacite inclusions are relatively common, quenched inclusions 
are exceedingly rare in the suite of 2004–6 samples. In the 
approximately 500 kg of samples collected to date (Thorn-
ber and others, 2008b), we have found only the two small 
quenched inclusions, with a total mass less than 5 g.
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Figure 7.—Continued. 

A more-detailed examination of an inclusion in sample 
SH315-4 reveals elongate and hopper-shaped crystals of amphi-
bole and plagioclase (figs. 10C, 10D), as would be produced by 
rapid growth during undercooling of a hotter and more mafic 
magma in the dacite host magma. The amphiboles are high in 
Al2O3 (to 14 percent) and they lack reaction rims, except at the 
margins of the inclusion, where they reacted with the host dacite 
during decompression to produce thin breakdown rims (Thorn-
ber and others, this volume, chap. 32). Plagioclase phenocrysts 
have normally zoned An60–40 cores bounded by cuspate dissolu-

tion zones, which are rimmed by much more sodic and potassic 
plagioclase (to An20, Or9). These rims extend into the rhyolitic 
groundmass glass (75–76 percent SiO2) as angular and hopper-
form crystals (figs. 10D, 10E). Cristobalite, with a characteristic 
microbotryoidal texture, is relatively abundant as a late vapor-
phase product.

To determine the bulk compositions of the inclusions, we 
used a microprobe to analyze 736 and 960 points distributed 
over the polished surface of each of the two inclusions and 
1,021 points over a similar area of the host dacite (fig. 10A; 



30. Petrology of the 2004–2006 Lava Dome—Implications for Magmatic Plumbing and Eruption Triggering  661

SH321-1C-7b SH321-1C-7d

SH322-1-dSH322-1-b

A

C

B

D

10

17 19

20

18

9

3

2

4

4

5

2

2
1 5

4
3

5

50 μm

10 μm

10 μm

10 μm

Figure 8. SEM backscattered electron images of microcrystalline dacite samples, documenting continued matrix 
crystallization. Microprobe analysis points keyed by number to table 3 (final suffix numbers in sample-number list of table 
3 refer to locations shown here). A and B, Sample SH322-1. C and D, Sample SH321-1C. Minerals probed include tridymite 
with approximately 1 percent Al2O3 (A, 9–10; B, 2), quartz with less than 0.7 percent Al2O3 (B, 3; C, 4; D, 4–5), An19–39 /Or3–9 
plagioclase microlites (B, 4; C, 2, D, 1–3) and An33–36    /Or1–4 plagioclase microphenocryst (A, 17–20), anorthoclase (B, 5), and 
cristobalite with more than 3 percent Al2O3 (C, 5).
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Figure 9. Photomicrographs (A, C, D ) and SEM backscattered image (B) of glassy fragment SH304-2G1, collected on November 
4, 2004. A, Phenocrysts of plagioclase (pl), hypersthene (hy), and amphibole (am) lie within a flow-foliated groundmass marked by 
dark bands bearing micron-size oxides. B, Microlites of hypersthene and oxides appear as bright specks in backscattered image, 
and subhedral to euhedral amphibole microphenocryst lacks reaction rims. C and enlargement D, Glass-rich matrix is peppered with 
submicron-size curvilinear hypersthene microlites and oxide grains.

table 5). Averages of these analyses reveal that the inclusion 
in sample SH315-4 is andesitic (60.0 percent SiO2), consistent 
with the relatively high An content of plagioclase cores. It is 
regarded as a bleb of a more mafic magma that mingled with 
the dacite at some point in the past (see under “Discussion”). 
The second inclusion, in SH321-1C, has a bulk composi-
tion that overlaps with the host dacite, at 64.8 percent SiO2 
(table 5). However, this sample has a similar quench texture 
and phenocryst assemblage to the inclusion in SH315-4. It 
probably represents an entrained bleb of hotter dacite that 

quenched in the cooler host dacite. However, we cannot rule 
out the possibility that formerly it was a more mafic magma 
that quenched in the dacite and then accumulated late-stage 
rhyolite melt in its matrix through filter pressing (to account 
for its higher silica content). Quenched inclusions are often 
heterogeneous in composition because of the effects of posten-
trainment crystallization (Bacon, 1986). During crystallization 
of a more mafic inclusion in a cooler and more silicic melt, the 
melt reaches vapor saturation; it vesiculates, and pressure in 
the inclusion increases. This process may force residual melt 



30. Petrology of the 2004–2006 Lava Dome—Implications for Magmatic Plumbing and Eruption Triggering  663

A
4 mm

Figure 10. Backscattered electron SEM stage raster-map images of sample SH315-4. 
Abbreviations: am, amphibole; cr, cristobalite; pl, plagioclase; gl, glass; vo, void space. A, Composite 
of 24 smaller images, shows a mafic (60 percent SiO2) quenched inclusion at upper right, with 
acicular amphiboles (light gray) and glassy vesicular groundmass. Irregular box encloses an 
area that was analyzed using a grid pattern to determine inclusion’s bulk composition (table 5). 
B, Enlargement of part of inclusion, showing diktytaxitic texture (visible also in A) and void-filling 
cristobalite (cr) with microbotryoidal texture. C, D, and E, differing views and magnification showing 
cristobalite (in image C  ), elongate and hopper crystals of amphibole and plagioclase (C,D,E   ), brown 
high-silica rhyolite glass (D, E   ) and irregular dissolution and overgrowth textures in plagioclase (E  ). 
Numbers in images D and E refer to An content of plagioclase and percent SiO2 in glass (the latter 
determined by broad-beam microprobe analysis).

toward the margins of the inclusion as the interior gains void 
space (vesicles). Thus, inclusions may autofractionate, some 
parts gaining high-silica residual melt and some parts losing 
residual melt.

Compositions of Matrix Phases and 
Oxides

Silicate Minerals

Matrix silicate minerals include hypersthene, plagioclase, 
anorthoclase, quartz, tridymite, and cristobalite. The composi-
tions of phenocrysts in the dacite are the subject of other reports 
in this volume (Rutherford and Devine, chap. 31; Thornber and 

others, chap. 32; Streck and others, chap. 34; Kent and others, 
chap. 35). Here we focus only on the compositions of mineral 
grains in the microcrystalline groundmass of samples—grains 
that have textures indicative of late and shallow crystallization. 
These include microlites (grains <30 µm in diameter), matrix 
silica phases, and edge compositions of plagioclase phenocrysts. 
Compositions of these minerals are listed in table 3, and textures 
of the matrix phases are illustrated in figures 5 through 8. 
Cristobalite is a common minor phase in all but the most glassy 
dome rocks. The cristobalite grains have a distinctive botryoi-
dal texture and multiple contraction fractures. They commonly 
occur at the margins of irregular void space, indicating deposi-
tion from a late-stage, silica-rich vapor phase. This occurrence 
is similar to that seen in the 1980 cryptodome (Hoblitt and 
Harmon, 1993). Bladed crystals of tridymite are present in low 
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Figure10.—Continued.

abundance in most samples, although they are common in one 
of the samples, SH309-1. Quartz microlites occur as anhedral 
intergrowths with anorthoclase and sodic plagioclase, in some 
cases forming a patchy texture extending into small glass pools 
at the margins of plagioclase grains, which have experienced 
rapid edge growth. The compositions of plagioclase microlites 
and the final few microns of some phenocryst rims extend to 
An20, well below the average rim composition of An35 measured 
in hundreds of zoning profiles (Rutherford and Devine, this 
volume, chap. 31; Streck and others, this volume, chap. 34) and 
thought to represent the late stages of plagioclase equilibration 

at depth. A second feldspar, which ranges from anorthoclase to 
sanidine in composition, with as much as 43 percent Or com-
ponent (table 3), is also present in the matrix of some samples, 
where it is intergrown with sodic plagioclase and quartz, form-
ing a “granite minimum” assemblage (Tuttle and Bowen, 1958).

Glasses

Microprobe analyses of matrix glass and glass inclusions 
reveal mostly dry, high-silica rhyolite compositions (table 4). 
Most of our analyses of matrix glasses come from early phases 
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Figure 11. Abundance of H2O in matrix glass and glass inclusions from spine 3, determined by differencing the totals 
of microprobe analyses from 100 percent and plotted against SiO2. Abbreviations: PL, plagioclase; AM, amphibole; MI, 
melt inclusion. Circled fields represent average and standard deviation for Fourier-transform infrared (FTIR) analyses 
of matrix glass in SH304-2G1 and SH304-2G2, which overlap with microprobe analyses of same sample. Concentrations 
of water at saturation in silicate melts at 20 and 30 MPa (Moore and others, 1995) are shown for comparison, as is the 
range of secondary ion mass spectrometer (SIMS) data for matrix glass in samples erupted later (J. Blundy and K. 
Cashman, written commun., 2005).

of spine 3. In subsequent samples, matrix glass occurs only as 
thin films that are difficult or impossible to analyze with the 
electron microprobe without exciting nearby mineral grains. 
Available matrix-glass compositions are all rhyolitic, ranging 
from 73 to 78 percent SiO2 and containing <0.5 to 2.2 wt. per-
cent H2O (fig. 11). Most glass inclusions also have low water-
by-difference values. A single inclusion in amphibole from 
SH304 has about 3.6 percent H2O (by difference); all others 
have <3 percent and many have <0.5 percent H2O. Secondary 
ion mass spectrometric (SIMS) analyses of glass inclusions 
in samples SH305 and SH315 range from 0.03 to 0.20 wt. 
percent (Jon Blundy, written commun., 2005), confirming the 
dry character of the inclusions.

Two sections of the glassy fragment SH304-2G were ana-
lyzed using FTIR spectroscopy. These measurements of total 
dissolved water in the matrix glass of sample SH304-2G2, 
based on the intensity of the absorbance at 3,570 cm−1, yielded 
1.9±0.18 wt. percent H2O (16 spots, table 6), with a range 
from 1.4 to 2.1 wt. percent, overlapping the microprobe water-
by-difference value reported here for the same sample (fig. 
11). Total water in matrix glass of SH304-2G1 is 1.7±0.14 
wt. percent on the basis of summation of water dissolved as 
hydroxyl groups determined from the absorbance peak at 
4,500 cm−1 and molecular water determined from the intensity 
of the absorbance peak at 1,630 cm−1, in agreement with the 
value determined from the 3,570 cm−1 peak. Total dissolved 
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water concentration in the matrix glass of sample SH304-2G2, 
estimated from the measured intensity of the absorbance peak 
at 3,570 cm−1, is 2.3±0.15 wt. percent (10 spots, table 6) and 
ranging from 2.0 to 2.5 wt. percent. Total dissolved water 
in SH304-2G2 matrix glass, determined from summation of 
water dissolved as hydroxyl and molecular components, is 
2.1±0.17 wt. percent, in agreement with the value from the 
3,570 cm−1 peak (table 6).

In matrix glass from samples SH304-2G1 and  
SH304-2G2, the concentration of dissolved water present as 
molecular H2O slightly exceeds that of water dissolved as 
hydroxyl groups (table 6). The observed water speciation in 
SH304-2G matrix glasses is in contrast to that observed in 
rapidly quenched (cooling by hundreds of degrees per minute) 
experimental glasses or in silicate melts at high temperature 
and pressure with similar total dissolved water concentra-
tions (Dixon and others, 1995; Mandeville and others, 2002; 
Nowak and Behrens, 1995; Shen and Keppler, 1995; Silver 
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and Stolper, 1989; Sowerby and Keppler, 1999). This most 
likely reflects species reequilibration during slower cooling 
and magma ascent. In none of the acquired spectra from SH-
04-2G1 and SH304-2G2 matrix glass was a CO2 absorbance 
peak above background observed. Dissolved CO2 concentra-
tion is below our detection limit (<20 ppm).

Most matrix glasses and glass inclusions have sulfur 
abundances less than detection limits (70–86 ppm, table 
4). However, four glass inclusions from dacite erupted in 
October 2004 have between about 80 and 130 ppm S, and 
one inclusion contains about 250 ppm S (table 4, fig. 12). 
Chlorine abundances in glass inclusions reach a high of 
1,450 ppm; they average 829±309 ppm in microcrystalline 
sample SH305-1 and 1,155±142 ppm in microcrystalline 
sample SH304-2A9b. Chlorine abundance in matrix glasses 
averages 278±53 ppm in the high-silica rhyolite glass of the 
microcrystalline dacite; in contrast, it averages 852±47 ppm 
in low-silica rhyolite glasses from the flow-banded glassy 

Figure 12. Abundance of sulfur (S) and chlorine (Cl) in matrix glass and glass inclusions from spine 3 plotted against SiO2. 
Note low concentrations for S in matrix glass and most glass inclusions. Only glass inclusions in sample SH304 (eruption 
date, October 18, 2004), and one inclusion from SH305 have more than 200 ppm SO2 (or >100 ppm S). Chlorine abundances in 
glasses show a wider range, with early matrix glass of the glassy fragment SH304-2G1 having more than 800 ppm Cl, whereas 
matrix glass in SH305, erupted later, is depleted, with less than 400 ppm Cl, consistent with more extensive degassing of 
microcrystalline SH305. The matrix glass with the lowest SiO2 is in a fragment from tephra sample MSH05WS_1_16, collected 
from the January 16, 2005, explosion deposit.
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sample SH304-1G and in glassy fragments from the January 
16, 2005, tephra. As the high-silica rhyolite is a differentia-
tion product of decompression-driven matrix crystallization, 
the lower Cl in these glasses is consistent with very shallow 
degassing of Cl during the latest stages of solidification, 
accompanied by development of fracture permeability in the 
conduit (Edmonds and others, this volume, chap. 27).
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10/18/04 (11/04/04, SH304-2A, -2G)  9, 118
1985-86 (10/20/04)  3, 20

Oxides

Equilibrium temperatures and oxygen fugacities were 
calculated using a spreadsheet routine (Lepage, 2003), which 
yields results from multiple solution models for the Fe-Ti 
exchange thermometer and oxygen barometer (Andersen and 
Lindsay, 1988). Results calculated using the solution model of 

Figure 13. Results of Fe-Ti oxide thermobarometry for 2004–6 lava dome (A, B), plotted with respect to oxygen fugacity and 
temperature. Buffer curves for nickel-nickel oxide (NNO), manganese-manganese oxide (MNO) and hematite-magnetite (HM), 
and results for samples from earlier eruptive episodes at Mount St. Helens plotted for comparison. Samples color coded by 
eruption date. Number of grain pairs of the two solid-solution series ilmenite (FeTiO3)–hematite (Fe2O3) and magnetite (Fe3O4)–
ulvöspinel (Fe2TiO4) for each sample are indicated in the explanation. In cases in which temperatures and oxygen fugacities 
cluster, error bars represent ranges derived from the thermobarometer by using maximum and minimum values of standard 
deviations of Fe and Ti. In cases in which zoning was apparent from analytical profiles, backscattered-electron imagery, or 
stage mapping, temperatures and oxygen fugacities are plotted for each analyzed point in the zoned phase. Arrows show 
trends as contact between the two oxide grains is approached. Most zoned grains show increasing apparent temperature and 
oxygen fugacity toward grain contact, indicative of recent heating, although latest erupted samples analyzed (April 2005) show 
apparent cooling and reduction in oxygen fugacity. A, Data from samples erupted between October 18, 2004, and January 16, 
2004, as well as data from 1980 and previous eruptions at Mount St. Helens. Two-letter symbols such as “Cy” refer to tephra 
units of Mullineaux (1996), suffixes refer to source of data as follows:  -jg = Jim Gardner (Gardner and others, 1995a, 1995c), 
-mr =   Malcolm Rutherford (Rutherford and others, 1985), -bm =   Bill Melson (Melson and Hopson, 1981), -jp =  John Pallister 
(unpublished). B, Data from samples erupted between January 21 and April 17, 2005. C, Average atomic Mg/Mn ratios for 
ilmenite-magnetite pairs used in generating thermobarometric results presented in A and B. Also shown are equilibrium line and 
error limits (2σ) for oxide pairs from volcanic rocks (Bacon and Hirschmann, 1988).
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Figure 13.—Continued.

Figure 13.—Continued.

Stormer (1983) are most consistent with experimental calibra-
tions and are given in table 9 and displayed in figure 13. Only 
analyses of touching Fe- and Ti-rich oxide pairs were used for 
thermobarometry, and individual analyses of oxide minerals in 
the dacite are given in appendix 1 (in the digital version of this 
chapter). Typically 5 to 25 analyses were made of each grain 
pair. For unzoned grains or for grain pairs that were too small 
to demonstrate zoning, the average compositions of each phase 
are plotted, along with error bars for temperatures and oxygen 

fugacities (fO2
) (figs. 13A, 13B). The error bars were calculated 

from the maximum and minimum of the ±1 standard deviation 
ranges for Ti and Fe in each grain pair. As shown in figure 13C, 
all of the grain pairs used for thermobarometry in this study 
have Mg/Mn ratios within error limits of the equilibrium line of 
Bacon and Hirschmann (1988).

We have observed apparent zoning in both the titanomag-
netite and ilmenite with respect to distance from the bound-
ary between these two phases (fig. 14), although the abrupt 
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Figure 14. Electron microprobe stage maps showing 
abundance of TiO2 in oxide grain pairs from samples 
SH305-1 (A) erupted approximately November 20, 2004, and 
MSH05JV_1_19 (B) from a dacite fragment in the ash deposit 
from the January 16, 2005, explosion. Maps are 100 X 100 µm 
in dimension. The SH305-1 grain pair (A) shows a relatively 
uniform or slightly decreasing TiO2 trend across ilmenite grain 
(orange), with a steep increase in abundance within 10 µm of 
the contact with the adjacent titanomagnetite grain (blue) and 
a gradual increase in TiO2 across the titanomagnetite grain 
toward the ilmenite grain. Apparent temperatures, calculated 
for individual analytical points in the titanomagnetite (as 
indicated by the asterisks and numbers in the figure) 
compared to the average composition of the ilmenite show a 
decrease from 928°C at the grain contact to 898°C at the rim. 
The apparent temperature for the two analytical points closest 
to the grain boundary yielded 931°C. The MSH05JV_1_19 grain 
pair (B) displays the same abrupt decrease in Ti in the ilmenite 
with distance from the titanomagnetite, but the opposite trend 
in the titanomagnetite, which shows a gradual decrease in 
TiO2 abundance as the grain boundary is approached. The 
superimposed line graphs show the relative abundance of 
TiO2 in the band outlined by the two horizontal lines in each 
image. The MSH05JV_1_19 grain pair (number 7 in table 9) 
shows a decrease from an average of 830°C for points within 
10 microns of the grain boundary to 938°C for the average 
compositions of the two grain interiors.

increase in Ti in the ilmenite near the boundary has been 
attributed to submicron-scale recrystallization of the ilme-
nite (Devine and others, 2003; Rutherford and Devine, this 
volume, chap. 31). For grain pairs in which zoning is apparent 
in one phase but not the other, we calculated multiple appar-
ent temperatures and oxygen fugacities using each individual 
analysis of the zoned phase and the average composition of the 
unzoned phase. Temperatures for the first seven months of the 
eruption are plotted against eruption dates and permissive date 
ranges (from table 1) in figure 15.

The early sample of microcrystalline dacite (SH304-2A9; 
eruption date approximately October 18, 2004; table 1) yields 
a temperature of 850±5°C at an oxygen fugacity of 10−12.29 ± 0.07 
(table 9), which we take to be the conditions of last equilibration 
of the magma before ascent in 2004. Zoning in oxides erupted 
subsequently yield Fe-Ti oxide thermometer results that range 
to apparent temperatures of 950°C or more before plunging to 
less than 800°C in April 2005. Our samples that were erupted 

since April 2005, after the eruption rate slowed substantially, 
all contain titanomagnetite with oxidation lamellae of titano-
hematite, such that we have been unable to obtain meaningful 
thermometry results for the later part of the eruption.

Bulk-Rock Geochemistry
No significant variation in average major- and trace-ele-

ment whole-rock compositions of the 2004–6 dome samples 
is apparent in the major-element data; standard deviations for 
more than 20 samples are close to the range of uncertainty 
expected for replicate analysis of standard rocks (table 7). The 
2004–6 dacite has 64.93±0.09 percent SiO2 and a relatively 
high Na2O/K2O ratio of 3.2, similar to other Mount St. Helens 
dacite. The lack of variation in SiO2 with eruption date is 
evident in figure 16, which also shows SiO2 abundances for 
gouge and dacite collected from the roof of spine 3 (SH300, 
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7In this report we use an age range of A.D. 1479–1750 for the Kalama 
period, on the basis of a tree-kill date of A.D. 1722 for a summit-dome lahar 
in the Muddy River drainage and a bracketing youngest age of A.D. 1750 
determined for trees that subsequently rooted on a late summit dome-derived 
hot lahar in upper Pine Creek (Yamaguchi and Hoblitt, 1995). The age of final 
summit dome eruptions in the Kalama eruptive period remains uncertain.

SH301), when it first breached glacial ice in the southeastern 
crater on October 25, 2004. These roof-rock samples have 
distinctly lower SiO2 and alkalis and higher MgO, CaO, and 
FeTO3 (total iron expressed as Fe2O3), and their compositions 
overlap with those of lava erupted in 1985–86 (table 7, fig. 
17), suggesting that they are crater-floor rocks uplifted by 
the 2004 dacite as it punched through the crater floor. Analy-
ses of several small glassy fragments that were collected in 
dredge samples from early spines (spines 1 and 3) are also 
listed in table 7. These are higher in silica than samples from 
the 1980–86 dome and may represent fragments of dacite that 
were intruded early in the 2004 eruption.

Compositions of the 2004–6 samples lie along the high-
SiO2 projections of most major- and minor-element variation 
trends defined by the Goat Rocks and 1980–86 dome lavas (Pal-
lister and others, 1992). However, they lie off the trend for TiO2, 
which is present in higher abundance than would be expected 
from the 1980–86 trend (fig. 17). High-precision analyses of Cr 
by instrumental neutron activation analysis (INAA) are diagnos-
tic of the presence of basaltic mixing components within Mount 
St. Helens andesites and dacites (Pallister and others, 1992). 
Chromium abundances in 2004–6 dome rocks are compared 
to those of Kalama (A.D. 1479–17507), Goat Rocks (A.D. 
1800–1857), and the 1980–86 eruptive periods in figure 18 (full 
INAA analyses and uncertainties are reported in Thornber and 

others, 2008b). As with TiO2, the 2004–6 dacites have higher 
Cr abundances than would be expected from a continuation of 
the Goat Rocks and 1980–86 trends, as well as lower Cr at 65 
percent SiO2 than the dacites from the early Kalama eruptive 
period. Analyses were conducted at the same laboratory using 
the same procedures and standards to ensure reproducibility, and 
duplicate samples from 1985 and 1986 dome rocks were rerun 
to verify the differences.

A characteristic feature of Mount St. Helens dacites, 
including 2004–6 lava, is the lack of europium anomalies and 
a decrease in total rare-earth-element (REE) abundance with 
increasing SiO2, thereby ruling out progressive crystal frac-
tionation in their origins (table 8, fig. 19). The 2004–6 dacite 
is distinct in having the lowest heavy-REE abundances of any 
of the dacites we have analyzed from eruptive products of the 
past 500 years at Mount St. Helens.

Discussion
Petrology of the 2004–6 dacite at Mount St. Helens 

provides constraints on both shallow and deep magmatic pro-
cesses and insights into the roles that degassing and crystalli-
zation play in controlling the explosivity of volcanic eruptions 
and how the past history of the volcano helps in forecasting 
the future course of the eruption. Accordingly, the discus-
sion is presented in four parts: (1) shallow conduit processes, 
(2) deep reservoir processes, (3) implications for magmatic 
plumbing, explosivity, and eruption triggering, and (4) lessons 
from the past and implications for the future.

Shallow Conduit Processes

Field relations, petrography, volatile contents of glasses, 
and oxide thermobarometry help us understand the processes 
that were operative in the shallow conduit beneath the 2004–6 
vent. Together with geophysical and gas geochemical monitor-
ing data, they show that magma within the conduit solidified 
at shallow levels beneath the vent, producing a nearly solid 
seismogenic plug (Iverson and others, 2006) that has fed the 
series of spines that constitute the new lava dome.

Constraints from Field Geology
The 2004–6 eruption of Mount St. Helens represents a 

nonexplosive end member in the range of eruptive behavior 
of dacitic magmas. By the spring of 2006 the volume of the 
new dome exceeded 80×106 m3 (Schilling and others, this 
volume, chap. 8), a volume similar to the 1980–86 lava dome 
(74–77×106 m3, Swanson and Holcomb, 1990). Eruption rates 
during 2004–6 have ranged from as high as 9 m3/s in the initial 
phase to less than 1 m3/s (Schilling and others, this volume, 
chap. 8). The style of eruption, with continued extrusion 
of solid dacite spines, contrasts with most of the 1980–86 
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Figure 15. Fe-Ti oxide temperatures for 2004–5 Mount St. Helens 
dacite lava samples plotted against eruption dates; diamonds 
indicate best estimate of eruption dates. Bars show full range 
of permissible eruption dates (table 1). Wide range in apparent 
temperatures results from zoned oxide pairs (fig. 14).
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Figure 16. Content of SiO2 
in Mount St. Helens samples 
plotted against likely eruption 
date (table 1), except for SH300 
and SH301, which are samples 
of crater-floor rocks and plotted 
against collection date. Note 
uniform abundance of SiO2 (65 
percent) in most dome and 
gouge samples. Exceptions 
include low abundances (<63 
percent) in inclusion samples 
and in two gouge samples, 
and wide range in crater floor 
samples collected on October 
20, 2004.

Figure 17. Variation diagrams of MgO 
and TiO2 against silica, showing trends in 
juvenile eruptive products from 1980–86 
eruptions at Mount St. Helens (Pallister and 
others, 1992) and 2004–6 eruptions. Note that 
2004–6 samples lie at high-SiO2 projection 
of the linear arrays, except for TiO2, which 
is distinctly higher for given SiO2 content in 
the 2004–6 lavas than in previous eruptive 
episodes.
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during past 500 years (Pallister and others, 1992). Note that 2004–6 samples have higher Cr abundance than 
the projection of the Goat Rocks eruptive period and 1980–86 trend but lower abundance than the early phase 
of the Kalama eruptive period (A.D. 1479–1750). Analytical uncertainty for Cr is ±3 ppm at the 10-ppm level (by 
instrumental neutron activation analysis, INAA) and for SiO2 (XRF data) is ±0.2 percent on the basis of counting 
statistics and replicate analyses. Magma mixing with basaltic magmas at Mount St. Helens is called on to 
explain the cyclic trends (Pallister and others, 1992). Letters and numbers refer to stratigraphic sequence, and 
percentages refer to proportions of a basaltic mixing end member as explained in Pallister and others (1992).

dome-forming eruptions at Mount St. Helens, as well as with 
most other dome-forming eruptions worldwide. The devel-
opment of gouge-mantled spines is unusual but not unique. 
Photographs of the Showa-Shinzan lava dome (extruded in 
a Japanese wheat field on the flank of Mount Usu in 1944–
45) show spines with striations that look remarkably like 
those on the Mount St. Helens dome (Mimatsu, 1995). The 
200-m-diameter cylindrical and striated spine of Mont Pelée, 
Martinique, is another example. The original Peléean spine 
rose at rates of 3–6 m per day and reached a height of 115 m 
above the crater floor by the time of the explosive eruptions 
on May 6–8, 1902 (Chrétien and Brousse, 1989; Smith and 
Roobol, 1990). A larger spine grew in 1903, rose to 300 m, 
and bore vertical striations and slickensides (Williams, 1932, 
quoting Lacroix, 1904). Similarly, the andesitic Soufrière Hills 
volcano, Montserrat, has produced multiple, gouge-covered 
and striated spines during some phases of dome construction 
(Watts and others, 2002). What is unusual about the 2004–6 
Mount St. Helens eruption is continuous spine extrusion over 

such a long period, nearly continuous extrusion of relatively 
thick gouge and cataclasite at the spine margins, and the low 
level of explosivity that has accompanied spine growth and 
disintegration. Of known analogs, the gouge-covered spines 
of Showa-Shinzan are considered most similar to those at 
Mount St. Helens (Vallance and others, this volume, chap. 9).

The 2004–6 spine-forming mode of eruption also con-
trasts with eruptions that produced the 1980–86 lava dome 
at Mont St. Helens. The 17 eruptive episodes in the 1980s 
produced 20 short (200–400 m), thick (20 m) flows (lobes) and 
included periods of endogenous growth and small explosions 
(Swanson and others, 1987; Swanson and Holcomb, 1990). 
Lava flows produced through mid-February 1984 had scoria-
ceous carapaces, as opposed to the gouge carapaces on spines 
of the current eruption. Two small spines were extruded during 
these episodes (in late February–March 1983 and during May 
1985), but these also lacked gouge carapaces. Also in contrast 
with the hotter dome lavas of the 1980s, the 2004–6 lava gen-
erally lacks augite phenocrysts and is much more crystal rich 
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products from Mount St. Helens erupted during the past 500 years. Note that the 2004–6 lavas have 
the lowest heavy-REE abundances. Error bars (±1σ) are given for analyses of 1980 and subsequent 
samples. Error bars (±1σ) for older, higher-REE abundance samples are smaller than the symbols and 
are not plotted.

and glass poor compared to the more glass-rich augite-bearing 
hornblende-hypersthene dacite of the 1980s dome (Cashman, 
1992; Geschwind and Rutherford, 1995; Melson, 1983). We 
suggest that a primary control on the low level of explosivity of 
the 2004–6 lava is the combined effect of lower gas abundance 
in the magma and a greater degree of shallow matrix crystalliza-
tion, which produced virtually dry and rheologically solid dacite 
lava hundreds of meters beneath the vent.

The “megaspines” of the early (1995–98) eruptive phase 
of the Soufrière Hills volcano, Montserrat, also had striated 
surfaces and cataclastic textures, judging from observations by 
one of us (Cashman). Because their morphologies are cor-
related with eruption rate and character of seismicity (Watts 
and others, 2002), it is instructive to compare these with the 
Mount St. Helens examples. At Montserrat, vertical spines and 
whaleback structures dominated at rates of <1 m3/s, and their 
emplacement was accompanied by periodic hybrid earthquake 
swarms. Megaspines were emplaced aseismically at 1–2 
m3/s. Broad shear-lobe spines were emplaced aseismically 
at 2–5 m3/s, but their collapse was accompanied by intense 
hybrid swarms. Blocky shear-lobes were emplaced at 2–5 

m3/s, accompanied by repetitive hybrid swarms and tremor. 
Pancake lobes were emplaced at 7–9 m3/s, also with repetitive 
hybrid swarms and tremor. Explosions at Montserrat occurred 
at eruption rates greater than 9 m3/s and commonly followed 
large dome-collapse events.

The Mount St. Helens spines are similar to the vertical 
spines, whaleback structures, and megaspines of Montser-
rat. However, instead of being restricted to eruption rates 
of less than 2 m3/s, these morphologies at Mount St. Hel-
ens have occurred over the full range of eruption rates, and 
collapse events have been small—rockfalls and sparse rock 
avalanches that have not triggered substantial pyroclastic 
flows. These differences are likely related to compositional 
differences (andesite at Soufrière Hills, dacite at Mount St. 
Helens), and to a much larger vent diameter of 100–200 m 
at Mount St. Helens, compared to about 30 m at Soufrière 
Hills. The larger vent diameter allows slower ascent rates and 
more extensive shallow crystallization for similar volumetric 
rates of extrusion.

Compared with activity at Soufrière Hills, Montserrat, 
collapse events at Mount St. Helens have been minor. Lim-
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Figure 20. Projection of glass compositions from SH304 and 
SH305 Mount St. Helens samples onto modified quartz-albite-
orthoclase haplogranite ternary diagram of Blundy and Cashman 
(2001). Cotectic lines and water-saturated minima and eutectics 
are plotted as function of pressure for comparison. Dashed line is 
approximate position of the 1-atmosphere cotectic. Solid symbols 
refer to melt inclusions, open symbols to matrix melt. Other labels 
as follows: Mi, melt inclusion in dacite lava; Mm, matrix melt in 
dacite lava; Gi, melt inclusion in dacite fragment in gouge; Gm, 
matrix glass in dacite fragment in gouge; Ash, melt inclusion 
within tephra fragment in ash; Gouge, matrix melt within dacite 
fragment in gouge.

ited disintegration of collapsing blocks during short runouts 
onto the low-relief crater floor at Mount St. Helens is likely 
due to a drier composition and the more solid (microlite-rich 
and glass-poor) character of the Mount St. Helens dacite lava 
compared to the more glass- and water-rich matrix glasses of 
the Montserrat andesite lava (Couch and others, 2003; Harford 
and others, 2003). Furthermore, greater topographic relief at 
Soufrière Hills has contributed to greater runout distances.

Constraints from Petrography and Major-Element 
Compositions of Matrix Glasses and Microlites

As shown in figures 4 through 8, the matrix of the 2004–6 
dacite is remarkably rich in microlites, even compared to the 
dome lava of the 1980s (with the exception of spine samples 
from 1983 and 1985, which are also highly crystalline). 
We interpret these matrix textures to result from extensive 
depressurization-driven crystallization during ascent of the 
magma through the conduit, similar to the process envisioned 
for the 1980–86 dome (Blundy and Cashman, 2001; Cashman, 
1988, 1992). In contrast to the episodes of the 1980s, we see 
no evidence for stagnation of magma at multiple levels of the 
conduit. Instead, an analysis of eruptive volumes and likely 
conduit dimensions (discussed below) and of consistency of 
amphibole reaction-rim thicknesses (Rutherford and Devine, 
this volume, chap. 31; Thornber and others, this volume, 
chap. 32) indicates that dacite lava of the current eruption is 
a product of continuous ascent of magma through a conduit 
that taps the top of the deeper reservoir at about 5-km depth. 
We see a continuum in the degree of matrix crystallization, 
from early 2004–early 2005 samples with variable fractions 
of matrix glass to late 2005–6 samples, which have only trace 
amounts of glass remaining. Such a pattern is consistent with 
more rapid ascent and eruption rates during the early phase of 
the eruption.

The crystallization of a granite-minimum microlite 
assemblage of tridymite or quartz, An20–30 plagioclase, and 
anorthoclase (table 4) is consistent with extensive ground-
mass crystallization. The high-silica rhyolite composition of 
residual glass is indicative of very shallow final crystallization. 
Following the arguments of Blundy and Cashman (2001), the 
presence of quartz and the projection of glass compositions 
onto the modified Qz-Ab-Or ternary diagram of Blundy and 
Cashman (2001) yield crystallization pressures for the most 
evolved matrix glasses between 50 MPa and 0.1 MPa (fig. 20). 
This result indicates crystallization at a depth considerably less 
than 2.2 km, on the basis of a density model (Williams and 
others, 1987, section B–B’) in which the crustal column con-
sists of 1.5 km with density of 2.15 g/cm3 overlying an exten-
sive diorite to gabbroic pluton with average crustal density of 
2.7 g/cm3. The presence of tridymite in some samples further 
restricts the pressure for matrix crystallization and solidifica-
tion to the range 11–25 MPa (depth 0.5–1.0 km) at tempera-
ture 885–915°C (Blundy and Cashman, 2001), consistent with 
the shallow location of earthquakes that have accompanied the 
eruption (Thelen and others, this volume, chap. 4).

Constraints from SO2, Cl, and H2O Abundances in 
Glasses

The abundance of H2O in glasses can also be used to 
constrain depths, owing to the variation in solubility of water 
in silicate melts with pressure (Moore and others, 1995, 1998). 
Matrix and inclusion glasses show a decline in water content 
from approximately 2.3 wt. percent H2O at 73.5 percent SiO2 
to less than 0.1 percent at 77 percent SiO2 (fig. 11). The upper 
end of this H2O range is indicative of quenching at a pressure 
of about 30 MPa (depth of 1.4 km) followed by decompres-
sion-driven crystallization and quenching of residual melt, 
which continued to pressures of less than 10 MPa (depth about 
0.5 km). Most of the glass inclusions analyzed so far have 
water and SO2 contents that overlap with the matrix glasses, 
indicating that most of the inclusions have leaked (fig. 11).

Total dissolved water concentrations determined in the 
matrix glass of samples SH304-2G1 and SH304-2G2 were 
used to constrain the pressure and depth at which residual melt 
in this glassy sample solidified. Water solubility in the melt 
at 850°C was computed from electron microprobe determina-
tions of the matrix-glass bulk composition and the 0–300-MPa 
water solubility model of Moore and others (1998). Given 
saturation, the total water concentration in matrix glass of 
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sample SH304-2G2, which has the most microlite-free matrix 
glass and the greatest water content (2.3±0.15 wt. percent), 
indicates quench to glass from approximately 33 to 41 MPa, 
or approximately 1.5 to 2 km depth, on the basis of the density 
distribution in crustal section B–B’ of Williams and oth-
ers (1987). Assuming this unusual glassy sample represents 
a quenched equivalent of the microcrystalline 2004 dacite, 
these results would indicate incipient matrix crystallization 
at a depth of 1.5–2 km, although, as noted above, most of the 
groundmass crystallization and solidification is constrained by 
the microlite phase assemblage in the more typical microcrys-
talline dacite to depths of less than 1 km.

The abundance of sulfur in glass inclusions (table 4, 
fig. 12) is lower than that in glass inclusions from the 1980 
Mount St. Helens dacite (Blundy and Cashman, 2005; Devine 
and others, 1984; Gardner and others, 1995a; Melson, 1983). 
This indicates that the magma was depleted in sulfur before 
eruption and is consistent with the hypothesis that the 2004–6 
magma was residual from the reservoir of the 1980s. The 
highest sulfur contents (as well as highest Cl and H2O) are 
found in the earliest erupted samples, coincident with the 
highest SO2 and CO2 emissions (Gerlach and others, this vol-
ume, chap. 26). This suggests more rapid ascent, less matrix 
crystallization, and less gas loss as the initial magma made its 
way relatively rapidly to the surface.

Abundance of Cl in matrix glass is lower than that in 
glass inclusions (table 4, fig. 12) and decreases with increas-
ing SiO2 and K2O (indicators of increasing matrix crystal-
lization), consistent with degassing accompanying decom-
pression crystallization at shallow levels, as also seen at 
Soufrière Hills volcano (Edmonds and others, 2001; Harford 
and others, 2003). The abundance of Cl in glass inclusions 
and matrix melts can be used to calculate emission rates of 
Cl for the eruption. We use our average Cl abundance of 
1,155±142 ppm in glass inclusions as representative of the 
dacite at magma reservoir depths (4–5 km) (Rutherford and 
Devine, this volume, chap. 31), 852±47 ppm for the magma 
at a depth of 1.4 km (as inferred from the water content of 
the glass in SH304-2G1), and 278±53 ppm for the residual 
Cl in the microcrystalline dacite lava (table 4). The average 
Cl value for glass inclusions (1,155±142 ppm) is based on 
inclusions in amphibole crystals (a Cl-bearing phase) from 
sample SH305-2A9b. Although exchange of Cl with the host 
crystal is a possibility, the average abundance is similar to 
the higher Cl abundances in plagioclase and hypersthene 
inclusions, which range widely from 400 to 1,450 ppm; the 
lower abundances likely result from leakage. The differences 
between the abundance in the glass inclusions and that in 
the matrix glasses, multiplied by the dacite density (approxi-
mately 2,400 kg/m3) yields emissions of 400±249 metric tons 
per million cubic meters of dacite for the ascent interval from 
5 to 1.4 km depth and 758±132 metric tons for the interval 
from 1.4 km to the surface. The total emission is 1,158±381 
metric tons per million cubic meters of dacite extruded, 
or about 100×103 metric tons for the 85×106 m3 extruded 
through August 2006.

On the basis of this analysis, we would predict Cl emis-
sions of 100±33 and 700±231 metric tons per day for extru-
sion rates of 1 m3/s and 7 m3/s, respectively, exclusive of any 
contribution from a separate fluid phase. This value is greater 
than the rate of 12–25 metric tons per day measured on August 
31, 2005, by open-path FTIR (Edmonds and others, this 
volume, chap. 27). The discrepancy may be due to (1) precipi-
tation of chlorides in dome rocks (yellow efflorescence has 
been common near fumaroles and attributed to deposition of 
iron chlorides), (2) shallow scrubbing of Cl into groundwater 
(however, only 5.2 tons per day of dissolved Cl was measured 
in water from Loowit and Step springs at the crater mouth, and 
no spike in Cl abundance has yet been detected (Bergfeld and 
others, this volume, chap. 25)), or (3) a lower Cl abundance in 
the August 2005 dacite compared to that from late 2004, when 
our glass inclusion-bearing samples were erupted. We consider 
the last possibility most likely.

Constraints from Oxide Thermobarometry

Zoned oxides similar to those in the 2004–6 dacite are 
known to occur in volcanic rocks that have undergone recent 
heating due to magma mingling, and the time scales for 
preservation of zoning in oxide minerals have been deter-
mined experimentally to be on the order of a few days to a few 
months, depending on the size of the oxide grains and degree 
of heating (Devine and others, 2003; Gardner and others, 
1995a; Nakamura, 1995; Pallister and others, 1996; Venezky 
and Rutherford, 1999). Although there is clear petrographic 
and geochemical evidence for magma mixing in older rocks 
from Mount St. Helens (Pallister and others, 1992; Smith and 
Leeman, 1993), there is little such evidence in the 2004–6 dac-
ite, which is uniform in bulk-rock composition and has only 
extremely rare and small (less than 1-cm diameter) quenched 
mafic inclusions.

In several cases, the source of the heating to produce 
zoned oxides is evident, such as in the case of the June 7–12, 
1991, andesites at Mount Pinatubo, which show clear petro-
graphic and geochemical evidence of derivation by mingling 
of basalt with dacite in proportions of about 1:2 (Pallister 
and others, 1996). In other cases, the physical evidence of 
heating by a hotter and more mafic magma consists only of a 
small proportion of quenched mafic inclusions, such as in the 
andesite of Soufrière Hills volcano (Murphy and others, 2000). 
In the Soufrière Hills case, the zoned oxides indicate apparent 
heating of about 30°C, which led Devine and others (2003) to 
propose a model in which underplated basalt heated a bound-
ary zone in an andesitic reservoir. The boundary layer was 
then mobilized and erupted, with only minor entrainment of 
the underlying basalt, as seen in ubiquitous blade-shaped laths 
of pargasite in the groundmass of all samples.

In their study of microlite formation in the Soufrière Hills 
andesite, Couch and others (2003) calculated that a tempera-
ture rise of as much as 45°C would be expected from latent 
heat evolved during the extensive (32 percent), shallow (less 
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than 2 km), and relatively rapid (1–2 day) decompression-
driven groundmass crystallization, given the measured extru-
sion rates and estimated conduit diameter (Melnik and Sparks, 
2002). However, neither Couch and others (2003) nor Devine 
and others (2003) concluded that latent heating at shallow 
levels was responsible for the zoned oxides, because it was 
not possible to experimentally produce the zoning profiles of 
the Soufrière Hills titanomagnetites in short-duration (2 day) 
heating experiments without extensive amphibole breakdown, 
which was not seen in natural samples. However, longer-dura-
tion (2 week) heating experiments at magma reservoir pressure 
of 130 MPa (5–6 km depth) did reproduce the natural zoning 
profiles without amphibole breakdown.

The zoned oxides in the Mount St. Helens samples 
share some features with those from Soufrière Hills. First, 
the earliest samples from October 2004, when eruption rates 
were high (greater than 5 m3/s) have oxide pairs that lack 
zonation. Second, the Mount St. Helens oxide pairs erupted 
during the winter of 2004–5 are zoned in a sense that indi-
cates heating (fig. 14). As was also seen in a sample from the 
explosive eruption of September 29, 1997, at Soufrière Hills 
(Devine and others, 2003), the zoning in the winter 2004–5 
oxides is best developed at the grain boundary between the 
titanomagnetite and ilmenite phases, with little zonation 
developed at melt-crystal boundaries. As is evident from the 
range of temperature-fO2

 trends for grain pairs in figure 13, 
the Mount St. Helens thermobarometric results are parallel 
to the common buffer curves, a characteristic of heating with 
melt present (Devine and others, 2003). The above features 
could be interpreted as indicating a similar process of heating 
by hot magma underplating. However, there is considerable 
variation in degree of zoning from grain pair to grain pair 
in the Mount St. Helens samples, even within the same thin 
section. These features indicate that heating was of relatively 
short duration and was variable at the scale of millimeters. 
That the zoning is best developed at the two-crystal grain 
boundaries indicates redistribution of Ti and Fe within the 
crystal structures of titanomagnetite and ilmenite, but with 
little, if any, redistribution between the oxide minerals and 
the adjacent groundmass glass.

We believe that these small-scale relations are best 
explained by latent heating during groundmass crystallization, 
as was also suggested for 1980–86 pumice and lava samples 
(Blundy and others, 2006). Variation of heating at the millime-
ter scale is most readily explained by inhomogeneity in rate and 
extent of groundmass crystallization and localized variability 
in transport of heat by vapor expansion, conduction, and access 
to the hydrothermal system at shallow conduit levels. The 
fact that zoning is developed with respect to distance from the 
titanomagnetite-magnetite phase boundary, and not at grain-
melt boundaries, is probably a result of the rapidly changing 
composition and crystallinity of the adjacent groundmass, such 
that consistent zoning of Fe-Ti oxides by diffusive exchange 
with melt was not possible. In contrast to the situation at Sou-
frière Hills, where transport from 2 km to the surface is thought 
to have been too rapid for latent heating, by the beginning of 

2005 the eruption rate at Mount St. Helens had slowed to less 
than 2.5 m3/s (Schilling and others, this volume, chap. 8) and 
the conduit at shallow levels was of much larger diameter—100 
to 200 m, as opposed to about 30 m for Soufrière Hills (Melnik 
and Sparks, 2002). Consequently, the ascent time through the 
shallow interval of groundmass crystallization was longer at 
Mount St. Helens. Using our estimate that most groundmass 
crystallization took place mainly in the uppermost 500 m, with 
a near-surface conduit diameter of 200 m and a volumetric 
ascent rate of 2.5 m3/s, we derive an ascent rate of 7 m/d, which 
is consistent with the measured rates of linear extrusion of 
spines (Dzurisin and others, this volume, chap. 14; LaHusen 
and others, this volume, chap. 16), and an ascent time of about 
2.5 months. Allowing the conduit to decrease in diameter with 
depth, such that it averages only 100 m in diameter over the 
uppermost 0.5–1 km, would yield an average rate of 28–56 m/d 
and an ascent time of 2.6–5.2 weeks. These ascent times are in 
the appropriate range for development and preservation of zon-
ing in oxides (Devine and others, 2003).

We can estimate the maximum amount of latent heating 
that is theoretically possible from the amount of groundmass 
crystallization in the 2004–6 dacite using thermodynamic 
data, much as was done by Couch and others (2003) for the 
Soufrière Hills andesite. Latent heat is equal to the enthalpy 
of melting divided by the heat capacity at the temperature of 
interest. As the microlite population is dominated by pla-
gioclase, we can use the range of enthalpies of melting of 
plagioclase, from 59,280 J/mol for albite to 81,000 J/mol for 
anorthite, to approximate the amount of latent heat available 
and the maximum temperature rise. At an initial temperature 
of about 850°C, the heat capacity of albite would be about 318 
J/mol per K; and of anorthite, about 328 J/mol per K. There-
fore, isenthalpic crystallization of 30–40 percent of the dacite 
would produce a temperature rise of about 30–45°C. A more 
complete analysis, by Mark Ghiorso using the thermodynamic 
modeling program pMELTS (Ghiorso and others, 2002) for 
decompressing a water-saturated 2004–6 dacite composition 
at 855°C and fO2

 = 10−12 from 20 MPa to 0.1 MPa, estimates 
a temperature rise of 30°C and results in a magma with 0.5 g 
ilmenite, 2.5 g magnetite, 7.6 g orthopyroxene, 13 g quartz, 
84 g of An31 plagioclase, and 12.3 g of 76.6 percent SiO2 melt 
with 80 ppm H2O (Mark Ghiorso, written commun., 2005)—a 
reasonable match to the natural assemblage. Loss of some of 
the heat would result in appearance of alkali feldspar in the 
assemblage, an increase in the abundance of quartz, and a 
decrease of the melt fraction remaining. Further discussion of 
the role of latent heating in decompression crystallization of 
volcanic rocks is available in Blundy and others (2006).

The maximum quantity of latent heat available from 
groundmass crystallization is less than the degree of apparent 
heating recorded by the zoned oxides in the dome rocks. We 
attribute this discrepancy to the fact that the zoned oxides can 
only give apparent temperatures. They indicate heating, but the 
extent of heating must be less than the maximum indicated by 
the zoning. If the diffusion rates were fast enough, the distribu-
tion of Ti and Fe in the grains would rehomogenize to a value 
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intermediate between the minimum and maximum ranges seen 
in the zoned crystals and would also reequilibrate with the 
melt; consequently, the actual temperatures would be less than 
the maximum apparent temperatures in figure 13.

The analyses from samples collected later in 2005 and 
in 2006 offer additional insights into the process responsible 
for the oxide zoning (fig. 13B, table 9). Samples erupted 
during April 2005, when the extrusion rate was less than 2 
m3/s, show a wide range in apparent temperature and oxygen 
fugacity. Seven grain pairs in sample SH314-2 are unzoned 
or weakly zoned; three of these yield average temperatures 
of 794–814ºC, two of 840–874ºC, and two grain pairs yield a 
wide range of temperatures (726–821ºC). The titanomagnetite 
of one grain pair appears to be reversely zoned (cooled), with 
lower Ti near the boundary with ilmenite, yielding an apparent 
temperature for the two core areas of about 872ºC but decreas-
ing to 840ºC at the boundary.

Sample SH315-4 shows an even wider and cooler range 
in apparent temperatures, with reverse zoning of both titano-
magnetite and ilmenite and apparent temperatures ranging 
from a low of 644ºC to a high of 839ºC. Sample SH315-4 is 
also distinct from most of the other samples with respect to a 
lower oxygen fugacity, extending below the NNO buffer curve 
at temperatures below 800ºC. As previously noted, we have 
been unable to obtain meaningful oxide thermobarometry 
results for samples erupted after April 2005 owing to the pres-
ence of extensive oxidation lamellae.

The lower apparent oxidation state of April 2005 samples 
may be the result of extensive degassing driving precipitation 
of oxides and extraction of Fe+3 from the melt, thereby lower-
ing fO2

. In addition, as the liquid gains more SiO2, the increased 
concentrations of Na2O and K2O in the melt would complex 
with Fe+3 and lower its activity, having the same effect of 
lowering the fO2

. This explanation is consistent with a predicted 
decrease in oxidation accompanying extensive crystallization 
at less than 10 MPa pressure by pMELTS modeling (Mark 
Ghiorso, written commun., 2005).

The progression in time from (1) tightly clustered tempera-
tures and oxygen fugacities for the early erupted samples to (2) 
zoned oxides indicative of heating to (3) wide-ranging apparent 
temperatures, reverse zoning, and low oxygen fugacities to (4) 
development of oxidation lamellae is coincident with a decrease 
in eruption rate from more than 5 m3/s to less than 2 m3/s and 
with a decrease in the abundance of glass from as much as 
30 percent to less than 10 percent. Consequently, we attribute 
the changes in the oxides to result from latent heating due to 
groundmass crystallization, coupled with, and then dominated 
by, heterogeneous heat loss and vapor transport, and finally by 
oxidation at the shallowest levels of the conduit and vent.

To answer questions about the source of the explosions 
of January 16 and March 8, 2005 (Moran and others, this 
volume, chap. 6; Rowe and others, this volume, chap. 29), we 
analyzed oxide grain pairs in 11 small tephra fragments from 
the January 16, 2005, tephra deposit (table 9). All but two of 
these grain pairs are unzoned, and they each produce tightly 
clustered temperatures and oxygen fugacities ranging from 

780ºC at fO2
 of 10−13.8 to 930ºC at fO2 of 10−11.3. None of these 

overlap with the temperature and oxygen fugacity of the initial 
2004 dacite samples; however, two of the grain-pairs have 
zoned titanomagnetite indicative of heating. With grain size 
about 100 µm, they are larger than the range of 20–40 µm that 
is typical of the 2004–6 dacite. From these data, we conclude 
that most of the dacite tephra fragments in the January 16 
tephra are not juvenile, suggesting that this explosion ema-
nated from the margins of the conduit and favoring a phreatic 
rather than magmatic explosion source. However, the story 
may be different for the March 8, 2005, explosion. The analy-
ses of oxide grain pairs from that ash result in temperatures 
that average 852±22ºC, indistinguishable from the initial 2004 
dacite temperature of 850±5ºC.

Shallow Conduit Processes—A Petrologic Synthesis
In figure 21 we summarize petrologic features that 

explain how and where the conduit magma solidified to 
become a plug. Viscous and relatively melt-rich dacite magma 
with approximately 55 percent melt ascended from depth, 
decompressed, lost volatiles, and began to undergo rapid 
groundmass crystallization at a depth of about 1 km. The earli-
est erupted dacite preserved equilibrium Fe-Ti oxide tempera-
tures of about 850ºC, which we assume is the temperature at 
the top of the source reservoir. With increasing crystallization 
and decreasing melt fractionation, plagioclase became more 
sodic (reaching An20–25 at final stages), and the crystalliz-
ing assemblage was joined by anorthoclase and quartz or 
tridymite (table 3) at depths of less than 0.5 km. Latent heat 
that was evolved during decompression-driven groundmass 
crystallization raised temperatures above 850ºC until magma 
approached the surface. During the earliest stages of the erup-
tion, when extrusion rates were high, the residual high-silica 
rhyolite matrix melt quenched through the glass transition, 
especially near the more rapidly cooling conduit margins, 
and locally preserved as much as 30 percent glass. However, 
within the spine interior and during later stages of the eruption 
when eruption rates were slower, groundmass crystallization 
continued virtually to completion, producing microcrystal-
line groundmasses with a granite-minimum composition, and 
latent heating produced zoned oxides. The petrologic con-
straints outlined here helped define the pressure and depth of 
solidification used in the quantitative dynamical model of Iver-
son and others (2006) and Iverson (this volume, chap. 21) for 
seismogenic stick-slip extrusion of the solid Mount St. Helens 
dacite plug.

Deep Reservoir Processes

Constraints from Petrography, Textures, and 
Fe-Ti Oxide Thermobarometry

Isotopic data elsewhere in this volume (Kent and oth-
ers, chap. 35; Cooper and Donnelly, chap. 36; Reagan and 
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others, chap. 37) indicate a complex history for the 2004–6 
magma. For example, U-Th-series phenocryst model ages vary 
over time scales of decades to thousands of years, and some 
crystals have variable initial Sr isotopic ratios. The dacite 
contains amphiboles with widely varying Al and Fe content, 
which indicate derivation over wide ranges in temperature and 
depth—most readily explained by crystallization during con-
vection of magma over a depth range of about 5 to more than 
12 km within the source reservoir (Rutherford and Devine, 
this volume, chap. 31). In addition, normal and reverse zoning 
of plagioclase phenocrysts and entrainment of hypersthene 
microlites in the outer zones of plagioclase resulted from 
changes in temperature and pressure as magma cycled within 
a convecting reservoir (Streck and others, this volume, chap. 
34). It seems clear that many of the phenocrysts were recycled 
from previous crystallization episodes and from crystal mush 
resident in the reservoir.

Modal data and textures described previously (table 2; 
figs. 4, 5), in combination with isotopic, phase-equilibria, 
and phenocryst relations described above, indicate multiple 
stages in the history of the dacite. The phenocryst assem-
blage of oxides, amphibole, hypersthene, and plagioclase 
grew slowly in the deep convecting reservoir. Our earliest 

samples of the 2004 dacite, erupted in October, provide our 
best constraints on temperature, oxygen fugacity, PH2O, and 
depth of magma at the roof of the deep reservoir (850 ±5°C, 
fO2

 = 10−12.4 ± 0.1, 130 MPa, and about 5 km depth, respectively; 
see also Rutherford and Devine (this volume, chap. 31)). 
The equilibration depth for 2004 is significantly shallower 
than the equilibration depth for May 18, 1980, dacite, which 
by the same method yields a depth of 8.6±1 km (220±30 
MPa) (Rutherford, 1993). These differences suggest that 
the roof of the reservoir became shallower after the 1980 
eruption, a relation also suggested by shallowing of stor-
age areas inferred from water contents of melt inclusions 
in pumice from eruptions in the summer of 1980 (Cashman 
and McConnell, 2005). A greater abundance of phenocrysts 
and more sodic plagioclase rims in the 2004–6 dacite, along 
with shallower equilibration depths and more evolved bulk 
composition, is consistent with this eruption tapping a shal-
lower and more phenocryst-rich part of the magma reservoir 
than was tapped in 1980–86 (Cashman, 1992; Cashman and 
Taggart, 1983; Geschwind and Rutherford, 1995; Rutherford 
and others, 1985).

Glass-rich dacite sample SH304-2G initially had all 
major phenocryst phases, namely plagioclase, hypersthene, 
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amphibole, and Fe-Ti oxides, coexisting with melt at 
844±2ºC and an oxygen fugacity of 10−12.43±0.07, overlapping 
with the temperature and oxygen fugacity of the microcrys-
talline dacite SH304-2A9 (table 9). The presence of tiny 
elongate hypersthene and oxides (less than 5 µm in diameter; 
fig. 9D) as the only microlite phases is therefore surprising. 
At pressures less than about 100 MPa, amphibole is unstable, 
and one would expect to see plagioclase on the liquidus and 
crystallizing in the groundmass. In contrast, at high tem-
peratures, the Mount St. Helens dacite composition does 
have hypersthene first on the liquidus (Rutherford, 1993; 
Rutherford and Devine, this volume, chap. 31). Could the 
glassy sample SH304-2G represent magma that was heated 
during convection in the deep reservoir? Heating would 
preferentially melt the groundmass phases, such that subse-
quent cooling and rapid ascent would lead to nucleation of 
early hypersthene. However, late-stage heating is ruled out 
by tight clustering of Fe-Ti oxide thermobarometric data at 
low temperatures in SH304-2G (844±2ºC for 65 analyses 
of six equilibrium grain pairs) and overlap of these oxide 
temperatures with those in the microcrystalline dacite, SH-
04-2A9 (850±5ºC). In addition, absence of resorbed margins 
on plagioclase and amphibole phenocrysts argues against an 
earlier stage of extensive heating. Consequently, we are left 
with the interpretation that the absence of plagioclase micro-
lites is a kinetic effect and that SH304-2G is a fragment from 
the selvage of a vanguard dike that was emplaced to shallow 
levels and quenched during the earliest phase of the eruption 
in September 2004.

The presence of extremely rare mafic inclusions in two 
of the samples indicates mingling and quenching of andesite 
magma in the dacite at some time during its history. The lack of 
decompression rims on the high-Al amphiboles of the quenched 
inclusions, except where they were exposed to the dacite host 
magma, is consistent with quenching at depths where amphibole 
was stable (>100 MPa). The difference in bulk composition 
between inclusions in SH315-4 and SH321-1C, and their small 
sizes, suggests that these are fragments of larger inclusions, 
which may display a range in vesiculation and filter-pressing 
textures (Bacon, 1986). How long small fragments of quenched 
inclusions can be preserved in convecting, crystal-rich dacite 
magma is unknown. Their scarcity, coupled with the remark-
ably uniform composition of the 2004–6 dacite, suggest that 
they date from a past mingling event. As discussed later, geo-
physical and gas data suggest that no new magma was added 
to the reservoir between the summer of 1980 and late 1987 
(Moran, 1994; Moran and others, this volume, chap. 2). How-
ever, it is possible that new magma was added during seismic 
swarms that took place during the period after 1987. Conse-
quently, we suggest that these rare inclusions may have been 
entrained during a period of mingling with hotter and more 
mafic magma at depth preceding the 1980 eruption or during 
the repressurization of the reservoir recorded by seismicity 
between 1987 and 1998 (Moran, 1994).

Constraints from Bulk-Rock Geochemistry
Upper regions of magma reservoirs, by virtue of lower 

temperature and higher viscosity, may be bypassed during 
eruptions (Sparks and others, 1984), such that hot, lower 
viscosity plumes of magma from lower levels of a reservoir 
may intrude through overlying magma to be erupted first, 
only to be followed by higher viscosity magma entrained into 
the newly established conduit. Such a model was proposed 
to explain the cycle of initially decreasing and then increas-
ing SiO2 in 1980–86 dome lava at Mount St. Helens (Carey 
and others, 1990; Pallister and others, 1992). However, the 
difference in minor and trace-element compositions of the 
2004–6 and 1980–86 dacites, including lower heavy rare-earth 
elements (HREE) (fig. 19) and higher Ti and Cr (figs. 17, 
18), indicate that this magma was not derived by continued 
closed-system crystallization of 1980 dacite magma. Instead, 
we suggest that the 2004–6 magma was derived from a distinct 
batch of dacite, as explained below.

The rare-earth-element (REE) abundances in Mount St. 
Helens rocks are especially informative because they decrease 
in abundance with increasing SiO2. Owing to their overall 
incompatibility in major phenocryst phases, the decrease in 
their abundance cannot be explained by major-phase crystal 
fractionation (Pallister and others, 1992; Smith and Leeman, 
1987). The highest REE abundances in recent Mount St. 
Helens magmas are in mafic magmas (basalts and basaltic 
andesites) erupted during the Castle Creek eruptive period, 
about 2,000 years ago (fig. 19). This factor, as well as other 
geochemical and petrologic trends in Mount St. Helens 
magmas, are most readily explained by variable amounts of 
mixing between dacite magma (derived by partial melting of 
lower crustal metabasaltic rocks) and mafic magma enriched 
in high-field-strength elements (HFSE) and REE (Gardner 
and others, 1995b; Pallister and others, 1992; Smith and Lee-
man, 1987, 1993). The 2004–6 dacites have the lowest HREE 
abundances seen in any Mount St. Helens rocks erupted during 
the past 500 years. Consequently, they appear to be the least 
contaminated by mixing with REE- and HFSE-enriched basal-
tic magmas. Like other Mount St. Helens dacites, the 2004–6 
samples have several characteristics that have been attributed 
to adakites (Defant, 1993; Drummond and Defant, 1990), such 
as high SiO2, Al2O3, and Na2O, low Y and Yb, and relatively 
high Sr (about 400 ppm), and they lack or have only small 
Eu anomalies. However, they are not as enriched in LREE as 
adakites (with La/Yb ratios of about 10, as opposed to ratios 
greater than 20 in the archetypical adakite). The same residual 
phases responsible for depletion of the HREE (garnet, amphi-
bole, and pyroxene) are also expected at the base of the crust, 
a source we prefer, as it does not require transport of the dacite 
through a hot mantle wedge without modification (Dawes and 
others, 1994). Consequently, we do not consider the Mount 
St. Helens dacites as partial melts of slab eclogites but more 
likely as melts of lower crustal metabasaltic rocks that have 
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undergone variable amounts of crystallization and geochemi-
cal modification in the shallow crustal reservoir beneath the 
volcano (Smith and Leeman, 1987).

Regardless of the ultimate source of the 2004–6 dacite, 
its distinct TiO2, Cr, and HREE abundances suggest that either 
it is an entirely new batch of dacite magma from the deep 
crust or it is derived from a geochemically isolated region 
of a crustal reservoir. The question of new versus residual 
magma has implications for the long-term eruptive behavior 
of Mount St. Helens, because arrival of a new batch of dacitic 
magma from the deep crust could herald the beginning of a 
new long-term cycle of eruptive activity (Pallister and others, 
2005). Despite the heterogeneity in phenocryst ages and zon-
ing history, the erupted magma is remarkably homogeneous in 
bulk composition, indicating that this batch of magma is well 
mixed. Although we cannot rule out the possibility that a batch 
of dacite magma from the deep crust is involved in the current 
eruption, the low levels of gas emissions (Gerlach and others, 
this volume, chap. 26), U-series evidence for multiple ages of 
crystals (Cooper and others, this volume, chap. 36), and the 
wide range in crystallization depths of phenocrysts, indica-
tive of convection (Rutherford and Devine, this volume, chap. 
31), lead us to favor the hypothesis that the 2004–6 magma 
is derived from a geochemically distinct batch of magma that 
had accumulated recently at the apex of the crustal magma 
reservoir. This magma had been depleted in SO2 and CO2 dur-
ing multiple cycles of reservoir convection, as explained in the 
section below on eruption triggering.

An Updated Reservoir and Conduit Model
In figure 22 we update a diagrammatic cross section of 

the Mount St. Helens magmatic system that was drawn on the 
basis of seismic, petrologic, and deformation data (Pallister 
and others, 1992; Scandone and Malone, 1985). The principal 
changes to the diagram that make it different from a 1980s 
interpretation are listed here.

        The top of the reservoir is raised from a depth of 1. 
about 6 km to about 5 km on the basis of the equilibration 
pressure of 130 MPa for the 2004–6 magma (Ruther-
ford and Devine, this volume, chap. 31). Assuming 
that magma ascent was accompanied by an increase in 
pressure in the reservoir and not accomplished simply by 
collapse of the roof into the magma, this top-of-reservoir 
level is bracketed by seismic and deformation data to the 
time interval 1987–97, as described below.

        The geometry of the conduit from 5 km to the sur-2. 
face is poorly constrained. It may consist of a complex of 
dikes and irregular intrusions that represent the conduit 
pathways of previous eruptions (suggested by textural and 
petrologic evidence that the 1980–86 dome lavas experi-
enced a multistage decompression history; see Cashman, 
1992). However, because of the distinct and uniform dac-
ite composition, consistency of amphibole reaction-rim 
thicknesses, and continuous eruption, the 2004–6 eruption 

is thought to have established a new conduit pathway, 
at least partly distinct from that of the 1980–86 dome-
forming eruptions. But how was a new conduit emplaced 
without large-scale inflation prior to the eruption? One 
possibility is that the new volume of dacite magma and 
spine that was emplaced at shallow levels between Sep-
tember 23 and October 11, 2004, was compensated by 
extrusion under the glacier of an equal volume of solidi-
fied rock from the 1980–86 conduit. Uplift of 12×106 
m3 was recorded during this period before the first spine 
emerged (Schilling and others, this volume, chap. 8). Such 
a model would help explain the presence “crater floor” 
samples that are geochemically similar to 1985 or 1986 
dacite, bits of which were uplifted with the glacier and 
sampled on October 20 and 27, 2004 (table 1).

        We reduce the model size of the reservoir to a magma 3. 
volume of about 4 to 5 km3, a compromise between the 
smaller volumes inferred from seismic data (Lees, 1992; 
Moran, 1994; Musumeci and others, 2002) and magma 
volumes of as much as 8 km3, which are suggested by erup-
tive volumes of the largest historical eruptions at Mount St. 
Helens. The largest plinian eruptions of Mount St. Helens 
during the past 4,000 years had magmatic volumes of 4 km3 

(tephra layer Yn) and 2 km3 (tephra layer Wn) (Carey and 
others, 1995). Reservoir volumes are likely at least twice 
this volume, based on the assumption that individual explo-
sive (but noncaldera-forming) eruptions are unlikely to 
withdraw more than half of their shallow crustal reservoir 
volumes without extensive surface deformation or caldera 
collapse. The presence of a continuous magma reservoir 
within the seismically defined depth range between about 5 
and greater than 12 km during the past 4,000 years is based 
on variation in depths of equilibration of magmas erupted 
during this time span, including changes in equilibration 
depths of as much as 6 km in less than 3 years (Gardner 
and others, 1995c). In addition, conductive cooling models 
suggest cooling times on the order of several thousand 
years for magma reservoirs of these depths and volumes 
(see Hawkesworth and others, 2000). That the magma 
reservoir is spatially continuous over its depth range and 
convecting, rather than discontinuous as in Lees’ (1992) 
model, is consistent with the petrologic evidence of large-
scale convection cited above and with new seismic tomo-
graphic modeling, which indicates a continuous reservoir 
over the interval between 6 and at least 10 km (Waite and 
Moran, 2006).

We follow Gardner and others (1995c) in interpreting the 
rapid change in equilibration depths for successive eruptions 
at Mount St. Helens to reflect tapping of different levels of the 
reservoir at different times. Such would appear to be the case 
for the source regions for the 2004–6 magma (130 MPa, about 
5.2 km) compared to the 1980 magma (220 MPa, about 8.6 
km) (Rutherford, 1993; Rutherford and Devine, this volume, 
chap. 31). An increase in seismicity at depths of 3 to 10 km, 
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Figure 22. Schematic cross section of Mount St. Helens 
plumbing system, updated from Pallister and others (1992) to 
include constraints from current eruption. Yellow dashed lines are 
inferred convection paths in reservoir (Rutherford and Devine, this 
volume, chap. 31) and are overlain by a stagnant crystal-rich mush 
zone considered as the source for the 2004–6 eruption. Diagram 
used here is modified from an illustration published Nov. 28, 2005, 
by the New York Times News Service; copyright © 2005 The New 
York Times Company.

including an initial cluster at 4–6 km, and accompanying 
repressurization of the reservoir and conduit between 1987 
and 1992 (Moran, 1994), may reflect foundering of the roof of 
the reservoir and migration of a batch of magma to the shal-
lower equilibration depths. As noted above, we suggest that 
the 2004–6 dacite was derived from the apical region of the 
reservoir. It originated from a geochemically distinct batch of 
crystal-rich magma not tapped during the 1980–86 eruptions 
that rose into the apical region after 1986.

The deep levels of the reservoir probably occupy a 
tensional dikelike structure within the St. Helens seismic zone 
(Musumeci and others, 2002), and the 1980–86 conduit may 
well consist of multiple intrusions and dikes (Cashman, 1992). 
However, unlike the situation at other volcanic centers (see, 
for example, Eichelberger and Izbekov, 2000), we see little 
surface geologic evidence for extensive dacitic dikes at shal-
low levels outside of the immediate crater area or alignment of 
older satellitic domes.

Studies of the plutonic substrate of volcanic arcs offer 
additional insights. Composite arc plutons and stocks with 
volumes of 10 km3 or more are common at paleodepths of 
5–15 km, and arc batholiths, such as in the Sierra Nevada, are 
increasingly recognized to consist of multiple smaller magma 
bodies. However, many of these plutonic complexes devel-
oped over time spans measured in millions of years, not over a 
period of less than 300,000 years (Clynne and others, this vol-
ume, chap. 28; Crandell, 1987) in the tensional offset of a fault 
zone (Weaver and others, 1987). A better analogue for the 
Mount St. Helens plumbing system comes from a composite 
stratovolcano model based on ore deposits in the Andes (Sil-
litoe, 1973). Sillitoe’s composite model is similar to figure 22 
and consists of a complex composite stock of multiple feeder 
dikes and plugs of various ages overlying a shallow crustal 
pluton. We recognize that diagrams such as figure 22 are at 
best oversimplified cartoons compared to the complexity seen 
in eroded volcanic terranes, yet we believe they serve as useful 
constructs to evaluate volcano monitoring and petrologic data 
and to consider how magmas move through the crust.

Reservoir Pressurization and Eruption Triggering

One of the most important questions in volcanology and 
volcano-hazard mitigation is to understand what triggers erup-
tions. Before addressing this question for the 2004–6 Mount St. 
Helens eruption, however, we need to define what we mean by 
triggering. A pressurized reservoir-conduit system is a necessary 
condition for an eruption, but it is not a trigger, because pressure 
can be released slowly—for example, through passive degas-
sing. A trigger requires a rapid increase in relative pressure of 
sufficient magnitude to fracture a new pathway to the surface 
(for a volcano with a solidified conduit or hydrothermal seal) or 
to raise the level of magma above the vent in an active magma-
filled conduit. Accordingly, triggers can result by unloading 
from above or from a rapid increase in pressure or volume at 
depth. Candidates for triggers from above include edifice col-
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lapse (as in 1980 at Mount St. Helens) or more subtle changes 
affecting an already pressurized system (an example: increased 
rainfall, Mastin, 1994). Indeed, Iverson and others (2006) cal-
culate that once the system is pressurized, changes in pressure 
that are equivalent to a magma head of less than one meter are 
sufficient to start and stop the stick-slip cycles that they model 
for the current Mount St. Helens eruption.

Rapid addition of new magma and fluids to a crustal reser-
voir can increase pressure and trigger an eruption from below. 
This was the case for the eruption of Pinatubo in 1991, in which 
new hydrous mafic magma from depth entered a crystal-rich 
dacite reservoir, vesiculated, mingled, and created a buoyant 
plume, which rose through the viscous and crystal-rich upper 
part of the reservoir, increased pressure in the hydrothermal sys-
tem, fractured a new pathway to the surface, and triggered the 
eruption (Pallister and others, 1996). In the Pinatubo case, deep 
long-period seismicity recorded and tracked ascent of basalt 
from 35 or 40 km deep to the crustal reservoir at depths of less 
than 14 km before the eruption (White, 1996).

For the 2004 Mount St. Helens eruption, the long-term 
pattern of seismicity since the 1980 eruption indicates that 
the reservoir and conduit system began to repressurize in 
late 1987 after the cessation of 1980–86 dome eruptions 
(Moran, 1994; Musumeci and others, 2002). Pressurization 
led to repeated seismic swarms at depths of less than about 8 
km, and rainfall-induced fracturing weakened hydrothermal 
seals and triggered small gas explosions in 1989–91 (Mastin, 
1994). Only a few deep (>3 km) earthquakes were located in 
the months before the 2004 eruption, and there have been no 
deep earthquakes during the 2004–6 eruptive period; the hun-
dreds of thousands of small hybrid earthquakes that accom-
panied spine extrusion have been shallow (Moran and others, 
this volume, chap. 2; Thelen and others, this volume, chap. 
4). These relations indicate that the reservoir-conduit system 
was already pressurized before the eruption. The highest rate 
of seismic energy release took place during the September 
30–October 5, 2004, time period of shallow volcano-tectonic 
earthquakes and explosions that preceded extrusion of the 
initial spine (Moran and others, this volume, chap. 2). Given 
the small amount of pressure required for the hypothesized 
stick-slip cycles of spine extrusion (Iverson and others, 2006; 
Iverson, this volume, chap. 21), this initial period of greater 
energy release in early October 2004 indicates that the trigger 
for the eruption involved a somewhat larger pressure dif-
ferential, which was accompanied by upward migration and 
venting of overpressured hydrothermal fluids.

Pressurization of a magma reservoir may result either 
from addition of mass (replenishment) or by fluid exsolution 
and expansion (driven by cooling and/or decompression). 
Long-term magmatic replenishment and magma mixing is a 
characteristic of the past at Mount St. Helens (Pallister and 
others, 1992; Gardner and others, 1995a; Clynne and oth-
ers, this volume, chap. 28). However, as previously noted, 
the paucity of mafic inclusions, homogeneity of the dacite 
composition, lack of deep seismicity, and the low levels of gas 
emissions argue against ongoing (2004–6) replenishment, as 

does a lack of volcanic deformation during the period from at 
least as early as late 1997 (when continuous GPS monitoring 
was established) to late September 2004 (Lisowski and others, 
this volume, chap. 15).

Deformation data for the current eruption are best fit by 
an ellipsoidal reservoir with a centroid depth of 7 to 8 km 
(Lisowski and others, this volume, chap. 15) and are consis-
tent with both recent seismic tomography models (Waite and 
Moran, 2006) and with the petrologic constraints outlined 
above. However, the volume of erupted dacite falls short 
of the modeled volume decrease at depth, requiring either 
magmatic replenishment or expansion of the reservoir magma 
(Lisowski and others, this volume, chap. 15). Geochemical 
modeling of gas-emission data suggests about 1.2–1.4 volume 
percent separate fluid phase at 220 MPa (about 8.6 km depth), 
which would increase to about 9–10 volume percent at 130 
MPa (5.2 km), near the apex of the magma reservoir (Gerlach 
and others, this volume, chap. 26). Modeling of magma and 
wall-rock physical properties (Mastin and others, this volume, 
chap. 22) to match the geodetically constrained rate of change 
in eruptive volume indicates only limited magma compress-
ibility (low average volatile content of less than 2 volume 
percent) and a large magma reservoir (a few to as much as 
10 km3 at depths of 5 to >10 km), consistent with the recent 
seismic tomography (Waite and Moran, 2006). The modeling 
by Mastin and others of deformation data from the first 1.5 
year (this volume, chap. 22) also favors ongoing magmatic 
replenishment at a rate of about 1–1.3 m3/s. On balance, and 
given the uncertainties in the models, at this time it remains 
uncertain if the reservoir is being recharged, if the fluid phase 
in the reservoir is expanding, or both. Furthermore, if the 
reservoir is being recharged from below and erupted from 
the top, any significant additions of SO2 and CO2 gases have 
not yet made their way through the >10-km vertical extent of 
magma in the reservoir and conduit system to the surface.

A Petrologic Explanation
Magma in the upwelling limbs of convection cells 

exsolves volatiles because of their reduced solubility in the 
silicate melt on ascent to lower pressures. Therefore, without 
addition of new volatile-rich magma at depth, magma in a 
convecting reservoir will be progressively depleted by multiple 
convection cycles as volatiles in upwelling magma are lost to 
overlying stagnant magma and reservoir roof rocks. Any non-
convecting magmatic mush present at the roof of the reservoir 
would either be enriched or depleted in volatiles, depending on 
the ratio of volatile addition from upwelling magma to volatile 
loss through wall and roof rocks. During periods of frequent 
or continuous magmatic replenishment of the deep reservoir 
by hot and gas-rich magmas, enhanced convection would 
tend to enrich an upper mush zone in volatiles. During such 
periods, undercooling of newly introduced magmas at depth 
could also produce highly gas-rich plumes of buoyant mingled 
magma. Energetic plumes would be capable of penetrating 
and mobilizing previously gas-enriched mush in the reservoir 
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roof to trigger large explosive eruptions. Evidence for such a 
process is seen in the eruptive products of Pinatubo volcano 
(Pallister and others, 1996) and is suggested by the presence 
of mingled pumices found in the basal set W tephra from the 
A.D. 1479 explosive eruption of Mount St. Helens, which ini-
tiated the Kalama eruptive period (Pallister and others, 1992). 
In contrast, in the absence of replenishment (or with dimin-
ished volumes of replenishment), continued convection would 
slowly deplete the reservoir in the lower-solubility volatiles, 
and the magmatic fluid phase would shift from relatively SO2- 
and CO2-rich to H2O- and Cl-rich compositions.

This latter condition is what we propose for the cur-
rent eruption of Mount St. Helens. Since 1980, the magma 
reservoir has seen minimal replenishment, such that convec-
tion has produced a batch of well-mixed, crystal-rich magma 
with 65 percent SiO2 near the reservoir roof. A slow increase 
in pressure was brought about beginning in late 1987 by 
convection-driven exsolution of a water-rich volatile phase 
(which outpaced volatile losses through roof rocks). Magmatic 
pressure finally exceeded lithostatic load in late September 
2004, and the eruption ensued. As conduit pressures during the 
2004–6 eruption have not greatly exceeded lithostatic pressure 
and have been modulated by continuous crystallization of a 
shallow seismogenic plug (Iverson and others, 2006; Iverson, 
this volume, chap. 21), the eruption has been sustained at a 
low nonexplosive rate.

Lessons from the Past, Implications for the Future

Of dacites erupted at Mount St. Helens during the past 
500 years, the 17th-18th century summit-dome dacite (63–64 
percent SiO2), which erupted at the end of the Kalama erup-
tive period and formed the pre-1980 summit of the volcano 
(Crandell, 1987; Mullineaux, 1996; Pallister and others, 1992), 
is most akin to the dacite from the current eruption. Pre-
1980 summit-dome samples are characterized by extensive 
groundmass crystallization, resulting in a vesicle- and glass-
poor microcrystalline groundmass. Although geochemically 
distinct from the 2004–6 dacite and texturally finer grained, 
the summit dome dacite has numerous similarities with it. 
Like the 2004–6 eruption, the summit-dome eruptions were 
relatively low in explosivity, producing only one pumiceous 
pyroclastic flow down the Toutle River drainage in early 
summit-dome time (R.P. Hoblitt, oral commun., 2006). The 
dominant deposits from the summit dome originated from 
small lithic pyroclastic flows and hot lahars, which were shed 
off the growing and collapsing lava dome, blanketed the upper 
slopes of the volcano, and fed multiple small lahars that spread 
out onto the flanks of the volcano. The nonpumiceous pink “z” 
ash (Mullineaux, 1996) is the only tephra layer associated with 
summit-dome eruptions. It occurs as a thin (typically less than 
1 cm) ash deposit on all flanks of the volcano and was likely 
derived from small ash clouds produced during dome collapse 
events over an extended period of time. Also, like some of the 

2004–6 dome rocks, lithic fragments in summit-dome deposits 
are characterized by red oxidation fractures and rinds.

The greater extent of summit-dome deposits is a con-
sequence of prolonged emplacement over 100 years or more 
(Clynne and others, 2005; Hoblitt, 1989; Yamaguchi and 
Hoblitt, 1995), large volume, and its location high atop the 
steep-sided cone. We do not know if the summit dome was 
built as a series of spines, for such features are rarely pre-
served in the geologic record. However, the summit dome was 
clearly built at a low mean eruptive rate. It spalled and disin-
tegrated in place, forming the rubbly pre-1980 summit, and it 
shed multiple lithic pyroclastic flows and lahars. It produced 
only relatively small and diffuse ash clouds, similar to those 
produced during the 2004–6 eruption. If the current eruption 
were to follow a similar path, it could produce continuous or 
intermittent dome-forming eruptions for decades. Although 
low eruption rates do not guarantee a long-duration episode, 
a global compilation of historical dome-forming eruptions 
indicates that only low-rate eruptions last for many years or 
decades (Chris Newhall, written commun., 2005).
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Tables 2–9

SH304-2A, spine 3
1,000 points counted

SH304-2G1, spine 3
1,000 points counted

SH305-1A, spine 3
1,300 points counted

SH315-4, spine 4
1,300 points counted

Optical mode, percent TS DRE TS DRE TS DRE TS TS DRE TS DRE
Plagioclase 30 31 31 32 22 22 27 27 30 39 39
Hypersthene 4 4 4 4 3 3 4 4 5 6 6
Hornblende 8 8 2 2 2 2 4 4 4 4 4
Oxides 2 2 2 2 1 1 2 2 2 2 2
Silica phases n.d. n.d. n.d. n.d. n.d. n.d.       0.2 0.2 0.2 n.d. n.d.
Voids 2 -- 2 -- 0.4 -- 9 9 -- 1 --
Matrix 55 55 59 60 72 73 53 53 59 49 49
Sum 100 100 100 100 100 100 100 100 100 100 100
Phenocrysts 44 45 39 40 27 27 37 37 41 51 51

  

Table 2. Modal data for samples from 2004–2006 Mount St. Helens lava dome. Further explanation of methods in “Laboratory Methods” 
section.

[Optical modes, as volume percent, are derived by counting 1,000 or 1,300 points at 100× magnification. Grains and voids smaller than 30 µm in maximum 
dimension are counted as matrix, consequently most silica phases, which occur mainly as late-stage microlites, were not detected (n.d.) by optical point count-
ing. Some grains were large enough to detect and count, but as late-stage phases, they were not included in the total phenocryst counts. TS, thin section; DRE, 
dense-rock-equivalent abundances. DRE calculated by subtracting voids and renormalizing the optical modes and microbeam “ALL” modes. Dashes indicate 
absence of a value (for example, as in no void space in recalculated DRE columns). Hornblende, used informally for a range of amphibole compositions, forms 
large (1–3 mm) phenocrysts; consequently its abundance in individual sections may not be statistically representative. 
 
Microbeam map analysis modes, as volume percent, derived from image analysis of 1-cm2 microprobe-stage raster maps of X-ray intensities for Si, Al, Mg, Fe, 
K and backscattered electron intensity, combined with image analysis of SEM backscattered electron images of 100-µm2 areas. 
 
Columns labeled “All” tabulate complete modal analysis, including microlites (1–30 µm maximum diameter), obtained by microbeam imaging at scales of 1 cm2 
and 100 µm2. 
 
Probe DRE for phenocryst abundance calculated from 1,024 analyses of 1-µm spots distributed over a 1-cm2 grid and binned (after excluding 262 analyses with 
totals >102 percent or <85 percent) according to mineral types and glass using the following compositional and stoichiometric rules:  
Plagioclase if Si+Al = 3.85–4.15 (based on 8 oxygens) and K2O <2 percent; 
Anorthoclase if Si+Al = 3.85–4.15 (based on 8 oxygens) and K2O >2 percent; 
Hypersthene if MgO >17 percent; 
Hornblende if MgO = 8–17 percent and Na2O>1 percent; 
Quartz if SiO2 >78 percent; 
Silica phase (tridymite, cristobalite) if SiO2 =72–78 percent; 
Fe-Ti oxide if FeO+TiO2 >30 percent and SiO2 <10 percent. 
 
Plagioclase category as part of microprobe analysis may include anorthoclase, except where counted separately in the analysis of SH315-4. 
 
Microlite abundance calculated by subtracting total crystals determined by microbeam analysis from phenocryst abundance determined by microbeam (m) or 
optical (o) methods. 
 
Values for glass by K2O balance are weight percent and calculated on a volatile-free basis from the percentage of glass needed to give the K2O determined by 
bulk chemical analysis. To convert to volume percent, multiply by 1.1]
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SH319-1, spine 5 
1,300 points 

counted

SH321-1A, spine 6 
1,300 points 

counted

SH325-1A, spine 7 
1,300 points 

counted

Average microcrystalline 
dacite

Optical mode, percent TS DRE TS DRE TS DRE TS DRE SD
Plagioclase 36.3 36.9 37.1 37.8 33.8 34.4 33.9 34.8 3.7
Hypersthene 5.2 5.3 6.3 6.4 2.5 2.6 4.7 4.8 1.4
Hornblende 5.5 5.6 3.5 3.6 2.6 2.7 4.6 4.7 2.0
Oxides 1.4 1.4 1.1 1.1 1.4 1.4 1.6 1.6 0.4
Silica phases 1.1 1.1 1.0 1.0 1.1 1.1 0.8 0.9 0.4
Voids 1.6 -- 1.8 -- 1.8 -- 2.8 -- --
Matrix 48.8 49.6 49.2 50.1 56.8 57.8 51.9 53.5 4.4
Sum 100.0 100.0 100.0 100.0 100.0 100.0 100.3 100.3 0.1
Phenocrysts 48.5 49.3 49.0 48.9 41.4 41.1 45.6 46.0 4.3

SH304-2A, spine 3
1,000 points counted

SH304-2G1, spine 3
1,000 points counted

SH305-1A, spine 3
1,300 points counted

SH315-4, spine 4
1,300 points counted

Microbeam map 
analysis, percent

SH-305-1A Probe (DRE)

TS DRE ALL DRE TS All  DRE TS All DRE DRE

Plagioclase 32 35 47 64 22 22 22 32 33 52 48
Anorthoclase n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 15
Hypersthene 3 4 4 5 2 4 4 5 5 8 5
Hornblende 5 6 6 8 2 2 2 3 3 6 3
Oxides 1 1 1 1 0.3 0.4 0.4 1 1 2 1
Silica phases n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1 2 16
Voids 8 -- 25 -- 1 1 -- 36 37 -- --
Glass n.d. n.d. 17 22 73 71 72 18 19 30 13
Matrix 50 55                                     4                    
Sum 100 100 100 100 100 100 100 100 100 100 100
Phenocrysts 42 45 -- 45 26 -- -- 41 -- -- --
Total crystals -- -- 58 78 -- 28 28 -- 43 69 87
Microlites (m) -- -- -- 33 -- -- 2 -- -- 29 --
Microlites (o) -- -- -- 38 -- -- 1 -- -- 28 37

Glass
K2O

Bulk
K2O

Percent
glass

Glass
K2O

Bulk
  K2O

Percent
glass

K2O weight percent 3.38 1.83
54

5.09 1.41
28Glass by K2O balance  

Table 2. Modal data for samples from 2004–2006 Mount St. Helens lava dome. Further explanation of methods in “Laboratory 
Methods” section.—Continued
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Sample No. SiO2 Al2O3 FeO MgO CaO Na2O K2O TiO2 P2O5 MnO BaO Total An Ab Or Total

Anorthoclase and orthoclase microlites (less than 30 μm)
SH322-1-d-7 68.3 18.3 0.47 0.00 0.40 5.73 6.70 0.06 0.02 0.01 0.13 100.1 2 55 43 4.91

SH322-1-d-5 65.3 21.5 0.37 0.02 2.95 7.54 2.50 0.04 0.03 0.00 0.04 100.2 15 70 15 4.95

Plagioclase microlites (less than 30 μm)

SH322-1-d-4 60.9 24.0 0.36 0.00 5.05 7.58 1.48 0.03 0.01 0.00 0.07 99.5 25 67 9 5.00

SH321-1C-7d-3 (i) 62.3 23.0 0.52 0.00 3.77 8.00 1.42 0.05 0.01 0.00 0.10 99.2 19 73 8 4.99

SH321-1C-7b-2 (h) 60.8 24.5 0.48 0.00 5.43 7.53 1.11 0.04 0.00 0.01 0.04 99.9 27 67 6 4.99

SH321-1C-7c-7 (h) 59.9 25.0 0.47 0.00 6.14 7.42 0.93 0.01 0.00 0.00 0.03 99.8 30 65 5 5.01

SH321-1C-7d-2 (i) 60.3 24.3 0.51 0.02 5.32 7.62 0.82 0.01 0.01 0.01 0.07 99.0 26 69 5 5.00

SH321-1C-7d-1 (i) 57.0 26.6 0.58 0.00 8.14 6.66 0.45 0.03 0.00 0.01 0.02 99.5 39 58 3 5.02

Plagioclase microphenocryst (100 μm)
SH322-1-b-17 58.6 26.2 0.43 0.01 7.46 6.94 0.58 0.00 0.01 0.01 0.03 100.3 36 61 3 5.01

SH322-1-b-18 59.5 25.8 0.35 0.01 6.76 7.45 0.40 0.02 0.02 0.00 0.05 100.3 33 65 2 5.01

SH322-1-b-19 58.5 26.0 0.31 0.00 7.36 7.23 0.23 0.03 0.00 0.00 0.06 99.7 36 63 1 5.01

SH322-1-b-20 59.8 25.5 0.49 0.00 6.83 7.35 0.67 0.01 0.00 0.01 0.07 100.7 33 64 4 5.01

Quartz microlites
SH321-1C-7c-6 (h) 100.0 0.14 0.29 0.01 0.01 0.00 0.03 0.04 0.00 0.01 0.02 100.6 4.01

SH321-1C-7b-4 (h) 98.3 0.38 0.16 0.01 0.02 0.07 0.05 0.07 0.01 0.00 0.05 99.2 4.01

SH321-1C-7d-4 (i) 99.6 0.12 0.17 0.01 0.01 0.02 0.00 0.04 0.00 0.00 0.01 99.9 4.01

SH321-1C-7d-5 (i) 99.5 0.07 0.16 0.00 0.03 0.00 0.01 0.06 0.00 0.00 0.02 99.9 4.00

SH322-1-d-3 98.7 0.63 0.11 0.02 0.05 0.13 0.05 0.10 0.00 0.02 0.03 99.8 4.02

Tridymite microlites
SH322-1-b-9 99.1 1.06 0.07 0.00 0.01 0.40 0.02 0.12 0.00 0.00 0.02 100.8 4.04

SH322-1-b-10 99.3 0.94 0.07 0.00 0.02 0.34 0.02 0.06 0.01 0.01 0.01 100.7 4.03

SH322-1-b-11 98.7 1.02 0.11 0.00 0.03 0.39 0.02 0.10 0.01 0.00 0.00 100.3 4.04

SH322-1-d-2 97.0 1.52 0.09 0.00 0.03 0.41 0.11 0.11 0.00 0.02 0.07 99.4 4.05

Cristobalite microlites
SH312-1 93.9 4.27 0.35 0.00 0.15 0.71 0.68 0.15 0.00 0.01 0.04 100.3 4.13
SH321-1C-7b-5 (h) 93.3 3.57 0.25 0.03 0.36 1.27 0.39 0.08 0.01 0.02 0.00 99.3 4.15

Table 3. Electron-microprobe analyses of matrix minerals in 2004–2006 dacite.

[Oxides in weight percent. Anorthite (An), albite (Ab), and orthoclase (Or) components expressed as molecular percent. Cation totals based on recalculation of atomic 
proportions using eight oxygen anions. Detection limits are about 0.01 percent; values less than this amount are reported as 0.00 percent.]
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Sample and Spot No. Size Phase SiO2 Al2O3 FeO MgO CaO Na2O K2O TiO2 P2O5 MnO BaO Cl SO3 Total H2O     Cl S D.L. SD, S

Glass inclusions in microcrystalline dacite

SH305-1kc g-6 (core) 1 ip 77.7 11.2 1.02 0.22 0.34 2.82 5.33 0.33 0.05 0.01 0.08 0.081 n.d. 99.23 0.8 810 n.d. 70 --
SH305-1kc g-7 (core) 1 ip 77.3 10.7 1.52 0.26 0.38 2.66 5.32 0.54 0.05 0.00 0.07 0.120 n.d. 98.94 1.1 1,200 n.d. 73 --
SH305-1kc g-8 (core) 1 ip 76.8 11.2 1.28 0.18 0.31 2.56 5.36 0.55 0.09 0.02 0.07 0.084 n.d. 98.45 1.6 840 n.d. 76 --
SH305-1kc g-9 (core) 1 ip 77.2 11.1 1.19 0.18 0.37 2.59 5.40 0.49 0.07 0.01 0.08 0.064 n.d. 98.74 1.3 640 n.d. 70 --
SH305-1kc g-10 (core) 1 ip 77.9 11.1 1.25 0.18 0.33 2.60 5.24 0.46 0.05 0.03 0.09 0.057 n.d. 99.28 0.7 570 n.d. 74 --
SH305-1kc g-12 (core) 1 ip 77.4 10.8 0.96 0.04 0.23 2.68 5.16 0.35 0.07 0.00 0.05 0.060 n.d. 97.77 2.2 600 n.d. 73 --
SH305-1kc g-5 1 ip 77.3 11.0 1.14 0.26 0.37 2.61 5.37 0.27 0.04 0.01 0.07 0.086 0.013 98.49 1.5 860 52 66 75
SH305-1kc g-21 1 ip 78.0 11.6 1.21 0.11 0.38 2.49 5.01 0.45 0.10 0.01 0.04 0.040 0.007 99.43 0.6 400 26 70 150
SH305-1kc g-22 1 ih 76.6 12.4 1.35 0.03 0.27 3.01 5.72 0.34 0.08 0.01 0.05 0.110 n.d. 99.97 0.0 1,100 n.d. 75 --
SH305-1kc g-27 1 ih 71.5 16.8 1.61 1.42 0.99 4.09 2.37 0.17 0.09 0.05 0.06 0.052 0.062 99.27 0.7 520 250 71 18
SH305-1kc g-23 1 ih 76.8 12.1 1.12 0.01 0.24 3.02 5.63 0.31 0.05 0.02 0.06 0.096 n.d. 99.45 0.5 960 n.d. 75 --
SH305-1kc g-25 1 ia 74.3 13.3 0.98 0.08 0.38 3.14 5.50 0.64 0.07 0.00 0.07 0.145 0.007 98.61 1.4 1,450 26 70 154
Average 76.6 11.9 1.22 0.25 0.38 2.85 5.12 0.41 0.07 0.02 0.07 0.08 0.022 98.97 1.0 829 -- 72 --
Standard deviation   1.9 1.7 0.20 0.38 0.20 0.44 0.88 0.14 0.02 0.01 0.01 0.03 0.027 0.59 0.6 309 -- -- --

SH304-2A9b hb1 1 ia 75.0 13.7 0.84 0.01 0.88 2.45 5.23 0.20 0.02 0.01 0.10 0.105 0.012 98.54 1.5 1,050 48 86 110
SH304-2A9b hb1 20 ia 75.3 13.6 0.86 0.01 0.85 2.03 4.98 0.23 0.06 0.04 0.11 0.112 0.007 98.16 1.8 1,120 27 86 216
SH304-2A9b hb1 20 ia 75.2 13.5 0.87 0.01 0.88 2.32 5.09 0.19 0.01 0.00 0.10 0.103 n.d. 98.37 1.6 1,030 n.d. 85 --
SH304-2A9b hb6 5 ia 74.1 12.9 0.81 0.01 0.63 3.44 5.55 0.22 0.03 0.03 0.10 0.125 n.d. 97.93 2.1 1,250 n.d. 85 --
SH304-2A9b lghb gl1 1 ia 74.0 14.2 0.91 0.12 0.80 3.69 5.02 0.17 0.05 0.02 0.10 0.139 0.022 99.25 0.7 1,390 86 84 63
SH304-2A9b lghb gl2 1 ia 74.0 14.1 0.93 0.11 0.77 3.96 5.17 0.21 0.07 0.03 0.08 0.139 n.d. 99.58 0.4 1,390 n.d. 85 --
SH304-2A9b lghb gl3 1 ia 72.1 15.7 1.00 0.24 1.40 4.38 4.20 0.17 0.16 0.02 0.06 0.100 0.012 99.54 0.5 1,000 48 85 106
SH304-2A9b lghb gl4 1 ia 73.4 15.6 0.84 0.19 1.35 4.21 3.42 0.19 0.08 0.04 0.08 0.113 0.030 99.55 0.4 1,130 118 84 45
SH304-2A9b lghb gl5 1 ia 73.9 15.7 0.83 0.20 1.25 4.12 3.36 0.12 0.10 0.05 0.12 0.112 0.032 99.93 0.1 1,120 129 83 41
SH304-2A9b lghb gl6-1 1 ia 73.7 15.7 0.82 0.18 1.33 4.24 3.38 0.16 0.12 0.05 0.08 0.107 0.020 99.92 0.1 1,070 81 85 69
Average 74.1 14.5 0.87 0.11 1.01 3.48 4.54 0.19 0.07 0.03 0.09 0.12 0.019 99.08 0.9 1,155 -- -- --
Standard deviation   1.0 1.1 0.06 0.09 0.29 0.89 0.87 0.03 0.05 0.02 0.02 0.01 0.010 0.75 0.8 142 -- -- --

Matrix glass in microcrystalline dacite

SH305-1kc g-1 1 m 77.7 13.3 0.63 0.02 0.69 2.20 4.47 0.27 0.06 0.02 0.06 0.026 n.d. 99.38 0.6 260 n.d. 75 --
SH305-1kc g-30 1 m 75.8 12.1 0.70 0.02 0.41 3.36 5.37 0.34 0.07 0.01 0.03 0.030 0.013 98.24 1.8 300 52 76 91
SH305-1kc g-33 1 m 76.8 11.8 0.68 0.02 0.19 2.21 5.24 0.33 0.08 0.00 0.04 0.036 0.021 97.41 2.6 360 83 74 56
SH305-1ag-1 1 m 76.3 14.2 0.64 0.03 0.92 4.00 4.74 0.27 0.07 0.01 0.04 0.024 n.d. 101.28 0.0 240 n.d. 75 --
SH305-1ag-35 1 m 77.4 11.9 0.83 0.03 0.23 2.97 5.63 0.31 0.05 0.01 0.03 0.023 n.d. 99.42 0.6 230 n.d. 75 --
Average 76.8 12.7 0.69 0.02 0.49 2.95 5.09 0.30 0.07 0.01 0.04 0.03 0.017 99.15 1.1 278 -- -- --
Standard deviation   0.8 1.0 0.08 0.01 0.31 0.77 0.48 0.03 0.01 0.01 0.01 0.01 0.006 1.46 1.0 53 -- -- --

Table 4. Electron-microprobe analyses of matrix glass and glass inclusions in 2004–2006 Mount St. Helens dacite and two quenched inclusions from the dacite.

[Oxide abundances in weight percent; Cl and S recalculated as ppm. Sample numbers follow standard format (for example, SH305-1) but have additional coding for specific thin section, spot number; may 
show additional feature, “core,” to refer to melt inclusions in reacted core of plagioclase. Size indicates beam diameter, in microns. Phases coded as m, matrix; i, inclusion; p, plagioclase; h, hypersthene; a, 
amphibole; o, oxide. For inclusions, codes combined to show host mineral. Count rates were monitored for Na, K, and Si during each analysis, and these elements were corrected for migration as described in 
“Laboratory Methods” section. H2O calculated by difference. Detection limit, D.L., for S ranges between 70 and 86 ppm and corresponds to the value at which one standard deviation is equivalent to 66 per-
cent of the reported value. Lower values reported for S whenever a peak is detected above background, along with larger standard deviation. None detected, n.d., indicates no peak detected above background 
levels. Column headed “SD, S” shows standard deviation for S, in percent, based on counting statistics for individual analyses; dashes in this column are for analyses in which no S peak was detected. Dashes 
in other columns indicate insufficient data to calculate meaningful averages or standard deviations.]
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Sample and Spot No. Size Phase SiO2 Al2O3 FeO MgO CaO Na2O K2O TiO2 P2O5 MnO BaO Cl SO3 Total H2O Cl S D.L. SD, S
Matrix glass in glassy flow-banded dacite
SH304-2G1g1-m1 5 m 73.5 13.9 0.91 0.04 1.31 3.96 3.30 0.22 0.07 0.01 0.09 0.089 n.d. 97.40 2.6 890 n.d. 85 --
SH304-2G1g1-m2 5 m 73.1 13.9 1.17 0.17 1.40 4.26 3.38 0.16 0.06 0.01 0.04 0.079 n.d. 97.67 2.3 790 n.d. 85 --
SH304-2G1g1-m3 5 m 73.5 13.9 1.22 0.11 1.37 4.22 3.39 0.21 0.04 0.03 0.07 0.089 n.d. 98.08 1.9 890 n.d. 85 --
SH304-2G1g1-m4 20 m 73.5 13.8 0.98 0.10 1.06 4.19 3.50 0.19 0.02 0.02 0.07 0.089 n.d. 97.59 2.4 890 n.d. 85 --
SH304-2G1g1-m5 1 m 73.6 14.0 0.87 0.04 1.30 4.15 3.46 0.21 0.04 0.00 0.07 0.084 0.008 97.87 2.1 840 34 84 139
SH304-2G1g1-m6 1 m 73.3 13.9 1.02 0.10 1.28 4.05 3.45 0.17 0.05 0.04 0.09 0.089 n.d. 97.49 2.5 890 n.d. 85 --
SH304-2G1g1-m7 1 m 73.3 13.9 1.09 0.12 1.19 3.92 3.51 0.18 0.07 0.03 0.08 0.087 0.008 97.41 2.6 870 34 84 142
SH304-2G1g1-m8 1 m 73.2 14.0 0.96 0.08 1.18 4.09 3.55 0.21 0.07 0.03 0.09 0.088 n.d. 97.55 2.5 880 n.d. 85 --
SH304-2G1g1-m9 1 m 73.7 13.8 0.89 0.04 1.18 4.17 3.59 0.18 0.05 0.02 0.09 0.088 n.d. 97.81 2.2 880 n.d. 85 --
SH304-2G1g1-m10 1 m 73.3 14.0 0.79 0.04 1.19 4.23 3.62 0.22 0.03 0.01 0.06 0.084 n.d. 97.52 2.5 840 n.d. 85 --
SH304-2G1g1-m11 1 m 73.6 14.0 0.94 0.06 1.44 4.20 3.16 0.20 0.09 0.04 0.07 0.081 n.d. 97.89 2.1 810 n.d. 85 --
SH304-2G5g1 40 m 74.3 12.5 1.18 0.10 1.15 4.76 2.61 0.24 0.02 0.00 0.07 0.075 n.d. 96.98 3.0 750 n.d. 85 --
Average 73.5 13.8 1.00 0.08 1.25 4.18 3.38 0.20 0.05 0.02 0.07 0.09 0.008 97.61 2.4 852 -- -- --
Standard deviation 0.3 0.4 0.14 0.04 0.11 0.21 0.27 0.02 0.02 0.01 0.01 0.00 0.000 0.29 0.3 47 -- -- --

Glass inclusions in glassy flow-banded dacite
SH304-2G1g1-g1 1 io 73.9 14.0 1.33 0.10 1.43 4.34 3.11 0.48 0.07 0.00 0.09 0.099 n.d. 98.95 1.1 990 n.d. 85 --
SH304-2G1g3-1 1 ih 73.6 14.0 0.94 0.02 1.48 4.08 3.17 0.21 0.01 0.01 0.08 0.086 n.d. 97.74 2.3 860 n.d. 85 --
SH304-2Gg4-1 1 ih 76.4 12.2 0.85 0.07 1.00 3.88 3.29 0.03 0.06 0.05 0.08 0.082 0.005 97.96 2.0 820 19 86 232
SH304-2Gg6-1 1 ip 72.9 14.5 0.54 0.01 2.47 5.59 2.26 0.13 0.06 0.03 0.06 0.081 0.010 98.59 1.4 810 38 85 132
Average 74.2 13.7 0.92 0.05 1.60 4.47 2.96 0.21 0.05 0.02 0.08 0.09 0.007 98.31 1.7 870 -- -- --
Standard deviation 1.5 1.0 0.33 0.04 0.62 0.77 0.47 0.19 0.02 0.02 0.01 0.01 0.003 0.56 0.6 83 -- -- --

Glass inclusion in dacite fragment in gouge
11-4 gou gr7 1 ih 63.7 17.8 2.78 0.23 3.32 4.90 2.41 1.24 0.41 0.03 0.06 0.281 0.031 97.17 2.8 2,810 125 75 37

Matrix glass in fragments from tephra erupted January 16, 2005
WS_1_19 g1 20 m 70.6 14.7 2.10 0.52 2.21 4.89 2.17 0.38 0.11 0.07 0.08 0.076 n.d. 97.96 2.0 760 n.d. 75 --
WS_1_19 g2 20 m 70.7 14.7 2.11 0.54 2.25 4.90 2.19 0.37 0.07 0.05 0.07 0.080 n.d. 98.07 1.9 800 n.d. 75 --
WS_1_19 2-22 20 m 71.0 14.5 2.13 0.46 2.07 3.88 2.16 0.32 0.07 0.04 0.07 0.088 n.d. 96.73 3.3 880 n.d. 75 --
WS_1_19 2-23 20 m 71.5 14.8 1.99 0.48 2.24 4.97 2.09 0.33 0.08 0.04 0.04 0.075 n.d. 98.58 1.4 750 n.d. 75 --
WS_1_19 5-25 20 m 73.5 12.7 1.80 0.28 1.30 4.41 2.56 0.36 0.09 0.03 0.07 0.083 n.d. 97.26 2.7 830 n.d. 75 --
WS_1_19 5-26 20 m 73.1 12.8 1.84 0.26 1.30 4.43 2.46 0.41 0.08 0.03 0.06 0.087 n.d. 96.84 3.2 870 n.d. 75 --
Average 71.7 14.0 2.0 0.4 1.9 4.6 2.3 0.4 0.1 0.0 0.1 0.1 n.d. 97.6 2.4 815 -- -- --
Standard deviation 1.3 1.0 0.1 0.1 0.5 0.4 0.2 0.0 0.0 0.0 0.0 0.0 n.d. 0.7 0.7 55 -- -- --

Glass inclusions in fragments from tephra erupted January 16, 2005
WS_1_19 gi-43 1 io 73.8 14.9 1.01 0.02 0.30 4.71 4.00 0.61 0.05 0.03 0.07 0.389 0.012 99.87 0.1 3,890 47 72 97
WS_1_19 gi-44 1 io 74.3 15.1 0.94 0.02 0.58 5.84 3.14 0.55 0.12 0.01 0.07 0.369 n.d. 101.05 0.0 3,690 n.d. 75 --
 

Table 4. Electron-microprobe analyses of matrix glass and glass inclusions in 2004–2006 Mount St. Helens dacite and two quenched inclusions from the dacite.—Continued

[Oxide abundances in weight percent; Cl and S recalculated as ppm. Sample numbers follow standard format (for example, SH305-1) but have additional coding for specific thin section, spot number; may 
show additional feature, “core,” to refer to melt inclusions in reacted core of plagioclase. Size indicates beam diameter, in microns. Phases coded as m, matrix; i, inclusion; p, plagioclase; h, hypersthene; a, 
amphibole; o, oxide. For inclusions, codes combined to show host mineral. Count rates were monitored for Na, K, and Si during each analysis, and these elements were corrected for migration as described in 
“Laboratory Methods” section. H2O calculated by difference. Detection limit, D.L., for S ranges between 70 and 86 ppm and corresponds to the value at which one standard deviation is equivalent to 66 per-
cent of the reported value. Lower values reported for S whenever a peak is detected above background, along with larger standard deviation. None detected, n.d., indicates no peak detected above background 
levels. Column headed “SD, S” shows standard deviation for S, in percent, based on counting statistics for individual analyses; dashes in this column are for analyses in which no S peak was detected. Dashes 
in other columns indicate insufficient data to calculate meaningful averages or standard deviations.]
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Sample No. SiO2 Al2O3 FeTO3 MgO CaO Na2O K2O TiO2 MnO Total

SH315-4 host 1

758 point average 62.11 17.54 2.82 1.36 4.83 4.30 1.25 0.34 0.04 94.57

Normalized to 100% 65.67 18.54 2.98 1.44 5.10 4.55 1.32 0.36 0.05 100.00

SH315-4 host by XRF 65.16 17.24 4.38 1.87 4.75 4.49 1.41 0.61 0.07 100.00

Correction factors2 0.99 0.93 1.47 1.30 0.93 0.99 1.07 1.72 1.53 1.00

SH315-4 inclusion 3

724 point average 58.95 16.47 5.95 4.06 6.40 3.54 1.19 0.87 0.06 97.50

Normalized to 100% 60.47 16.89 6.10 4.17 6.56 3.63 1.22 0.89 0.06 100.00

Corrected analysis 60.00 15.71 8.98 5.43 6.11 3.59 1.31 1.54 0.10 100.00

SH321-1C inclusion 4

523 point average 64.31 16.99 4.30 1.85 5.09 4.07 1.23 0.52 0.05 98.42

Normalized to 100% 65.34 17.27 4.37 1.88 5.17 4.14 1.25 0.53 0.05 100.00
Corrected analysis 64.84 16.06 6.43 2.45 4.81 4.09 1.34 0.92 0.07 100.00

1 Rejected were 263 analyses from 1,021 total points analyzed.

2 Correction factors are abundance ratios of microprobe to XRF data, used to correct microprobe analyses.

3 Rejected were 236 analyses from 960 total points analyzed.

4 Rejected were 213 analyses from 736 total points analyzed.

Table 5. Major-element compositions of host dacite and small quenched inclusions from 2004–2006 Mount St. 
Helens dome lava.

[Oxides reported as weight percent. Compositions determined by automated electron-microprobe, sampling from 736 to 1,021 points 
distributed across gridded areas of polished sections and compared with bulk rock X-ray fluorescence (XRF) analyses of the dacite. 
Rejected were analyses with totals greater than 102 percent or less than 85 percent (resulting from, for example, beam overlap with void 
space in the microprobe mount). Comparison of normalized average composition of host by microprobe to that by XRF shows excellent 
agreement (within 1 percent) for SiO2 and Na2O, good agreement (within 7 percent of reported value) for Al2O3, CaO, and K2O, and 
moderate (microprobe average is 30 percent low relative to XRF analysis MgO) to poor agreement (microprobe average is 47–72 percent 
low for TiO2, FeO, and MnO). Poor agreement attributed to undersampling of small oxide grains in the microprobe analyses, many of 
which were likely rejected due to low totals. See “Laboratory Methods” section for additional information on methodology.]
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Sample No.
Abs
4500 
cm-1

Abs
5200 
cm-1

Abs
3570 
cm-1

Abs
1630 
cm-1

Thickness
cm

Density
g/L

H2Ot
3570 
cm-1

H2Om
1630 
cm-1

H2Om
5200 
cm-1

OH=

4500 
cm-1

H2Ot3

4500 + 
5200 cm-1

H2Ot
4500 + 

1630 cm-1

SH304-2G1-s1 0.0045 0.0069 0.520 0.248 0.00372 2317 1.598 0.942 0.896 0.544 1.439 1.486
SH304-2G1-s2 0.0057 0.0070 0.672 0.307 0.00372 2317 2.066 1.167 0.909 0.689 1.597 1.855
SH304-2G1-s3 0.0041 0.0075 0.469 0.230 0.00372 2317 1.442 0.874 0.974 0.495 1.469 1.369
SH304-2G1-s4 0.0062 0.0070 0.649 0.285 0.00372 2317 1.995 1.083 0.909 0.749 1.658 1.832
SH304-2G1-s5 0.0056 0.0066 0.639 0.289 0.00372 2317 1.964 1.098 0.857 0.677 1.533 1.775
SH304-2G1-s6 0.0070 0.0090 0.837 0.369 0.0053 2317 1.806 0.984 0.820 0.594 1.414 1.578
SH304-2G1-s7 0.0080 0.0100 0.879 0.406 0.0053 2317 1.896 1.083 0.911 0.678 1.590 1.761
SH304-2G1-s8 0.0077 0.0098 0.859 0.382 0.0053 2317 1.853 1.019 0.893 0.653 1.546 1.672
SH304-2G1-s9 0.0088 0.0100 1.020 0.436 0.0062 2317 1.881 0.994 0.779 0.638 1.417 1.632
SH304-2G1-s10 0.0090 0.0110 1.028 0.462 0.0062 2317 1.896 1.053 0.857 0.652 1.509 1.706
SH304-2G1-s11 0.0049 0.0079 0.662 0.292 0.00372 2317 2.035 1.110 1.026 0.592 1.618 1.702
SH304-2G1-s12 0.007 0.0066 0.778 0.347 0.005 2317 1.779 0.981 0.637 0.629 1.267 1.610
SH304-2G1-s13 0.005 0.0070 0.645 0.315 0.00372 2317 1.983 1.197 0.909 0.604 1.513 1.801
SH304-2G1-s14 0.0064 0.0067 0.544 0.256 0.00372 2317 1.672 0.973 0.870 0.773 1.643 1.746
SH304-2G1-s15 0.008 0.0110 0.876 0.396 0.0053 2317 1.890 1.056 1.002 0.678 1.681 1.735
SH304-2G1-s16 0.01 0.0130 1.148 0.516 0.0062 2317 2.117 1.177 1.013 0.725 1.737 1.901

Average 1.867 1.049 0.891 0.648 1.539 1.698
Standard deviation 0.178 0.090 0.096 0.072 0.121 0.139

SH304-2G2-s1 0.0097 0.0137 1.069 0.484 0.0052 2323 2.345 1.312 1.269 0.836 2.105 2.149
SH304-2G2-s2 0.0084 0.0127 1.053 0.488 0.0052 2323 2.309 1.323 1.176 0.724 1.901 2.047
SH304-2G2-s3 0.0145 0.0172 1.558 0.651 0.0078 2323 2.278 1.177 1.062 0.833 1.896 2.010
SH304-2G2-s4 0.0095 0.0155 1.149 0.514 0.0052 2323 2.520 1.394 1.436 0.819 2.255 2.213
SH304-2G2-s5 0.017 0.0160 1.685 0.767 0.0078 2323 2.464 1.387 0.988 0.977 1.965 2.364
SH304-2G2-s6 0.0129 0.0172 1.601 0.723 0.0078 2323 2.341 1.307 1.062 0.741 1.804 2.048
SH304-2G2-s7 0.0092 0.0110 0.988 0.445 0.0052 2323 2.167 1.207 1.019 0.793 1.812 2.000
SH304-2G2-s8 0.0142 0.0163 1.619 0.733 0.0078 2323 2.367 1.325 1.007 0.816 1.823 2.141
SH304-2G2-s9 0.0106 0.0165 1.357 0.612 0.0078 2323 1.984 1.106 1.019 0.609 1.628 1.716
SH304-2G2-s10 0.013 0.0162 1.549 0.716 0.0078 2323 2.265 1.294 1.000 0.747 1.748 2.041

Average 2.304 1.283 1.104 0.790 1.894 2.073
Standard deviation       0.150 0.092 0.147 0.095 0.180 0.168

Table 6. Fourier-transform infrared (FTIR) spectrographic analyses of matrix glass in samples SH304-2G1 and SH304-2G2.

[Abs, absorbance at the indicated wavenumber (for example, 4,500 cm−1). Absorbance at wavenumber 2,350 cm−1 was below detection level of 20 ppm as CO2. 
Water and hydroxyl groups all reported in weight percent; H2Ot, total dissolved water; H2Om, molecular water; OH-, dissolved water as hydroxyl groups. For 
data reduction purposes, standard values from Newman and others (1986) used for molar absorptivity, ε, for water in rhyolitic glass. They are ε3750 cm−1=68; 
ε1630 cm−1=55; ε5200 cm−1=1.61; ε4500 cm−1=1.73.]
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2004–6 dacite Glassy fragments Roof of spine 1 Roof of spine 3 1986
 
Spine No. 3–7 3 1 1 1 3

Sample -- SH304-
2G1

SH300-
1A3A

SH300-
1C2

SH300 (dense) SH301 SH226

XRF AVG (23)       SD (23)   AVG(3) SD(3) AVG(3) SD(3)

SiO2 64.93 0.09 66.85 64.64 64.65 63.43 0.35 63.38 0.29 63.78
Al2O3 17.21 0.08 16.77 17.12 17.23 17.45 0.12 17.49 0.02 17.35
FeTO3 4.40 0.05 3.87 4.65 4.43 4.93 0.03 4.97 0.13 4.89
MgO 1.85 0.05 1.24 2.01 1.85 2.17 0.05 2.16 0.08 2.02
CaO 4.73 0.03 3.99 4.86 4.77 5.30 0.09 5.26 0.08 5.04
Na2O 4.61 0.08 4.64 4.50 4.73 4.56 0.05 4.55 0.04 4.60
K2O 1.42 0.02 1.83 1.34 1.44 1.24 0.01 1.27 0.02 1.37
TiO2 0.62 0.01 0.52 0.63 0.62 0.66 0.01 0.67 0.01 0.67
P2O5 0.15 0.02 0.21 0.17 0.21 0.19 0.00 0.17 0.01 0.18
MnO 0.07 0.00 0.07 0.07 0.07 0.08 0.00 0.08 0.00 0.08
Total 100.00 0.00 100.00 100.00 100.00 100.00 0.00 100.00 0.00 100.00
LOI 0.09 0.10 2.21 0.41 0.35 0.06 0.03 0.25 0.15 1.16

      

ICP-MS
AVG (23) SD (23)

 
Ba 340 18 335 335 373 290 2 312 3 333
Be 1.35 0.11 1.50 1.30 1.70 1.20 0.00 1.30 0.10 1.42
Cd 0.10 0.09 0.07 0.07 0.09 0.04 0.00 0.08 0.06 0.07
Ce 24.61 1.05 25.70 25.40 28.10 21.75 0.49 23.80 0.10 26.00
Co 11.50 0.73 13.40 12.60 7.70 12.90 0.42 13.57 0.45 13.10
Cr 8.91 1.14 24.10 11.40 13.80 12.40 1.56 12.00 2.15 14.00
Cs 1.56 0.10 1.50 1.50 2.10 0.66 0.18 1.37 0.15 1.49
Cu 33.30 3.16 30.80 41.00 25.80 38.20 5.94 37.60 2.19 23.80
Ga 19.50 0.81 20.00 19.40 20.00 17.70 0.14 19.00 0.00 19.90
La 12.69 0.43 13.00 12.50 14.30 11.20 0.14 11.83 0.06 13.00
Li 24.66 1.98 28.30 25.00 11.90 11.45 2.05 18.43 4.15 22.70
Mn 544 23 591 581 529 561 14 590 12 618
Mo 0.75 0.09 1.10 0.69 1.50 0.82 0.04 0.78 0.09 0.95
Nb 5.38 1.26 6.40 7.00 7.60 7.75 2.76 4.50 0.20 7.02
Ni 8.28 0.97 16.90 8.10 7.00 10.20 0.85 12.73 1.94 11.40
P 616 41 720 659 690 563 15 613 6 684
Pb 7.63 0.62 7.80 7.28 8.50 5.24 0.08 6.97 1.34 7.04
Rb 33.65 1.14 32.60 31.40 41.10 23.45 3.46 29.07 0.76 32.40
Sb 0.17 0.12 0.20 0.20 0.26 0.10 0.00 0.20 0.00 <0.02
Sc 9.38 0.64 9.90 10.80 6.00 10.25 0.35 10.50 0.50 10.50
Sr 471 11 462 462 447 457 10 473 9 489
Th 2.75 0.24 2.90 2.55 3.00 2.21 0.01 2.40 0.00 2.56
Tl 0.33 0.34 0.20 0.28 0.40 0.13 0.00 0.11 0.08 0.29
U 1.05 0.11 1.20 1.10 1.20 1.06 0.01 0.97 0.01 1.07
V 75.17 6.12 90.20 83.30 42.00 87.30 3.39 86.43 2.51 86.90
Y 11.79 0.73 12.90 11.70 13.20 12.40 0.00 13.37 0.25 13.30
Zn 60.35 3.40 68.70 66.40 64.00 66.70 6.93 70.10 1.61 65.20

ED-XRF        
Zr 119 19  136    119 1 149

Table 7. Major elements and Zr by X-ray fluorescence (XRF) and selected trace-element analyses by inductively coupled plasma 
mass spectrometry (ICP-MS) for bulk samples from 2004–2006 Mount St. Helens lava dome and sample of lava erupted in October 1986.

[Oxide abundances in wt. percent, elemental abundances in parts per million. Numbers in parentheses represent number of analyses in average (AVG) and 
standard deviation (SD). Complete analyses of all samples are given in Thornber and others (2008b), and additional geochemical data for bulk analyses of 
samples from past 500 years of eruptive activity at Mount St. Helens are summarized in Pallister and others (1992).]
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2004–6 dacite
Average

2004–6 dacite
glassy fragment

Roof of spine 1 1986 dacite

Spine No. ----- 3–7 1 1

Sample ------- SH300-1A3A SH300 (dense) SH226

INAA (ppm) AVG (5) SD (5) SD AVG (3) SD (3) SD

Rb 35.38 1.22 33.80 1.39 27.60 1.73 33.20 0.80
Sr 463 42 472 19.82 475 18.23 485 14.07
Cs 1.65 0.05 1.51 0.04 0.70 0.13 1.53 0.04
Ba 350 6 357 7.85 284 1.15 329 4.94
Th 2.61 0.07 2.51 0.04 2.17 0.01 2.53 0.03
U 1.23 0.02 1.26 0.05 1.11 0.05 1.20 0.04
La 11.92 0.16 11.60 0.10 10.80 0.00 12.10 0.08
Ce 24.36 0.94 22.90 0.23 23.13 0.15 25.30 0.23
Nd 12.84 0.47 12.80 0.45 12.20 0.20 13.30 0.39
Sm 2.80 0.09 2.78 0.02 2.67 0.02 2.92 0.02
Eu 0.85 0.01 0.89 0.02 0.87 0.02 0.90 0.02
Gd 1.01 1.38 2.56 0.29 2.50 0.06
Tb 0.35 0.02 0.34 0.01 0.37 0.01 0.39 0.01
Ho 0.41 0.02 0.43 0.08 0.46 0.01 0.47 0.06
Tm 0.06 0.09 0.16 0.02 0.18 0.00
Yb 0.99 0.04 0.98 0.03 1.06 0.03 1.12 0.02
Lu 0.15 0.01 0.15 0.004 0.15 0.00 0.16 0.003
Zr 119 15 107 10 115 2.52 143 16.16
Hf 3.10 0.10 2.95 0.04 2.99 0.08 3.28 0.04
Ta 0.35 0.01 0.37 0.01 0.36 0.01 0.40 0.01
W 0.47 0.38 0.77 0.77 0.79 0.16 0.79 0.13
Sc 8.89 0.15 9.61 0.07 10.07 0.31 9.81 0.07
Cr 8.40 0.61 12.20 0.35 12.10 0.98 10.70 0.24
Co 11.44 0.13 12.70 0.11 13.63 0.55 12.40 0.12
Ni 9.96 4.52 8.48 1.26 16.67 0.86 14.60 1.59
Zn 55.08 1.68 58.30 1.69 67.97 1.10 57.90 1.22
As 0.94 0.11 1.07 1.07 0.56 0.08 1.28 0.08
Sb 0.17 0.01 0.19 0.01 0.12 0.02 0.18 0.01
Au, (ppb) 4.84 8.87 0.82 0.49 8.83 5.96 0.56 0.33
Chondrite-normalized REE abundances
La 50.30 0.69 48.95 0.22 45.57 0.00 51.05 0.18
Ce 39.80 1.54 37.42 0.14 37.80 0.25 41.34 0.15
Pr
Nd 27.49 1.00 27.41 0.26 26.12 0.43 28.48 0.24
Sm 18.27 0.57 18.17 0.02 17.45 0.13 19.08 0.03
Eu 14.58 0.20 15.38 0.04 14.94 0.39 15.50 0.04
Gd 4.91 6.72 12.46 0.18 12.18 0.27
Tb 9.36 0.56 8.98 0.03 9.90 0.22 10.45 0.02
Dy
Ho 7.25 0.27 7.60 0.11 8.15 0.15 8.32 0.09
Tm 2.49 3.42 6.27 0.05 7.15 0.08
Yb 5.81 0.24 5.79 0.01 6.24 0.16 6.59 0.01
Lu 5.75 0.20 5.87 0.01 6.05 0.18 6.38 0.01

Table 8. Trace-element analyses by instrumental neutron activation analysis of bulk samples from 2004–2006 
Mount St. Helens lava dome and sample of lava erupted in October 1986.

[Elemental abundances in parts per million (ppm), except Au in parts per billion (ppb). Numbers in parentheses indicate number 
of analyses in average (AVG) and standard deviation (SD). Standard deviation for SH300-1A3A and SH226 are based on multiple 
counts for the same element. Dashes indicate insufficient data to calculate meaningful standard deviations. Normalization to chondrite 
abundance uses chondritic composition reported by Sun and McDonough (1989). Complete analyses of all samples are given in 
Thornber and others (2008b), and additional geochemical data for bulk analyses of samples from past 500 years of eruptive activity at 
Mount St. Helens are summarized in Pallister and others (1992).]
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Grain 
No.

Sample No. and eruption date
Grain pair 

size
Zoning T, °C

Std. 
dev. fO2

Std. 
dev.

Analyses/ 
grain pairs

SH300-1A3 (1980–86) 1  U 904 4 -11.50 0.08 21/3

SH304-2A9 (10/18/04)  U 850 5 -12.29 0.07 65/4

SH304-2Gg1 (10/18/04)  U 844 2 -12.43 0.07 61/6

SH305-1 (11/20/04)       
1 Average (40 μm) Z (MT) 883 3 -12.11 0.06 5
1 ±3 μm from contact 40 μm Z (MT) 953 -- -11.05 -- 2
2 43 μm from IL 65 μm Z (MT) 898 -- -11.48 -- 2
2 32 μm from IL 65 μm Z (MT) 903 -- -11.41 -- 2
2 26 μm from IL 65 μm Z (MT) 907 -- -11.35 -- 2
2 18 μm from IL 65 μm Z (MT) 921 -- -11.17 -- 2
2 10 μm from IL 65 μm Z (MT) 938 -- -10.95 -- 2
2 4 μm from IL 65 μm Z (MT) 928 -- -11.07 -- 2
2 Average 65 μm Z (MT) 915 13 -11.25 0.15 11
3 Average interior 20 μm Z (MT) 880 3 -12.41 0.02 10
3c ±3 μm from contact 20 μm Z (B) 998 -- -10.77 -- 2
4c weakly zoned 20 μm S (MT) 912 12 -11.71 0.13 6
5 small grain pair 8 μm Z (MT) 1019 83 -10.65 1.07 4
6 Average 40 μm U 908 2 -11.72 0.03 6
7c first MT grain (6 μm) 15 μm U 858 9 -12.79 0.25 5
7c second MT grain (4 μm) 15 μm U 935 -- -11.66 -- 4
8 Average 25 μm U 891 1 -12.09 0.04 10
9 Average 25 μm U 883 1 -12.03 0.01 9
10c Average 40 μm S (MT) 871 10 -12.50 0.19 10
11 Average 40 μm U 857 1 -12.80 0.02 10

SH305-1 (kc) (11/20/04)       
1 Average 14 μm S (MT) 873 7 -12.30 0.18 5
2 Average 12 μm U 862 6 -12.53 0.15 6

SH305-2A (11/20/04)       
1 Average 30 μm Z (MT) 936 23 -11.42 0.31 16
2 Average 40 μm S (MT) 791 14 -14.91 0.33 8

Table 9. Fe-Ti oxide thermobarometry results for 2004–2005 eruptive products.

[Temperatures and oxygen fugacities calculated using Fe-Ti exchange thermometer and oxygen barometer of Andersen and Lindsay 
(1988) and the solution model of Stormer (1983). Complete oxide analyses, by electron microprobe, are presented in digital appendix. 
Grain number indicates each of successive individual grains analyzed by electron microprobe; c indicates composite grain, typically 
with two or more magnetite crystals attached to single ilmenite. Grain pair size shows maximum dimension of combined grains. Zoning 
coded as follows: U, unzoned; Z (IL), zoned ilmenite; Z (MT), zoned titanomagnetite; Z (B), zoning in both oxide grains; (ZR), reversely 
zoned with lower Ti in magnetite near contact with ilmenite; (S) = slight zoning detected but inadequate to warrant separate calculations 
of temperature and oxygen fugacity (fO2

); Ux = unzoned, but partially exsolved; broad beam analyses used. “?” = zoning not determined. 
Eruption dates and related uncertainty described in table 1. 

Averages and standard deviation (std. dev.) calculated only for unzoned or weakly zoned grains. Dashes, insufficient data to 
determine standard deviation. For zoned grains, temperature (T) and oxygen fugacity (fO

2
) calculated for individual spot analyses of 

zoned phase vs. average composition of the unzoned phase, or for near-contact single ilmenite-magnetite pairs. Column for analyses/
grain pairs refers to total number of analyses used in calculation, followed by number of grain pairs for samples with homogeneous 
distributions of oxide temperatures. Samples SH300 and SH304 yield results that are tightly clustered, reflecting primary magmatic 
equilibration conditions in the Mount St. Helens magma reservoir at depth. All other samples of the 2004–6 dacite have heteroge-
neous oxide mineral populations that show evidence of disequilibrium, attributed mainly to transient heating.]
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3 Average 30 μm U 858 12 -13.19 0.27 11
4 <20 μm from IL 100 μm Z (MT) 944 8 -11.06 0.10 9
4 Core of MT vs. IL 100 μm “ 842 -- -12.43 -- 7

MSH05JV_1_19 (1/16/05 grains in ash) (1980–86) 1

      
1 Average 100 μm Ux 884 14 -11.38 0.19 9
3 Average 100 μm U 888 5 -11.61 0.09 8
4 Interior of grains 100 μm S (MT) 912 9 -11.01 0.13 8
4 5 μm from IL 100 μm S (MT) 931 -- -10.78 -- 5
5 Average 130 μm Ux 895 13 -11.46 0.17 6
6 Average 100 μm U 778 6 -13.80 0.15 10
7 Average grain interiors 120 μm Z(B) 938 8 -10.66 0.12 12
7 Average ±15 μm of contact 120 μm “ 830 13 -13.28 0.40 8
8 Average 120 μm U 873 13 -12.09 0.20 18
9 Average 70 μm U 833 6 -12.57 0.12 10
10 Average 35 μm U 750 5 -14.73 0.22 9

MSH05WS_1_19 (1/16/05 grains in ash) (1980–86) 2

9b Average grain interiors 200 μm Z(MT) 833 6 -12.57 0.12 7
9b Average ±8 μm of contact 200 μm “ 929 6 -11.27 0.12 8

SH308-3A (02/22/05)       
1 Average 12 μm U 865 6 -13.04 0.01 8
2 Average 20 μm U 909 9 -11.86 0.23 9
3 Average 40 μm S (MT) 891 2 -12.08 0.06 17
4 Average 25 μm U 882 1 -12.05 0.01 11
5 Average 17 μm U 863 6 -12.50 0.10 8
6 Average 40 μm U 882 1 -12.05 0.01 13
7 Average 40 μm U 863 6 -12.50 0.09 12

SH308-3A (CT) (02/22/05)       
1 Grain 3-4 40 μm ? 850 -- -13.40 -- 2
2 Grain 7-8 30 μm ? 898 -- -12.01 -- 2
3 Grain 9-10 30 μm ? 844 -- -13.26 -- 2
4 Grain f2 1-2 40 μm ? 850 -- -13.40 -- 2
5 Grain f2 3-4 30 μm ? 857 -- -12.49 -- 2
 Average of above   860 22 -12.91 0.63

SH309-1 (CT) (02/22/05)       
1 Grain 7-5 50 μm ? 958 -- -10.35 -- 2
2 Grain 8-9 60 μm ? 990 -- -10.07 -- 2

3-08-05 grains in ash (CT) (03/08/05)       
1 DRS4g1 1-2 15 μm ? 868 -- -12.86 -- 2
2 DRS4g1 3-4 15 μm ? 887 -- -12.42 -- 2
3 DRS4g1 5-6 30 μm ? 842 -- -13.75 -- 2
4 DRS4g2 1-2 25 μm ? 846 -- -13.31 -- 2
5 DRS4g2 3-4 40 μm ? 825 -- -13.85 -- 2
6 DRS4g2 5-6 50 μm ? 828 -- -13.85 -- 2

Grain 
No.

Sample No. and eruption date
Grain 

pair size
Zoning T, °C

Std. 
dev. fO2

Std. 
dev.

Analyses/ 
grain pairs

Table 9. Fe-Ti oxide thermobarometry results for 2004–2005 eruptive products.—Continued



30. Petrology of the 2004–2006 Lava Dome—Implications for Magmatic Plumbing and Eruption Triggering  701

7 DRS4f3g1-2 50 μm ? 871 -- -12.66 -- 2
8 DRS4f51 1-2 25 μm ? 846 -- -13.51 -- 2
 Average of above   852 22 -13.28 0.56

SH312-1 (03/08/05)       
1 Average 40 μm Z (MT) 894 2 -11.86 0.03 11
1 ±5 μm from contact 40 μm Z (MT) 957 -- -10.98 -- 2
2 Average grain interiors 80 μm Z (MT) 871 2 -11.92 0.04 13
2 5 μm from IL 80 μm Z (MT) 898 -- -11.57 -- 7
2 12 μm from IL 80 μm Z (MT) 913 -- -11.38 -- 7
2 18 μm from IL 80 μm Z (MT) 910 -- -11.41 -- 7
2 25 μm from IL 80 μm Z (MT) 898 -- -11.57 -- 7
2 32 μm from IL 80 μm Z (MT) 890 -- -11.68 -- 7
2 40 μm from IL 80 μm Z (MT) 880 -- -11.82 -- 7
3c Average 40 μm U 878 8 -12.42 0.17 20
4c first MT grain (15 μm) 55 μm U 929 5 -11.07 0.07 11
4c second MT grain (10 μm) 55 μm U 921 1 -11.29 0.04 6
5 SH312 gr5 30 μm U 920 17 -11.33 0.33 4
8 SH312 gr5c 25 μm U 857 2 -12.47 0.05 3
6 SH312 gr6 50 μm U 903 4 -11.44 0.02 10
7 SH312 gr7 50 μm U 895 3 -11.85 0.08 12

SH314-2 (04/17/05)       
1 Average 20 μm U 794 14 -14.21 0.48 5
2 Average 50 μm U 813 2 -13.51 0.01 8
3 Average grain interiors 50 μm ZR(MT) 872 3 -12.55 0.07 11
3 SH314-2 gr3 ct 50 μm ZR(MT) 840 -13.03 6
3 4 μm from IL 50 μm ZR(MT) 847 -12.92 6
3 8 μm from IL 50 μm ZR(MT) 853 -12.83 6
4 SH314-2 gr4 sm 25 μm U 794 1 -13.51 0.03 5
5 Average 45 μm U 855 11 -12.75 0.16 11
7 Average 40 μm U 764 38 -15.23 1.34 8
8 Average grain interiors 30 μm Z (MT) 736 1 -16.62 0.02 8
8 5 μm from IL 30 μm Z (MT) 815 7 -13.56 0.18 5

SH315-2 (04/01/05)       
1 Average 300 μm Z (IL) 739 24 -16.29 0.83 6
1 High Fe IL core vs. avg. MT 300 μm Z (IL) 828 -13.39 4
2 Average grain interiors 60 μm Z (MT) 838 1 -13.79 0.05 8
2 4 μm from IL 60 μm Z (MT) 805 1 -14.34 0.07 9
3 Average 50 μm S (IL) 807 9 -14.23 0.27 7
4 Average 25 μm U 791 33 -14.75 1.14 6
5c Average 30 μm U 742 98 -16.40 3.81 9
6 Average 30 μm U 817 3 -13.86 0.12 7
7 Average 35 μm U 813 40 -14.08 1.22 7

Grain 
No.

Sample No. and eruption date
Grain 

pair size
Zoning T, °C

Std. 
dev. fO2

Std. 
dev.

Analyses/ 
grain pairs

Table 9. Fe-Ti oxide thermobarometry results for 2004–2005 eruptive products.—Continued

1 Crater floor debris dragged up by extruding spines but that probably originated by dome growth in the period 1980–86.
2 Emitted as ash during explosion that disrupted crater-floor debris adjacent to spine 4.
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Appendix 1. Oxide Analyses used in Thermobarometic Calculations
[This appendix appears only in the digital versions of this work—in the DVD-ROM that accompanies the printed volume 

and as a separate file accompanying this chapter on the Web at: http://pubs.usgs.gov/pp/1750. ]

The database for oxide analyses described in this chapter is tabulated in a spreadsheet file.

http://pubs.usgs.gov/pp/1750
http://pubs.usgs.gov/pp/1750/appendixes/CH30_Pallister_Digital_Appendix/
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Magmatic Conditions and Processes in the Storage Zone 
of the 2004–2006 Mount St. Helens Dacite

By Malcolm J. Rutherford1 and Joseph D. Devine III1

Abstract
The 2004–6 eruption of Mount St. Helens produced 

dacite that contains 40–50 volume percent phenocrysts of 
plagioclase, amphibole, low-Ca pyroxene, magnetite, and 
ilmenite in a groundmass that is nearly totally crystallized. 
Phenocrysts of amphibole and pyroxene range from 3 to 5 
mm long and are cyclically zoned, with one to three alterna-
tions of Fe- and Al-rich to Mg- and Si-rich layers showing 
little indication of phenocryst dissolution between zones. 
Similar-size plagioclase phenocrysts also contain several 
cyclic zones ranging between ~An68 and An45–35. Textural evi-
dence indicates that amphibole, pyroxene, and ilmenite began 
to crystallize before the most An-rich plagioclase. Magnetite 
and ilmenite phenocrysts are small (less than 100 μm), vary 
somewhat in composition from grain to grain, and are spo-
radically zoned. Magnetite-ilmenite pairs yield temperatures 
of equilibration ranging from 820ºC to 890ºC and fO2

 values 
of NNO +1 log unit. Magnetite compositions suggest that the 
2004–6 magma was formed by mingling of magmas less than 
5–8 weeks before eruption and that the magma last equili-
brated within this temperature range. The amphibole phe-
nocryst zoning involves approximately equal amounts of a 
pressure-sensitive Al-Tschermak molecular substitution and 
a temperature-sensitive edenite substitution in one cycle of 
growth. Hydrothermal experiments done on the natural dacite 
show that crystallization of the Fe- and Al-rich amphibole 
end member requires pressures of 200–300 MPa at tempera-
tures of 900ºC, conditions approaching the upper tempera-
ture limit of amphibole stability. The dacitic magma crystal-
lizes the An68 plagioclase when the pressure drops to 200 
MPa at 900ºC. The magma must cool at this depth to produce 
a complete An68–An40 plagioclase zone and a Mg-rich layer 

on the amphiboles before the magma is cycled back to a high 
pressure, when a new layer of Fe-rich amphibole is acquired. 
The amphibole crystallizing in the dacite experiments at less 
than 200 MPa is lower in aluminum than any compositions 
in the natural cyclically zoned phenocrysts. The outer rim on 
some 2004–6 amphibole phenocrysts appears to have formed 
in the 100–200 MPa range, as do some phenocrysts in the 
May 1980 dacite pumice. Plagioclase rims of An35 in the 
2004–6 magmas indicate that phenocryst growth continued 
until the pressure decreased to 130 MPa and that ascent was 
slow until this depth. Magma then entered the conduit for a 
relatively rapid ascent to the surface as indicated by the very 
thin (less than 5 μm) decompression-induced rims on the 
amphibole phenocrysts.

Introduction
Mount St. Helens began to erupt in 2004 after 18 years 

of relatively shallow seismic activity and no eruptions, aside 
from a few gas explosions during 1989–91 (Mastin, 1994). 
The extrusion of a lava dome onto the 1980 crater floor during 
the 1980–86 time period marked the end of the eruption that 
began in 1980. However, seismic data collected during the past 
two decades (Moran, 1994; Moran and others, this volume, 
chap. 2) showed a continuous, moderate level of small-mag-
nitude seismic activity directly beneath the volcano, particu-
larly in the depth range of 3–12 km. In addition, there were 
significant increases in the level of seismic activity at 3–10-km 
depths in 1995, 1998, and 2002, suggesting the possibility 
that magma was ascending to a depth of 3 to 4 km beneath 
the crater floor at these times. In October 2004, following a 
brief period of steam-and-ash explosions, lava began erupt-
ing within the crater at the south margin of the 1980–86 lava 
dome, and a new lava dome has been building slowly from 
a steady eruption of dacite magma (Pallister and Thornber, 
2005; Pallister and others, this volume, chap. 30).
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Samples of the new dome collected by the U.S. Geologi-
cal Survey’s Cascades Volcano Observatory (USGS–CVO) 
scientists in late October 2004 were very oxidized, reddish in 
color, and crystal rich; they are considered likely to be mate-
rial left in the upper conduit from the 1986 eruption. Samples 
that were collected within 1–2 weeks of eruption in late 
November 2004 (SH304), in early January 2005 (SH305), and 
more recently are interpreted to be samples of new magma. 
Initially, it appeared that this new magma was simply remo-
bilized 1980–86 magma, stored at some level, possibly at 3–4 
km, as suggested by the seismic record. In support of this idea, 
the bulk compositions determined for the new lava (Pallister 
and others, this volume, chap. 30) show it to be only slightly 
more evolved than lava from the 1980–86 eruptions (65 rather 
than 63 weight percent SiO2). However, some characteristics 
of the new lava samples pointed to a new magma source at 
depth, or at least reestablishment of the 1986 magma storage 
system at 7–12 km depth (Scandone and Malone, 1985). These 
characteristics included the presence of apparently stable 
amphibole phenocrysts, the presence of significant amounts of 
glass in many samples, and, most particularly, the identifica-
tion of magnetite-ilmenite pairs yielding temperatures >900ºC 
(Pallister and Thornber, 2005; Rutherford and Devine, 2005). 
If the erupting magma had been stored at pressures less than 
100 MPa (~4 km below the summit; Geschwind and Ruther-
ford, 1995) then amphibole phenocrysts would have developed 
a thick reaction rim according to earlier work (Rutherford 
and Hill, 1993). Amphiboles in the 2004–6 magma generally 
lack evidence of any significant breakdown except for a thin 
(less than 5 μm) rim that is attributed to reaction with melt 
during ascent in the conduit (Rutherford and Devine, 2005). 
The greater than 900ºC temperatures from the 2004–6 oxides 
are higher than temperatures (860ºC) recorded from samples 
of the 1986 Mount St. Helens eruption (Rutherford and Hill, 
1993), suggesting that hotter magma was involved in the 
2004–6 eruptions.

The observations and the initial analyses of the 2004–6 
lava samples (Pallister and Thornber, 2005) give rise to a 
number of questions that we have attempted to answer in this 
paper: (1) Where did phenocrysts in these magmas last equili-
brate with the surrounding melt before entering the conduit 
and undergoing transport to the surface? This question can be 
addressed by studying the rim compositions of the phenocryst 
phases in the natural samples and by doing experiments 
designed to reproduce the phenocryst rim-melt equilibrium at 
different possible preeruption conditions. (2) Can the cyclic 
compositional zoning observed in all of the silicate phenocryst 
phases (plagioclase, amphibole and orthopyroxene) of the 
2004–6 magma (Rutherford and Devine, 2005) be explained 
by crystallization of a dacite magma at different conditions, 
and, if so, what are those conditions? We have studied the 
phenocryst zoning analytically and experimentally to deter-
mine the range of conditions experienced by the magma over 
its preeruption crystallization history, and herein we use the 
data to create a model of magma dynamics within this subvol-
canic system. (3) Finally, what are the preeruption conditions 

for the 2004–6 magma, and how do they compare with those 
determined for the 1980–86 magma samples (Rutherford and 
others, 1985; Rutherford and Devine, 1988)? What are the 
possible reasons for any differences observed?

Analytical and Experimental Methods
Samples of the new 2004–6 Mount St. Helens dacite 

dome were supplied by members of the USGS–CVO staff 
shortly after it became possible to collect them. Polished 
thin sections were made for mineral-chemistry and textural 
investigations of the different samples, and crushed powders 
were made of some samples for use in hydrothermal experi-
ments. The phases in the natural samples were analyzed using 
a CAMECA SX100 microprobe for the crystalline phases 
and a CAMECA Camebax microprobe for glasses. Analyti-
cal methods used are identical to those of Rutherford and 
Devine (2003). Amphibole cation proportions were calculated 
using the method of Holland and Blundy (1994). The method 
of Cosca and others (1991) was used to calculate amphibole 
stoichiometry on the basis of 13 cations (Si, Al, Fe, Mg, Mn, 
and Ti) and to estimate ferric iron contents.

Experiments were performed on sample SH305-1 (erupted 
in November 2004), which was crushed to form a mixture of 
matrix and small (less than 0.2 mm) phenocryst fragments. 
This crushed sample was used in hydrothermal melting experi-
ments and to create a glass-rich starting material for use in 
crystallization experiments. Melting and crystallization experi-
ments were done in adjacent sealed tubes. The objective was 
to reversibly create new phenocryst growth under controlled 
conditions of pressure, temperature, and oxygen fugacity (P, 
T, and fO2

). All of the experiments were done with PH2O
 = Ptotal 

using previously described methods. The textural data indicate 
that amphibole crystallized before plagioclase in the 2004–6 
magma, and this requires that the melt contain at least 4 weight 
percent dissolved H2O (Merzbacher and Eggler, 1984) at this 
early stage of crystallization. With additional crystallization 
(primarily plagioclase and orthopyroxene), the melt would have 
rapidly approached water saturation for total pressures less than 
300 MPa. The possibility that the 2004–6 magma initially con-
tained some dissolved CO2 cannot be ruled out, however, and is 
considered in the discussion.

Petrology of the 2004–2006 Dacite

General Petrology

The 2004–6 Mount St. Helens dacite is macroscopically 
similar to the material erupted in 1980–86. It is a crystal-
rich dacite (~45 volume percent phenocrysts on a bubble-
free basis) with phenocrysts of plagioclase, orthopyroxene, 
amphibole, Ti-magnetite, and ilmenite in a groundmass that 
is nearly totally crystallized in most of the samples (fig. 1; 
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Pallister and Thornber, 2005; Rutherford and Devine, 2005). 
Phenocrysts range up to 6 mm across and sporadically 
show some preferred orientation owing to magma flow. The 
groundmass and phenocryst assemblages are the same, except 
that amphibole is lacking in the groundmass and, instead, 
there is Ca-rich pyroxene and minor cristobalite and quartz. 
The bulk compositions of the 2004–6 magma samples have 
been remarkably uniform at 65 weight percent SiO2 through-
out the eruption (Pallister and others, this volume, chap. 30). 
The erupting magma resembles the magma that erupted in 
1980–86 in that it contains several volume percent (fragments 
and crystal clots) of “gabbroic” material that is rich in plagio-
clase, pyroxenes, and amphibole (Heliker, 1995). As in the 
earlier eruption, a few of the inclusions in the 2004–6 samples 
contain interstitial melt (glass) that appears to represent par-
tial melting, but many inclusions do not contain a glass phase. 
The smallest inclusions are difficult to distinguish macro-
scopically from phenocryst clots, but their amphibole differs 
from the phenocrysts compositionally and generally is not 
chemically zoned. Additionally, Ca-rich pyroxene commonly 
is associated with amphibole in the inclusions (Rutherford 
and Devine, 2005).

Plagioclase

The plagioclase phenocrysts in the Mount St. Helens 
2004–6 magma are euhedral, complexly zoned crystals (fig. 
1) as large as 5 mm in diameter, although most are less than 
3 mm. These phenocrysts have a complex core-to-rim cyclic 
zoning easily observable in backscattered electron (BSE) 
images (fig. 2). The composition of the outer plagioclase rim 
ranges from An60 to An35, but the great majority of the rims 
are relatively albite rich (An30–35). Core compositions of the 
plagioclase phenocrysts range up to An68. Plots of composi-

1 mm

Plg

Hb

Hb

Opx

Plg

Mt

A B

Opx

M.I.

200 µm

Figure 1. Photomicrographs showing thin section of typical Mount St Helens dacite assemblage. Phenocryst phases are 
plagioclase (Plg), amphibole (Hb), low-Ca pyroxene (Opx), all with obvious cyclic zoning, and magnetite (Mt); ilmenite is other 
phenocryst, not shown. Groundmass is largely crystallized and slightly vesicular. A, Plane-polarized transmitted light. B, 
Backscattered electron image. M.I., melt inclusion.

tion versus distance (rim to rim) across typical phenocrysts in 
the 2004–6 lava are shown in figure 2, and the compositions 
of a typical core and rim are given in table 1. Most boundaries 
between compositional zones are parallel to growth faces, with 
relatively little evidence of resorption involved in the zoning 
reversals (fig. 2). However, some resorption did occur during 
the plagioclase growth history, and 5 to 10 volume percent 
of the phenocrysts, including both small and large crystals, 
have a strongly sieved core with a relatively thin rim of clear 
plagioclase. A similar population of sieve-cored plagioclase 
phenocrysts was also observed in 1980–86 lava (Rutherford 
and others, 1985). Another characteristic of the plagioclase 
phenocrysts in the new lava is the relatively common pres-
ence of included crystals of amphibole, orthopyroxene, and 
Ti-magnetite, in decreasing order of abundance, particularly in 
the outer half of the phenocryst.

Amphibole

Amphibole phenocrysts in the Mount St. Helens dac-
ite are euhedral, mostly 1–3 mm long but infrequently up 
to 5 mm in length, and commonly exhibit an internal cyclic 
compositional zoning parallel to growth faces (fig. 3). Petro-
graphic examination shows some variability in amphiboles 
from samples erupted at different times during the 2004–6 
eruption, particularly different amounts of opacitization due 
to variable syneruptive oxidation (Garcia and Jacobson, 1979; 
Rutherford and Hill, 1993) or decompression-induced rim 
development. The outer margins of some amphiboles appear 
somewhat rounded and possibly eroded or abraded (fig. 3C); 
whereas evidence for rounding or dissolution at internal zone 
boundaries is inconclusive (fig. 3). Inclusions in amphiboles 
are relatively uncommon compared to plagioclase phenocrysts, 
but magnetite and sulfide inclusions do occur. Larger inclu-
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Plagioclase phenocrysts

Sample No.--- SH304c SH304r SH305c SH305r SH323r SH323c

SiO2 53.54 60.19 52.16 58.69 58.46 51.86

Al2O3 29.56 25.16 29.86 26.73 26.40 30.81

Fe2O3 0.30 0.24 0.59 0.33 0.32 0.63

CaO 12.21 6.71 13.44 8.04 7.91 13.54

Na2O 4.33 6.85 3.31 6.33 6.46 3.37

K2O 0.11 0.25 0.17 0.25 0.24 0.08

Total 100.05 99.40 99.53 100.37 99.79 100.29

An content 60 35 69 40 39 68

Orthopyroxene phenocrysts

Sample No.--- SH304
Px1

SH304
Px2

SH305
Px1

SH305
Px2

SH323
Opx 1

SH323
Opx 2

SiO2 52.60 52.56 52.17 53.45 52.14 53.09

TiO2 0.22 0.13 0.17 0.12 0.21 0.29

Al2O3 1.56 0.54 0.44 0.56 1.37 1.74

FeO 21.07 23.50 23.28 20.47 22.60 16.97

MgO 22.30 20.80 20.85 23.65 20.40 25.23

CaO 1.16 1.15 1.21 0.86 1.20 0.99

MnO 0.70 0.69 0.63 0.71 0.69 0.41

Cr2O3 0.00 0.01 0.02 0.01 0.01 0.06

Total 99.61 99.38 98.77 99.83 98.62 99.78

Mg#        63       60       60      63.5       61       64

Table 1. Compositions of representative natural plagioclase and orthopyroxene phenocrysts in dacite 
erupted at Mount St. Helens, Washington, 2004–2006.

[Chemical analyses determined by electron microprobe at Brown University, Providence, R.I.; J.D. Devine, analyst. Com-
positions in weight percent; all Fe as FeO in pyroxene and as Fe2O3 in plagioclase. Magnesium number, Mg# = (Mg×100)/
(Mg+(Fe2+ in octahedral site)).]

sions in amphibole are generally multicrystalline and appear 
to represent trapped melts that have crystallized in what 
appears to have been a hollow-cored crystal (figs. 1, 3A–C). 
The amphiboles that occur in gabbroic inclusions are com-
monly not in contact with glass, except on the inclusion 
margins. Amphibole crystals in these inclusions are also 
generally anhedral, do not show cyclic compositional zoning, 
and are low in Al2O3 (8–11 weight percent) compared to the 
phenocrysts. Some isolated crystals in the dacite magma have 
similar characteristics.

The cyclic internal zoning present in the majority of 
amphibole phenocrysts in the 2004–6 Mount St. Helens lava 
is present in even the smallest (~100 μm) phenocrysts and is 
observable optically, as well as in BSE images. This zoning 
tends to begin with a bright BSE zone in the center of a phe-
nocryst, involves one or two cycles of alternating bright-dark 
zoning, and ends with a dark, low-FeO zone adjacent to the 

groundmass (fig. 3). A similar zoning occurs in the amphi-
boles from the 1986 lava dome (fig. 3D), although the outer 
rim in these samples is intermediate to Fe-rich rather than 
Mg-rich. The Mg# (Mg/(Mg+Fe2+)) and VIAl profiles across 
representative amphibole phenocrysts are shown in figure 3, 
and compositions at points across typical cycles of amphibole 
growth are given in table 2.

The cyclic compositional zoning in the Mount St. Helens 
amphiboles involves Fe-, Al-, Na-, and K-enriched bright zones 
(BSE images) that alternate with, and grade into, Mg- and 
Si-rich dark BSE zones (figs. 3, 4). The cation substitutions 
involved in this zoning are similar to those observed in phe-
nocrysts from the 1995–2002 Soufrière Hills andesite erupted 
on Montserrat (Rutherford and Devine, 2003) and in Fish 
Canyon latite (Bachmann and Dungan, 2002), but they differ 
in one significant aspect. A pressure-sensitive Al-Tschermak 
substitution was not inferred for either the Soufrière Hills or the 
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Figure 2. Backscattered electron images from thin section of Mount St. Helens lava, showing typical plagioclase 
phenocryst of 2004–6 lava. Images show cycles of light (Ca-rich) and dark (Na-rich) phenocryst growth; accompanying 
graphs depict An concentrations along the A–B profiles. A, Plagioclase in sample SH304. B, Plagioclase in sample SH305.

Fish Canyon amphibole zoning. In contrast, phenocrysts in the 
2004–6 Mount St. Helens lava are marked by compositional 
variations that are ~50 mol percent Al-Tschermak substitu-
tion (M(Mg, Fe) + TSi = MAl + TAl; fig. 5A), with the remaining 
change in TAl attributed to the temperature-dependent edenite 
(TSi + Avacancy = TAl + A(Na+K)) and Ti-Tschermak exchanges 
(2TSi + MMn = 2TAl + MTi), as shown in figures 5B and 5C. In 
going from the Fe-rich to the Mg-rich zones, the decrease in 
Fe appears to be completely balanced by the increase in Mg 
in the octahedral position (fig. 6), as was found to be the case 
in previous studies (Bachmann and Dungan, 2002; Rutherford 
and Devine, 2003). In other words, the increase in VIAl in the 
amphibole structure is accompanied by an increase in Fe2+ at the 
expense of Mg2+ in the octahedral site (fig. 3).

One potentially important aspect of the amphibole 
phenocryst zoning in the 2004–6 Mount St. Helens magma 
is illustrated by the zoning in sample SH323 (fig. 7). Most 
amphibole phenocrysts in this sample have, in contrast to 
2004–6 magma erupted earlier, a relatively bright (Fe-rich) 
rim, but the Al2O3 content is low and the SiO2 content (fig. 4)
is relatively high in this layer. Analytical electron-microprobe 

traverses across such phenocrysts show that the fluorine (F) 
content increases significantly over a distance of 20–40 μm at 
the phenocryst margin as Si increases and Al decreases. The 
core of the amphibole phenocryst contains 960±200 ppm F; 
the very outer margin of the phenocryst contains as much as 
7,700 ppm (fig. 7C; table 2). A similar increase in F and Si 
was noted where the rim-to-rim analytical profile passed close 
to a melt channel in the phenocryst. Another, possibly related, 
observation is that the amphiboles in the gabbroic inclusions 
also are low in octahedral as well as total Al and Si relative 
to the cyclically zoned phenocrysts, and they are somewhat 
enriched in F (2,500 ppm) relative to the cyclically zoned 
phenocrysts (average of 900 ppm F). The presence of a thin, 
decompression-induced reaction rim at the contact of these 
phenocrysts with the groundmass indicates that the fluorine 
enrichment occurs before the final magma ascent and decom-
pression. One possible explanation of the fluorine zoning is 
that these crystals and crystal rims represent a partial recrystal-
lization of amphiboles at conditions of low P and high activity 
of SiO2 just outside the OH-bearing amphibole stability field. 
Similar overgrowths are observed on amphibole phenocrysts 
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Sample No.---
Site------------
Character-----

SH304-1-2
Hb7 rim
Hi-Mg

SH304-1
Hb7 interior

Med.-Al

SH304-1
Hb7 core

Hi-Al

SH305a
Hb rim
Low-Al

SH305b
Core
Hi-Al

 Major-element analyses, weight percent

SiO2 44.80 42.86 40.97 43.51 40.40

TiO2 1.95 2.41 2.56 2.72 2.40

Al2O3 11.40 13.09 14.30 11.97 14.86

FeO 12.30 12.90 15.31 11.99 16.05

MgO 15.43 13.92 11.82 14.97 10.54

CaO 11.29 10.67 10.74 11.58 11.39

Na2O 1.98 2.37 2.39 2.39 2.26

K2O 0.20 0.30 0.31 0.32 0.35

MnO 0.16 0.15 0.21 0.10 0.16

Cr2O3 0.02 0.01 0.01 0.00 0.00

Total 99.51 98.92 98.61 99.55 98.41

 Cation abundance in structure formula

Si 6.305 6.128 5.942 6.170 5.923
IVAl 1.695 1.872 2.058 1.830 2.077

Ti 0.206 0.259 0.279 0.290 0.265
VIAl 0.196 0.333 0.386 0.171 0.490

Cr 0.007 0.001 0.008 0.000 0.000

Fe3+ 0.893 0.802 0.842 0.725 0.681

Fe2+(Y) 0.468 0.639 0.938 0.649 1.261

Mg 3.237 2.966 2.555 3.164 2.303

Ca 1.702 1.634 1.669 1.760 1.809

Fe2+(X) 0.087 0.101 0.077 0.047 0.026

Mn 0.019 0.018 0.026 0.012 0.020

Na 0.541 0.657 0.673 0.676 0.642

K 0.036 0.055 0.057 0.058 0.065

Mg# 87.37 82.27 73.14 82.98 64.62

Fe3+/ΣFe 0.617 0.520 0.453 0.510 0.346

Table 2. Representative natural amphibole compositions in dacite erupted at Mount St. Helens, Washington, 
2004–2006.

[Chemical analyses determined by electron microprobe at Brown University, Providence, R.I.; J.D. Devine, analyst. Compositions 
in weight percent; all Fe as FeO; n.d., not determined. Structure formula calculated after Holland and Blundy (1994). Magnesium 
number, Mg# = (Mg×100)/(Mg+(Fe2+ in Y site)).]

erupted later in 2005 (SH324) and in 2006 (SH328), when the 
magma mass-eruption rate was also relatively low (Pallister 
and others, this volume, chap. 30).

Low-Ca Pyroxene (Orthopyroxene)

The orthopyroxene phenocrysts present in the 2004–6 
magma are commonly cyclically zoned parallel to growth sur-
faces, similar to the zoning observed in amphibole. Examples 
where the zoning stands out as alternating light and dark bands 
are present in figures 1B, 3A, and 3B. Compositional profiles 

across a typical zoned phenocryst are shown in figure 8 for 
the pyroxene that is present in figure 1B. Like the amphi-
bole, pyroxene phenocrysts can have as many as four cycles 
of light and dark zones rich in Fe and Mg, respectively, but 
many have only two. The smaller number of cycles visible in 
BSE and compositional profiles across orthopyroxene phe-
nocrysts might be related to their smaller size, although some 
100-μm-diameter crystals have as many as three light-dark 
growth cycles (fig. 3A). The trend from cycle to cycle is similar 
in both amphibole and orthopyroxene, in that the transition from 
dark, Mg-rich to bright, Fe-rich bands is sharp, whereas the 
bright to dark transition is gradational (figs. 1, 3). This similar-
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Sample No.------
Site---------------
Character--------

SH308-1
#1 rim

Low-Al

SH308-1
#3 core
Med.-Al

SH323
Rim

Low-Al

SH323
Near rim
Med.-Al

SH323
27 core
Hi-Al

 Major-element analyses, weight percent

SiO2 43.89 41.53 43.88 41.15 42.08
TiO2 2.43 2.27 2.56 2.88 2.22

Al2O3 11.38 13.31 10.25 13.88 14.11

FeO 12.48 14.97 14.69 14.65 14.79

MgO 15.15 12.12 13.69 12.23 12.65

CaO 10.71 11.02 11.07 11.40 10.74

Na2O 2.32 2.25 2.46 2.96 2.83

K2O 0.23 0.35 0.31 0.27 0.27

MnO 0.08 0.23 0.21 0.14 0.23

Cr2O3 0.06 0.01 0.01 0.00 0.00

F n.d. n.d. 0.77 0.102 0.096

Total 98.73 98.06 99.90 99.66 100.02

 Cation abundance in structure formula

Si 6.251 6.054 6.375 5.957 6.017
IVAl 1.749 1.946 1.625 2.043 1.983

Ti 0.260 0.249 0.280 0.314 0.239
VIAl 0.162 0.341 0.130 0.325 0.395

Cr 0.007 0.001 0.001 0.000 0.000

Fe3+ 0.827 0.807 0.716 0.584 0.777

Fe2+(Y) 0.528 0.968 0.909 1.139 0.893

Mg 3.216 2.633 2.964 2.639 2.696

Ca 1.634 1.721 1.723 1.768 1.645

Fe2+(X) 0.131 0.049 0.160 0.051 0.098

Mn 0.010 0.028 0.026 0.017 0.028

Na 0.641 0.636 0.693 0.831 0.785

K 0.042 0.065 0.057 0.050 0.049

Mg# 85.89 73.12 76.53 69.86 75.12

Fe3+/ΣFe 0.556 0.442 0.401 0.329 0.440

Table 2. Representative natural amphibole compositions in dacite erupted at Mount St. Helens, Washington, 
2004–2006.—Continued

[Chemical analyses determined by electron microprobe at Brown University, Providence, R.I.; J.D. Devine, analyst. Compositions 
in weight percent; all Fe as FeO; n.d., not determined. Structure formula calculated after Holland and Blundy (1994). Magnesium 
number, Mg# = (Mg×100)/(Mg+(Fe2+ in Y site)).]
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Figure 3. Backscattered electron images of typical amphibole and orthopyroxene phenocrysts; 
accompanying graphs show compositional profiles along lines A–B in each image. Note growth cycles 
of alternating Fe-rich (bright) and Mg-rich (dark) zoning. Compositional profiles show the Fe-rich zones 
are also rich in octahedral-coordinated Al (VIAl). A, Sample SH304. B, Sample SH305. C, Sample SH308. D, 
Sample SH205 from 1986 dacite lava dome.
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Figure 4. Chemical variation diagrams showing rim-to-rim 
compositional zoning in typical amphibole phenocrysts from 
three samples of the 2004–6 eruption. A, MgO vs. SiO2. B, MgO 
vs. FeO. C, MgO vs. Al2O3. Crystal rims in SH323 (five points) with 
anomalously high SiO2 (panel A) and low Al2O3 (panel C) are 
discussed elsewhere in the paper.

Figure 5. Plots showing position of chemical species in 
crystallographic sites versus tetrahedrally coordinated Al (IVAl) in 
Z site for typical, cyclically zoned amphibole in lava samples from 
Mount St. Helens 2004–6 eruption. A, Octahedrally coordinated Al 
(VIAl) in the Y site. B, Ti in the Y site. C, Sum of Na+K in the A site. 
Note that approximately equal amounts of the IVAl increase are 
balanced by increases in VIAl and the sum of Na and K.

ity in compositional zoning implies that the two minerals were 
co-crystallizing as P–T conditions in the magma went through a 
series of cycles. As in the amphibole, the Al and Ti concentra-
tions in orthopyroxene are slightly higher in the Fe-rich zones, 
but the correlation is not strong (fig. 8). The lack of a correlation 
of Fe with Al in pyroxene is probably due in part to the fact that 
the Al2O3 content is low (0.5–1.5 weight percent). Analyses of 
representative pyroxene phenocrysts are given in table 1.

Fe-Ti Oxides

Subhedral to rounded Fe-Ti oxide crystals (<150 μm rim 
to rim) are present in all samples studied. Titanomagnetite 
phenocrysts in dome lavas characterized by relatively rapid 
volumetric extrusion rates (6.5 m3/s; Pallister and others, this 
volume, chap. 30) are commonly homogeneous in compo-
sition from core to rim, although TiO2 contents may vary 
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Figure 6. Plot of Mg2+ versus Fe2+ for the same amphibole 
phenocryst data plotted in figure 5, illustrating 1:1 correlation of Fe 
and Mg in the Y site of cyclically zoned 2004–2006 phenocrysts.

Figure 7. Typical amphibole phenocryst in sample SH323 
erupted in September 2005 when the mass eruption rate had 
dropped to about 1 m3/s (Pallister and others, this volume, chap. 
30). A, Backscattered electron image showing compositional 
traverse as line A–B. B, C, Compositional traverses, showing 
presence of a rim less than 30 μm thick with low Al and Mg (panel 
B) and high F (panel C). Profile for SiO2 across same phenocryst 
(fig. 4) shows the rim is also enriched in Si.
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substantially from grain to grain, even within the same hand 
sample (fig. 9). There is no apparent correlation between TiO2 

content and grain size (fig. 9). Lava samples characterized by 
relatively low volumetric extrusion rates have titanomagnetite 
crystals that contain lamellae of titanohematite that occur in 
trellis-like intergrowths with titanomagnetite that is higher in 
TiO2 content than the presumed parent. Titanohematite grains 
in the groundmass of such oxidized samples impart a reddish 
color to the rocks.

Subhedral to anhedral ilmenite grains (typically less 
than 50 μm), though rare, are present in every sample. Many 
grains appear to be embayed to a greater or lesser extent. The 
TiO2 contents of the ilmenite grains in rapidly extruded lavas 
are essentially bimodally distributed, with one group some-
what higher in TiO2 (~44 weight percent) and lower in FeO* 
(~48 weight percent, all iron as FeO) than the other (TiO2 
~42 weight percent; FeO* ~50 weight percent). Analyses of 
representative phenocrysts are included in table 3. Individual 
grains are essentially homogeneous in composition except for 
the outermost rim, which may be somewhat higher in TiO2 
than the cores. In some slowly extruded samples, near-surface 
oxidation processes have resulted in decomposition of the 
ilmenite and its replacement by veinlets of titanohematite, 
interspersed with rare small patches of a TiO2 polymorph 
(greater than 83 weight percent TiO2), likely rutile.

Rare ilmenite-titanomagnetite in-contact pairs are present 
in all samples examined. Concentration gradients for TiO2 in 
titanomagnetite crystals in contact with ilmenite are com-
monly observed in these oxide pairs, with high TiO2 adjacent 
to the ilmenite. Analyses of coexisting oxide pairs are given 
in table 3, together with the temperature and oxygen fugacity 
indicated by the coexisting compositions.

Preeruption Magma Conditions 
Inferred from the Phenocrysts

The compositions of the coexisting Fe-Ti oxides in the 
different samples of the 2004–6 Mount St. Helens dacite have 
been used to obtain estimates of temperature and fO2

 of the 
magma during the period of last magnetite-ilmenite equilibra-
tion. Methods of conversion are those described by Devine 
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Figure 8. Compositional profiles (rim to rim) across typical zoned 
orthopyroxene in sample SH304 (phenocryst imaged in fig. 1B). 
Note tendency of Ti and Al to be correlated with Fe in the pyroxene 
growth cycles as they are in amphibole (figs. 5, 6). A, MgO and 
FeO. B, TiO2 and Al2O3.

Figure 9. Composition (TiO2) profiles across representative 
titanomagnetite phenocrysts in samples SH305 (A) and SH315 
(B) from the 2004–6 eruption, showing range of relatively 
homogeneous crystals present.

and others (2003) and utilize the algorithm of Andersen and 
Lindsley (1988) as amended by Andersen and others (1993). 
However, meaningful geothermometry based on analysis of 
ilmenite-titanomagnetite (two-oxide) pairs in these samples is 
hampered by the common presence of TiO2 concentration gra-
dients in the titanomagnetite grains, especially near the contact 
with ilmenite. Similar occurrences in the 1995–2003 Soufrière 
Hills volcano (Montserrat) andesite dome lavas were inter-
preted to be caused by replacement of the ilmenite grains by 
the in-contact encroaching titanomagnetite grain (Devine and 
others, 2003). The concentration gradients were interpreted 
as arising from submicron-scale mixtures of encroaching tita-
nomagnetite upon islands of relict ilmenite. It was concluded 
in that case that temperature estimates based on analysis 
of the titanomagnetite crystal in the gradient zone (likely a 
two-phase mixture) were spurious. In some cases, two-oxide 
geothermometry calculations for the gradient zones yielded 
temperature estimates greater than 1,000ºC, far above the 
experimentally determined upper stability limit (855ºC) of the 
amphibole crystals observed to be stable in the natural magma 
(Rutherford and Devine, 2003). The two-oxide geothermom-
etry calculations produced spurious results for zoned oxide 
pairs. Similar high-Ti magnetite zones adjacent to ilmenite in 
the Mount St. Helens 2004–6 magma are interpreted to give 
spurious temperature estimates for the same reasons.

In addition to using pairs of titanomagnetite and ilme-
nite (table 3), estimates of preeruptive magma temperatures 
also were attempted by analyzing the cores of large individual 
titanomagnetite and ilmenite grains in the 2004–6 lava samples. 
The titanomagnetite analyses in SH305 fall into three groups, 
with high, intermediate, and low TiO2 contents (fig. 9). The 
range of TiO2 contents observed in the titanomagnetite crystals 
might, in part, reflect incorporation of xenolithic material from 
the conduit walls. Temperature estimates based on the combined 
analytical transects range from 816ºC to 889ºC for sample 
SH305 and from 823ºC to 884ºC for sample SH315. A signifi-
cant part of the variance in the estimates is due to the wide range 
of compositions observed in the respective phases. Tempera-
ture estimates based on analyses of titanomagnetite grains in 
the intermediate-TiO2 group range from 823ºC to 846ºC when 
used in combination with the high-TiO2 ilmenite; the range of 
temperature estimates is 854–875ºC when the low-TiO2 ilmenite 
is used in the calculations. Oxygen fugacities generally are less 
than one log unit above the NNO synthetic buffer (range +0.6 to 
+1.2 log units) at the calculated temperatures in all cases.
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Sample No.---- 
Date erupted-- 
Relation--------

SH304-1b2
10/18/04

Oxide pair in plag

SH305-1-8
11/20/04

Oxide pair in proximity

SH305-1-8
11/20/04

Oxide pair, small grains

Oxide  ILM       MT       ILM     MT     ILM       MT     
FeO 51.39 82.85 49.94 80.67 50.34 74.88

TiO2 42.98 8.54 44.02 11.13 44.36 12.73

Al2O3 0.21 2.33 0.17 1.79 0.21 1.74

Cr2O3 0.01 0.02 0.02 0.03 0 0.02

MgO 1.83 0.92 2.04 1.09 1.75 0.84

MnO 0.54 0.4 0.62 0.43 0.62 0.41

Total 96.96 95.06 96.82 95.15 97.29 90.63

Analyses 14 5 4 11 3 3

TºC  847  879  922

Log10 fO
2

 −11.82  −11.10  −11.59

∆NNO  +1.16  +0.79  +0.50

Sample No.----
Date erupted---
Relation--------

SH305-1-8
11/20/04

Oxide pair in contact

SH315-1a
4/1/05

Oxide pair in proximity

SH315-1a
4/1/05

Oxide pair in proximity

Oxide   ILM     MT        ILM      MT      ILM      MT 

FeO 51.90 78.65 49.24 82.63 51.27 82.29

TiO2 41.75 13.77 45.07 9.57 43.22 7.86

Al2O3 0.22 1.48 0.14 1.47 0.16 2.80

Cr2O3 0.02 0.03 0.02 0.06 0.02 0.02

MgO 1.90 1.20 1.74 0.91 1.80 1.23

MnO 0.56 0.52 0.63 0.44 0.44 0.37

Total 96.35 95.65 96.84 95.09 96.91 94.57

Analyses 5 7 14 6 5 7

TºC  963  828  832

Log10 fO
2

 −10.22  −12.57  −12.07

∆NNO  +0.70  +0.79  +1.21

Table 3. Chemical composition of ilmenite and titanomagnetite occurring as pairs, with calculated 
temperature and fO2

 of last equilibration geothermometry and oxygen geobarometry, Mount St. Helens, 
Washington, 2004–2006.

[Chemical analyses determined by electron microprobe at Brown University, Providence, R.I.; J.D. Devine, analyst. Compositions 
in weight percent; all Fe as FeO. Structural formula, temperature, and oxygen fugacity calculated after Devine and others (2003). 
Oxide phases abbreviated as follows: ILM, ilmenite; MT, magnetite.]

In spite of the difficulty of obtaining meaningful tempera-
ture estimates from in-contact Fe-Ti oxide pairs in the Mount 
St. Helens 2004–6 magma, the presence of the TiO2 concentra-
tion gradients is evidence of a recent heating event (Nakamura, 
1995; Venezky and Rutherford, 1999). However, the general 
lack of rim-to-core TiO2 diffusion gradients in titanomag-
netite phenocrysts suggests that heating of the crystals must 
have taken place some weeks before eruption, judging from 
experimental work on similar samples (Rutherford and Devine, 
2003; Devine and others, 2003) and from diffusion data on Ti 
in magnetite (Venezky and Rutherford, 1999). It appears likely 

that the variability of TiO2 contents in titanomagnetite is due 
in part to commingling of parcels of magma that experienced 
different P–T histories prior to eruption. This interpretation is 
consistent with observations of cyclic variations of amphibole 
and orthopyroxene chemistry described above.

Two other important intensive parameters that can 
occasionally be determined for a preeruption magma using 
phenocryst and melt compositions are the pressure (depth) and 
the PH2O

 (for example, Rutherford and others, 1985). The phe-
nocryst assemblage in the 2004–6 magma suggests an inter-
mediate depth (greater than 3.5–4 km) because the stability of 
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amphibole in a melt requires that the water content of the melt 
be at least equal to H2O saturation at 100 MPa (Merzbacher 
and Eggler, 1984). The compositions of coexisting amphibole 
and plagioclase can also potentially yield both pressure and 
temperature information (Holland and Blundy, 1994), but the 
complex compositional zoning in both these phases makes it 
difficult to determine what amphibole coexists with a given 
plagioclase. In an attempt to circumvent this problem, the 
margins of amphibole crystals included in plagioclase were 
analyzed along with the immediately adjacent plagioclase for 
the 2004–6 magma samples. The results showed a complete 
range of amphibole compositions in contact with a given pla-
gioclase and, thus, no decipherable indication of pressure or 
temperature. Similarly, the analysis of glassy melt inclusions 
in phenocrysts have yielded important data on the volatile con-
tent of the preeruption melt for other eruptions (for example, 
Rutherford and others, 1985; Wallace, 2005), but the relatively 
slow ascent and eruption of the 2004–6 dacite appears to 
have caused cracking and/or crystallization of almost all melt 
inclusions in the new Mount St. Helens magma. Analyses of 
2004–6 samples indicate dissolved water contents less than 
3 weight percent (J. Blundy, oral commun., 2006), and CO2 
below FTIR detection limits (less than 40 ppm).

The observation that amphibole crystallized before plagio-
clase in the 2004–6 samples indicates that this dacite contained 
at least 4 weight percent dissolved H2O when the crystallin-
ity was very low (less than 4–8 volume percent), as discussed 
above. This means that when the phenocryst content of the 
dacite reached the preeruption 40–50 volume percent as the 
result of decompression and/or cooling, the dissolved H2O in the 
remaining melt would have almost doubled. In fact, the residual 
melt probably would have reached H2O saturation where the 
storage-region pressure was less than 300 MPa. These argu-
ments assume that all magma entering the magma storage zone 
was similar in composition, including dissolved volatiles. The 
fact that the erupted dacite has been uniform in composition and 
contains no mafic melt-bearing enclaves (Pallister and others, 
this volume, chap. 30) suggests that this assumption is justified.

Experimental Phase Equilibrium 
Constraints

In order to determine the P–T conditions where the com-
positions of the phenocrysts observed in the 2004 Mount St. 
Helens magma are stable, hydrothermal experiments were per-
formed on a crushed powder of SH305. Experiments were done 
using water-saturated conditions, a decision justified by argu-
ments presented in the previous section. Most experiments were 
at a log fO2

 close to NNO+1 because of the fO2
 conditions deter-

mined from the Fe-Ti oxide phenocrysts, but higher and lower 
oxidation states also were investigated using solid-state buffers. 
Sample and buffer were contained in Ag or Ag-Pd tubes. Details 
of the experiments are given in table 4, and the results are plot-
ted in figure 10. The main objective of these experiments was 

to determine the composition of the amphibole and plagioclase 
that is stable (grows in experimental charges previously equili-
brated at somewhat higher or lower PH2O and T) at each point in 
the range of P–T conditions where amphibole is stable in the 
magma. Our interest in the amphibole stability in this dacite 
magma stems from the observation that the main amphibole 
population appears to have crystallized at a range of conditions 
within the amphibole stability field prior to the final magma 
ascent to the surface. The final magma ascent is represented by 
the 0- to 5-μm-thick reaction rims that occur at the amphibole-
melt contact (Rutherford and Devine, 2005).

As expected, the general hydrothermal phase equilibria 
of the 2004–6 dacite are similar to those determined for the 
slightly less evolved 1980 lava (63 versus 65 weight percent 
SiO2). The amphibole stability field at the fO2

 conditions 
(NNO +1.0±0.5) of the many reconnaissance experiments is 
essentially unchanged by the composition difference, with the 
breakdown at 200 MPa occurring at 910±8ºC (fig. 10). Above 
200 MPa, the reaction to form amphibole with decreasing tem-
perature does not involve Ca-rich pyroxene, as it does at lower 
pressures. Orthopyroxene, plagioclase, magnetite, and ilmenite 
appear almost simultaneously on the liquidus (920±5ºC at 200 
MPa) of the 2004–6 dacite for H2O-saturated conditions. Melt 
and phenocryst abundances were determined for representative 
experiments using the bulk-rock and melt compositions (table 
5), along with phenocryst compositions from each experiment, 
in a mass-balance calculation (Wright and Doherty, 1971). 
Just within the amphibole stability field at 200 MPa (900ºC), 
the magma contains 8 weight percent crystals (4 percent 
plagioclase, 2 percent each of orthopyroxene and amphibole, 
and less than 1 percent of magnetite and ilmenite). At 850ºC 
and 200 MPa, the crystals make up 32 weight percent of the 
magma (M-27; table 4), and at 850ºC and 100 MPa, they make 
up 52 weight percent of the magma.

The composition of the plagioclase that is stable at any 
set of P–T conditions is contoured in figure 10 primarily on 
the basis of long-duration crystallization experiments, but 
reversals also were achieved. New-growth plagioclase is read-
ily identifiable morphologically in higher temperature experi-
ments (900±25ºC), and it was analyzed. Very long duration 
(15 to 30 days) crystallization experiments used a starting 
material created at 235 MPa to determine the stable plagio-
clase-composition contours at lower pressures, all at 850ºC. 
Plagioclase compositions used to create the contours in figure 
10 are recorded in table 4.

The compositions of the amphibole produced are plot-
ted in figure 11 for the experiments where new growth could 
be identified optically and in BSE images (table 6). Plotted for 
comparison are the data from representative natural phenocrysts 
in sample SH305. Six experiments run at 850ºC or 870ºC and 
pressures of 100–230 MPa all have amphiboles with 9–10.5 
weight percent Al2O3, well outside the range observed in the 
normal cyclically zoned natural amphiboles (11.5–15 weight 
percent). The range of MgO (and FeO) in these low-temperature 
amphiboles is partly a function of the differences in fO2

 in this 
group of experiments, as illustrated by the most oxidized experi-
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Run
No.

Starting
material

Pressure 
(MPa)

Temperature 
(ºC)

Buffer 
(Δ NNO)

Time
(days)

Products

M-45a M-41 260 915 1 1.0 L

M-63a 305pdr 260 850 -1 1.0 Plg, A, Opx, Mt, I, L (25%)

M-63b M-16 260 850 -1 1.0 An53,  A, Opx, Mt, I, L (25%)

M-73 305pdr 250 895 0 1.5 Plg, A, Opx, Mt, I, L

M-35 M-31 235 900 1 2 An68, A, M, L (3%)

M-20 305pdr 235 850 1 1.5 An50, A, Opx, Mt, I, L (32%)

M-49 M-17 225 860 1 5 An51, Opx, A, Mt, L

M-62 M-58+s 210 900 -1 2 An64, Opx,A, Mt, L

M-59a M-56a 205 900 -2 1 An62, A, Opx, Mt, L

M-59b M-19 205 900 -2 1 An62, A, Opx, Mt, L

M-60b M-16 205 900 -2 1.5 Plg, A, Opx, Mt, L

M-58 305pdr 200 930 1 1 L

M-16 305pdr 200 922 1 2 Opx, Mt, [Plg], L

M-24 305pdr 200 920 1 1.8 An71, Opx, Mt, M, L

M-19 M-17 200 915 1 0.5 Plg, Opx, M, L (4%)

M-36 M-17 200 915 1 2 An70, Opx, Mt, L (2%)

M-41a 305pdr 200 910 1 2 An67, Opx, A,  Cpx, Mt, L

M-41b M-24 200 910 1 2 Plg, Opx, A, M, L

M-50b M-24 200 900 2 2 An62, Opx, A, Mt, L (8%)

M-51a M-41a 200 900 -1 1 Plg, Opx, A, Mt, I, L

M-51b 305pdr 200 900 -1 1 Plg, Opx, A, Mt, I, L

M-56a 305pdr 200 900 -2 0.7 Plg, A, Opx, Mt, L

M-25 M-24 200 885 1 2 An58, A, Opx, Mt, I, L

M-26 M-24 200 870 1 3 An52, A, Opx, Mt, I, L

M-66 305pdr 200 850 1 2 An42, A, Opx, Mt, I, L

M-27 M-24 200 850 1 6 An44, A, Opx, Mt, I, L

M-17 305pdr 200 840 1 4 Plg, A, Opx, Mt, I, L

M-21 M-20 180 850 1 28 An40, A, Opx, Mt, I, L

M-48 M-34 150 905 1 2 Plg, A, Opx, Mt, I, L

M-34 305pdr 150 880 1 2 An58, A, Opx, Mt, I, L

M-32 M-31 150 860 1 6 An42, A, Opx, Mt, I, L

M-28 M-24 150 860 1 6 Plg, A, Opx, Mt, I, L

M-22 M-20 140 850 2 28 An37, A, Opx, Mt, I, L

M-54 305pdr 125 940 1 2 An70, Opx, Mt, I, L

M-44 M-39 125 930 1 3 An68, Opx, Mt, I, L

M-39 305pdr 125 920 1 1 An58, A, Opx, Mt, I, L

M-38 305pdr 125 910 1 2 An54, Opx, Cpx, Mt, I, L

M-31 305pdr 125 875 1 4 An44, Opx, Cpx, [A], Mt, I, L

M-46 M-30 125 864 1 6 An40, A, Opx, Mt, I, L

M-53 M-38 125 860 1 6 An39, A, Opx, Mt, I, L

Table 4. Hydrothermal experiments on Mount St. Helens 2004 dacite.

[Total of 48 runs, arranged in order of decreasing pressure, from 260 to 70 MPa. Temperature ranges from 940ºC to 840ºC. Starting material 
was powder derived from sample SH305 (dome lava erupted November 2004) for 20 runs (shown as 305pdr); whereas starting material for other 
runs was product of an intervening run, shown listed. Oxygen fugacity buffered within 2 log units of nickel-nickel oxide (NNO). Crystallization 
products, listed in order of decreasing abundance (except glass), are plagioclase, Plg; amphibole; A; orthopyroxene, Opx; Cpx, clinopyroxene; 
magnetite, Mt; ilmenite, Il; and glass, L. Product listed in square brackets indicates phase is breaking down, is not in contact with melt, and 
is considered unstable at conditions of experiment; number in brackets refers to rim thickness on amphibole. Weight percent crystals shown 
parenthetically for some runs, determined by mass balance methods. Anorthite content of plagioclase, specified for 60 percent of runs, ranges 
from An71 to An34.]
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M-54b M-38 120 912 1 2.5 Plg, Opx, Cpx, Mt, I, L

M-52 305pdr 120 845 1 21 An56, Opx, A, Mt, I, L    (51 %)

M-47 305pdr 115 890 1 3 Plg, Opx, Cpx, Mt, I, L

M-30 305pdr 100 865 1 4 Plg, Opx, Cpx, Mt, I, [A, 8 μm], L

M-23 M-20 100 850 1 30 An34, Opx, A, Mt, I, L

M-12 305pdr 82 850 1 10 Plg, Opx, Cpx, Mt, I, [A, 10 μm]

M-11 M-20 70 850 1 6 Plg, Opx, Cpx, Mt, I, [A, 8 μm]

Run
No.

Starting
material

Pressure 
(MPa)

Temperature 
(ºC)

Buffer 
(Δ NNO)

Time
(days)

Products

Figure 10. Pressure-temperature phase diagram determined 
for the Mount St. Helens 2004–6 dacite at water-saturated 
conditions and oxygen fugacity equal to NNO+1 log units. 
Symbols for individual experiments (table 4) point in the 
direction of approach to the final P and T plotted; solid 
symbols indicate amphibole is stable. Solid heavy lines 
mark upper stability limit for a given phenocryst phase: Cpx, 
Ca-pyroxene; Amph, amphibole; Plag, plagioclase; Opx, 
orthopyroxene; Mt, magnetite; Ilm, ilmenite. Medium-weight 
lines are contours labeled with plagioclase anorthite content 
(for example, An70), on basis of data in table 4. Boxed numbers 
(8, 32, 51) indicate weight percent crystals present at P–T 
conditions occupied by box, as determined by a mass balance 
calculation (see text). Solid bar labeled 1980 shows estimated 
conditions in preeruption 1980 magma (Rutherford and others, 
1985; Venezky and Rutherford, 1999).

Table 4. Hydrothermal experiments on Mount St. Helens 2004 dacite.—Continued

[Total of 48 runs, arranged in order of decreasing pressure, from 260 to 70 MPa. Temperature ranges from 940ºC to 840ºC. Starting material 
was powder derived from sample SH305 (dome lava erupted November 2004) for 20 runs (shown as 305pdr); whereas starting material for other 
runs was product of an intervening run, shown listed. Oxygen fugacity buffered within 2 log units of nickel-nickel oxide (NNO). Crystallization 
products, listed in order of decreasing abundance (except glass), are plagioclase, Plg; amphibole; A; orthopyroxene, Opx; Cpx, clinopyroxene; 
magnetite, Mt; ilmenite, Il; and glass, L. Product listed in square brackets indicates phase is breaking down, is not in contact with melt, and 
is considered unstable at conditions of experiment; number in brackets refers to rim thickness on amphibole. Weight percent crystals shown 
parenthetically for some runs, determined by mass balance methods. Anorthite content of plagioclase, specified for 60 percent of runs, ranges 
from An71 to An34.]
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Sample ---
T (ºC) ------
P (MPa) ---
fO2

 (ΔNNO)

SH-305
1300
0.1
+1

M-62
900
210
−1

M-59a
900
205
−2

M-51a
900
200
−1

M-27
850
200
+1

M-17
850
200
+1

M-23
850
100
+1

M-34
890
150
+1

Major-element analyses, weight percent

SiO2 64.80  (24) 62.48  (28) 62.48  (26) 61.59  (39) 65.30  (98) 67.69  (52) 72.83  (24) 67.95  (32)

TiO2 0.64   (5) 0.60   (5) 0.54   (7) 0.52   (6) 0.32   (9) 0.25   (3) 0.25   (4) 0.34   (4)

Al2O3 17.23  (14) 15.85  (13) 15.94  (19) 16.06   (4) 14.46  (28) 13.91  (18) 12.38  (12) 13.68  (10)

FeO 4.35  (10) 3.24  (12) 3.22   (8) 3.15  (16) 2.10  (52) 2.11  (17) 1.42  (11) 2.40   (9)

MgO 1.91   (4) 1.26   (5) 1.24   (7) 1.45  (11) 0.68  (51) 0.46   (3) 0.21   (2) 0.53  (11)

CaO 4.68   (8) 3.93   (7) 3.93   (7) 4.28  (19) 1.96  (44) 2.13  (11) 1.20   (7) 2.27   (6)

Na2O 4.58   (9) 4.84  (10) 4.84  (10) 4.64  (19) 5.60  (25) 4.77  (19) 4.60  (14) 4.66  (17)

K2O 1.45   (7) 1.53   (6) 1.53   (6) 1.33  (11) 2.40  (14) 1.83   (9) 2.43  (11) 1.97   (4)

MnO 0.10   (3) 0.02   (3) 0.02   (3) 0.05   (2) 0.06   (5) 0.04   (3) 0.02   (4) 0.04   (3)

Total 99.74 93.75 93.68 93.07 92.89 93.19 95.34 93.84

Analyses 9 6 6 6 6 7 6 6

VBD 0 6.25 6.32 6.93 7.11 6.81 4.66 6.16

Table 5. Bulk and experimental glass compositions, Mount St. Helens, Washington, 2004–2006.

[Chemical analyses determined by electron microprobe at Brown University, Providence, R.I.; J.D. Devine, analyst. Each analysis is an average; total number of 
analyses for each sample listed in row “Analyses.” Compositions in weight percent; all Fe as FeO. Parenthetical numbers, standard deviation on average for the 
last places given. VBD, dissolved volatiles (H2O) by difference. Column 1 (all glass), SH305 bulk composition.]

ment, M-22 (fig. 11A). The externally imposed fO2
 in the 900ºC 

experiments ranges from 2 log units below to 2 log units above 
NNO, bracketing the fO2

 indicated by the Fe-Ti oxides (NNO +1) 
in the natural sample.

The variation in Al2O3 content (including Altotal and VIAl) 
of amphibole that crystallizes from the 2004–6 dacite (table 6) 
should be a function of temperature and pressure as discussed 
earlier in this paper, and the experimental data (fig. 11) show 
this to be the case. It is notable, however, that only experi-
ments done at 200 MPa and higher pressures have composi-
tions that plot in the zone defined by the cyclically zoned 
natural phenocrysts. Additionally, none of the experiments 
in the pressure range 200–250 MPa produced amphiboles 
comparable to the highest Al- and Fe-rich zones in the natural 
amphibole. Experiments at 200 MPa, 900ºC, and a log fO2 

in the range NNO+2 to NNO-2 produce the low and inter-
mediate Al2O3 compositions in the cyclically zoned natural 
phenocrysts. Experiments at 900ºC and pressures of 235 MPa 
(NNO+1) and 250 MPa using the NNO buffer did not produce 
an amphibole with higher Al. Both the Al2O3 and VIAl com-
position data indicate that a pressure somewhat greater than 
250 MPa is required to stabilize the highest Al- and Fe-rich 
amphibole end members of the natural phenocrysts.

Depth of the Preeruptive 2004–2006 
Magma System

The question of preeruptive magma-storage depth is of 
considerable interest and importance for understanding the 

ongoing Mount St. Helens eruption and for predicting how 
the eruption is likely to progress. Is the magma erupting from 
the same storage zone determined for the 1980–86 eruptions 
(Scandone and Malone, 1985; Rutherford and others, 1985), or 
has the system changed? The seismic record over the decade 
before the new eruption suggests that magma may have moved 
to a relatively shallow depth (3–4 km) below the crater floor, 
particularly at one or two times during this period (Moran, 
1994; Moran and others, this volume, chap. 2). Seismic-
ity accompanying the 2004 eruption appears to have been 
largely in the region from 2 km to the surface, consistent with 
magma erupting from storage below this depth. Theoretically, 
the abundance and composition of phenocrysts, particularly 
the rim compositions, are dependent on the final P and T of 
phenocryst-melt equilibration in the erupting magma. We have 
attempted to use this knowledge and the phenocryst data from 
the natural sample and experiments to determine the depth of 
the magma storage upper boundary.

As described in the previous section, most of the amphi-
bole-phenocryst growth in the 2004–6 dacite was at pressures 
of 200 MPa or higher and at temperatures greater than 850ºC. 
The phenocryst abundance in the dacite at these high pres-
sures is less than 32 volume percent at temperatures greater 
than 850ºC (fig. 10). However, given that much of the magma 
erupted at 850ºC with ~45 volume percent phenocrysts (Pallis-
ter and others, this volume, chap. 30), plagioclase phenocryst 
growth must have continued to a much lower pressure (fig. 
10). Analytical data from experiments designed to achieve a 
good approach to plagioclase phenocryst rim-melt equilibrium 
as a function of pressure at 850ºC are compared with rim-
composition measurements in the natural samples (figure 12). 
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Sample No.---
P (MPa)-------
T (ºC)----------
fO2

 (∆NNO)--

M-62
210
900
-1

M-59b
205
900
-2

M-59a
205
900
-2

M-51a
200
900
-1

M-49
225
860

1

Major-element analyses, weight percent

SiO2 42.63 43.68 43.58 42.07 44.44

TiO2 2.48 2.28 2.62 2.72 1.89

Al2O3 13.38 12.54 11.31 13.00 10.31

FeO 13.13 10.72 11.48 14.07 14.95

MgO 13.30 15.21 14.90 13.14 13.15

CaO 10.95 11.07 11.06 11.58 10.56

Na2O 2.25 2.37 2.26 2.39 1.89

K2O 0.27 0.33 0.26 0.32 0.26

MnO 0.19 0.11 0.21 0.10 0.26

Total 98.58 98.31 97.68 99.39 97.71

Cation abundance in structure formula

Si 6.119 6.224 6.275 6.041 6.452

AlIV 1.881 1.776 1.725 1.959 1.548

Ti 0.268 0.244 0.284 0.294 0.206

AlVI 0.383 0.331 0.195 0.241 0.216

Fe3+ 0.728 0.654 0.701 0.745 0.823

Fe2+(Y) 0.776 0.536 0.622 0.908 0.909

Mg 2.846 3.231 3.198 2.812 2.846

Ca 1.684 1.690 1.706 1.782 1.643

Fe2+(X) 0.072 0.088 0.059 0.037 0.083

Na 0.627 0.609 0.631 0.665 0.532

Mg# 78.57 85.78 83.71 75.60 75.80

Fe3+/ΣFe 0.462 0.512 0.507 0.441 0.454

Table 6. Representative experimental amphibole compositions and structure formulas, Mount St. Helens, Washington, 2004–2006.

[Chemical analyses determined by electron microprobe at Brown University, Providence, R.I.; J.D. Devine, analyst. Compositions in weight percent; all Fe as FeO. Structure formula calcu-
lated after Holland and Blundy (1994). Magnesium number, Mg# = (Mg×100)/(Mg+(Fe2+ in Y site)).]

Sample No.---
P (MPa)-------
T (ºC)----------
fO2

 (∆NNO)--

M-32
150
200

1

M-28
150
860

1

M-20
234
850
1

M-27
200
850
1

M-22
140
850
1

Major-element analyses, weight percent

SiO2 44.72 45.19 45.59 42.92 46.04

TiO2 2.46 1.73 1.68 2.14 1.49

Al2O3 9.29 10.26 9.48 11.49 8.58

FeO 14.58 13.12 14.21 15.80 11.60

MgO 13.07 14.04 13.71 12.19 15.48

CaO 11.14 11.28 11.32 10.97 11.36

Na2O 1.97 1.98 1.79 2.23 1.94

K2O 0.27 0.28 0.26 0.32 0.24

MnO 0.14 0.18 0.28 0.21 0.29

Total 97.64 98.06 98.32 98.27 97.02

Cation abundance in structure formula

Si 6.540 6.515 6.575 6.264 6.659

AlIV 1.460 1.485 1.425 1.736 1.341

Ti 0.271 0.188 0.182 0.235 0.162

AlVI 0.141 0.259 0.187 0.240 0.121

Fe3+ 0.558 0.625 0.698 0.745 0.670

Fe2+(Y) 1.182 0.911 0.986 1.129 0.709

Mg 2.849 3.017 2.947 2.652 3.337

Ca 1.745 1.77 1.749 1.715 1.761

Fe2+(X) 0.043 0.046 0.030 0.055 0.024

Na 0.558 0.554 0.500 0.631 0.542

Mg# 70.68 76.81 74.93 70.14 82.47

Fe3+/ΣFe0 0.313 0.395 0.407 0.386 0.478
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Figure 11. Compositions of amphiboles produced in 
hydrothermal experiments (table 4) compared with those of 
natural cyclically zoned phenocrysts in SH305, a representative 
phenocryst in 2004–6 magma. Black solid dots, natural 
amphiboles; open symbols, experimental results at temperatures 
from 840ºC to 870ºC and pressures less than 200 MPa. Solid 
red symbols represent experiments at 900ºC and pressures of 
200–260 MPa. The fO2

 of the 900ºC experiments ranged from 
NNO-2 to NNO+2; others were all at NNO+1 log units. Numbered 
symbols indicate amphibole compositions (table 6) produced in 
experiments; numbers correspond to sample numbers in table 4. 
A, Al2O3 versus MgO. B, VIAl versus Altotal.

The results of the plagioclase-growth experiments indicate that 
if the 2004–6 magma was stored for more than 30 days at 180 
MPa before experiencing a fairly rapid ascent to the surface, 
the rim compositions would be approximately An40. The simi-
larity of the 14- and 28-day experimental results suggest that 
much longer storage at this depth would not change the most 
albite-rich composition observed, as long as the temperature 
and PH2O

 remained unchanged. At 140 and 100 MPa, the pla-
gioclase in equilibrium with the residual melt at 850ºC is An35 
and An32, respectively. Comparing these experimental plagio-
clase compositions to the most Na-rich rims on natural phe-

nocrysts in SH304 and SH305 suggests that the phenocrysts in 
the 2004–6 magma were crystallizing at a pressure as low as 
120–140 MPa before the final ascent. The natural phenocrysts 
with more Ca-rich rims (fig. 12) are interpreted to have expe-
rienced little or no growth in the decompression accompany-
ing ascent to 120 MPa. This lack of new plagioclase growth 
is expected in an ascending magma when the phenocryst 
content is high, because the melt immediately adjacent to 
some phenocrysts is limited in volume by other phenocrysts 
that are close or touching. Additionally, because the ascent 
from the storage zone to the surface did not produce signifi-
cant reaction rims on amphiboles, we conclude that measur-
able additions to the plagioclase phenocrysts are unlikely to 
be added during the final (100 to 0.1 MPa) ascent. We make 
this conclusion because H2O loss from the melt in ascending 
magma is the main cause of both amphibole breakdown and 
plagioclase crystallization. The amphibole rims are less than 5 
μm thick in these samples, indicating a relatively rapid magma 
ascent (Rutherford and Hill, 1993; Rutherford and Devine, 
2003). Although nucleation and growth of plagioclase micro-
lites occurs readily in such decompressions (Geschwind and 
Rutherford, 1995), the experimental data indicate that addi-
tions to associated phenocrysts would be minor and too thin to 
analyze by electron microprobe.

To summarize, the plagioclase rim compositional data 
indicate that the 2004–6 magma could have been stored at a 
pressure as low as 120 MPa, or a depth of 4–5 km below the 
crater floor for a relatively prolonged period before erup-
tion. When these data are considered together with the depth 
range indicated by seismic data during the eruption (Moran 
and others, this volume, chap. 2), the 4–5-km depth appears 
to represent the top of the magma storage zone. However, it is 
also obvious that the preeruptive magma storage extended to 
much greater depths, and the Na-rich plagioclase phenocryst 
rims may have developed during the slow, final ascent process 
that began somewhere below 4 km.

The amphibole phenocryst compositions and their very 
thin decompression-induced reaction rims do not significantly 
constrain estimates of the preeruptive magma storage-zone 
depth, except to indicate that it was greater than 100 MPa (4–5 
km) for magma at 850ºC. If the storage zone pressure had been 
less than 100 MPa, there would have been thick, coarse-grained 
reaction rims on all amphiboles. For example, 10-μm-thick 
rims were produced in experiments at 85 and 70 MPa on the 
2004–6 dacite in as little as 7 days (experiments M-11 and 
M-12; table 4). However, as discussed in the following sec-
tion, the crystallization of the cyclically zoned amphiboles 
must have occurred at pressures more than twice the 100 MPa 
estimated for the final pressure of phenocryst-melt equili-
bration. No attempt was made to use the Al-in-hornblende 
geobarometer to estimate the pressure because the phenocryst 
phase assemblage in the 2004–6 dacite is not silica saturated as 
required by the geobarometer calibration (Johnson and Ruther-
ford, 1989). Using the geobarometer (Thornber and others, this 
volume, chap. 32) should give an upper-pressure limit, particu-
larly for the early crystallization of the Al-rich amphiboles.
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Figure 12. Comparison of plagioclase phenocryst-rim 
compositions in samples from 2004–2006 Mount St. Helens 
eruption (SH304 and SH305) with those produced in long-duration 
crystallization experiments at 850ºC and pressures of 100 to 
180 MPa (table 4). Squares, 15-day runs; circles, 30-day runs. 
Similarity between different run durations indicates experiments 
were sufficiently long to approach chemical equilibrium. Arrow 
indicates pressure (about 120 MPa) where these experiments 
produce new plagioclase that is compositionally equal to most 
Na-rich rims on the natural phenocrysts. More Ca-rich rims in 
natural plagioclase are interpreted as rims where there was 
limited late-stage growth.

Origin of the Cyclically Zoned 
Phenocrysts: Preeruptive Magma 
History

A second objective of this project was to determine the 
origin and significance of the cyclic compositional zonation 
observed in 2004–6 magma phenocrysts. Is it possible to 
crystallize the cyclically zoned plagioclase, amphibole, and 
orthopyroxene phenocrysts by simply changing conditions in 
the dacite magma, or are injections of mafic magma required? 
For example, the presence of cyclically zoned phenocrysts in 
the silicic andesite magma erupted recently (1995–2002) at 
Soufrière Hills, Montserrat, was clearly the result of recrys-
tallization following injections of a more mafic basaltic 
andesite (Rutherford and Devine, 2003). Vesicular blobs of 
the mafic magma were carried up in the erupting magma, 
and small, blade-shaped crystals of high-An plagioclase and 
pargasitic amphibole from the mafic magma are present in the 
andesite groundmass. However, there is no evidence of recent 
mafic magma injections into the 2004–6 dacite (Pallister and 
others, this volume, chap. 30). Thus, we have concentrated on 
determining how the 2004–6 phenocryst compositions could 
have been formed from dacite magma by trying to determine 
the range of pressure-temperature conditions where the vari-
ous phenocryst compositions would crystallize.

Figure 13 is a model of the Mount St. Helens 2004–6 
magma storage zone that uses the experimental data described 
above to explain the cyclic zoning of the natural amphibole, 
plagioclase, and orthopyroxene phenocrysts. Because there is 
no evidence, such as mafic enclaves, to indicate other magma 
compositions were mixed or mingled with the 2004–6 dacite, 
our model assumes a dacite magma input. The timing of this 
input is not known; it could have been associated with the 
beginning stages of the 2004–6 eruption, or it could have 
been associated with past (1986–98) peaks in deep seismic 
activity (Moran and others, this volume, chap. 2). Given that 
the preeruptive magmatic temperatures decreased from 1980 
to 1986 (Rutherford and Hill, 1993), it seems unlikely that 
the hot 2004–6 magma was emplaced during the 1980–86 
eruptions, although this possibility cannot be ruled out. The 
homogeneity of the 2004–6 dacite suggests that the magma 
composition entering the base of the storage zone is similar 
to the magma that has been erupting. Uranium-series dating 
of mineral separates from the 2004–6 magma indicate there 
is an old component present in the erupting magma (Cooper 
and others, this volume, chap. 36), but this may be explained 
by the xenolithic material, and it does not appear to affect our 
conclusions about magma entering the 2004–6 system.

If the incoming dacite magma had a high dissolved water 
content, as the phenocryst phase assemblage suggests, it 
would crystallize Fe- and Al-rich amphibole before or during 
its invasion of the storage zone at about 900ºC (fig. 13). This 
temperature for the incoming magma is suggested by the high-
TiO2 magnetite phenocrysts in some of the samples (fig. 9), by 
the lack of plagioclase inclusions in amphibole phenocrysts 
that indicate that amphibole crystallized before plagioclase, 
and by the anorthite content (An68) in the cores of cyclically 
zoned plagioclase phenocrysts. Small amounts of orthopyrox-
ene, magnetite, and ilmenite crystallized along with the early 
amphibole as indicated by inclusions in amphibole and the 
experimental phase equilibria. The pressure on the magma as 
it enters the storage zone is interpreted to be ~300 MPa (12 km 
depth) on the basis of the experiments (fig. 11) that indicate 
such pressures are required to stabilize the high-Al zones in the 
amphibole phenocrysts. Importantly, An68 plagioclase is not 
stable above 200 MPa at 880–900ºC, according to the water-
saturated experiments (fig. 10), and would be lacking in the 
phenocryst-poor magma just after it entered the storage zone.

As the water-rich magma moved higher in the storage 
zone, the high-An (An68) zones in plagioclase would begin 
to crystallize at 200 MPa and temperatures near 900ºC. At 
this point (about 7–8 km depth), much of the magma must 
stagnate and cool in the storage zone in order to form the more 
Ab-rich zones in the plagioclase and the more Mg-rich zones 
in the amphiboles. The plagioclase phenocrysts require that 
the magma cools to 850ºC in order to stabilize and grow the 
albite-rich layer (An45–50) in the first growth cycle. We interpret 
this cooling as occurring in a lateral flow (fig. 13). If cooling 
did not occur, the original phenocrysts would tend to dissolve 
during convection to depth, and textures within phenocrysts 
indicate dissolution was not extensive. The second cycle of 
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Figure 13. Simplified cross section showing model of the Mount 
St. Helens magma storage zone and transport system based on 
petrologic data for the 2004–6 samples discussed in this paper 
(see also Pallister and others, this volume, chap. 30) and the 
seismic depths associated with magma movement before and 
during the 2004 eruption (Moran and others, this volume, chap. 2). 
Depth scale is relative to the crater floor.

amphibole growth begins with an Fe- and Al-rich material 
that is stable only at pressures substantially greater than 200 
MPa (fig. 11); the amphibole data require the convection 
system shown in figure 13. Sharp chemical transitions—those 
between Na-rich and Na-poor zones in plagioclase (200 MPa 
and 850ºC) and those between Mg-rich and Fe-rich zones in 
amphibole—are consistent with the convection process, in that 
crystallization would not occur in the sinking magma.

The forces to drive the convection certainly are pres-
ent. The melt-rich character, relatively high temperature, and 
high dissolved H2O content would tend to make the incoming 
magma buoyant in the storage zone occupied by older, cooler, 
and more crystal-rich magma. During ascent from the 12-km 
depth, the buoyancy of this magma would decrease as a result 
of decompression-induced crystallization. Cooling, crystal-
lization, and loss of released gas at the top of the convec-
tive cell would further reduce the buoyancy of the magma, 
apparently to the point where the combination of density and 
viscosity cause it to sink in the chamber. Using the data of 
Geschwind and Rutherford (1995) for the densities of the 
phases, the density of the magma would increase from 2,310 
kg/m3, as magma with 5 volume percent crystals (amphibole 
and orthopyroxene) enters the storage zone, to 2,450 kg/m3 at 
850ºC where magma contains 30 volume percent phenocrysts 

(in the proportions plag:amph:opx:mt = 23:3:3:1 on a volume 
percent basis). This represents a 6-percent density increase 
of the crystal-rich magma relative to the incoming melt-rich 
magma, assuming gas released in the upwelling process is 
able to escape during the crystallization. Given that viscosity 
of the H2O-rich melt will be relatively low, the viscosity of 
the phenocryst-poor magmas should facilitate the convection. 
Sharp increases in viscosity when the phenocryst content goes 
above 30 volume percent (Marsh, 1981) may indicate why the 
cycle ends and why there are only two zoning cycles, on aver-
age, in amphibole.

Following an average of two cycles of phenocryst 
growth and convective overturn, some fraction of the magma 
would separate and rise toward the conduit. Although there 
were additions to the plagioclase phenocrysts in this stage 
of magma ascent (fig. 12), there was almost no additional 
amphibole crystallization, because the interstitial H2O-
saturated melt at 200 MPa and 850ºC has essentially no 
amphibole component, and there is no Ca-rich pyroxene in 
the H2O-rich dacite. However, amphibole recrystallization to 
form Fe-rich, Al-poor amphibole rims, as observed in SH323 
(fig. 7) may occur in magma that spent a somewhat longer-
than-average time in the less-than-200-MPa pressure range 
during this ascent.

A variation of the above model involving an incom-
ing magma that has a somewhat lower initial dissolved H2O 
content cannot be ruled out. Rather than H2O-saturated, 
the incoming magma could have a PH2O as low as 0.7 Ptotal, 
in which case the amphibole stability would not have been 
affected, but plagioclase phenocrysts would have been sta-
bilized to a higher temperature at a given pressure. This is 
equivalent to proposing that the magma was saturated with 
a CO2-bearing fluid when it entered the storage zone. As 
discussed above, however, the initial melt-rich magma must 
have contained at least 4 weight percent dissolved H2O in 
order to stabilize amphibole, and this limits the CO2 content 
of the coexisting fluid (Newman and Lowenstern, 2002) to 
~600 ppm. The maximum temperature of the magma coming 
into the storage zone at 260–300 MPa is still required to be 
less than 910ºC in order to stabilize the high-Al amphibole. 
However, in this case, the An68 plagioclase cores could have 
formed at pressures greater than 200 MPa, possibly as early 
as the amphibole. The absence of plagioclase inclusions in 
the amphibole cores suggests this variant of the storage zone 
model is unlikely.

Comparison of 2004–2006 and 1980–
1986 Preeruption Magmas

Some additional data collected for the 1986 lava dome 
(sample SH205) and for the 1980 pumice (SH084) during the 
course of this study indicate that a set of convective pro-
cesses similar to those described above was operating in the 
magma storage zone during the 1980–86 eruptions. Magma 
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erupted in 1986 last equilibrated at 860±10ºC (Rutherford 
and Hill, 1993) and contained amphiboles with cyclic zoning 
generally indistinguishable from that in the 2004–6 magma. 
A plot of Al2O3 versus MgO for amphiboles (fig. 14) shows 
essentially total overlap between typical amphiboles from 
SH205 (1986) and SH323 (2005; table 2 and fig. 4). A cycli-
cal set of phenocryst growth conditions similar to that out-
lined for the 2004–6 magmas (fig. 13) appears to be required 
for the 1986 dome-forming lava. The lack of decompression-
induced rims on amphibole in the 1986 sample (fig. 3D) is 
one significant example of how the 1986 magma differs from 
that erupted in 2004–6. This observation seems to require an 
even more rapid ascent for the 1986 magma over the final 
4–5 km. Outer rims on the 1986 amphibole that are higher 
in FeO, relative to those in the 2004–6 magma, might also 
be explained by a rapid ascent of magma from depth. This 
mineralogical evidence of amphibole crystallization over a 
pressure range suggests a process similar to one proposed 
recently (Blundy and Cashman, 2005; Cashman and McCon-
nell, 2005) as operating in the Mount St. Helens magma sys-
tem, on the basis of melt-inclusion data. The magma ascent 
history, however, appears to have been more complicated 
than can be determined from the melt inclusions.
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Figure 14. Compositions of eight amphibole phenocrysts (rim to rim transects) 
in the 1980 Mount St. Helens pumice (SH084) compared with similar amphibole 
transects for a typical sample of the 2004–6 lava dome (SH323) and 1986 dome 
(SH205). Lines are fit to the eight SH084 amphibole profiles. Zoning in the 1980 
pumice phenocrysts is similar to that in the 2004–6 phenocrysts except that 
it occurs at lower Al2O3 in most crystals. Note that rims on SH323 amphiboles 
spread over the low-Al2O3 compositions found in the May 1980 samples, whereas 
the zoning profile in SH205 (1986 lava) is indistinguishable from 2004–6 samples 
such as SH304 and SH305 (fig. 4).

Compositional zoning in representative amphibole phe-
nocrysts from the May 18, 1980, white pumice is shown in 
figure 14. The Al2O3 versus MgO zoning within individual 1980 
phenocrysts defines line segments that are parallel to the 2004–6 
trend, but they range down to significantly lower Al2O3. The 
lower-Al2O3 phenocrysts are similar in composition to the Al-
poor rims analyzed on amphiboles in SH323 (fig. 7) and other 
more recently erupted 2004–6 samples. In a previous section we 
suggested that the composition of the anomalous Al-poor rims 
on SH323 amphiboles are best explained by recrystallization at 
pressures of 100–200 MPa, possibly even just outside (below) 
the stability limit of OH-amphibole. This would help explain the 
fluorine enrichment of these rim compositions. These observa-
tions suggest that the convective process described in the model 
for the 2004–6 magma storage zone also was working in 1986 
and 1980. However, at least some of the 1980 magma seems to 
have experienced a significant part of the amphibole crystalliza-
tion at a pressure in the 150–200 MPa range at the 880ºC tem-
perature (Rutherford and Devine, 1988; Venezky and Ruther-
ford, 1999) of this system. The 1980 phenocrysts generally are 
higher in F (~1,200 ppm) than are the cores of 2004–6 samples 
(900 ppm) but are not as high as the 2004–6 rims (SH323), 
consistent with this lower-pressure origin.
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Conclusions
In summary, and in answer to the questions posed in the 

introduction to this paper, the following conclusions can be 
made: (1) The phenocryst assemblage that occurs in the 2004–6 
Mount St. Helens dacite lava-dome samples can be attributed to 
crystallization from dacite magma; no mafic magma injection 
is required. (2) The compositions of the Fe-Ti oxides, magne-
tite and ilmenite, although somewhat variable, indicate that the 
temperature of equilibration was in the range of 820–890ºC and 
the fO2

 was NNO + 1 log unit. The existence of a range of TiO2 
in different, relatively homogenous titanomagnetite phenocrysts 
also suggests there was mingling of different batches of dacite 
with different thermal histories to create each batch of erupt-
ing magma. (3) Cyclic zoning observed in amphiboles in the 
2004–6 magma consists of Al- and Fe-rich zones alternating 
with Mg- and Si-rich zones and can be explained as approxi-
mately equal amounts of two substitutions: a pressure-sensitive 
Al-Tschermak substitution and a temperature-controlled 
edenite substitution. Significantly, different amounts of the Al-
Tschermak end member, in different zones of each amphibole 
phenocryst, require crystallization over a range of total pressure. 
Hydrothermal experiments on the dacite composition show 
that the Fe- and Al-rich end member of the amphibole zoning 
must have crystallized at pressures of ~300 MPa, whereas more 
Mg- and Si-rich amphibole zones crystallized in the 200-MPa 
range. (4) Cyclical zoning in natural plagioclase phenocrysts, 
ranging from An68 to An35, also requires the magma to cycle 
through a range of crystallization conditions. The hydrothermal 
experiments indicate that An68 plagioclase would crystallize 
at ~200 MPa and 900ºC, well after the initial crystallization of 
amphibole in an ascending dacite magma. Cooling to ~850ºC is 
required to develop the first layer of Ab-rich plagioclase. (5) In 
order to explain the cyclic zoning in the phenocrysts, each batch 
of magma must have experienced convective overturn, going 
back to near the original high pressure at the lower temperature 
(850ºC), where it interacted with new incoming dacite magma, 
as illustrated in figure 13. (6) Rims on plagioclase phenocrysts, as 
sodic as An35, indicate that plagioclase phenocryst growth contin-
ued in ascending magma until the pressure was ~130 MPa. This 
pressure is interpreted to represent the top of the magma storage 
zone at 4–5 km depth. (7) Compositional zoning in the 1980 and 
1986 amphibole phenocrysts indicates that convective conditions 
also existed during phenocryst growth in that magma system.
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Abstract
Textural, compositional, and mineralogical data are 

reported and interpreted for a large population of clinoam-
phibole phenocrysts in 22 samples from the seven successive 
dacite spines erupted at Mount St. Helens between October 
2004 and January 2006. Despite the uniformity in bulk compo-
sition of magma erupted since 2004, there is striking textural 
and compositional diversity among amphibole phenocrysts 
and crystal fragments that have grown from, partly dissolved 
in, or been accidentally incorporated in the new dacite. This 
study demonstrates that magma erupted throughout the current 
dome-building episode is the end product of small-scale, thor-
ough mixing of multiple generations of crystal-laden magma. 
The mixed amphibole population provides important clues to 
magma conditions within the dacite magma reservoir prior to 
ascent and, to some extent, the dynamics of mixing and ascent.

The predominant amphibole in new dome rock ranges 
from moderate- to high-alumina tschermakite and magne-
siohastingsite compositions. As substantiated by major- and 
trace-element geochemistry and barometry calculations, 
this compositional range of crystals, along with plagioclase, 
orthopyroxene, and iron-titanium oxide, is likely to have 
precipitated from dacite magma over a range of pressures and 
temperatures consistent with experimentally determined phase 

relations (~900°C to ~800°C between 100 MPa and ~350–400 
MPa or ~4-km and 13.5–15-km depth). Along with trace-
element characteristics, textural and compositional data help 
to distinguish some low-alumina magnesiohornblende crystals 
as xenocrysts. The diverse range in composition of amphibole 
in all samples of 2004–6 dacite, and the complex zonation 
observed in many phenocrysts, suggests a well-mixed source 
magma with components that are subjected to repeated heat-
ing and (or) pressurization within this pressure-temperature 
window. Amphibole textural and compositional diversity 
suggest dynamic conditions in the upper-reservoir zone, which 
has been tapped steadily during ~2 years of continuous and 
monotonous eruption. This well-mixed crystal mush is likely 
to have been subjected to repeated injection of hotter magma 
into cooler crystal-laden magma while simultaneously assimi-
lating earlier generations of dacitic roof material and surround-
ing gabbroic rock.

Decompression-related reaction rims around subhedral, 
rounded, resorbed, and fragmented amphibole phenocrysts, 
regardless of composition, indicate that this mixed-crystal 
assemblage was being broken, abraded, and dissolved in 
the magma as a result of mechanical mixing before and 
during early stages of ascent from conduit roots extending 
into a mushy cupola of the shallow reservoir. In the earliest 
lava samples (October 2004), amphiboles with <3-µm rims 
associated with a glassier matrix than later samples suggest a 
slightly faster ascent rate consistent with the relatively high 
eruptive flux of the earliest phases of dome extrusion. Reac-
tion rim widths of ~5 µm on amphibole in all subsequently 
extruded lava result from a steady influx and upward transport 
of magma from 3.5–2.5-km to ~1-km depth at rates of ~600 
to ~1,200 m/day, through a conduit less than 10 m in radius. 
Slower ascent rates inferred from volumetric-flux and matrix-
crystallization parameters are explained by a widening of the 
conduit to greater than 60 m radius within 1 km of the surface.
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Introduction
The cooled and degassed dacite magma that has been 

tapped continuously by the 2004–6 eruption at Mount St. 
Helens is a mixture of 45 percent phenocrysts and 55 percent 
dacite melt (Pallister and others, this volume, chap. 30, table 
4). As shown by Pallister and others (this volume, chap. 30), 
the whole-rock composition of lava erupted from 2004 to 
2006 is strikingly uniform (64.9±0.09 weight percent SiO2), 
and the dense-rock-equivalent (DRE) volume proportion 
of plagioclase (30–40 percent), amphibole (4–8 percent), 
orthopyroxene (3–5 percent), and iron-titanium-oxide (1–2 
percent) phenocrysts is consistent throughout the eruption. 
Similarity of bulk-rock and bulk-matrix compositions, as well 
as the experimental phase equilibria of Rutherford and Devine 
(this volume, chap. 31), suggest that the dominant phenocryst 
assemblage shares a dacite parentage. However, the isotopic, 
mineralogical, and textural diversity of phenocrysts leaves 
little doubt that the bulk compositional uniformity is the end 
result of repeated and thorough mixing of phenocryst-laden 
magma with preexisting crystalline material.

Petrologic models of magmatic processes for this erup-
tion rely, in part, upon mineral-melt criteria that are clouded 
by a genetically mixed population of phenocrysts. The 
phenocrysts, including variably resorbed, reacted, and frag-
mented crystals, are discrete pieces of a complicated “dacite 
puzzle.” Some crystal populations look alike but did not 
necessarily crystallize together at the same depth, temperature, 
magma composition, and time. Detailed studies of phenocryst 

1 cm

Figure 1. Photograph showing freshly broken surface of SH325-1A, a typical sample of Mount St. Helens 2004–6 dacite lava.

morphology and chemistry provide petrologic context for 
establishing the genetic affinities of the crystals. This chapter 
provides detailed documentation of the potpourri of amphibole 
phenocrysts in the 2004–6 lava at Mount St. Helens.

All amphibole found in 1980–86 and 2004–6 Mount 
St. Helens dome lava is calcium-rich, monoclinic amphibole 
(clinoamphibole). In fresh gray pieces of plagioclase-rich dac-
ite (fig. 1), amphibole phenocrysts are conspicuous as dark-
brown to black, lustrous to semitranslucent flecks, chunks, 
and, locally, flow-aligned acicular blades.

The ubiquitous amphibole phase in 1980–86 and 2004–6 
Mount St. Helens dome rock incorporates all of the major-
element components of a water-saturated dacite melt and, 
thus, records changes in the pressure-temperature (P-T ) paths 
and the compositional variations of host magmas at depths 
in excess of ~ 4 km, where amphibole is stable (~100 MPa, 
Rutherford and Devine, this volume, chap. 31). Clinoamphi-
bole phenocrysts dissolve in magmas undergoing decompres-
sion and degassing during ascent. The nature and extent of 
amphibole breakdown reactions record the rates and paths of 
magma ascent from depth (Rutherford and Hill, 1993; Browne 
and Gardner, 2006; Buckley and others, 2006). In this study 
of newly erupted Mount St. Helens lava, we establish and 
correlate variations in texture, chemistry, and mineralogy 
among amphibole crystals, and we document and interpret 
the characteristics of amphibole reaction rims. Aluminum-in-
amphibole thermobarometry is applied to infer the relative P-T 
conditions for the range of amphiboles likely to have crystal-
lized from host dacite or similar magma. We aim to provide an 
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“amphibolic” perspective toward understanding the character 
and disposition of a well-mixed, cooled, and degassed magma 
beneath Mount St. Helens during its near-steady-state trans-
port to the surface from 2004 to 2006.

Samples Used in this Study
This investigation is based on microbeam studies of 22 

Mount St. Helens dacite samples erupted during the October 
2004 to January 2006 interval of spine emergence and dome 
growth (table 1). Aside from the samples derived unequivocally 
from newly extruded material (including the March 8, 2005, 
ash-fall sample, MSH05DRS3/8-4), the suite described here 
includes two unusual glassy dacite fragments (SH300-1A3,  
SH304-2G) dredged from debris shed by the emergent dome in 
early October 2004. Because these two samples are of uncer-
tain origin and are uniquely glassy, their data, along with data 
for lithic inclusions of nonjuvenile andesite and dacite found 
in lava samples SH315-4, SH325-1A, and SH321-1, are 
discussed separately. Petrologic attributes of several samples 
reported here are also reviewed elsewhere in this volume; for 
example, the petrology of the early glassy fragment (SH-
04-2G) and the small, glassy andesite inclusion in SH315-4 
are discussed by Pallister and others (this volume, chap. 30). 
An overview and complete catalog of samples collected during 
the 2004–6 eruption, including sampling methods, loca-
tions, brief descriptions, and chemistry, is presented for dome 
samples by Thornber and others (2008) and for tephra samples 
by Rowe and others (2008).

Three older dome samples from the Cascades Volcano 
Observatory (CVO) archive were also analyzed to assess dif-
ferences between clinoamphibole chemistry from the current 
eruption suite and the 1980–86 dacite (table 1). Compositional 
data on amphiboles in two gabbro xenoliths from the 1986 
dome rock (791-8a, 791-8b samples of Pallister and others, 
1991) provide a basis for identifying xenolith-derived crystal 
fragments among the diverse population of amphiboles in the 
2004–6 dacite.

Overview of Amphibole Data
Amphiboles in polished thin sections were selected for 

analysis without bias to size or morphology. Microbeam analy-
ses and imagery used in this study were accomplished at three 
different laboratories (details of microbeam methods are in 
appendix 1). All amphibole analyses used in this investigation 
fit the mineralogical criteria established for calcic amphiboles 
by Leake and others (1997). The stoichiometric calculation 
used to assess cation site occupancy and proper nomenclature 
is discussed in a separate section below. Compositional data 
acquired include 458 major-element analyses of 399 individual 
crystals with 373 interior and 85 outer (20 µm) rim analyses. 
These data include 26 analyses of 17 crystals in lithic inclu-

sions of andesite or dacite and 49 analyses of 28 crystals in 
glassy lithic samples. In addition, rare-earth elements were 
analyzed for 80 amphibole cores in nine samples spanning the 
2004–6 eruption. No amphibole trace-element data are cur-
rently available for 1980–86 lava or xenolithic inclusions. All 
chemical analyses of 2004–6 amphibole phenocrysts com-
piled for this investigation are tabulated in appendix 2, which 
appears only in the digital versions of this work (in the DVD 
that accompanies the printed volume and online at http://pubs.
usgs.gov/pp/1750). For purposes of the comparison with cur-
rent eruptive products, major-element analyses of amphibole 
in 1980–86 Mount St. Helens dacite and in gabbroic xenoliths 
in the 1980–86 dome material also were compiled and are 
provided in appendix 2.

Maximum length and width measurements of 391 (98 
percent) of the analyzed phenocrysts were made using scaled 
scanning electron microscope (SEM) images. Although 
providing a general assessment of amphibole crystal sizes 
and aspect ratios, this method does not consider variations 
resulting from crystal orientation within the plane of the thin 
section. Measurements of the average width of amphibole-
breakdown rims resulting from decompression (Rutherford 
and Hill, 1993; Browne and Gardner, 2006) were made on 195 
crystals having rims in contact with the 2004–6 dacite matrix. 
Care was taken to exclude any anomalous rim widths for crys-
tals sectioned unevenly along their outer edges.

Amphibole Morphology and Reaction 
Textures

In typical new-dome material, amphibole grains range 
in size from phenocrysts <4 mm long to microphenocrysts 
ranging from 100 to 10 µm. An amphibole size distribu-
tion based upon approximate surface areas (length-by-width 
measurements) shows that nearly all of the smallest crystals 
observed (<1×103 µm2) are fragments with broken or irregular 
edges and that the amphibole population as a whole is more 
normally distributed about a range of 10–100×103 µm2 (fig. 
2). Distinctly resorbed edges are observed among broken and 
unbroken crystals. A 62-percent majority of the amphibole 
phenocryst population is equant to slightly acicular (0–10 
percent acicularity) and 23 percent is distinctly acicular, with 
length/width ratios ranging from 2.5:1 to 5:1 (20–30 percent 
acicularity, fig. 3).

Morphologic variants of isolated amphibole grains in 
2004–6 dacite-lava samples include (1) subhedral, equant to 
acicular crystals with well-defined faces and typically, but 
not always, multiple, compositionally distinct growth zones 
(fig. 4); (2) angular fragments, variably rounded or embayed 
and commonly broken along cleavage planes that intersect 
normal growth zones (fig. 5); (3) well-rounded and seemingly 
abraded grains lacking substantially embayed or cuspate grain 
boundaries (fig. 6); and (4) irregularly shaped, rounded and 
embayed crystals or crystal fragments, commonly with fine 

http://pubs.usgs.gov/pp/1750
http://pubs.usgs.gov/pp/1750
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Sample No. Spine 
No. Collection date Eruption date1 Sample type Rock type

SH100 9/8/1981 9/6/1981 Dome talus Dacite

SH133 6/5/1985 2/1–3/31/1983 Dome rock Dacite

SH187 6/6/1989 5/30/1985 Dome rock Dacite

SH300-1A3 1 10/20/2004 10/15/2004 Crater debris, either 1985 or Oct 2004 (?) Dense dark-gray glassy dacite fragment

SH300-1C 1 10/20/2004 10/15/2004 Crater debris, either 1985 or Oct 2004 (?) Vesicular dark-gray dacite fragment

SH302-1A 1 or 2 10/27/2004 10/14/2004 Crater debris, either1985 or Oct 2004 (?) Vesicular dark-gray dacite fragment

SH304-2A 3 11/4/2004 10/18/2004 Dome talus and debris Vesicular “hot-pink” dacite

SH304-2G 3 11/4/2004 10/18/2004 Dome talus and debris Dense dark-gray glassy dacite fragment

SH305-1 3 1/3/2005 11/20/2004 Spine margin Vesicular gray dacite

SH306-A 4 1/14/2005 12/15/2004 Dome talus Vesicular pink-gray dacite

SH308-3 4 2/22/2005 1/21/2005 Dome talus Vesicular gray dacite

SH309-1C 4 2/22/2005 1/13/2005 Spine margin Vesicular gray-pink dacite, fractured foliated 

SH311-1B 4 1/19/2005 1/16/2005 Ballistic block, 1/16/2005 explosion Vesicular gray dacite

MSH05DRS_3_9_4 4 3/9/2005 3/8/2005
Coarse fragments in tephra-fall deposit from 

3/8/2005 explosion
Vesicular gray-pink dacite

SH312-1 4 4/10/2005 3/8/2005 Ballistic block, 3/8/2005 explosion Vesicular gray dacite

SH314-1A1 5 4/19/2005 4/17/2005 Gouge fragment Vesicular dacite fragment 

SH315-3 4 4/19/2005 4/1/2005 Dome talus, 4/18/2005 collapse Dense gray dacite

SH315-4 4 4/19/2005 4/1/2005 Dome talus, 4/18/2005 collapse Dense gray dacite

SH317-4 5 6/15/2005 5/1/2005 Dome talus Dense pink-gray dacite

SH319-1 5 7/13/2005 5/15/2005 Dome talus Dense gray-pink dacite, foliated, “pink” margins

SH321-1 6 8/19/2005 8/10/2005 Dome talus, 8/19/2005 collapse Dense gray-pink dacite, “pink” margins

SH323-2, -3 6 10/18/2005 9/10/2005 Dome talus, 8/19/2005 collapse Dense gray dacite

SH324-1A 7 12/15/2005 12/5/2005 Spine margin Vesicular gray-pink dacite

SH324-3 7 12/15/2005 12/5/2005 Spine margin Dense gray dacite

SH325-1 7 2/7/2006 12/20/2005 Dome talus Dense gray dacite

Table 1. Summary of Mount St. Helens 2004–2006 samples used in this investigation.

1 Estimate of when sampled lava was extruded from vent, whose altitude is assumed to be that of the crated floor below Crater Glacier.
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Figure 3. Histogram of acicularity of amphibole phenocrysts in 
Mount St. Helens 2004–6 dacite lava. Percent acicularity = [100 × 
length/(length + width)] – 50. (Equant crystals have zero-percent 
acicularity).

Figure 2. Histogram of size distribution of amphibole 
phenocrysts in Mount St. Helens 2004–6 dacite lava presented 
as approximate surface area. The size distribution of fragmented 
crystals, shown in gray, is compared to that of the overall 
population, shown in black.

to coarse cuspate margins indicative of magmatic resorption 
(fig. 7). The patterns of compositional zoning apparent in 
SEM backscattered electron images of many crystals or frag-
ments typically define subparallel growth bands. In numerous 
cases, regardless of grain morphology, zoning patterns have 
an irregular or patchy appearance. This characteristic has been 
attributed to late-stage igneous (near-solidus) diffusion (Ham-
marstrom and Zen, 1992) but could result from patchy dissolu-
tion and regrowth (M.J. Rutherford, written commun., 2006).

Many amphibole crystals or fragments in the new Mount 
St. Helens dacite have glass inclusions (fig. 4) or partially to 
wholly crystallized melt inclusions (glass±opx±plg±oxides; 

for example, fig. 5B), suggestive of variable cooling or reac-
tion rates among a mixed phenocryst population. Amphibole 
phenocrysts of subhedral and resorbed morphology also are 
present in glomerophyric clusters, coupled during growth with 
various combinations of plagioclase, orthopyroxene, or oxide 
crystals (fig. 8). Although some of the more pristine-looking 
glomerophyric aggregates appear as though they grew in the 
dacite host, those cored by resorbed amphiboles may have 
resulted from prolonged amphibole-melt reaction, as discussed 
further below.

Because of similarities in texture and degree of reac-
tion, there might be no definitive textural distinction between 
cognate and xenocrystic aggregates, such as those derived 
from gabbroic xenolith fragmentation. The latter could appear 
relatively pristine (unreacted or unresorbed) if exposed to the 
degassed host melt during xenolith fragmentation at near-
solidus temperatures and shallow depths.

The edges of all amphibole crystals in contact with 
matrix in 2004–6 dacite lava are armored by an aureole of 
acicular microlites of plagioclase and orthopyroxene (±Fe-Ti 
oxide). As demonstrated by experiments, such rims result from 
reaction of clinoamphibole with dacite melt during decom-
pression and degassing (Rutherford and Hill, 1993; Browne 
and Gardner, 2006). Rim widths are a function of the rate 
and path of ascent of the host magma during transport to the 
surface from a minimum PH2O of 100 MPa where amphibole is 
stable (>3.5–4 km depth at Mount St. Helens).

Essentially all of the amphibole crystals measured have 
decompression reaction rims between 3 and 8 µm thick; 
average reaction-rim width is 5±1 µm. Typical reaction rims 
pseudomorphically replace the outer edges of subhedral, 
rounded, or resorbed crystals and fragments (fig. 9). Excep-
tions to the normal reaction-rim thickness are observed in 
the earliest dome sample (SH304-2A, fig. 9B), which has 
<3-µm-thick rims, and the glassy lithic fragment (SH304-2G, 
fig. 9A), in which amphibole crystals lack reaction rims. 
Atypically thick rims (30–200 µm) are found among isolated 
amphibole crystals in 2004–6 dacite. These rims are defined 
by relatively coarse-grained plagioclase-orthopyroxene-oxide 
intergrowths that surround embayed (resorbed) amphibole 
grains (fig. 10).

An unusual but recurrent texture observed in SH314-1 
and DRS_3_9_4 indicates amphibole reacting with the host 
melt to form second-generation amphibole + liquid (fig. 11). 
Such amphibole-to-amphibole reaction reflects exposure to a 
hotter or chemically incompatible melt under amphibole satu-
ration conditions. As discussed further within the context of 
the compositions of these crystals, this amphibole-to-amphi-
bole reaction is likely to occur at depths near the low-pressure 
limits of amphibole stability (100 MPa).

Amphibole phenocrysts in lithic inclusions (SH315-4inc, 
SH325-1Ainc, and SH321-1inc) have reaction-rim charac-
teristics that differ from those of the host 2004–6 dacite. The 
SH315-4 glass-bearing inclusion has distinctly acicular amphi-
bole intergrown with plagioclase and minor clinopyroxene, 
and it has an andesitic bulk composition (Pallister and others, 
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Figure 4. SEM backscattered electron images of analyzed 
subhedral amphibole grains (AM) in Mount St. Helens 
2004–6 dacite lava. Glass inclusions (GL INC) indicated 
where confirmed by microbeam analysis. The sample and 
image numbers shown on the lower right side in each image 
correspond to analysis numbers in appendix 2. A, Sample 
SH305-1. B, Sample SH315-3. C, Sample SH325-1.

Figure 5. SEM backscattered electron images of analyzed 
broken amphibole grains (AM) in Mount St. Helens 2004–6 dacite 
lava. Orthopyroxene and glass inclusions (OPX + GL INC) are 
indicated where confirmed by microbeam analysis. The sample 
and image numbers shown on the lower right side in each 
image correspond to analysis numbers in appendix 2. A, Sample 
SH304-2A. B, Sample SH304-2A. C, Sample SH319-1.
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Figure 6. SEM backscattered electron images of analyzed 
rounded or abraded amphibole grains (AM) in Mount St. Helens 
2004–6 dacite lava. The sample and image numbers shown 
on the lower right side in each image correspond to analysis 
numbers in appendix 2. A, Sample SH304-2A. B, Sample SH305-1. 
C, Sample SH324-3.

Figure 7. SEM backscattered electron images of resorbed 
amphibole crystals (AM) with embayed and cuspate margins 
in Mount St. Helens 2004–6 dacite lava. The sample and 
image numbers shown on the upper right side in each image 
correspond to analysis numbers in appendix 2. A, Sample 
SH304-2A. B, Sample SH306A-1. C, Sample SH319-1.
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Figure 8. SEM backscattered electron images of 
amphibole grains (AM) intergrown with plagioclase (PLG) in 
Mount St. Helens 2004–6 dacite lava. The sample and image 
numbers shown on the upper right side in each image 
correspond to analysis numbers in appendix 2. A, Sample 
SH305-1. B, Sample SH315-3. C, Sample SH315-4.

Figure 9. SEM backscattered electron images showing reaction 
rims around amphibole phenocrysts in Mount St. Helens 2004–6 
dacite lava. The sample and image numbers shown on the lower 
right side in each image correspond to analysis numbers in 
appendix 2. A, No reaction rims present on amphiboles in glassy 
lithic fragment, SH304-2G. B, Rim widths are ~3 µm in October 
2004 spine lava, SH304-2A. C, Typical 5-µm rims in all subsequent 
2004–6 spine samples (SH305-1 shown here) are composed of an 
acicular microcrystalline intergrowth of plagioclase (dark colored), 
orthopyroxene (lighter colored), and Fe-Ti oxide (white).
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Figure 10. SEM backscattered electron images 
showing rare coarse-grained reaction rims (plagioclase + 
orthopyroxene + Fe-Ti oxide) around amphibole phenocryst 
remnants (AM) in Mount St. Helens 2004–6 dacite lava. The 
sample and image numbers shown on the lower right side in 
each image correspond to analysis numbers in appendix 2. 
A, Sample SH315-3. B, Sample SH317-4. C, Sample SH323-1.

Figure 11. SEM backscattered electron images showing 
examples of amphibole-to-amphibole+melt reaction in 
Mount St. Helens 2004–6 dacite lava. The sample and image 
numbers shown on the upper right side in each image 
correspond to analysis numbers in table 2 and appendix 2. A, 
In sample SH314-1, amphibole with ~12.5 percent Al2O3 (AM1) 
is surrounded by aggregate of amphibole crystals (AM2) 
with ~7.2 percent Al2O3 and high fluorine (~0.18 percent) and 
glass (dark gray). B, In sample DRS_3_9_4, amphibole with 
~12.2 percent Al2O3 (AM1) is surrounded by an aggregate of 
amphibole crystals (AM2) with ~6.9 percent Al2O3 and high 
fluorine (~0.25 percent) and glass (dark gray). 
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this volume, chap. 30). Reaction rims ~5-µm wide are found 
on the inclusion edge, where amphibole crystals are in contact 
with the dacite matrix, but no such rims occur along interior 
contacts between amphibole and glass. Inclusion SH325-1Ainc 
has a bulk texture similar to that of SH315-4inc, but the matrix 
lacks a significant glass component. Reaction rims are similarly 
restricted to grains in contact with the host dacite. These are the 
only andesite inclusions found among the well-scrutinized suite 
of 2004–6 dacite samples. They are small (<1.5 cm) and are 
likely accidental fragments derived from conduit walls. We do 
not consider them evidence of mafic-magma mixing.

Dacite inclusions such as SH321-1inc contain resorbed 
amphibole crystals with broad reaction rims similar to those 
found in the bimodal population in 1980–86 dacite (Ruther-
ford and Hill, 1993; Cashman and McConnell, 2005). This 
inclusion also is distinguished from the 2004–6 host lava 
by the presence of clinopyroxene microphenocrysts in the 
matrix around amphibole, which is suggestive of isobaric 
heating of a cooler crystal-laden magma or of slow decom-
pression of a newer hotter one (see Rutherford and Devine, 
this volume, chap. 31, fig. 10). It is theoretically possible that 
such fragments could have originated from eruption-related 
magmatic processes. However, like the andesite inclusions, 
these rounded fragments are more likely to be inconsequential 
xenoliths eroded from the shallow conduit walls.

We discern some fundamental characteristics of the 
2004–6 dacite magma from the textures of its amphibole phe-
nocrysts. The well-dispersed population of texturally diverse 
amphibole described above is a strong indication that the 

uniform composition of the dacite is inherited from a pro-
cess of small-scale mingling and intermixing of crystal-laden 
magmas at depth. The consistent presence of variably zoned, 
broken, abraded, and resorbed amphibole crystals suggests 
that a number of temporally (and spatially) distinct crystal-
lization environments are represented. Because similar 5-µm 
reaction rims are observed around all morphologic variants 
of amphibole, crystal fragmentation, abrasion, and resorp-
tion must have occurred at depth after assembly of the diverse 
crystal population and during initial stages of decompression 
with upward transport. Further discussion of amphibole-melt 
reaction textures and implications for dynamics of magma 
ascent is presented later in this chapter.

In the following sections, the chemistry and mineralogy 
of this textural medley of amphibole phenocrysts are reviewed 
to ascertain genetic distinctions and to gain insight into mag-
matic conditions associated with the 2004–6 eruption.

Amphibole Major-Element Chemistry
Amphibole phenocrysts analyzed to date in 2004–6 

Mount St. Helens dacite (fig. 12; table 2; appendix 2) are all 
clinoamphibole with a calcium content of ~11.0 weight per-
cent (11.0±0.3 percent CaO). Their silica and alumina contents 
span a continuous range that varies inversely between average 
end members with high silica and low alumina (47.5 percent 
SiO2, 6.4 percent Al2O3) and low silica and high alumina (41.8 
percent SiO2, 15.0 percent Al2O3) (fig. 13A). The prevalent 
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Figure 13. Alumina variation diagrams for Mount St. Helens 
2004–6 amphibole phenocrysts (excluding data from crystals 
in lithic inclusions and glassy lithic fragments); average and 
1σ standard deviation in red. Curves are high-order polynomial 
fits. A, Silica. B, Magnesia. C, Iron oxide (FeTO calculated as 
100 percent ferrous iron). Reversals in FeTO and MgO with 
increasing Al2O3 define low-Al (6 to 9 percent), medium-Al (9 to 
12 percent), and high-Al (>12 percent) compositions.

2004–6 amphibole compositional range, defined as ±1σ varia-
tion from the mean, is from 42.1 to 43.8 percent SiO2 and 11.4 
to 9.7 percent Al2O3.

Three compositional trends are evident within the silica/
alumina range of amphibole crystals in dome dacite (and dome-
derived ash) by the patterns of Mg and Fe variation with Al 
(figs. 13B, 13C). The low-alumina range (low-Al), from 6 to 
~9 percent Al2O3, has a sympathetic increase in FeTO (all iron 
calculated as Fe2+) averaging from 12 to 15.5 percent associated 

with decreasing MgO from 16 to 12 percent. Over the mid-
alumina range (medium-Al), from ~9 to 12 percent Al2O3, aver-
age FeTO decreases to 12 percent and MgO increases to 12–16 
percent. High-alumina (high-Al) amphibole ranges from ~12 to 
15 percent Al2O3, with a corresponding average FeTO increase 
to 16 percent and a MgO decrease to ~11 percent.

Amphibole phenocrysts of high-Al, medium-Al, and low-
Al compositions are present and distributed similarly in nearly 
all 2004–6 samples examined, as well as in 1980–86 dacite 
samples (fig. 14A). Our data reveal that amphibole in 2004–6 
and 1980–86 dacites have the same range of major-element 
compositions. The low-Al amphiboles in old and new dacite 
overlap the phenocryst compositions in gabbroic xenoliths 
(fig. 14A). Amphibole crystals in the SH304-2G glassy lithic 
fragment are chiefly medium-Al in composition but display 
a low- to high-Al range similar to that of the 2004–6 popula-
tion (fig. 14B). The high-Al amphibole compositions of lithic 
inclusions (SH315-4inc and SH325-1Ainc) are similar to those 
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Sample 
No.--

SH304-2A SH305-1 SH306-A DRS_3_9_4 SH314-1 SH315-3 SH315-4 SH317-4

Analysis  
No.  ------------

OS-
MR4-3

AM-
G24C

AM-
G24R

OS-
MR3-2

OS-
MR3-3

OS-
MR3-4

OS-
MR2-2

OS-
MR2-5

GS-
F3P13

GS-
F3P9

GS-
F3P1

GS-
F3P5

GS-
F16G1

P1

GS-
F16G1

P2

GS-
F16G1

P3

GS-
F1G1

P1

GS-
F1G1

P2

GS-
F7G2

P2

GS-
F1G2

P7
Position------- core core rim core core core core core core rim core rim inZ core rim core rim core rim

SiO2 48.4 42.0 44.0 43.1 42.9 46.9 42.6 47.8 43.1 47.9 42.6 47.1 43.7 44.0 45.1 42.2 43.3 40.5 42.3

TiO2 1.54 2.53 2.39 2.37 2.24 2.09 1.97 1.46 2.21 1.46 2.37 1.48 1.46 1.61 0.88 2.38 2.11 3.06 2.35

Al2O3 7.4 12.8 12.5 14.2 14.0 8.6 13.1 7.9 12.2 6.9 12.4 6.9 9.4 8.5 8.0 12.1 11.2 14.4 13.2

FeO 13.7 11.3 10.7 14.6 12.0 13.7 14.8 13.4 10.8 12.7 10.9 13.1 16.3 16.2 16.3 10.4 9.9 13.7 13.1

MnO 0.3 0.1 0.1 0.12 0.13 0.16 0.20 0.28 0.12 0.23 0.12 0.24 0.35 0.29 0.35 0.11 0.11 0.17 0.12

MgO 15.2 14.7 15.5 11.6 14.5 14.4 12.0 15.0 14.8 14.7 14.9 15.5 12.4 12.7 13.3 15.3 16.1 11.9 13.3

CaO 11.0 11.2 11.4 10.4 10.3 11.3 11.2 10.6 10.8 10.8 11.5 11.2 10.4 10.4 9.8 11.1 11.1 11.3 10.7

Na2O 1.5 2.4 2.4 2.4 2.6 1.8 2.1 1.7 2.5 1.5 2.8 1.8 1.8 2.1 1.6 2.9 2.8 2.6 2.6

K2O 0.28 0.30 0.32 0.38 0.29 0.34 0.35 0.23 0.30 0.22 0.29 0.22 0.26 0.31 0.20 0.30 0.30 0.31 0.34

F 0.02 0.08 0.10 0.00 0.00 0.01 0.01 0.02 0.06 0.25 0.07 0.08 0.22 0.00 0.14 0.19 0.10 0.02 0.04

Cl 0.05 0.02 0.01 0.03 0.02 0.05 0.03 0.04 0.02 0.04 0.01 0.04 0.02 0.02 0.02 0.02 0.01 0.26 0.14
O = F,Cl 0.00 0.04 0.05 0.01 0.00 0.01 0.00 0.00 0.03 0.11 0.03 0.04 0.10 0.00 0.06 0.08 0.04 0.06 0.05

Total 99.19 97.37 99.38 99.19 99.11 99.33 98.36 98.39 96.94 96.63 97.99 97.60 96.20 96.16 95.56 96.98 97.03 98.28 98.25

T-Site Si+4 6.869 6.074 6.209 6.176 6.088 6.690 6.189 6.830 6.242 6.969 6.149 6.862 6.490 6.587 6.717 6.144 6.271 5.929 6.119

T-Site IVAl+3 1.131 1.926 1.791 1.824 1.912 1.310 1.811 1.170 1.758 1.031 1.851 1.138 1.510 1.413 1.283 1.856 1.729 2.071 1.881

C-Site VIAl+3 0.105 0.250 0.284 0.576 0.437 0.141 0.432 0.165 0.331 0.153 0.258 0.041 0.128 0.089 0.114 0.213 0.186 0.412 0.376

C-Site Ti+4 0.165 0.275 0.253 0.255 0.239 0.224 0.215 0.156 0.241 0.160 0.258 0.162 0.163 0.181 0.099 0.261 0.229 0.337 0.255

C-Site Fe+3 0.620 0.772 0.660 0.643 0.704 0.585 0.673 0.667 0.642 0.571 0.591 0.370 0.963 0.621 0.896 0.626 0.615 0.536 0.681

C-Site Mg+2 3.212 3.161 3.272 2.487 3.070 3.052 2.604 3.184 3.187 3.192 3.202 3.355 2.752 2.828 2.946 3.316 3.468 2.604 2.859

C-Site Fe+2 0.901 0.527 0.522 1.036 0.546 0.999 1.077 0.826 0.599 0.925 0.691 1.072 0.995 1.281 0.946 0.584 0.502 1.108 0.827

B-Site Fe+2 0.102 0.066 0.080 0.070 0.179 0.049 0.043 0.110 0.071 0.049 0.036 0.153 0.064 0.125 0.187 0.059 0.079 0.032 0.082

B-Site Mn+2 0.033 0.011 0.010 0.015 0.015 0.019 0.025 0.034 0.014 0.028 0.015 0.029 0.044 0.037 0.044 0.013 0.014 0.022 0.015

B-Site Ca+2 1.674 1.734 1.720 1.595 1.571 1.722 1.742 1.615 1.682 1.678 1.778 1.741 1.660 1.674 1.560 1.734 1.722 1.767 1.661

B-Site Na+ 0.192 0.189 0.191 0.319 0.235 0.209 0.190 0.242 0.233 0.245 0.171 0.076 0.232 0.164 0.209 0.195 0.185 0.179 0.243

A-Site Na+ 0.220 0.471 0.465 0.341 0.470 0.285 0.403 0.224 0.481 0.191 0.605 0.438 0.275 0.444 0.247 0.634 0.600 0.566 0.491

A-Site K+ 0.051 0.056 0.058 0.070 0.053 0.061 0.064 0.042 0.055 0.041 0.053 0.041 0.049 0.060 0.038 0.055 0.055 0.058 0.063

Total 15.27 15.53 15.52 15.41 15.52 15.35 15.47 15.27 15.54 15.23 15.66 15.48 15.32 15.50 15.28 15.69 15.65 15.62 15.55

Table 2. Selected electron microprobe analyses of amphibole phenocrysts in Mount St. Helens 2004–2006 dacite.

[Laboratories identified by first two letters in analysis number: AM, American Museum of Natural History; GS, U.S. Geological Survey, Denver; OS, Oregon State University. Relative position 
of analyzed spot: inZ, inner zone; outZ, outer zone. Nomenclature from Leake and others (1997): mghst, magnesiohastingsite; tscher, tschermakite; mghb, magnesiohornblende; eden, edenite; 
parg, pargasite. See appendix 2, table A2, for all analytical data.]



32. Chem
istry, M

ineralogy, and Petrology of Am
phibole in M

ount St. Helens 2004–2006 Dacite 
 

739

Sample No-- SH319-1 SH321-1 SH323-2 SH323-3 SH324-3 SH325-1

Analysis  
No.----------- OS-MR2-1

OS-
MR2-3

OS-
MR3-1

GS-
F0P3

GS-
F2P3

OS-
MR1-3

OS-
MR2-3

OS-
MR3-2

GS-
G1-2

GS-
G1-7

GS-
G1-6

GS-
G1-8

GS-
F0P3

GS-
F0P8

OS-
MR1-1

OS-
MR1-2

GS-
F1B-
G1P3

GS-
F1B-
G1P4

GS-
F1B-
G1P5

Position------- core core core core core core core core core inZ outZ rim core core core core core inZ rim
SiO2 44.3 45.2 43.4 43.7 43.5 44.8 46.4 42.8 43.6 43.7 44.2 43.8 42.7 45.6 44.5 43.5 44.9 42.0 44.9
TiO2 2.24 2.13 2.38 2.48 2.74 2.55 1.31 2.79 2.19 2.20 2.17 2.78 2.42 1.11 2.51 2.27 1.63 2.31 1.71
Al2O3 11.7 12.3 13.2 10.8 9.8 10.3 9.2 14.2 10.9 12.3 11.7 10.1 11.6 9.4 11.0 13.4 9.0 12.7 9.1
FeO 12.3 10.6 11.7 11.1 13.7 13.7 17.0 13.5 13.6 11.6 10.5 12.9 14.8 15.6 13.1 12.7 13.5 12.7 13.7
MnO 0.17 0.12 0.10 0.14 0.15 0.19 0.27 0.13 0.19 0.15 0.12 0.19 0.20 0.26 0.16 0.12 0.21 0.15 0.23
MgO 14.6 15.6 14.5 15.0 13.8 13.9 12.5 12.6 13.2 14.5 15.2 13.7 12.3 13.5 13.8 13.9 14.0 13.0 13.8
CaO 11.2 10.9 11.1 11.1 10.7 11.0 11.0 10.9 10.8 10.8 10.9 10.5 10.8 10.0 11.4 11.1 10.8 10.8 10.6
Na2O 2.2 2.3 2.4 2.3 2.7 2.0 1.9 2.4 2.3 2.3 2.3 2.3 2.6 1.9 2.1 2.4 2.4 2.4 1.9
K2O 0.29 0.29 0.32 0.25 0.29 0.31 0.24 0.36 0.25 0.30 0.28 0.30 0.29 0.23 0.31 0.34 0.24 0.28 0.23
F 0.00 0.00 0.00 0.02 0.03 0.00 0.00 0.01 0.69 0.16 0.10 0.19 0.02 0.04 0.01 0.00 0.04 0.01 0.03
Cl 0.02 0.01 0.02 0.18 1.55 0.04 0.02 0.02 0.02 0.01 0.01 0.02 0.11 0.16 0.02 0.02 0.17 0.11 0.19
O=F,Cl 0.00 0.00 0.00 0.05 0.35 0.01 0.00 0.00 0.29 0.07 0.04 0.08 0.03 0.05 0.00 0.00 0.05 0.03 0.06
Total 98.88 99.53 99.16 97.17 98.59 98.72 99.83 99.71 97.34 98.08 97.31 96.61 97.85 97.82 98.91 99.64 96.81 96.39 96.32

T-Site  Si+4 6.312 6.343 6.165 6.341 6.395 6.430 6.665 6.097 6.388 6.261 6.360 6.431 6.270 6.609 6.381 6.167 6.593 6.181 6.599

T-Site IVAl+3 1.688 1.657 1.835 1.659 1.605 1.570 1.335 1.903 1.612 1.739 1.640 1.569 1.730 1.391 1.619 1.833 1.407 1.819 1.401

C-Site VIAl+3 0.268 0.369 0.369 0.192 0.087 0.172 0.213 0.473 0.267 0.346 0.334 0.172 0.277 0.210 0.240 0.408 0.147 0.379 0.177

C-Site Ti+4 0.240 0.225 0.254 0.270 0.303 0.276 0.142 0.298 0.242 0.238 0.234 0.307 0.267 0.120 0.271 0.242 0.180 0.256 0.189

C-Site Fe+3 0.700 0.615 0.671 0.613 0.492 0.665 0.687 0.623 0.620 0.685 0.620 0.610 0.585 0.884 0.573 0.681 0.629 0.622 0.716

C-Site Mg+2 3.092 3.273 3.074 3.233 3.017 2.968 2.666 2.681 2.877 3.108 3.251 2.990 2.682 2.917 2.958 2.929 3.073 2.857 3.016

C-Site Fe+2 0.697 0.514 0.631 0.673 1.100 0.916 1.292 0.926 0.995 0.623 0.560 0.921 1.190 0.864 0.959 0.742 0.972 0.886 0.902

B-Site Fe+2 0.063 0.117 0.081 0.060 0.091 0.068 0.060 0.064 0.055 0.083 0.077 0.052 0.043 0.148 0.045 0.082 0.056 0.061 0.072

B-Site Mn+2 0.021 0.014 0.012 0.017 0.019 0.024 0.033 0.016 0.024 0.018 0.015 0.023 0.025 0.032 0.020 0.014 0.025 0.018 0.029

B-Site Ca+2 1.709 1.645 1.689 1.724 1.692 1.686 1.691 1.667 1.690 1.665 1.676 1.657 1.700 1.559 1.746 1.679 1.695 1.706 1.673

B-Site Na+ 0.207 0.224 0.218 0.200 0.198 0.222 0.217 0.253 0.231 0.234 0.232 0.267 0.232 0.260 0.190 0.224 0.224 0.215 0.226

A-Site Na+ 0.391 0.391 0.446 0.449 0.563 0.343 0.324 0.399 0.425 0.413 0.399 0.384 0.513 0.270 0.399 0.424 0.450 0.469 0.315
A-Site K+ 0.053 0.053 0.059 0.047 0.054 0.057 0.045 0.066 0.047 0.054 0.051 0.056 0.053 0.042 0.056 0.062 0.045 0.052 0.043

Total 15.44 15.44 15.50 15.50 15.62 15.40 15.37 15.46 15.47 15.47 15.45 15.44 15.57 15.31 15.46 15.49 15.50 15.52 15.36

Name     tscher tscher mghst tscher mghst tscher mghb tscher tscher tscher tscher tscher mghst mghb tscher tscher mghb mghst  mghb

Table 2. Selected electron microprobe analyses of amphibole phenocrysts in Mount St. Helens 2004–2006 dacite.—Continued

[Laboratories identified by first two letters in analysis number: AM, American Museum of Natural History; GS, U.S. Geological Survey, Denver; OS, Oregon State University. Relative position 
of analyzed spot: inZ, inner zone; outZ, outer zone. Nomenclature from Leake and others (1997): mghst, magnesiohastingsite; tscher, tschermakite; mghb, magnesiohornblende; eden, edenite; 
parg, pargasite. See appendix 2, table A2, for all analytical data.]
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Figure 15. Histograms showing the frequency distribution of Al2O3 in cores, inner zones, 
outer zones, and rims of amphibole crystals in Mount St. Helens 2004–6 dacite lava (excluding 
crystals in glassy lithic fragments and lithic inclusions). A, For all 2004–6 amphiboles. B, For 
consecutive time intervals. C, For phenocrysts with specific textural attributes.
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crystallized from andesite at high pressures (for example, 
Allen and Boettcher, 1978; Grove and others 2003). High-Al 
amphibole compositions, along with differences in reaction 
textures, are consistent with these inclusions originating from 
an andesite magma (Pallister and others, this volume, chap. 
30), but there is no clear evidence in support of a comagmatic 
relation between the andesitic magma and the host dacite.

The one dacitic inclusion studied (SH321-1inc) has a 
range of amphibole chemistry similar to that of 1980–86 and 
2004–6 lava. As inferred from the presence of clinopyroxene 
and the distinctly thick amphibole reaction rims (see reaction-
rim discussion), this inclusion could be an accidental piece of 
shallow 1980s conduit material.

The frequency distribution of alumina concentrations in 
cores, inner zones, outer zones, and rims of amphiboles in the 
2004–6 dacite indicate an approximately normal distribution 
about the mean value of 11.4±1.7 percent Al2O3 (fig. 15). A 
similar distribution is observed for a smaller population of 
1980–86 amphiboles, but amphiboles in gabbroic xenoliths 
overlap the low end of the 2004–6 population (fig. 14A).

Correlations between alumina content and size of 
amphibole crystals reveal a normal distribution about the mean 
alumina content of ~11 percent and about a median size range 
within 10–100×103 µm2 (fig. 2), suggestive of compositional 
and morphologic consistency of the mean population. In 
contrast, most of the crystal fragment population (gray bars 
in fig. 2) has low-Al compositions, supporting the likelihood 
of a xenocrystic origin. There is no clear correlation between 
alumina content and acicularity. Both equant and relatively 
acicular populations have nearly similar distributions about the 
alumina average.

The abundance of low- to high-Al amphiboles, just as the 
overall amphibole modal abundance and bulk-dacite composi-
tion, has not changed throughout the duration of the 2004–6 
eruption (fig. 15). Furthermore, the same overall distribution 
of alumina contents is apparent among amphiboles of similar 
texture or mineral associations (fig. 15).

Multiple analyses from core to rim were obtained for 
numerous amphibole crystals. The compositional variation of 
amphibole rims within and among samples is similar to the 
broad range of core compositions and the amphibole popula-
tion as a whole (fig. 16). Detailed analyses of amphiboles 
with multiple growth zones reveal some systematic tendencies 
within limited populations of crystals. For example, analyses 
of cores, inner zones, and outer zones of several SH323-3 
amphiboles vary widely and are without obvious correlations 
of core-to-rim progressions between crystals, but the rims all 
trend toward an average 10.8±0.6 percent Al2O3 (fig. 16A). 
This convergence of rims toward the amphibole composi-
tion to last equilibrate with the host magma is within the 1σ 
uncertainty of the 11.4 percent average of Al2O3 in all 2004–6 
amphiboles. Such is not the case for core-to-rim analyses of 
crystals in SH325-1A (fig. 16B), which are similar to the over-
all broad dispersion of rim data. The variable rim composi-
tions must reflect changing conditions in the magma reservoir 
and during ascent from it.

Amphibole Rare-Earth-Element (REE) 
Chemistry

The REE concentrations in all 2004–6 dacite amphi-
bole phenocrysts display middle rare-earth-element (MREE) 
enrichment patterns typical of igneous clinoamphiboles (fig. 
17; appendix 2). Similar MREE-enriched patterns for different 
crystals in each sample are distinguished by varying degrees 
of overall REE enrichment, accompanied by progressive Eu 
depletion. Like other amphibole characteristics discussed 
above, there are no clear distinctions of REE patterns among 
samples over time or, in most cases, with textural attributes. 
However, a distinct trend of overall REE enrichment (typi-
fied by La) and Eu depletion (relative to Nd) with decreasing 
alumina content in medium- to low-Al amphibole crystals is 
clearly observed (fig. 18).
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Figure 16. Iron oxide (FeTO) versus alumina within individual 
amphibole phenocrysts in Mount St. Helens 2004–6 dacite 
lava. Arrows connect core, inner-zone, outer-zone, and rim 
compositions. Shaded area is the field of 2004–6 amphibole 
phenocrysts from figure 14A. A, Interior compositions of 
amphiboles vary widely, but rim compositions converge 
toward an average of 10.8±0.6 percent Al2O3. B, Example of 
amphiboles that do not show consistent variations.



742  A Volcano Rekindled: The Renewed Eruption of Mount St. Helens, 2004−2006

Concentration patterns for the REE-enriched and Eu-
depleted (Eu/Nd<1) amphibole crystals suggest that some are 
not comagmatic (fig. 19). The three most extreme patterns 
(from samples SH304-2A, SH305-1, SH311-1B) are all low-
Al amphiboles (7.4–8.9 percent Al2O3) with patchy zoning 
and variable resorption (for example, fig. 4A). They must be 
derived from a strongly Eu-depleted melt that has undergone 
significant Eu3+-enriched plagioclase crystallization in an 
oxidizing environment. Such distinctive REE patterns suggest 
that these low-Al amphiboles are xenocrysts. New trace-ele-
ment data for gabbroic xenoliths, in which amphibole is a late 
cumulus phase, would help to test this hypothesis.

There are no textural distinctions among the group of 
slightly LREE-enriched, low- to medium-Al amphiboles with 
Eu/Nd <1 (fig. 18B). The slight REE enrichment reflects a 
normal magmatic fractionation trend from one or more dacite 
magmas. Low-Al amphiboles with slight Eu depletion may 
have been derived from earlier generations of solidified dac-
ite accumulated at the top of the Mount St. Helens magma 
reservoir or by shallow low-temperature crystallization 
within the host magma. For the medium- to high-Al amphi-
boles, the most prevalent of our 2004–6 samples, LREE 
concentrations are consistently low, and Eu is not depleted 
relative to Nd.

Amphibole Stoichiometry and 
Nomenclature

The amphibole nomenclature used here, as recommended 
by the International Mineralogical Association, is that of 
Leake and others (1997). Nomenclatorial guidelines are based 
upon occupancies of the A, B, C, and T sites within the amphi-
bole mineral structural formula,

A[Na+K] BCa2-x [x=Mg, Fe2+, Mn, Mg] CM1,M2,M3 Mg5-y 
[y=Fe2+,Mn, VIAl, Ti, Fe3+] TSi8-z [z=IVAl] O22 OH2-n [n=F, Cl]). 
 
Herein, the Leake and others (1997) nomenclature was 
applied to the amphibole stoichiometry determined using the 
Holland and Blundy (1994) method. This method was chosen 
because it allows for each amphibole to be normalized to the 
best stoichiometric constraint for ferric iron determination 
and gives the most reasonable amphibole formula for cal-
culating pressure using the Anderson and Smith (1995) Al-
in-hornblende barometer. Leake and others (1997) propose 
a method for calculating amphibole formula from electron 
microprobe analysis that is similar to that of Holland and 
Blundy (1994). Amphibole classification using the two meth-
ods typically results in the same name except for species that 
are sensitive to ferric iron determinations, such as pargasite 
and magnesiohastingsite.

The complete 2004–6 amphibole data set, plotted using 
the classification diagram of Leake and others (1997), is 
shown in figure 20. High-silica, low-Al amphiboles in dacite 

and gabbroic xenoliths are magnesiohornblende, but they also 
include some alkaline, edenite compositions. Medium- to 
high-Al ranges of the data set fall in tschermakite to mag-
nesiohastingsite fields. The medium-Al group, consisting 
mostly of tschermakite, gives way to magnesiohastingsite with 
increasing alumina and alkali contents, extending toward rare 
pargasite compositions. Aside from mineral classification, the 
main purpose of calculating amphibole stoichiometry is to 
evaluate crystallographically controlled cationic variations that 
are sensitive to pressure and temperature.

As is widely documented in studies of clinoamphibole 
thermobarometry of igneous and metamorphic rocks, the 
extent of Tschermak’s molecule substitution is a function 
of relative pressure and temperature of equilibration (Helz, 
1982; Hammarstrom and Zen, 1986; Anderson and Smith, 
1995; Bachmann and Dungan, 2002). At higher pressures and 
temperatures, the amount of Al in octahedral (C) sites (VIAl) 
increases together with the amount in tetrahedral Al (IVAl) 
sites. Most of this coupled alumina substitution occurs at 
the expense of divalent cations (for example, Mg2+ and Fe2+) 
in the octahedral C-site and silica in tetrahedral sites in a 
pressure-sensitive Al-Tschermak exchange (C(Mg,Fe) + TSi ↔ 
IVAl+VIAl). At higher temperatures, increased concentrations 
of alkali cations (Na+ and K+) and Ti4+ are accommodated with 
additional IVAl in the amphibole lattice and form edenite (Ava-
cancy + TSi ↔ A(Na+K) + IVAl) and Ti-Tschermak (BMn+2TSi 
↔ CTi+2IVAl) substitutions. There is a broad, continuous range 
of pressure-sensitive Al-Tschermak component substitution 
exhibited by the complete array of amphibole compositions 
in 2004–6 Mount St. Helens dacite (fig. 21A). In addition, a 
broad range of temperature-sensitive Ti-Tschermak and eden-
ite cationic exchanges also are apparent (figs. 21B–D).

The amphibole calculation optimizes ferric iron (Fe3+) in 
the stoichiometric scheme and is a means of “ironing out” the 
secondary deviations in total iron and magnesium with alu-
mina (figs. 13B, 13C). The exchange of Fe2+ and Mg2+ in the 
C site is consistently linear in high- and medium-Al amphi-
boles (fig. 22). At higher alumina contents and consistent 
with Al-Tschermak substitution, the absolute concentrations 
of Mg and Fe2+ are lower along lines of constant Mg number 
(Mg#, 100*(Mg/(Mg+ Fe2+)). The Mg# variation in low-Al 
amphibole is more erratic. The Mg# increases with increasing 
proportion of Fe3+ (fig. 23A), suggesting that the Mg# trends 
are at least partly affected by differences in the oxidation state 
of host magmas. The variations of Ti and Mn with Mg# reveal 
distinctly different trends of low-Al magnesiohornblendes and 
the prevalent medium- to high-Al tschermakites and magne-
siohastingsites (figs. 23B, 23C). Inverse trends of Ti versus 
Mg# (or Fe3+) exhibited by the range of common amphibole 
compositions (±1σ population trend in fig. 23) are consistent 
with growth at variable temperature and fO2

 under buffered 
conditions, as suggested by temperature-fO2

 ranges calculated 
for Fe-Ti oxide pairs in 2004–6 dacite (Pallister and others, 
this volume, chap. 30, fig. 13).

Within the dataset there is no clear correlation between 
the Mg# and the relative partitioning of VIAl and IVAl (Al-
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Figure 18. Rare-earth 
element (REE) versus 
alumina among amphibole 
phenocryst cores in 
consecutive Mount St. 
Helens 2004–6 dacite 
lava samples, showing 
trends reflective of overall 
REE enrichment and Eu 
depletion with decreasing 
alumina in medium- to 
low-Al amphiboles. A, La 
versus alumina. B, Eu/
Nd versus alumina; Eu/Nd 
values <1 are Eu depleted.

Figure 19. Rare-
earth-element (REE) 
concentrations in 
Eu-depleted 2004–6 
amphibole phenocrysts 
(normalized to 
“primitive mantle” of 
Sun and McDonough, 
1989). Samples with 
the three most extreme 
REE patterns, likely 
xenocrysts, have low Al 
(7.4–8.9 percent Al2O3), 
patchy zoning, and 
resorbed edges.
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Figure 20. Mount St. Helens 2004–6 
amphibole phenocryst compositions plotted 
on classification diagrams of Leake and 
others (1997). Symbols used in each of the 
compositionally defined fields carry through to 
figures 21, 23, and 25.

Tschermak exchange; fig. 23D), indicating that Mg-Fe 
exchange is independent of relative pressure of crystalliza-
tion. Also, no consistent differences are observed between 
core and rim Mg# and VIAl or IVAl. These observations and 
interpretations are in contrast to the inverse relation of Mg# 
and IVAl documented within individual 2004–6 amphibole 
crystals by Rutherford and Devine (this volume, chap. 31). 
The covariance of Mn, Ti, and Fe2+ in the medium- to high-Al 
amphibole suite likely reflects differences in the abundance 
and composition of coexisting Fe-Ti oxides in the crystalliz-
ing assemblage, which are affected by changes in temperature 
and the oxidation state over a range of pressures reflected by 
Al-Tschermak substitution.

Amphibole Thermobarometry
Rutherford and Devine (this volume, chap. 31) conducted 

phase-equilibria experiments on 2004 dacite that establish 
lower PH2O and upper T limits of amphibole+plagioclase+ 
orthopyroxene+Fe-Ti-oxide saturation. Their results repro-
duce the observed phenocrysts of the dacite between pressures 
of 130 and 300 MPa (~5–12 km depth) at 850°C to 920°C, 
respectively (Rutherford and Devine, this volume, chap. 31, 
fig. 10). They observed increased Tschermak component of 
Mount St. Helens amphibole equilibrated at 200–300 MPa 
and 900°C in comparison with that at or below 200 MPa at 
~860–850°C. These data suggest that the Tschermak and 
edenite substitutions, exhibited by the predominant 2004–6 

tschermakite and magnesiohastingsite compositions, ought 
to constrain the relative P–T path of dacite magmas that have 
contributed to the phenocryst mix observed in new lava.

The Al-in-hornblende thermobarometer of Anderson 
and Smith (1995) is used here to estimate relative equili-
bration pressures over the ~850–900°C temperature range 
established by iron-titanium oxide thermometry and experi-
mental petrology of new dacite lava (Pallister and others, this 
volume, chap. 30; Rutherford and Devine, this volume, chap. 
31). As expressed by Anderson and Smith (1995, p. 554) and 
debated by others (for example, Blundy and Holland, 1990; 
Rutherford and Johnson, 1992; Hammarstrom and Zen, 
1992), this algorithm may not yield accurate results at tem-
peratures in excess of experimental calibration (800°C) and 
without all of the Tschermak-buffering phases in the baro-
metric assemblage. We assume that most amphiboles in the 
2004–6 dacite were crystallized from similar dacite magmas 
at temperature <920°C and that all were cosaturated with 
fluid, plagioclase, orthopyroxene, and oxide. The covariance 
of alumina and silica in these phases is not fixed for every 
amphibole that crystallizes, but the Tschermak molecular 
substitution should be constrained by this same five-phase 
assemblage throughout the pressure range in which the 
amphibole crystallized, thus providing a relative indication 
of crystallization pressures and temperatures.

Calculated pressures for amphiboles equilibrated under 
known P and T conditions help validate application of Al-in-
hornblende thermobarometry to Mount St. Helens dacite (fig. 
24). The Anderson and Smith (1995) algorithm is accurate 
for the 200- to 800-MPa range of experimental amphiboles at 
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Figure 21. Site-specific cation concentrations versus 
tetrahedrally coordinated Al (IVAl) in Mount St. Helens 2004–6 
amphibole phenocrysts grouped according to amphibole type, 
with symbols as defined in figure 20. Magnesiohornblendes 
of 1986 gabbroic xenoliths, shown with black squares, are 
included for comparison. Lines shown represent best-fit 
linear regressions. A, Increasing octahedral alumina (VIAl) 
concentrations roughly coincide with increasing tetrahedral 
alumina (IVAl), reflecting a range of pressure-sensitive 
Al-Tschermak substitution. B and C, Antithetic variations of 
Mn and Ti with increasing IVAl demonstrate a continuous range 
of temperature-sensitive Ti-Tschermak substitution. D, Total 
alkali concentrations (Na+K in A site) increase with increasing 
IVAl in an edenite exchange, also indicative of increasing 
temperature of crystallization.

Figure 22. Fe2+ versus Mg2+ variation diagram for low-Al, 
medium-Al, and high-Al groups of Mount St. Helens 2004–6 
amphiboles. At higher alumina contents, concentrations of 
Mg and Fe2+ (in C sites) are lower along lines of constant 
Mg# (=Mg/(Mg+Fe2+), shown as dashed black lines. A 
well-balanced Fe-Mg C-site exchange is observed among 
medium-Al to high-Al amphiboles. The dashed red line shows 
best-fit linear regression of predominant 2004–6 amphibole 
population (defined as ±1σ from average composition).
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Figure 23. Site-specific cation concentrations versus 
Mg# in C site (Mg2+/(Mg2++Fe2+) in Mount St. Helens 
2004–6 amphibole phenocrysts, grouped according to 
amphibole type, with symbols as defined in figure 20. 
Dashed lines represent best-fit linear regressions of 
predominant 2004–6 amphibole population (defined as ±1σ 
from average). Magnesiohornblendes in 1986 gabbroic 
xenoliths, shown as black squares, are presented for 
comparison. A, Mg# increases with increasing proportion 
of Fe3+ relative to total iron (Fe3+ + Fe2+), suggesting that 
Mg# is largely affected by magmatic oxidation state. B 
and C, Covariance of Mn and Ti with Mg# in predominant 
amphibole population indicates Mg# varies independently 
of temperature-sensitive Ti-Tschermak exchange (figs. 
21B, 21C). D, Octahedral alumina (VIAl) concentrations 
show no systematic correlation with Mg#, indicating that 
Fe2+-Mg exchange is independent of pressure-sensitive 
Al-Tschermak substitution.
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Figure 24. Plot of experimentally measured pressures 
versus pressures calculated by Al-in-hornblende barometer 
of Anderson and Smith (1995), using temperatures and 
amphibole compositions from experimental runs. J&R, 
Johnson and Rutherford (1989) experiments at 750°C on 
dacite from Fish Canyon Tuff (64.4 percent SiO2) and Round 
Valley, Idaho (65.2 percent SiO2), in which amphibole coexists 
with melt, fluid, quartz, biotite, plagioclase, sphene, and Fe-Ti 
oxides. R&D, Rutherford and Devine (this volume, chap. 31) 
experiments on 2004 Mount St. Helens dacite at 850°C, 860°C, 
and 900°C in which amphibole coexists with melt, fluid, 
plagioclase, orthopyroxene and Fe-Ti oxides.
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740°C in three calc-alkaline magma compositions (64.4–65.2 
percent SiO2, Johnson and Rutherford, 1989) for which it was 
calibrated. In those experiments, the coexisting phase assem-
blage (melt, fluid, quartz, biotite, plagioclase, alkali-feldspar, 
sphene, and Fe-Ti oxides) provides a complete Tschermak-
buffering capacity (Anderson and Smith, 1995). In experiments 
on 2004 Mount St. Helens dacite at pressures of 100–200 MPa 
and temperatures of 850–860°C and 900°C (Rutherford and 
Devine, this volume, chap. 31), amphibole coexists with a  
fluid+melt+plagiclase+orthopyroxene+oxide assemblage, 
similar to that of newly erupted lava. Overall, barometric calcu-
lations for amphibole equilibrated in the silica undersaturated 
dacite (analyses from table 6 of Rutherford and Devine, this vol-
ume, chap. 31) yield results consistent with the <200 MPa run 
conditions. Most of the estimates are low by more than 50 MPa, 
but there is closer agreement for the highest-Al amphiboles in 
runs at both 900°C and 850°C.

Barometric calculations for the predominant 2004–6 
amphibole population (±1σ range, fig. 25) define a depth range 
for crystallization from 13.5 to ~4 km depth (350 MPa to 100 
MPa) at temperatures between 850°C and 900°C. The overall 
average of phenocryst compositions yields barometry results 
of 220 MPa at 850°C. As restricted by the minimum pressure 
of amphibole stability (100 MPa), our calculations show that 
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the bulk of amphibole crystallization occurred at temperatures 
less than ~875°C. At ~900°C, only high-Al amphiboles yield 
tenable calculated pressures, ranging from 100 to ~250 MPa, 
and perhaps to 300 MPa. Judging from the apparent error in 
applying Al-barometry to experimentally produced amphi-
boles at <200 MPa (fig. 24), it may be that actual equilibration 
pressures are higher by about 50–100 MPa. At 850°C this cor-
rection would increase the maximum depth range of average 
amphibole crystallization from ~8.5 km (220 MPa) to ~10.5 
or perhaps to 12.5 km (270–320 MPa) and would increase the 
maximum depth range of the more aluminous tschermakite 
and magnesiohastingsite to >15 km (400 MPa).

The relative calculated pressures for the majority of 
amphibole compositions suggests two P-T scenarios for the 
2004–6 magma and for prior generations of hostlike, precur-
sory magma that are preserved in the crystal-laden mixture: 
(1) high-Al amphiboles formed at relatively low temperature 
and great depth (>15 km at <850°C), and the subsequent bulk 
of amphibole crystallization occurred during nearly isothermal 
ascent, or (2) crystallization during cooling between 900°C 
and 800°C at shallower depths within the magma reservoir 
(from 4 km to ~8 or possibly ~10 km), or a combination of (1) 
and (2). In either case, the range of calculated thermobaromet-
ric conditions reflected by tschermakite to magnesiohasting-

Figure 25. Plot showing results of Al-in-hornblende barometry applied to 2004–6 amphiboles at 750°C, 800°C, 
850°C, and 900°C. Symbols correspond to amphibole types, as shown in figure 20. Inferred pressure (depth) versus 
temperature window for the average (X) and predominant amphibole population (±1σ range) is indicated.
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site compositions in new lava reflects a well-mixed population 
of crystals formed in similar dacite magma over a likely depth 
range of 4–13.5 km, or possibly as deep as 15 km.

Our calculations suggest that low-Al magnesiohornblen-
des require low crystallization temperatures (750–850°C) to 
yield minimum pressures of amphibole stability (>100 MPa, 
fig. 25). Their presence in the mix suggests entrainment of 
near-solidus, and perhaps older, dacite mush (along with 
gabbroic material) in hotter 2004–6 magma. Those low-Al 
amphiboles that are not xenocrysts may have crystallized at 
low pressures and temperatures from host dacite melt. The 
highest Al-tschermakite, magnesiohastingsite, and pargasite 
could be derived from a mafic source (magma or wall rock) or 
could have crystallized from dacite under high P-T conditions 
above plagioclase saturation. In either case, magma crystalliz-
ing the end-member, high-Al amphiboles may not be close to 
quartz-saturation or to five-phase saturation conditions. In this 
case, barometry calculations would yield untenably low pres-
sures over the temperature range of interest.

Amphibole Decompression Reactions, 
Magma Ascent Dynamics, and Conduit 
Geometry

The nature and extent of amphibole dissolution and reac-
tion associated with variable decompression paths of dacite 
magma are documented in the recently published experimental 
study of Browne and Gardner (2006). Data from their series of 
isothermal decompression runs, performed on similar compo-
sitions and initially equilibrated under conditions analogous 
to those of the Mount St. Helens 2004–6 magma (840°C and 
150 MPa), help to constrain paths of magma ascent. Reaction 
rims similar to the typical 5-µm rims on subhedral, resorbed, 
or fragmented amphibole crystals in the 2004–6 Mount St. 
Helens dacite were reproduced by isothermal decompression 
from 60 to <30 MPa (~2.5- to <1-km depth) over an interval 
of 3 to 4 days (compare textures in our fig. 7 with those in fig. 
4 of Browne and Gardner, 2006). Such 5-µm rims must have 
formed by the time magma reached the uppermost conduit 
because amphibole ceases to react at depths less than ~0.6 km 
in a highly viscous, nearly solidified, and completely degassed 
host (Browne and Gardner, 2006).

Textures of resorbed amphibole crystals seen in the 
2004–6 Mount St. Helens dacite (fig. 7) could be produced if 
the host magma stalled for ~2 days at ~3.5 to 2.5-km depth (90 
to 60 MPa) during ascent (Browne and Gardner, 2006). Under 
such conditions, amphibole dissolves without forming pseudo-
morph reaction rims, which develop subsequent to resorption 
during further ascent. The disappearance of amphibole, as 
documented by resorption textures and decreased modal abun-
dance in experimental products, is accompanied by nucleation 
and growth of orthopyroxene and plagioclase (±Fe-Ti oxide) 
microphenocrysts in the vicinity of dissolved amphibole. 

Such microphenocrysts are likely to have contributed to the 
microcrystalline matrix, which further develops during ascent 
(Blundy and Cashman, 2001; Cashman and others, this vol-
ume, chap. 19).

Amphiboles with <3-µm rims in early dome samples 
with a glassier matrix (figs. 9A, 9B; and Pallister and others, 
this volume, chap. 30) suggest faster ascent rates through the 
60–30-MPa pressure range than later dacite, consistent with 
the relatively high eruptive flux during the earliest phases of 
dome extrusion (Schilling and others, this volume, chap. 8; 
Reagan and others, this volume, chap. 37).

The sporadic occurrence of wider reaction rims (30–200 
µm) may be attributed to the haphazard entrainment of 
amphibole phenocrysts subjected to extensive reaction while 
occluded to walls of the lower conduit. Alternatively, some 
phenocrysts with wide reaction rims could be xenolithic frag-
ments of 1980s dacite, which is known to have two reaction-
rim populations (10–12 and 30 µm; Rutherford and Hill, 
1993). Composite phenocrysts with resorbed and patchy cores 
surrounded by subhedral zoned overgrowths and amphibole-
to-amphibole reactions probably reflect xenocryst assimilation 
at depth. It is evident from less commonly observed examples 
of resorbed medium-Al amphibole crystals with low-Al 
(and high fluorine) amphibole overgrowths (for example, in 
SH314-1 and DRS_3_9_4; fig. 11, table 2) that this style of 
amphibole dissolution and reaction has occurred in magma 
stored at depths near to and perhaps slightly above the limits 
of amphibole stability. Such cases would seem to reflect the 
disruption of a crystal mush by a hotter or chemically incom-
patible melt. Rutherford and Devine (this volume, chap. 31) 
suggest that fluorine has the effect of stabilizing amphibole at 
depths above that of H2O-only amphibole saturation. Thus, it 
is possible that late-stage fluorine enrichment could promote 
the occurrence of such amphibole-to-amphibole+melt reac-
tions in the lower conduit.

The persistent 5-µm amphibole rims in all post-Novem-
ber 2004 spine lava reflect steady influx and upward transport 
of magma through the lower conduit, possibly on the order 
of 2–4 days, from 3.5–2.5-km depths to as shallow as ~1 km. 
Thus, an amphibole-based rate of magma ascent for this depth 
interval is between ~600 and ~1,200 m/day. As constrained 
by a first-year erupted volume of about 70×106 m3 (Schilling 
and others, this volume, chap. 8), such rates infer a conduit 
radius between 10 and 5 m. In contrast, ground deformation 
and eruptive flux infer a significantly larger average conduit 
radius of ~35 m (down to 5 km depth) (Dzurisin and others, 
this volume, chap. 14).

A similar discrepancy existed between conduit dimen-
sions inferred from amphibole-rim and volumetric-flux model-
ing of the 1980s dome-building eruption (Cashman, 1992; 
Pallister and others, 1992). For the current eruption, both inter-
pretations might be valid, but for different depth ranges. Taken 
together, these analyses suggest that the conduit may have a 
wineglass shape. At ~3.5–1-km depth, the conduit might be a 
narrow pipe (or short dike) that accommodates relatively rapid 
transit of dacite magma, as recorded by the thin amphibole 
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reaction rims. Above ~1 km, where matrix crystallization of 
magma occurs (Cashman and others, this volume, chap. 19; 
Pallister and others this volume, chap. 30) and amphibole 
reactions cease, a cooling, solidifying, and sluggishly moving 
magma is accommodated by a wider conduit (>60 m radius). 
Such a wineglass shape for the conduit also might help 
explain (1) the apparent localization of deformation to the 
crater and to a deep region whose centroid lies at depth of ~8 
km (Dzurisin and others, this volume, chap. 14; Lisowski and 
others, this volume, chap. 15) and (2) the lack of geophysical 
or petrologic evidence for magma storage between ~4–5-km 
and ~1-km depths.

The Amphibole Perspective: from 
Source to Surface

Our study of amphibole systematics shows the near-solid 
magma recently extruded from Mount St. Helens is a well-
blended, crystal-rich dacite mush that originated from depths 
of at least ~4 km and ascended to within 1 km of the surface 
at rates in the range ~0.6–1.2 km/day. The compositional 
ranges of amphibole phenocrysts in the 2004–6 dacite reflect 
multiple generations of (primarily) dacite magma crystalliza-
tion in different P-T environments. Amphibole morphology 
and texture reveal a dynamic magma-mixing regime in which 
a genetically disparate, amphibole phenocryst assemblage 
is variably dissolved, overgrown, broken, and abraded. The 
same ranges of amphibole compositions and textures are 
found in all thin sections of dome material. An obvious 
implication of the well-dispersed amphibole variability is that 
the monotonous bulk chemistry of new lava is the result of 
fine-scale (less than a cubic centimeter) blending of multiple, 
crystal-laden dacite magmas.

Petrologic constraints, including complex zoning in some 
amphibole phenocrysts, have spawned models in which this 
latest generation of Mount St. Helens lava evolved physically 
and chemically to its preeruptive condition by convective 
recycling of crystal-laden dacite magma through a contiguous 
P-T regime (such as that depicted in the simplified magma-
reservoir diagrams of Pallister and others, this volume, chap. 
30, fig. 22; Rutherford and Devine, this volume, chap. 31, fig. 
13). Our thermobarometric calculations place amphibole crys-
tallization in a P-T window between 100 and ~350–400 MPa 
(~4- and 13.5–15-km depth) and ~900°C and ~800°C. This 
interpretation of the P-T regime for eruption-related magma-
tism is within that constrained by experimentally determined 
phase relations (Rutherford and Devine, this volume, chap 31) 
and is consistent with the seismologically defined 4–12-km-
deep magma source (Moran, 1994).

The broad P-T regime reflected in the variety of phe-
nocrysts also could be an artifact of repeated injection of 
different crystal-laden, dacite magma batches under more 
restricted P-T conditions in the uppermost zone of the magma 
reservoir. Amphibole petrology and several other lines of evi-

dence suggest that much of the blending of the 2004–6 dacite 
mush is achieved between ~8- and 4-km depth. The average 
amphibole in 2004–6 magma is interpreted to have crystallized 
at 850°C and 220 MPa (fig. 25). Coincidentally, those same 
source conditions were interpreted for the May 18, 1980, pum-
ice (Rutherford and others, 1985). Considering that the range 
of amphibole compositions of 2004–6 dacite is comparable 
to that of amphibole in 1980–86 lava, we suggest a consistent 
staging area at and above ~8-km depth for both eruptions. 
Thermobarometric calculations indicate that cyclic varia-
tions within the range of the predominant 2004–6 amphibole 
compositions could result from heating and cooling within this 
upper part of a magma reservoir (fig. 25). Compositional zon-
ing in the outer parts of plagioclase in the 2004–6 dacite are 
likewise consistent with injections of hotter, porphyritic dacite 
magma into crystal-laden dacite mush (Streck and others, this 
volume, chap. 34).

Isotopic studies of plagioclase in 2004–6 dacite (Cooper 
and Donnelly, this volume, chap. 36; Kent and others, this 
volume, chap. 35) suggest that the majority of phenocrysts are 
“zero-age” and cognate to the host dacite. Of the remaining 
phenocrysts, a small proportion are Tertiary xenocrysts, but 
20–40 percent of analyzed plagioclase crystals are considered 
antecrysts, derived from prior generations of Mount St. Helens 
dacite (see Bacon and Lowenstern, 2005, for further discus-
sion of the term, antecryst). Our data indicate that amphibole 
phenocrysts have a similarly diverse heritage. Although 
2004–6 dacite antecrysts may be an inevitable product of long-
term mixing, it is also likely that some of them, as well as 
xenocrysts, are assimilated from variably aged roof rocks and 
surrounding crustal materials by intrusive processes.

The disequilibrium reflected both in the textural variety 
of amphiboles and in the wide variation of their outermost rim 
compositions is a clear indication of a dynamic, preeruptive, 
magma-mixing environment for the 2004–6 dacite. Uniform 
reaction rims on all subhedral, rounded, resorbed, and frag-
mented amphibole phenocrysts of all compositional affini-
ties indicate that this crystal assemblage was being broken, 
abraded, and dissolved in the magma immediately before and 
during early stages of ascent. An ascent path that accommo-
dates these features involves differential flow rates through 
regions of the lowermost conduit and uppermost magma 
reservoir. In this scenario, supported by experimental obser-
vations of Browne and Gardner (2006), some magma must 
stagnate long enough at 90–60 MPa (~3.5–2.5-km depth) for 
amphiboles to be resorbed, but other magma does not. This 
situation seems plausible for a magma ascending through 
deep conduit roots that must extend into a mushy reservoir 
cupola. The crystal-laden magma is viscous enough to frag-
ment and entrain additional amphibole phenocrysts during 
ascent through crystal mushes in the upper reservoir and lower 
conduit at ~5–3.5 km. Small reaction rims on the well-mixed 
amphibole assemblage result from rapid decompression of 
host-dacite magma during ascent through a small conduit 
(≤10-m radius) extending upward from ~3.5 km to within ~1 
km of the crater floor. From ~1 km to the surface, the final 
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preeruptive condition of amphibole is frozen in as the magma 
quenches into a nearly solid plug of porphyritic lava. During 
and after this magma-to-lava transition, a relatively sluggish 
plug ascent is accommodated by an enlarged (≥60-m radius) 
uppermost conduit, in which the fresh dacite lava is sheared 
and gouged during forceful expulsion as lava spines.

Acknowledgments
We thank Jeff Linscott of JL Aviation, whose adept pilot-

ing skills enabled heli-dredge collection of lava samples, and 
Bobbie Myers of the U.S. Geological Survey’s Cascades Vol-
cano Observatory (USGS–CVO), who helped to ensure the 
safety of our dome-sampling forays. Assistance with sample 
processing and archiving by Winston Stokes (USGS–CVO) 
and dedicated volunteers in the CVO Petrology Laboratory 
(Siobhan McConnell, Trystan Herriott, Taryn Lopez, and Ali-
son Eckberg) is gratefully acknowledged. Isabelle Brownfield 
(USGS, Denver) provided many of the SEM images used 
in the course of this investigation. Thoughtful reviews of an 
early version of this chapter by Roz Helz (USGS, emeritus) 
and Mac Rutherford (Brown University) resulted in signifi-
cant improvements.

References Cited

Allen, J.C., and Boettcher, A.L., 1978, Amphiboles in andes-
ite and basalt, II—Stability as a function of P-T-fH2O-fO2

: 
American Mineralogist, v. 63, nos. 11–12, p. 1074–1087.

Anderson, J.L., and Smith, D.R., 1995, The effects of tempera-
ture and fO2

 on the Al-in-hornblende barometer: American 
Mineralogist, v. 80, p. 549–599.

Bachmann, O., and Dungan, M.A., 2002, Temperature-
induced Al-zoning in hornblendes of the Fish Canyon 
magma, Colorado: American Mineralogist, v. 87, p. 
1062–1076.

Bacon, C.R., and Lowenstern, J.B., 2005, Late Pleistocene 
granodiorite source for recycled zircon and phenocrysts in 
rhyodacite lava at Crater Lake, Oregon: Earth and Planetary 
Science Letters, v. 233, p. 277–293.

Blundy, J., and Cashman, K., 2001, Ascent-driven crystallisa-
tion of dacite magmas at Mount St. Helens, 1980–1986: 
Contributions to Mineralogy and Petrology, v. 140, no. 6, p. 
631–650, doi:10.1007/s004100000219.

Blundy, J.D., and Holland, T.J.B., 1990, Calcic amphibole 
equilibria and a new plagioclase-amphibole geothermom-
eter: Contributions to Mineralogy and Petrology, v. 104, no. 
2, p. 208–224, doi:10.1007/BF00306444.

Browne, B.L., and Gardner, J.E., 2006, The influence of 
magma ascent path on the texture, mineralogy, and forma-
tion of hornblende reaction rims: Earth and Planetary Sci-
ence Letters, v. 246, p. 161–176.

Buckley, V.J.E., Sparks, R.S.J., and Wood, B.J., 2006, Horn-
blende dehydration reactions during magma ascent at Sou-
frière Hills Volcano, Montserrat: Contributions to Mineral-
ogy and Petrology, v. 151, no. 2, p. 121–140, doi:10.1007/
s00410-005-0060-5.

Cashman, K.V., 1992, Groundmass crystallization of Mount 
St, Helens dacite, 1980–1986—a tool for interpreting 
shallow magmatic processes: Contributions to Mineral-
ogy and Petrology, v. 109, no. 4, p. 431–449, doi:10.1007/
BF00306547.

Cashman, K.V., and McConnell, S.M., 2005, Multiple levels 
of magma storage during the 1980 summer eruptions of 
Mount St. Helens, WA: Bulletin of Volcanology, v. 68, no. 
1, p. 57–75, doi:10.1007/s00445-005-0422-x.

Cashman, K.V., Thornber, C.R., and Pallister, J.S., 2008, From 
dome to dust; shallow crystallization and fragmentation of 
conduit magma during the 2004–2006 dome extrusion of 
Mount St. Helens, Washington, chap. 19 of Sherrod, D.R., 
Scott, W.E., and Stauffer, P.H., eds., A volcano rekindled; 
the renewed eruption of Mount St. Helens, 2004–2006: U.S. 
Geological Survey Professional Paper 1750 (this volume).

Cooper, K.M., and Donnelly, C.T., 2008, 238U-230Th-226Ra 
disequilibria in dacite and plagioclase from the 2004–2005 
eruption of Mount St. Helens, chap. 36 of Sherrod, D.R., 
Scott, W.E., and Stauffer, P.H., eds., A volcano rekindled; 
the renewed eruption of Mount St. Helens, 2004–2006: U.S. 
Geological Survey Professional Paper 1750 (this volume).

Dzurisin, D., Lisowski, M., Poland, M.P., Sherrod, D.R., and 
LaHusen, R.G., 2008, Constraints and conundrums posed 
by ground deformation measurements during the 2004–
2006 dome-building eruption of Mount St. Helens, Wash-
ington, chap. 14 of Sherrod, D.R., Scott, W.E., and Stauffer, 
P.H., eds., A volcano rekindled; the renewed eruption of 
Mount St. Helens, 2004–2006: U.S. Geological Survey 
Professional Paper 1750 (this volume).

Grove, T.L., Elkins-Tanton, L.T., Parman, S.W., Chatterjee, N., 
Müntener, O., and Gaetani, G.A., 2003, Fractional crystalli-
zation and mantle melting controls on calc-alkaline differ-
entiation trends: Contributions to Mineralogy and Petrology, 
v. 145, p. 515–533.

Hammarstrom, J.M, and Zen, E-an, 1986, Aluminum in 
hornblende; an empirical igneous geobarometer: American 
Mineralogist, v. 71, p. 1297–1313.

Hammarstrom, J.M., and Zen, E-an, 1992, Discussion of 
Blundy and Holland’s (1990) “Calcic amphibole equilib-
ria and a new amphibole-plagioclase geothermometer”: 



752  A Volcano Rekindled: The Renewed Eruption of Mount St. Helens, 2004−2006

Contributions to Mineralogy and Petrology, v. 111, no. 2, p. 
264–266, doi:10.1007/BF00348957.

Helz, R.T., 1982, Phase relations and compositions of amphi-
boles produced in studies of the melting behavior of rocks, 
in Veblen, D.R., and Ribbe, P.H., eds., Amphiboles—petrol-
ogy and experimental phase relations: Reviews in Mineral-
ogy, v. 9B, p. 279–346.

Holland, T., and Blundy, J., 1994, Non-ideal interactions in 
calcic amphiboles and their bearing on amphibole-plagio-
clase thermometry: Contributions to Mineralogy and Petrol-
ogy, v. 116, no. 4, p. 433–447, doi:10.1007/BF00310910.

Jarosewich, E., Nelen, J.A., and Norberg, J.A., 1980, Refer-
ence samples for electron microprobe analyses: Geostan-
dards Newsletter, v. 4, no. 1, p. 43–47.

Johnson, M.C., and Rutherford, M.J., 1989, Experimental cali-
bration of the aluminum-in-hornblende geobarometer with 
application to Long Valley caldera (California) volcanic 
rocks: Geology, v. 17, p. 837–841.

Kent, A.J.R., Jacobsen, B., Peate, D.W., Waight, T.E., and 
Baker, J.A., 2004, Isotope dilution MC-ICP-MS rare earth 
element analysis of geochemical reference materials NIST 
SRM 610, NIST SRM 612, NIST SRM 614, BHVO-2G, 
BHVO-2, BCR-2G, JB-2, WS-1, W-2, AGV-1, AGV-2: 
Geostandards Newsletter, v. 28, p. 417–430.

Kent, A.J.R., Rowe, M.C., Thornber, C.R., and Pallister, J.S., 
2008, Trace element and Pb isotope composition of plagio-
clase from dome samples from the 2004–2005 eruption of 
Mount St Helens, Washington, chap. 35 of Sherrod, D.R., 
Scott, W.E., and Stauffer, P.H., eds., A volcano rekindled; 
the renewed eruption of Mount St. Helens, 2004–2006: U.S. 
Geological Survey Professional Paper 1750 (this volume).

Leake, B.E., Woolley, A.R., Arps, C.E.S., Birch, W.D., Gil-
bert, M.C., Grice, J.D., Hawthorne, F.C., Kato, A., Kisch, 
H.J., Krivovichev, V.G., Linthout, K., Laird, J., Mandarino, 
J.A., Maresch, W.V., Nickel, E.H., Rock, N.M.S., Schu-
macher, J.C., Smith, D.C., Stephenson, N.C.N., Ungaretti, 
L., Whittaker, E.J.W., and Youzhi, G., 1997, Nomenclature 
of amphiboles—report of the subcommittee on amphiboles 
of the International Mineralogical Association, Commission 
on New Minerals and Mineral Names: American Mineralo-
gist, v. 82, nos. 9–10, p. 1019–1037.

Lisowski, M., Dzurisin, D., Denlinger, R.P., and Iwatsubo, 
E.Y., 2008, GPS-measured deformation associated with the 
2004–2006 dome-building eruption of Mount St. Helens, 
Washington, chap. 15 of Sherrod, D.R., Scott, W.E., and 
Stauffer, P.H., eds., A volcano rekindled; the renewed 
eruption of Mount St. Helens, 2004–2006: U.S. Geological 
Survey Professional Paper 1750 (this volume).

Moran, S.C., 1994, Seismicity at Mount St. Helens, 1987–
1992; evidence for repressurization of an active magmatic 

system: Journal of Geophysical Research, v. 99, no. B3, p. 
4341–4354, doi:10.1029/93JB02993.

Pallister, J.S., Heliker, C., and Hoblitt, R.P., 1991, Glimpses 
of the active pluton below Mount St. Helens [abs.]: Eos 
(American Geophysical Union Transactions), v. 72, no. 44, 
supplement, p. 576.

Pallister, J.S., Hoblitt, R.P., Crandell, D.R., and Mullineaux, 
D.R., 1992, Mount St. Helens a decade after the 1980 erup-
tions—magmatic models, chemical cycles, and a revised 
hazards assessment: Bulletin of Volcanology, v. 54, no. 2, p. 
126–146, doi:10.1007/BF00278003.

Pallister, J.S., Thornber, C.R., Cashman, K.V., Clynne, M.A., 
Lowers, H.A., Mandeville, C.W., Brownfield, I.K., and 
Meeker, G.P., 2008, Petrology of the 2004–2006 Mount St. 
Helens lava dome—implications for magmatic plumbing 
and eruption triggering, chap. 30 of Sherrod, D.R., Scott, 
W.E., and Stauffer, P.H., eds., A volcano rekindled; the 
renewed eruption of Mount St. Helens, 2004–2006: U.S. 
Geological Survey Professional Paper 1750 (this volume).

Pearce, N.J.G., Perkins, W.T., Westgate, J.A., Gorton, M.P., 
Jackson, S.E., Neal, C.R., and Chenery, S.P., 1997, A 
compilation of new and published major and trace element 
data for NIST SRM 610 and NIST SRM 612 glass reference 
materials: Geostandards Newsletter, v. 21, p. 115–144.

Pichavant, M., Valencia, H.J., Boulmier, S., Briqueu, L., Joron, 
J., Juteau, M., Marin, L., Michard, A., Sheppard, S.M.F., 
Treuil, M., and Vernet, M., 1987, The Macusani glasses, 
SE Peru; evidence of chemical fractionation in peralumi-
nous magmas, in Mysen, B.O., ed., Magmatic processes—
physiochemical principles: Geochemical Society Special 
Publication No. 1, p. 359–373.

Reagan, M.K., Cooper, K.M., Pallister, J.S., Thornber, C.R., 
and Wortel, M., 2008, Timing of degassing and plagioclase 
growth in lavas erupted from Mount St. Helens, 2004–2005, 
from 210Po-210Pb-226Ra disequilibria, chap. 37 of Sherrod, 
D.R., Scott, W.E., and Stauffer, P.H., eds., A volcano rekin-
dled; the renewed eruption of Mount St. Helens, 2004–2006: 
U.S. Geological Survey Professional Paper 1750 (this 
volume).

Rowe, M.C., Thornber, C.R., Gooding, D.J., and Pallister, 
J.S., 2008, Catalog of Mount St. Helens 2004–2005 tephra 
samples with major- and trace-element geochemistry: U.S. 
Geological Survey Open-File Report 2008–1131, 7 p, with 
digital database.

Rutherford, M.J., and Devine, J.D., III, 2008, Magmatic condi-
tions and processes in the storage zone of the 2004–2006 
Mount St. Helens dacite, chap. 31 of Sherrod, D.R., Scott, 
W.E., and Stauffer, P.H., eds., A volcano rekindled; the 
renewed eruption of Mount St. Helens, 2004–2006: U.S. 
Geological Survey Professional Paper 1750 (this volume).



32. Chemistry, Mineralogy, and Petrology of Amphibole in Mount St. Helens 2004–2006 Dacite  753

Rutherford, M.J., and Hill, P.M., 1993, Magma ascent rates 
from amphibole breakdown—an experimental study applied 
to the 1980–1986 Mount St. Helens eruptions: Journal of 
Geophysical Research, v. 98, no. B11, p. 19667–19685.

Rutherford, M.J., and Johnson, M.C., 1992, Comment on 
Blundy and Holland’s (1990) “Calcic amphibole equilib-
ria and a new amphibole-plagioclase geothermometer”: 
Contributions to Mineralogy and Petrology, v. 111, no. 2, p. 
266–268.

Rutherford, M.J., Sigurdsson, H., Carey, S., and Davis, A., 
1985, The May 18, 1980, eruption of Mount St. Helens; 1. 
melt composition and experimental phase equilibria: Journal 
of Geophysical Research, v. 90, no. B4, p. 2929–2947.

Schilling, S.P., Thompson, R.A., Messerich, J.A., and Iwat-
subo, E.Y., 2008, Use of digital aerophotogrammetry to 
determine rates of lava dome growth, Mount St. Helens, 
2004–2005, chap. 8 of Sherrod, D.R., Scott, W.E., and 
Stauffer, P.H., eds., A volcano rekindled; the renewed 
eruption of Mount St. Helens, 2004–2006: U.S. Geological 
Survey Professional Paper 1750 (this volume).

Streck, M.J., Broderick, C.A., Thornber, C.R., Clynne, M.A., 
and Pallister, J.S., 2008, Plagioclase populations and zoning 
in dacite of the 2004–2005 Mount St. Helens eruption—
constraints for magma origin and dynamics, chap. 34 of 
Sherrod, D.R., Scott, W.E., and Stauffer, P.H., eds., A vol-
cano rekindled; the renewed eruption of Mount St. Helens, 
2004–2006: U.S. Geological Survey Professional Paper 
1750 (this volume).

Sun, S.-s., and McDonough, W.F., 1989, Chemical and isoto-
pic systematics of oceanic basalts—implications for mantle 
composition and processes, in Saunders, A.D., and Norry, 
M.J., eds., Magmatism in the ocean basins: Geological 
Society of London Special Publications 42, p. 313–345.

Thornber, C.R., Pallister, J.S., Rowe, M.C., McConnell, S., 
Herriott, T.M., Eckberg, A., Stokes, W.C., Johnson Cor-
nelius, D., Conrey, R.M., Hannah, T., Taggart, J.E., Jr., 
Adams, M., Lamothe, P.J., Budahn, J.R., and Knaack, 
C.M., 2008, Catalog of Mount St. Helens 2004–2007 dome 
samples with major- and trace-element chemistry: U.S. 
Geological Survey Open-File Report 2008–1130, 9 p., with 
digital database.



754  A Volcano Rekindled: The Renewed Eruption of Mount St. Helens, 2004−2006

Appendix 1. Analytical Methods
Microbeam analyses and imagery used in this study were accomplished at three different laboratories. Most data were 

obtained using the USGS Denver JEOL 8900 electron microprobe and a JEOL 5800-LV scanning electron microscope (SEM). 
Nine samples were analyzed and imaged by M. Rowe at Oregon State University on a Cameca SX-100 electron microprobe. 
At both laboratories, amphibole grains were analyzed using 20-nA beam current and a 15 keV accelerating voltage. For all but 
the smallest of grains, which required a fully focused beam, a 10-μm beam diameter was used for crystal interiors and near-rim 
analyses. Count times for major elements varied between 30 and 10 s on peak (15 to 5 s background count times). For F and Cl, 
count times on peak were increased to 60 and 40 s, respectively. USNM natural silicate mineral standards were used for calibra-
tion. Kakanui hornblende (Jarosewich and others, 1980) was repeatedly analyzed to monitor accuracy and precision during and 
among runs.

Additional analyses of SH304-2A (early dacite) and SH304-2G (glassy lithic fragment) amphibole crystals were done by 
C. Mandeville at the American Museum of Natural History (AMNH) using a Cameca SX-100 electron microprobe utilizing a 
15-keV accelerating voltage, 10-nA beam current for major elements, 15-μm beam diameter, 30 s count time on peak and 15 s 
on background. F, Cl, and Cr analyses of amphiboles by electron microprobe at AMNH were done during the same analytical 
session with 15-keV accelerating voltage, 40-nA beam current, and 140 s count time on peak and 70 s on background. Precision 
and accuracy of major-element analyses were checked by repeated analyses of Kakanui hornblende. Precision and accuracy of 
F, Cl, and Cr analyses at AMNH were monitored by repeated analyses of Macusani peraluminous rhyolite glass (1.3 percent F, 
450 ppm Cl; Pichavant and others, 1987), NMNH 164905 chromium-augite (0.85 percent Cr; Jarosewich and others, 1980), and 
NIST SRM 610 glass (415±49.5 ppm Cr; Pearce and others, 1997).

All amphibole analyses used in this investigation fit the mineralogical criteria established for clinoamphiboles by Leake 
and others (1997). See text for discussion of the stoichiometric calculation used to assess cation site occupancy and proper 
nomenclature.

Trace-element concentrations of amphiboles were analyzed by laser ablation inductively coupled plasma mass spectrometry 
(LA ICP-MS) in the W.M. Keck Collaboratory for Plasma Spectrometry, Oregon State University, and collected from the same 
phenocryst areas that were analyzed and imaged by the Cameca SX-100 electron microprobe. Amphiboles were ablated with a 
NuWave 213 nm Nd:YAG laser using a 40-μm stationary spot and 20-Hz pulse rate. Ablation time and data acquisition for each 
analysis was 30 s, with 45 s of washout time before and after ablation. Measured counts were normalized to 43Ca. Trace-element 
concentrations were then calculated relative to the BCR-2G glass standard. BHVO-2G glass standard was ablated under identi-
cal conditions as the amphiboles as a secondary standard. Precision, estimated by repeated analysis of BHVO-2G, is within 10 
percent of reported values for all trace elements (Kent and others, 2004).

Appendix 2. Major- and Trace-Element Compositions of Amphibole Phenocrysts 
in Mount St. Helens 2004–2006 and 1980–1986 Dacite Lava

[This appendix appears only in the digital versions of this work—in the DVD-ROM that accompanies the printed volume 
and as a separate file accompanying this chapter on the Web at: http://pubs.usgs.gov/pp/1750. ]

The Mount St. Helens amphibole phenocryst chemistry described in this chapter is tabulated in six worksheets of a  
Microsoft Excel file. The six worksheets are organized as follows: 

Worksheet 1. Electron microprobe analyses of amphibole phenocrysts in Mount St. Helens 2004–6 dacite.
Worksheet 2. Electron microprobe analyses of amphibole phenocrysts in Mount St. Helens 2004 glassy lithic fragments.
Worksheet 3. Electron microprobe analyses of amphibole phenocrysts in Mount St. Helens 2004–6 lithic inclusions.
Worksheet 4. Electron microprobe analyses of amphibole phenocryst cores in Mount St. Helens 1986 gabbro xenoliths.
Worksheet 5. Electron microprobe analyses of amphibole phenocryst cores in Mount St. Helens 1980–86 dacite.
Worksheet 6. LA-ICPMS rare-earth-element analyses of amphibole phenocrysts in Mount St. Helens 2004–6 dacite.

http://pubs.usgs.gov/pp/1750
http://pubs.usgs.gov/pp/1750/appendixes/CH32_Thornber_Digital_Appendix/
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Abstract
Major element, trace element, and volatile concentra-

tions in 187 glassy melt inclusions and 25 groundmass glasses 
from the 1980–86 eruption of Mount St. Helens are presented, 
together with 103 analyses of touching Fe-Ti oxide pairs 
from the same samples. These data are used to evaluate the 
temporal evolution of the magmatic plumbing system beneath 
the volcano during 1980–86 and so provide a framework in 
which to interpret analyses of melt inclusions from the current 
(2004–2006) eruption.

Major and trace element concentrations of all melt inclu-
sions lie at the high-SiO2 end of the data array defined by erup-
tive products of late Quaternary age from Mount St. Helens. 
For several major and trace elements, the glasses define a trend 
that is oblique to the whole-rock trend, indicating that different 
mineral assemblages were responsible for the two trends. The 
whole-rock trend can be ascribed to differentiation of hydrous 
basaltic parents in a deep-seated magma reservoir, probably at 
depths great enough to stabilize garnet. In contrast, the glass 
trends were generated by closed-system crystallization of the 
phenocryst and microlite mineral assemblages at low pressures.

The dissolved H2O content of the melt inclusions from 
1980–86, as measured by ion microprobe, ranges from 0 to 6.7 
wt. percent, with the highest values obtained from the plinian 
phase of May 18, 1980. Water contents decrease with increas-
ing SiO2, consistent with decompression-driven crystallization. 

Preliminary data for dissolved CO2 in melt inclusions from 
the May 18 plinian phase and from August 7, 1980, indicate 
that XH2O in the vapor phase was approximately constant 
at 0.80, irrespective of H2O content, suggestive of closed-
system degassing with a high bubble fraction or gas streaming 
through the subvolcanic system. Temperature and fO2

 estimates 
for touching Fe-Ti oxides show evidence for heating during 
crystallization owing to release of latent heat. Consequently, 
magmas with the highest microlite crystallinities record the 
highest temperatures. Magmas also become progressively 
reduced during ascent and degassing, probably as a result of 
redox equilibria between exsolving S-bearing gases and mag-
mas. The lowest temperature oxides have fO2

 ≈ NNO, similar 
to high-temperature fumarole gases from the volcano. The 
temperature and fO2

 of the magma tapped by the plinian phase 
of May 18, 1980, are 870–875°C and NNO+0.8, respectively.

The dissolved volatile contents of the melt inclusions 
have been used to calculate sealing pressures; that is, the 
pressure at which chemical exchange between inclusion and 
matrix melt ceased. These are greatest for the May 18 plinian 
magma (120 to 320 MPa); lower pressures are recorded by 
samples of the preplinian cryptodome and by all post-May 18 
magmas. Magma crystallinity, calculated from melt-inclusion 
Rb contents, is negatively correlated with sealing pressure, 
consistent with decompression crystallization. Elevated 
contents of Li in melt inclusions from the cryptodome and 
post-May 18 samples are consistent with transfer of Li in a 
magmatic vapor phase from deeper parts of the magma sys-
tem to magma stored at shallower levels. The Li enrichment 
attains its maximum extent at ~150 MPa, which is ascribed to 
separation of a single vapor phase into H2O-rich gas and dense 
Li-rich brine at the top of the magma column.

There are striking correlations between melt-inclusion 
chemistry and monitoring data for the 1980–86 eruption. Dis-
solved SO2 contents of melt inclusions from any given event, 
multiplied by the mass of magma erupted during that event, 
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correlate with the measured flux of SO2 at the surface, sug-
gesting that magma degassing and melt-inclusion sealing are 
closely related in time and space.

Textural and chemical evidence indicates that melt inclu-
sions became effectively sealed (physically or kinetically) 
shortly before eruption. Thus by converting pressure to depth 
using a density model and edifice-loading algorithm for the 
volcano, changing depths of magma extraction with time can 
be tracked and compared to the seismic record. The plinian 
eruption of May 18, 1980, involved magma stored 5–11 km 
below sea level; this is inferred to be the subvolcanic magma 
chamber. The preceding eruptions, including the May 18, 
1980, blast, involved magma withdrawal from the cryptodome 
and conduit down to 5 km below sea level. Subsequent 1980 
eruptions tapped magma down to depths of ≤10 km below 
sea level. Tapping of magma stored deeper than 2 km below 
sea level stopped abruptly at the end of 1980, coincident 
with the onset of extensive shallow seismicity and a change 
from explosive to effusive eruption style from 1981 to 1986. 
Overall, the 1980–86 eruption is consistent with the eviscera-
tion of a thin, vertically extensive body of magma extending 
from 5 to at least 11 km below sea level and connected to the 
surface by a thin conduit. In the absence of sustained high 
magma-supply rates from depth, decompression crystalliza-
tion of magma ascending through the system leads eventually 
to plugging of the conduit.

The current eruption of Mount St. Helens shares some 
similarities with the 1981–86 dome-building phase of the 
previous eruption, in that there is extensive shallow seismicity 
and extrusion of highly crystalline material in the form of a 
sequence of flows and spines. Melt inclusions from the cur-
rent eruption have low H2O contents, consistent with magma 
extraction from shallow depths. Highly enriched Li in melt 
inclusions suggests that vapor transport of Li is a characteristic 
feature of Mount St. Helens. Melt inclusions from the current 
eruption have subtly different trace-element chemistry from 
all but one of the 1980–86 melt inclusions, with steeper rare-
earth-element (REE) patterns and low U, Th, and high-field-
strength elements (HFSE), indicating addition of a new melt 
component to the magma system. It is anticipated that increas-
ing involvement of the new melt component will be evident as 
the current eruption proceeds.

Introduction
Quenched melt inclusions in phenocrysts from volcanic 

rocks can provide information on preeruptive conditions within 
the subvolcanic magma body. Concentrations of H2O and other 
volatile species can be used to infer preeruptive storage depths, 
whereas concentrations of major and trace elements can be 
used to elucidate the arrival of new magma batches and, in 
the case of highly incompatible elements, the crystallinity of 
the magma at the time of inclusion entrapment. Of particular 
value are plagioclase-hosted melt inclusions, because of their 

ubiquity in calc-alkaline magmatic rocks and because of their 
ability to record a wide range of magmatic conditions through 
partial reequilibration with the matrix melt during magma 
ascent and crystallization (Blundy and Cashman, 2005). By 
allying melt inclusion data to determinations of temperature 
and oxygen fugacity (fO2

) from coexisting iron-titanium oxides, 
it is possible to provide a detailed image of evolving subvol-
canic magmatic conditions, which can in turn be linked to 
monitoring data such as volatile flux and seismicity.

We have previously published data on H2O and major 
elements in melt inclusions from the 1980–86 eruption of 
Mount St. Helens. Here we augment the published dataset 
with additional data, including previously unpublished trace-
element data. The total dataset for the 1980–86 eruption now 
comprises 212 glasses, including 172 melt inclusions hosted in 
plagioclase, 8 in amphibole, 4 in orthopyroxene, 3 in clinopy-
roxene, and 25 groundmass glasses. Major elements, H2O, and 
light trace elements (Li-Ti) have been determined for all of 
these glasses; heavy trace elements (Ti-U) have been deter-
mined for 74 of them. A preliminary study of dissolved CO2 
was carried out on two samples from the May 18 and August 
7, 1980, eruptive episodes. In order to compare the conditions 
of magma storage during the 1980–86 eruption with those of 
the current (2004–2006) eruption, we have analyzed 11 melt 
inclusions in three samples from the current eruption for the 
same suite of elements. We also present new data on touching 
Fe-Ti oxide pairs for 14 samples spanning the entire 1980–86 
eruption, for comparison with data from the new eruption (Pal-
lister and others, this volume, chap. 30).

Materials and Methods
A full list and brief description of the 32 samples ana-

lyzed, together with their origin and any previous publica-
tions that describe them, are presented in table 1. Most of the 
samples were prepared as grain mounts of plagioclase and 
mafic minerals; in some cases thin sections were also used.

Melt inclusions are widespread in plagioclase phenocrysts 
from all samples studied. Most inclusions are glassy without 
evidence of daughter crystals. About 20 percent of all inclusions 
analyzed contain small vapor bubbles exposed at the surface 
of the thin section or grain mount. Thin rims or embayments 
of plagioclase around the walls of most plagioclase-hosted 
inclusions testify to some crystallization after the inclusion was 
first formed (Blundy and others, 2006). Melt inclusions are 
less common in mafic phenocrysts (amphibole, clinopyroxene, 
orthopyroxene). These inclusions typically lack clear evidence 
of host-crystal precipitation on their walls. Some of the 1980–
86 samples with relatively low (or zero) microlite abundance 
also have matrix glass pools large enough for analysis. It was 
not possible to find any large matrix glass pools in samples 
from the current eruption.

After initially examining each sample for melt inclusions 
using a scanning electron microscope (SEM), a subset of the 
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Sample No. Eruption date
Days since 

Mar. 17, 1980
Sample type (and location)

SH10 Apr. 12, 1980 27 Dense juvenile clast
USNM115379-34 May 18, 1980 62 Cryptodome gray dacite erupted during lateral blast 
SH80D May 18, 1980 62 Cryptodome gray dacite erupted during lateral blast. 

Collected from Pumice Plain
SHKB24 May 18, 1980 62 Blast deposit, nonvesicular margin of cryptodome 

(UTM 565536E, 5119874N)
C85-310 May 18, 1980 62 Pale gray (microlite-bearing) pumice erupted during 

early stage of plinian eruption
MSH006 May 18, 1980 62 Plinian pumice
KC518PFB May 18, 1980 62 Microlite-free pumice, pyroclastic flow. Multiple sample splits 

(KCHB, KCPL, PLZ, MAY)
May25 May 25, 1980 69 Fallout pumice
KC612PF June 12, 1980 87 Pumice from pyroclastic flow
KC722U July 22, 1980 127 Pumice
KC807B Aug. 7, 1980 143 Pumice from pyroclastic flow
SHKB23 Aug. 7, 1980 143 Denser pumice in the levee of October 1980 pyroclastic flow  

(UTM 562602E, 5117871N)
USNM115418-60 Oct. 16, 1980 213 Dome fragment
USNM115418-60-2 Oct. 16, 1980 213 Dome fragment
USNM115418-42 Oct. 16, 1980 213 Pumice
USNM115418-61 Oct. 16, 1980 213 Dome
USNM115427-1 Dec. 27, 1980 285 Pumice
USNM115427-4 Dec. 27, 1980 285 Dome
USNM115465 June 18, 1981 458 Dome
KC681 June 18, 1981 458 Dome
USNM115773-18 Mar. 19, 1982 732 Dome
USNM115773-3 Mar. 19, 1982 732 Pumice
SH127 May 14, 1982 788 Dome
SH131 Aug. 18, 1982 884 Dome
SH135 Feb. 7, 1983 1,057 Spine
SH156 June 17, 1984 1,553 Dome (collected in June, probably erupted March 1984)
SH201 May 24, 1985 1,894 Spine
SHKB20 May 8, 1986 2,243 Vesicular dome rock from top of dome 

(UTM 562619E, 5116559N)
SHKB21 Oct. 21, 1986 2,409 Light-colored sample from top of dome 

(UTM 562619E, 5116559N)
SH304-2A Oct. 18, 2004 8,981 Spine
SH305-1 Nov. 20, 2004 9,014 Spine
SH315-4 Apr. 1, 2005 9,146 Spine

Table 1. Inventory of samples studied.

[Samples prefixed SH (and May 25 sample) are from the Cascades Volcano Observatory collection except SH80D (collected by D. Pyle). Samples prefixed 
USNM are from Smithsonian Institution (see Melson, 1983). Samples prefixed KC are from collection of K. Cashman. Samples prefixed SHKB were collected 
by the authors in September 2003; UTM eastings and northings referable to zone 10, datum WGS84. Sample MSH006 was provided by S. Carey.]

inclusions was selected for analysis of H2O and trace elements 
by ion microprobe. The same inclusions were then analyzed 
by electron microprobe analysis (EMPA). The analyses were 
performed in this order because of the known damage that 
results from EMPA, especially for volatile elements (Hum-
phreys and others, 2006). In choosing melt inclusions for 
analysis we used backscattered electron intensity to select melt 
inclusions with a range of compositions. Because backscatter 
intensity correlates strongly with dissolved H2O, our analyses 
bracket the full range of observed H2O in each sample.

Ion microprobe analyses were carried out on Au-coated 
polished mounts using a CAMECA IMS-4f instrument at 

the University of Edinburgh with a primary beam of O− ions 
and detection of positive secondary ions. Typical operating 
conditions were 10 kV (nominal) primary beam and 2–6-nA 
current at the sample surface, corresponding to an 8–15-µm 
sputtered area. To prevent sample charging, a small raster 
(typically ≤10 µm diameter) was applied when analyzing 1H 
and light trace elements (up to 47Ti). Secondary ions were 
extracted at 4.5 kV with an offset of 75±20 V to reduce trans-
mission of molecular ions. To minimize magnet hysteresis 
we analyzed isotopes in two separate batches. The first batch 
included the light element isotopes: 1H, 7Li, 9Be, 11B, 30Si, 
45Sc, and 47Ti. Interference on 45Sc by 29Si16O was monitored 
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using 42Ca and 44Ca and then subtracted by peak-stripping. 
The second batch of isotopes, measured on a subset of melt 
inclusions, included the heavier isotopes: 30Si, 47Ti, 85Rb, 88Sr, 
89Y, 90Zr, 93Nb, 133Cs, 138Ba, 139La, 140Ce, 141Pr, 143Nd, 149Sm, 
157Gd, 159Tb, 161Dy, 165Ho, 171Yb, 178Hf, 181Ta, 232Th, and 238U. 
Background was monitored at mass 130.5 and found to be 
consistently <0.01 counts per second.

Interferences of light rare-earth-element (REE) oxide ions 
on heavy REE, Ta, and Hf were removed by peak-stripping 
using the oxide/ion ratios of Hinton (1990). The efficacy of the 
peak-stripping procedure was monitored by analyzing two iso-
topes of Gd (156 and 157) to check for consistency. The high 
Ba content of all glasses and the large interference of BaO on 
both Eu isotopes (BaO/Ba ≈ 0.05) means that Eu cannot be 
precisely determined. The largest oxide corrections are those 
involving Ce (CeO/Ce ≈ 0.21), which imparts an uncertainty 
of ±20 percent (relative) on peak-stripped Gd count rates. 
Count times varied from isotope to isotope, according to 
abundance in the glass, but were always sufficient to generate 
a minimum of 100 counts over the analysis period. For both 
batches of isotopes, 30Si was used as an internal standard, and 
values were corrected for their SiO2 content using the sub-
sequent analysis of each inclusion by EMPA. Trace element 
calibration was carried out using NIST SRM610 multielement 
glass. Analyses of natural-glass secondary standards reveal 
that accuracy is within ±15 percent relative for all elements. 
This indicates that differences in ion yield between SRM610 
and natural silica-rich glasses are small. There is evidence that 
some of these small ion yield differences are systematic, but 
we have not corrected for this effect, which would make only a 
small difference to the data presented.

Water was measured using 1H and a working curve of 
1H/30Si versus H2O based on analysis of 5–12 hydrous andes-
ite, dacite, and rhyolite glasses of known H2O content (0.09–
5.8 wt. percent). A working curve was generated on each day 
of analysis. There are small variations in 1H ion yield between 
different sessions, but the working curves are consistently 
linear with correlation coefficients in excess of 0.99. We 
used 1H/30Si for calibration, rather than 1H/30Si×SiO2, because 
of the systematic variation in 1H ion yield with matrix SiO2 
content (Blundy and Cashman, 2005). Our working curves 
can be used for glasses ranging in composition from basalt to 
rhyolite, although all of the glasses analyzed in this study are 
rhyolitic. In a typical analysis of 15 cycles across the mass 
range, only the final 10 cycles were averaged owing to the 
presence of a small amount of signal instability at the onset of 
the analysis. This routine corresponds to a presputter period 
of a few minutes for 1H analysis. No such effect is observed 
for other light isotopes, for which all 15 cycles were included 
in the averaging.

Electron microprobe analysis for major elements plus 
total S (expressed as equivalent SO2), F, and Cl, was carried 
out on a CAMECA SX100 five-spectrometer WDS instru-
ment, using a range of minerals, oxides, and metals for 
calibration. Operating conditions (2-nA beam current, 15-µm 
diameter spot) were those shown by Humphreys and others 

(2006) to minimize the loss of alkalis (especially Na) during 
analysis. This analytical protocol reproduces the measured 
H2O content (as estimated from the analytical total) of hydrous 
glass standards to within 0.4 weight percent average absolute 
deviation. A few of the major element analyses, obtained early 
in the study, were analyzed on a JEOL-733 four-spectrometer 
instrument using slightly higher beam currents (Blundy and 
Cashman, 2005). These analyses did show some Na loss, 
as measured by ion microprobe analysis of 23Na. For these 
analyses we have used the ion microprobe value of Na2O in 
preference to the EMPA value.

After performing both ion microprobe analysis and 
EMPA, the data were screened for quality according to the 
following criteria: the analytical total, including H2O, must 
lie between 98.5 and 100.5 percent; Ti contents measured by 
EMPA and ion microprobe (heavy and light element routine) 
for a single inclusion must be within 15 percent relative; and 
the ion microprobe spot, as examined by SEM, must not have 
any contact with the host mineral. Analyses that failed one or 
more of these tests were discarded. Representative analyses 
are presented in tables 2 and 3, and the full dataset of accepted 
analyses can be found in appendix 1 (included in the digital 
version of this paper).

Touching Fe-Ti oxide pairs were analyzed by EMPA in 
thin sections of selected 1980–86 samples using a Cameca 
SX100 with 20-nA beam current and a focused spot. We used 
only touching pairs because of the known rapid reequilibration 
of Fe-Ti oxides to changes in temperature and fO2

 (for example, 
Venezky and Rutherford, 1999). By selecting only oxides in 
direct contact it is possible to get the closest approximation 
to equilibrium compositions. This approach is used in prefer-
ence to the conventional practice of averaging large numbers 
of separate ilmenite and magnetite analyses. We screened each 
magnetite-ilmenite pair for Mg-Mn exchange equilibrium 
using the method of Bacon and Hirschmann (1988) and then 
calculated T–fO2 using the recalculation procedure of Spencer 
and Lindsley (1981) and the thermometer of Andersen and 
Lindsley (1988) (table 4; see digital appendix 2 for geochemi-
cal analyses of oxide minerals).

Major Element Systematics
Melt inclusions from the 1980–86 eruption are rhyolites 

with 68–79 percent SiO2 (on an anhydrous basis). Matrix 
glasses span the same range. Melt inclusions from the current 
eruption extend the range in SiO2 to 80 percent. As previously 
shown by Blundy and Cashman (2001), the high SiO2 of the 
glasses requires crystallization at low pressures because of the 
increase in SiO2 solubility with decreasing pressure. It is there-
fore likely that the major element variation in melt inclusions 
records crystallization of magma within the magma chamber 
and conduit.

In figure 1 we compare the major-element chemistry of 
melt inclusions and matrix glasses to whole-rock data from the 
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Sample No.
Analyzed

point
Host Na2O Al2O3 SiO2 MgO K2O CaO TiO2 FeO MnO P2O5 Cl F SO2 H2O s.d. Total pH

2
O

1980–86 eruption

sh10 s4-1 P 4.07 11.27 75.12 0.83 2.74 0.66 0.52 3.16 0.04 0.12 0.13 0.10 0.00 0.99 0.04 99.72 8.8
USNM115379-34 11A* O 5.86 14.65 71.15 0.35 2.45 2.21 0.29 2.27 0.26 -- -- -- -- 1.83 0.02 101.31 28.2
USNM115379-34 2A* P 6.18 13.63 69.48 0.54 2.25 1.80 0.23 2.00 0.13 0.31 -- -- -- 3.76 0.05 100.31 101.3
USNM115379-34 3B P 4.56 12.27 72.57 0.70 2.70 1.07 0.38 2.65 0.05 0.10 0.14 0.04 0.05 2.12 0.03 99.40 37.0
USNM115379-34 6A* P 5.47 11.78 73.58 0.81 2.76 0.91 0.34 3.15 0.03 -- -- -- -- 2.21 0.03 101.02 39.9
SH80D 2A P 4.34 11.17 73.66 0.77 3.45 0.81 0.40 2.52 0.10 0.15 0.15 0.01 0.02 1.95 0.03 99.50 31.7
SH80D 8A P 4.42 11.15 75.26 0.30 3.41 0.68 0.52 1.69 0.06 0.11 0.16 0.10 0.00 1.28 0.02 99.15 14.4
C85-310 pl3-3 P 4.30 11.41 75.49 0.53 2.61 0.70 0.38 2.32 0.03 0.03 0.16 0.03 0.01 1.91 0.09 99.87 30.5
MSH006 gm1* gm 5.93 14.20 71.96 0.49 2.17 2.14 0.32 2.13 -- -- -- -- -- 1.58 0.02 100.93 21.4
MSH006 9A* P 5.75 13.74 65.91 0.71 2.15 2.27 0.33 2.03 -- 0.76 -- -- -- 5.92 0.10 99.57 208.1
MSH006 10A* P 5.49 13.31 64.91 0.71 1.99 1.95 0.41 2.78 0.02 0.33 -- -- -- 6.38 0.11 98.27 231.5
KC518PFB 518b-4-1 P 3.92 14.50 67.94 0.47 1.97 2.54 0.34 1.75 0.01 0.09 0.14 0.06 0.01 5.14 0.09 98.90 168.3
KC518PFB(KCHB) 7A A 5.54 14.07 69.01 0.36 1.85 2.25 0.37 2.19 0.02 0.00 0.11 0.00 0.15 3.19 0.06 99.09 76.8
KC518PFB(KCHB) 11A* A 5.65 15.03 65.81 0.37 2.44 2.35 0.51 2.13 0.00 -- -- -- -- 4.92 0.21 99.20 156.9
KC518PFB(KCHB) GM3* gm 6.28 14.87 71.10 0.51 1.66 2.62 0.35 2.06 0.16 -- -- -- -- 1.17 0.02 100.78 12.1
KC518PFB(KCPL) 13A* P 5.76 12.71 69.58 0.26 2.10 1.59 -- 1.01 0.00 0.18 -- -- -- 4.79 0.09 97.99 150.6
KC518PFB(MAY) 6-2 P 4.89 17.04 63.99 0.35 1.58 4.15 0.24 1.49 0.00 0.30 0.10 0.07 0.00 6.40 0.89 100.60 232.7
KC518PFB(MAY) 02-1 P 4.40 13.88 65.35 0.48 2.01 2.00 0.38 2.17 0.05 0.10 0.14 0.00 0.02 6.70 0.21 97.67 248.0
KC518PFB(PLZ) gm3* gm 5.96 15.26 69.44 0.45 1.99 2.29 0.36 2.27 0.00 -- -- -- -- 2.22 0.03 100.24 40.1
KC518PFB(PLZ) 33A2* P 6.36 12.84 68.48 0.63 1.89 1.74 0.37 2.18 0.06 0.16 -- -- -- 4.60 0.08 99.31 141.4
KC518PFB(PLZ) plz-51-1 P 3.82 14.56 67.65 0.64 1.65 2.36 0.36 2.12 0.09 0.03 0.10 0.36 0.02 4.92 0.09 98.68 157.2
May25 PL6-1 P 4.82 13.16 69.97 0.48 2.23 1.52 0.38 2.11 0.02 0.05 0.14 0.12 0.01 4.95 0.45 99.93 158.5
KC612PF 14-2 P 5.57 12.61 70.58 0.51 2.45 1.27 0.35 2.37 0.00 0.27 0.14 0.05 0.00 3.92 0.10 100.08 109.0
KC612PF 14-GM tube 5.17 11.90 73.07 0.53 2.54 1.08 0.56 2.19 0.06 0.22 0.12 0.02 0.02 2.48 0.06 99.94 49.1
KC722U 1-GM* gm 4.62 12.04 77.02 0.20 2.85 0.90 0.45 1.58 -- -- -- -- -- 0.25 0.01 99.90 0.6
KC722U 12-1 P 5.08 12.61 71.74 0.28 2.33 1.22 0.37 1.85 0.04 0.12 0.17 0.08 0.09 4.26 0.11 100.23 124.7
KC807B 807b-9-1 O 4.75 12.82 73.89 0.18 2.57 1.29 0.38 2.22 0.06 0.00 0.15 0.10 0.02 1.09 0.02 99.51 10.5
KC807B 807b-9-2 P 3.42 12.92 70.94 0.67 2.28 1.43 0.39 2.52 0.02 0.08 0.16 0.12 0.01 4.21 0.07 99.16 122.4
KC807B 15-1 P 5.04 12.98 72.13 0.55 2.26 1.42 0.37 2.15 0.00 0.07 0.12 0.10 0.05 3.95 0.14 101.20 110.4
KC807B 11-1 P 5.71 12.99 71.79 0.30 2.23 1.32 0.19 1.29 0.01 0.00 0.11 0.02 0.08 4.17 0.15 100.21 120.7
KC807B 17GM tube 4.52 11.65 75.88 0.17 2.85 0.72 0.56 1.65 0.05 0.05 0.18 0.11 0.00 1.35 0.05 99.72 16.0
USNM115418-42 c1-gm gm 4.56 11.03 77.69 0.11 2.90 0.53 0.36 1.59 0.19 0.11 0.21 0.00 0.01 0.93 0.02 100.22 7.8

Table 2. Selected major-element and H2O analyses, in weight percent, of subset of inclusion and groundmass glasses from Mount St. Helens. 

[Entire dataset is in appendix 1; host of inclusion—P, plagioclase; A, amphibole; O, orthopyroxene; C, clinopyroxene; gm, groundmass; tube, tube connecting inclusion and groundmass. Analyses by 
electron microprobe except H2O and some Na2O (* follows analyzed point) by ion microprobe. Dashes, element not analyzed. sd, 1 standard deviation of H2O measurement propagated through count-
ing statistics and uncertainties on H2O working curve. As described in text, pH

2
O is H2O saturation pressure in MPa at 900°C from Newman and Lowenstern (2002).]



760 
 

A Volcano Rekindled: The Renew
ed Eruption of M

ount St. Helens, 2004−2006

USNM115418-42 b5-1 P 5.17 12.27 72.99 0.52 2.32 1.13 0.31 1.81 0.02 0.01 0.13 0.12 0.01 2.73 0.08 99.52 58.6
USNM115418-60 16A P 4.51 11.57 72.08 0.63 2.76 0.94 0.52 2.40 0.07 0.09 0.15 0.11 0.01 6.38 0.11 102.22 231.5
USNM115418-60 17C P 4.41 10.27 71.52 0.67 2.50 0.85 0.40 3.45 0.10 0.08 0.14 0.09 0.37 2.51 0.04 97.36 50.3
USNM115418-60-2 pl1-1 A 4.23 14.11 72.86 0.21 3.07 1.17 0.31 2.10 0.02 0.09 0.28 0.04 0.00 1.81 0.07 100.30 27.7
USNM115427-1 a7-1 P 4.89 12.00 74.44 0.39 3.20 0.67 0.40 1.70 0.04 0.12 0.19 0.14 0.00 2.01 0.05 100.19 33.5
USNM115773-3 pl10-1 P 5.42 12.15 75.01 0.55 2.63 0.87 0.27 2.06 0.09 0.13 0.14 0.21 0.02 0.60 0.02 100.12 3.3
USNM115773-3 pl4-1 P 4.53 11.53 74.64 0.41 2.62 0.77 0.41 1.99 0.06 0.10 0.11 0.18 0.00 2.79 0.08 100.14 60.6
USNM115773-3 pl8-1 P 5.05 11.72 73.20 0.48 2.93 1.23 0.81 2.70 0.06 0.23 0.26 0.20 0.00 1.33 0.04 100.18 15.4
SH127 sh127-5-1 P 5.94 10.68 74.21 0.39 3.33 1.00 0.52 2.01 0.06 0.07 0.19 0.21 0.00 1.09 0.02 99.71 10.6
SH131 sh131-1-1 O 3.28 12.80 75.62 0.42 2.74 0.89 0.33 2.08 0.05 0.12 0.19 0.11 0.02 0.30 0.01 98.95 0.9
SH131 sh131-3-gm gm 3.91 11.35 78.44 0.08 3.28 0.77 0.35 1.33 0.01 0.09 0.10 0.25 0.02 0.04 0.00 100.01 0.0
SH131 sh131-5-1 P 5.26 11.11 75.32 0.13 3.36 0.62 0.40 1.54 0.07 0.00 0.17 0.48 0.00 0.86 0.02 99.31 6.7
SH135 sh135-1-1 P 3.58 11.10 75.81 0.09 5.32 0.46 0.48 1.32 0.05 0.09 0.13 0.22 0.03 0.11 0.01 98.79 0.1
SH156 sh156-1-1 P 3.68 10.46 76.58 0.21 3.71 0.26 0.43 1.62 0.03 0.07 0.23 0.00 0.00 1.81 0.07 99.08 27.6
SH156 sh156-6-gm gm 4.29 11.10 78.34 0.09 3.57 0.41 0.30 1.25 0.01 0.07 0.11 0.03 0.00 0.12 0.01 99.68 0.1
SH156 sh156-7-1 P 4.52 10.88 77.19 0.16 3.42 0.61 0.32 1.24 0.01 0.03 0.17 0.24 0.01 1.09 0.03 99.90 10.6
SH156 sh156-8-2 A 6.18 15.23 72.44 0.12 3.48 0.77 0.30 1.60 0.03 0.09 0.21 0.07 0.00 0.12 0.00 100.63 0.1
SHKB21 shkb21-2-1 C 4.71 11.02 75.61 0.08 5.12 0.40 0.33 1.40 0.04 0.10 0.24 0.11 0.00 0.17 0.00 99.31 0.3

Current eruption
SH304-2A sh304-1-1 A 2.83 13.84 72.70 0.84 5.65 0.82 0.29 2.24 0.09 0.08 0.10 0.21 0.00 0.15 0.00 99.83 0.2
SH304-2A sh304-2-1 O 6.63 19.05 69.70 0.27 0.68 3.65 0.09 0.89 0.01 0.09 0.03 0.00 0.01 0.06 0.01 101.15 0.0
SH304-2A sh304-4-2 P 4.68 10.32 77.34 0.07 2.62 0.15 0.05 0.73 0.06 0.05 0.04 0.00 0.01 2.99 0.03 99.12 68.5
SH305-1 a1-1 A 5.27 13.56 72.08 0.08 6.04 0.06 0.44 1.78 0.16 0.07 0.19 0.00 0.04 0.18 0.01 99.96 0.3
SH305-1 a3-1 A 3.75 12.07 76.56 0.08 5.47 0.38 0.27 1.27 0.00 0.01 0.12 0.00 0.02 0.20 0.01 100.17 0.4
SH315-4 a11-1 O 2.73 12.46 76.48 0.46 4.64 0.15 0.22 2.27 0.15 0.05 0.08 0.33 0.00 0.03 0.00 100.05 0.0
SH315-4 d4-1 P 3.91 13.44 73.94 0.25 4.27 1.79 0.19 1.17 0.05 0.07 0.12 0.15 0.04 0.09 0.01 99.47 0.1

Table 2. Selected major-element and H2O analyses, in weight percent, of subset of inclusion and groundmass glasses from Mount St. Helens. —Continued

[Entire dataset is in appendix 1; host of inclusion—P, plagioclase; A, amphibole; O, orthopyroxene; C, clinopyroxene; gm, groundmass; tube, tube connecting inclusion and groundmass. Analyses by 
electron microprobe except H2O and some Na2O (* follows analyzed point) by ion microprobe. Dashes, element not analyzed. sd, 1 standard deviation of H2O measurement propagated through count-
ing statistics and uncertainties on H2O working curve. As described in text, pH

2
O is H2O saturation pressure in MPa at 900°C from Newman and Lowenstern (2002).]

Sample No.
Analyzed
   point

Host Na2O Al2O3 SiO2 MgO K2O CaO TiO2 FeO MnO P2O5 Cl F SO2 H2O s.d. Total pH
2
O
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Sample
Analyzed
point

Host Li B Sc Rb Sr Y Zr Nb Cs Ba La Ce Pr Nd Sm Gd Dy Ho Yb Hf Th U

1980–86 eruption
USNM115379-34 11A O 57 -- 2.0 44 200 7.3 183 6.2 2.1 383 13.6 27.4 3.2 14.4 3.0 -- -- -- -- 7.8 3.3 1.8
USNM115379-34 3B P 48 -- 5.6 49 68 11.2 206 6.6 2.8 447 14.9 32.3 3.3 18.1 3.7 4.2 3.5 0.56 -- 6.4 3.0 1.6
USNM115379-34 6A P 47 -- 6.5 51 61 11.9 226 9.5 2.6 460 16.2 34.5 3.9 17.3 3.4 3.7 3.1 0.59 1.8 8.8 3.9 1.6
SH80D 2A P 33 -- 7.1 69 57 11.6 224 6.9 -- 361 15.0 28.7 3.7 -- -- -- -- -- -- -- 2.8 1.5
SH80D 8A P 32 -- 7.5 58 38 12.0 234 8.3 -- 378 15.7 33.0 4.0 -- -- -- -- -- -- -- 3.1 1.3
MSH006 gm1 gm 34 -- 5.4 40 180 9.5 179 6.6 1.8 360 13.3 26.8 3.5 12.6 2.6 2.0 2.6 0.46 1.2 5.6 3.1 1.5
MSH006 9A P 32 -- 3.8 36 212 7.6 154 5.4 1.5 317 11.9 22.9 2.9 12.1 2.4 2.1 2.1 0.34 1.0 4.5 2.4 1.1
MSH006 10A P 38 -- 4.0 34 192 6.9 136 5.2 -- 276 11.3 21.8 2.2 -- -- -- -- -- -- -- 2.1 1.1
KC518PFB(KCHB) 11A A 32 -- 3.2 47 267 7.0 320 28.8 1.8 439 20.3 35.8 3.7 12.6 3.4 2.1 1.9 0.41 -- 10.3 5.1 2.2
KC518PFB(KCHB) GM3 gm 35 -- 4.5 36 224 8.5 180 5.8 1.5 341 12.4 26.3 3.2 13.4 2.7 -- -- -- 5.6 2.5 1.0
KC518PFB(KCPL) 13A P 32 -- 1.9 45 190 2.9 87 4.3 3.0 421 11.6 20.7 2.1 8.6 1.5 1.1 -- -- -- 4.0 3.7 1.5
KC518PFB(PLZ) 33A2 P 37 -- 6.5 50 195 11.0 240 8.6 2.7 454 17.9 36.2 4.1 17.4 3.2 3.3 2.5 0.55 1.7 7.8 4.4 2.3
KC612PF 14-2 P 47 25 4.8 45 88 9.5 176 5.9 2.5 424 14.1 26.5 3.1 12.3 3.0 3.3 -- 0.53 1.5 5.3 2.6 1.5
KC612PF 14-GM tube 42 25 5.6 52 64 9.5 205 6.8 2.8 385 12.3 28.2 3.3 15.1 3.5 3.6 2.8 0.55 1.7 6.4 2.8 1.4
KC722U 1-GM gm 37 31 6.3 49 150 12.0 233 8.5 2.6 452 15.1 33.6 4.0 16.8 3.2 4.2 3.5 0.70 2.0 8.5 3.7 1.8
KC722U 12-1 P 58 21 3.2 40 129 7.7 168 6.5 2.3 479 14.3 27.8 3.1 13.7 2.8 2.1 2.3 0.42 1.4 5.8 3.3 1.2
KC807B 807b-9-1 O 37 23 5.8 45 86 11.1 230 8.9 2.4 426 14.4 31.2 3.8 14.7 3.1 2.6 2.9 0.61 1.9 8.7 4.7 1.9
KC807B 807b-9-2 P 61 21 5.7 44 118 9.5 205 8.3 2.0 459 15.6 33.7 3.8 16.6 3.1 2.8 2.9 0.54 1.4 6.8 3.9 1.9
KC807B 15-1 P 98 25 5.7 50 117 8.5 191 6.9 3.3 425 13.4 27.1 3.3 13.0 2.5 2.7 2.9 -- 1.8 6.9 3.3 2.1
KC807B 11-1 P 89 25 3.6 47 144 7.8 155 6.2 2.5 423 13.1 26.3 3.4 12.9 3.1 2.2 2.3 0.58 1.3 6.7 4.1 1.8
USNM115418-42 b5-1 P 60 23 5.6 40 89 8.8 186 5.8 2.3 385 13.3 26.7 3.0 12.2 2.3 3.5 2.3 0.42 1.08 4.9 2.7 1.4
USNM115427-1 a7-1 P 57 21 9.1 42 38 4.1 239 11.6 1.7 492 4.3  8.8 1.0 3.8 0.6 0.7 1.1 0.24 0.81 7.2 2.6 1.2
USNM115773-3 pl10-1 P 34 25 3.2 41 56 5.2 214 5.6 2.1 354 13.0 25.0 2.6 10.2 1.6 2.5 1.4 0.30 0.65 6.1 3.0 1.5
USNM115773-3 pl4-1 P 65 19 4.3 43 57 7.6 185 6.2 1.9 346 13.6 27.9 3.0 12.8 2.0 2.8 2.0 0.41 1.21 6.2 2.9 1.5
SH127 sh127-5-1 P 118 29 7.9 61 36 14.6 264 11.0 2.8 457 17.3 37.3 4.1 18.7 3.9 2.7 3.6 0.78 2.2 8.8 4.3 2.0
SH131 sh131-1-1 O 23 37 4.6 49 42 13.5 213 7.6 1.9 479 15.9 32.0 3.8 16.5 3.3 2.4 2.9 0.72 2.1 7.4 3.5 1.7
SH131 sh131-3-gm gm 38 37 5.3 50 30 13.6 286 9.6 2.4 417 14.3 32.3 3.3 15.5 3.3 2.8 3.4 0.62 2.0 9.4 5.2 2.1
SH131 sh131-5-1 P 71 33 5.8 53 24 13.5 268 9.1 2.3 408 15.8 35.0 4.2 15.1 3.1 -- 3.4 0.66 2.6 9.6 5.0 2.1
SH156 sh156-1-1 P 276 28 5.9 64 22 12.0 235 8.9 3.2 498 18.5 37.1 4.2 17.8 3.2 2.6 3.0 0.66 2.0 8.9 5.5 2.3
SH156 sh156-7-1 P 63 33 4.6 58 26 11.1 275 8.7 3.4 416 13.7 29.2 3.3 14.1 2.9 -- 3.0 0.67 1.8 10.2 5.1 2.1
SHKB21 shkb21-2-1 C 122 44 3.0 66 15 14.4 379 8.3 3.2 260 18.1 38.8 4.6 18.7 3.4 2.9 3.6 0.79 1.9 13.0 6.5 2.6

Current eruption
SH304-2A sh304-1-1 A 60 24 1.5 172 66 8.7 150 6.4 2.4 512 12.8 27.1 3.2 12.3 2.3 2.4 1.8 0.38 1.3 4.2 1.8 0.3
SH304-2A sh304-4-2 P 169 28 3.0 53 156 4.6 42 4.9 3.2 370 9.6 19.6 2.2 8.7 1.9 2.0 1.2 0.21 0.5 1.7 1.9 0.6
SH305-1 a3-1 A 159 27 11.8 109 22 11.2 172 5.3 4.0 356 14.0 28.8 3.5 15.2 3.2 3.8 3.3 0.61 1.6 6.2 3.7 1.7
SH315-4 d4-1 P 28 34 3.4 187 7 7.0 148 5.6 4.2 116 12.1 26.4 2.8 12.1 2.1 -- 1.5 -- 0.6 6.1 3.3 1.4

Table 3. Selected trace-element analyses, in parts per million, of subset of inclusion and groundmass glasses from Mount St. Helens. 

[Entire dataset is in appendix 1; host of inclusion—P, plagioclase; A, amphibole; O, orthopyroxene; C, clinopyroxene; gm, groundmass; tube, tube connecting inclusion and groundmass. Analyses by 
ion microprobe. Dashes, element not analyzed.]
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Sample Texture Pair T, °C log fO2

1980–86 eruption
SH80D P SH80Dpr3 891 -11.79
C85-310 P C85_310 pr3 942 -10.54
C85-310 I C85_310 pr6 inc opx 870 -11.23
C85-310 G C85_310 pr7tiny 904 -11.55
KC518PFB P 518pfapr1 874 -11.51
KC518PFB P 518pfapr4 899 -11.04
May-25 P may25pair2 908 -10.94
May-25 P may25pr1 958 -10.50
May-25 P may25pr2 914 -11.44
May-25 P may25pr8 869 -12.06
KC612PF P june12pr3 877 -11.71
KC612PF P june12p6 901 -11.29
KC722U P 722upr4 895 -11.37
KC722U P 722upr6 878 -11.80
SHKB23 I SHKB23pr1 incPl 859 -12.32
SHKB23 G SHKB23pr2late gm 872 -11.99
SHKB23 P SHKB23pr3pheno 949 -10.93
KC681 P 681 pair 2 902 -11.61
KC681 P 681 pair 4 751 -14.65
KC681 P 681 pair 5 950 -10.73
SH131 G SH131gm 862 -12.39
SH131 P SH131pr8 883 -11.21
SH131 G SH131pr9gm 911 -11.33
SH135 P SH135_10pr6 479 -29.05
SH156 E SH156pr3ex 871 -12.07
SH156 P SH156pr4 864 -11.90
SH156 G SH156pr8tiny 927 -10.63
SH156 G SH156pr9tiny 864 -12.19
SH156 P SH156pr11 899 -11.40
SH201 P sh201pr2 833 -13.41
SH201 P sh201pr3 857 -11.76
SHKB20 P SHKB20pr6 848 -12.35
SHKB20 P SHKB20pr6bpheno 893 -11.83

Current eruption
SH315-4 P a5pair7 850 -12.19
SH315-4 P a5pair2rpt 868 -11.95
SH315-4 P a5pair6gmsrpt 1,022 -9.96

Table 4. Calculated temperature and oxygen fugacity (fO2
) for 

selected touching pairs of magnetite and ilmenite in Mount St. 
Helens samples from 1980–86 and current (2004–2006) eruptions.

[All data plotted in figure 12. Each oxide pair is identified in the column 
labeled “pair,” for cross-referencing to appendix 2 (in digital versions of this 
work in CD and on Web), which contains the entire dataset and full oxide 
analyses. Texture: P, phenocryst; G, groundmass; I, inclusion in silicate phe-
nocryst; E, exsolution lamellae and host.]

1980–86 and current eruptions, as well as to data for magmas 
erupted at Mount St. Helens throughout late Quaternary time, 
taken from a compilation of 94 published analyses (Cashman 
and Taggart, 1983; Criswell, 1987; Fruchter and others, 1980; 
Gardner and others, 1995; Halliday and others, 1983; Hooper 
and others, 1980; Irving and others, 1980; Leeman and others, 
1990; Melson, 1983; Pallister and others, 1992; Rutherford and 
Devine, 1988; Sarna-Wojcicki and others, 1981; Scheidegger 

and others, 1982; Smith and Leeman, 1987, 1993; Smith-
sonian Institution, 1980) and eight additional unpublished 
analyses. These data show a number of key systematics. 
Whole-rock compositions of 1980–86 magmas and those from 
the current eruption are silicic andesite or dacite with similar 
major-element compositions, which lie within the overall 
range for pre-1980 late Quaternary magmas from Mount St. 
Helens. In terms of both compatible (CaO, Al2O3, MgO, FeO, 
TiO2) and incompatible (K2O, Na2O) oxides, the glasses all lie 
at and beyond the high SiO2 end of the whole-rock data.

The relatively smooth chemical trends through the 
whole-rock data are consistent with derivation of the dacites 
by fractional crystallization or partial melting of basaltic rocks 
at depth (Smith and Leeman, 1987) or a combination of these 
processes. We cannot rule out mixing of magmas of differ-
ent SiO2 contents to generate some of the chemical diversity 
in the whole rocks, especially those with >62 percent SiO2. 
However, marked inflections in the trends for some major and 
trace elements require a change in fractionating or residual 
mineralogy during differentiation. For example, the inflection 
in Al2O3 (fig. 1A) and TiO2 (fig. 1D) at ~60 percent SiO2 is 
interpreted as the arrival of plagioclase as a controlling phase, 
and the inflection in the FeO versus MgO plot at ~1.5 percent 
MgO (fig. 1C) marks the arrival of magnetite. The continuous 
linear drop in CaO with increasing SiO2 (fig. 1B) is a result of 
the involvement of amphibole and clinopyroxene in addition to 
plagioclase, such that the bulk CaO content of the crystalline 
residue remains approximately constant.

The location of the glass analyses at the high-SiO2 extrap-
olation of the whole-rock trends suggests that they represent 
the continued crystallization of magma to low pressures. The 
fact that the dacites in which the glasses are found have such 
limited compositional range, whereas the glasses themselves 
cover a wide compositional range, even within a single 
sample, indicates that low-pressure crystallization involved 
very little change in bulk composition. In other words, the 
glasses record a process of closed-system crystallization in 
which some crystals (for example, plagioclase) are overgrown 
by rims of different composition, whereas others (for example, 
mafic minerals, oxides) are able to partially or fully reequili-
brate. There is no evidence for significant physical removal 
of crystals from the melt, because the compositional vectors 
defined by the glasses are oblique to those defined by their 
host rocks. This is consistent with the high viscosity of silicic 
melts, which would preclude efficient crystal separation on 
appropriate time scales.

The variation in K2O with SiO2 in glasses (fig. 1E) curves 
strongly upward at high SiO2, consistent with the saturation 
of a silica phase (tridymite or quartz), as observed in the most 
evolved glasses of both the 1980–86 (Blundy and Cashman, 
2001) and current eruptions (Pallister and others, this volume, 
chap. 30). The elevated K2O of glasses from the current erup-
tion distinguishes them from those of the 1980–86 eruption, 
although a single glass from the current eruption plots at 
anomalously low K2O (0.67 percent). The overall trend sug-
gests that most of the glasses of the current eruption reached 
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Figure 1. Major-element variation diagrams (normalized to 100 percent anhydrous) for Mount St. Helens whole rocks of 
late Quaternary age (sources given in text) and melt inclusion (MI) and groundmass (gm) glasses from 1980–86 and current 
(2004–2006) eruptions (data from table 2). All glass data by electron microprobe analysis. Explanation indicates host mineral 
for melt inclusions (MI): plag, plagioclase; hbl, hornblende; opx, orthopyroxene; cpx, clinopyroxene. A, Al2O3–SiO2. B, CaO–
SiO2. C, FeOtot–MgO. D, TiO2–SiO2. E, K2O–SiO2. F, Na2O–SiO2.
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the silica-saturation surface at low pressure, whereas silica 
saturation was relatively rare in 1980–86 glasses. Silica satura-
tion requires higher degrees of crystallization, cooler tempera-
tures, or an initially more SiO2-rich melt.

The Na2O-SiO2 variation (fig. 1F) is unusual in that it 
shows a marked inflection between the whole-rock data, which 
show increasing Na2O with SiO2, and the glasses, which show 
the opposite. This cannot be a result of analytical error, as the 
technique used for glass analyses effectively eliminates Na loss 
(Humphreys and others, 2006). The decrease in Na2O with SiO2 
in the glasses cannot be generated by fractionation of an Na-rich 
crystal phase, because the most sodic phase in any of these 
rocks is groundmass plagioclase (An35) with ~7 percent Na2O. 
Instead, we suggest that Na is preferentially partitioned into 
the exsolving vapor phase during volatile-saturated crystalliza-
tion, causing it to decrease in the melt. This is consistent with 
the elevated Na content of fumarole gases from the volcano 
(Symonds and Reed, 1993). The slight increase in Na2O with 
SiO2 in the whole-rock data suggests that, in contrast to the 
glasses, differentiation did not involve a free-vapor phase. The 

fact that the glass trend is markedly oblique to the whole-rock 
trend indicates that the onset of low-pressure crystallization 
and the onset of volatile saturation were almost coincident, as 
is typical of volatile-saturated decompression crystallization 
(Blundy and Cashman, 2001, 2005; Annen and others, 2006).

Trace Element Systematics
In figure 2 we compare the trace-element concentrations 

in glasses with the whole-rock data for magma erupted before 
1980, from 1980 to 1986, and during the current eruption. The 
trace-element behavior can be divided into compatible ele-
ments (for example, Sr, fig. 2A), which decrease with increas-
ing SiO2; incompatible elements (Cs, Rb, Th, figs. 2B–D), 
which increase; and those elements that show inflections (Ba, 
Zr, Nb, Y, figs. 2E–H). The compatible behavior of Sr at ≥65 
percent SiO2 is consistent with plagioclase becoming the con-
trolling phase. The curvature of the Sr-SiO2 trend (fig. 2A) is 
reminiscent of the Al2O3-SiO2 trend (fig. 1A) and testifies to an 
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Figure 2. Trace element variation versus SiO2 (normalized to 100-percent anhydrous) for Mount St. Helens whole rocks of 
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increasingly important role for plagioclase as differentiation 
proceeds. This is allied to the fact that the plagioclase-melt 
partition coefficient for Sr (DSr) increases as plagioclase An 
content decreases (Blundy and Wood, 1991).

The increase of Cs, Rb, and Th with increasing SiO2 
reflects their high incompatibility in all phenocryst phases at 
Mount St. Helens. Trends for Cs and Th, although showing 
greater scatter, are similar for the 1980–86 and current erup-
tions, showing a steady increase with increasing SiO2 in both 
whole rocks and glasses. In contrast, the behavior of Rb at 
high SiO2 is enigmatic. Three glasses for the current eruption 
are displaced to very high Rb, as previously noted for K2O. 
It is hard to ascribe this to silica saturation alone, because 
there is no such displacement in Cs, Ba, or Th. Decoupling of 
Rb (and K) from other trace elements could be generated by 
involvement of a crystal phase with high partition coefficients 
for Rb and K, such as mica. However, as micas have DBa>DRb 
(Icenhower and London, 1995), the effect should be greater for 
Ba than for Rb, which is the opposite of what is observed. We 

suggest instead that high initial Rb is a distinctive feature of a 
small number of melt inclusions from the current eruption.

The slight inflection in the Ba-SiO2 trend (fig. 2E) at 
>74 percent SiO2 is consistent with the increase in DBa for 
plagioclase with decreasing An content (Blundy and Wood, 
1991). According to the model of Blundy and Wood, at 900°C 
Ba becomes compatible in plagioclase at An27, a composition 
slightly more sodic than the most An-poor microlite observed 
at Mount St. Helens (An33). However, as this is within the 
uncertainty of the Blundy and Wood model, we suggest that 
crystallization of sodic plagioclase microlites is the most 
likely cause of the inflection to lower Ba at high SiO2. Early 
stages of fractionation involved Ca-rich plagioclase, and so Ba 
remained incompatible.

The inflections in the behavior of Zr, Nb, and Y (figs. 
2F–H) cannot be attributed to microlite crystallization. These 
elements behave incompatibly during differentiation of the 
glasses (that is, concentrations increase with SiO2), but com-
patibly (decrease with SiO2) in the differentiation trend from 
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basalt to dacite. This behavior was previously noted by Smith 
and Leeman (1987), who attributed the low concentration of 
many incompatible trace elements in dacite to their genera-
tion by melting of basalt in the lower crust. During this pro-
cess, garnet was stable in the residue and residual amphibole 
occurred at much higher modal proportion than it occurs as a 
phenocryst phase in the dacite. We agree with this interpreta-
tion in a general sense, although we note that crystallization 
of hydrous basalt, rather than melting of basalt, can also pro-
duce residues with garnet and modally abundant amphibole. 
Annen and others (2006) have argued on the basis of thermal 
models that deep crustal crystallization of hydrous basalt is 
the most effective method of producing andesite and dacite. 
We suggest that high-pressure crystallization accounts for the 
trends of decreasing Y, Zr, and Nb with increasing SiO2 in 
the bulk rocks. Garnet and/or amphibole crystallization best 
explains the behavior of Y and possibly Zr, whereas crystalli-
zation of rutile or ilmenite can account for the behavior of Nb. 
We note that the Zr concentrations in all Mount St. Helens 
rocks are too low for zircon saturation at ≥850°C (Watson 
and Harrison, 1983), and it is unlikely that this mineral plays 
a role in controlling the behavior of Zr in the whole rocks. It 
is possible, however, that the three melt inclusions with Zr 
concentrations <100 ppm in figure 2F attained zircon satura-
tion during cooling, although this would require a tempera-
ture ≤720°C (Watson and Harrison, 1983), which is below 
the H2O-saturated haplogranite solidus at pressures ≤50 MPa 
(Johannes and Holtz, 1996).

Detailed quantitative modeling of the whole-rock and 
melt-inclusion differentiation trends is beyond the scope of 
this paper. However, we conclude that the whole-rock chemi-
cal variations seen in figures 1 and 2 are consistent with a 
high-pressure, vapor-undersaturated differentiation episode to 
generate the silicic andesite and dacite and that this is followed 
by low-pressure, vapor-saturated crystallization to generate 
the compositional variation in the glasses. Mixing of more 
and less differentiated magmas at depth (Annen and others, 
2006) or entrainment of crystalline residues from depth may 
be responsible for some of the linearity observed in the whole-
rock data, especially in rocks with >62 percent SiO2. However, 
the overall whole-rock trend from basalt to dacite cannot be 
attributed to magma mixing alone.

For the 1980–86 eruption, melt inclusions hosted by 
plagioclase, amphibole, orthopyroxene, and clinopyroxene lie 
on the same overall trends (figs. 1, 2). In keeping with Ruther-
ford and Devine (1988), we observe that amphibole-hosted 
inclusions are confined to the SiO2-poor end of the array, but 
they do not show a consistent offset relative to plagioclase- or 
pyroxene-hosted inclusions. This observation indicates that the 
major and trace-element chemistry of a melt inclusion is not a 
product of simple closed-system postentrapment crystalliza-
tion or dissolution of the host mineral. If it were, then elements 
that are compatible in only one host phase (for example, Sr in 
plagioclase) would show different behavior from one host min-
eral to another; but figure 2A indicates that this is not the case. 
Similarly, we see no consistent offset in MgO and FeO contents 

of those inclusions hosted in mafic minerals compared to those 
in plagioclase (fig. 1C; Blundy and Cashman, 2005).

Rare-Earth Elements (REE)
Rare-earth elements (except Eu) have been measured in 

melt inclusions and groundmass glasses from the 1980–86 
eruption and from melt inclusions in three samples of the 
current eruption. Selected data are plotted on chondrite-
normalized (Sun and McDonough, 1989) variation diagrams 
in figures 3B–D, together with whole-rock data (fig. 3A) from 
the literature and from Pallister and others (this volume, chap. 
30). As noted by Pallister and others, bulk rock REE pat-
terns of samples from both the current and 1980–86 eruptions 
are similar. The only difference is a lower overall content of 
heavy REE in the current eruption. Neither eruption produced 
rocks with any detectable Eu anomaly (fig. 3A), despite the 
abundance of plagioclase as a major crystallizing phase at low 
pressure. This is consistent with the suggestion above that 
much of the chemical variation in the basalt to dacite magmas 
at Mount St. Helens was generated in the lower crust (~30 
km depth), where plagioclase was a minor phase (Berlo and 
others, 2007). Elevated fO2

 in these magmas would also serve 
to minimize any Eu anomaly due to the low Eu2+/Eu3+ ratio. 
Plagioclase appears to have become a major crystallizing 
phase only above 62 percent SiO2. We cannot rule out some 
plagioclase fractionation followed by plagioclase addition at a 
later stage to eliminate any Eu anomaly, although it would be 
surprising if this process precisely eliminated the Eu anomaly 
in all samples analyzed.

The melt inclusion and groundmass glasses have slightly 
elevated REE concentrations relative to the bulk rocks owing 
to crystallization. This crystallization demonstrably involved 
plagioclase, and we would expect the glasses to show nega-
tive Eu anomalies if this element could be measured by ion 
microprobe. Plagioclase has higher partition coefficients for 
the light REE relative to the heavy REE; hence the increase 
in heavy REE concentration with fractionation is greater than 
that of the light REE. This is clearly seen in the groundmass 
glasses (fig. 3B). A characteristic of almost all inclusion and 
groundmass glasses is a flattening out of the REE patterns 
between Sm and Yb, leading to a relatively low chondrite-
normalized ratio (Sm/YbN) of ~2. This behavior is character-
istic of silicic magmas that have equilibrated with amphibole, 
which has elevated, but near-constant, partition coefficients for 
Sm to Yb (Sisson, 1994). The Sm/YbN of most glasses and the 
whole rocks is broadly similar, suggesting that at least some 
of the amphibole fractionation occurred in the source region 
of the dacites, in accord with inferences from trace-element 
systematics. Melt inclusions in amphibole and orthopyroxene 
from the current eruption (fig. 3C) are broadly similar in REE 
chemistry to those of 1980–86, with Sm/YbN ≈ 2.

Most plagioclase-hosted melt inclusions have similar 
REE patterns to melt inclusions in mafic phenocrysts and 
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Figure 3. Chondrite-normalized REE patterns for selected glasses (data from table 3) and whole rocks from Mount St. 
Helens. Samples from current (2004–2006) eruption shown in red. A, Whole rocks (Halliday and others, 1983; Smith and 
Leeman, 1987; Pallister and others, this volume, chap. 30). B, Groundmass glasses. C, Melt inclusions in mafic minerals, 
identified in parentheses in legend. D, Melt inclusions in plagioclase. Low value for Sm in KCPL-12A is probably an 
analytical artifact. Note that horizontal axis differs slightly between panels A and B–D.

groundmass glasses, with Sm/YbN ≈ 2 (fig. 3D). However, of 
the 172 plagioclase-hosted inclusions from 1980–86, we have 
identified two with anomalous patterns. The first (KCPL-
12A), from the plinian phase of May 18, 1980, has similar 
overall light REE concentrations but a much higher Sm/YbN 
of 4. The second (427-1-A7-1), from December 27, 1980, 
has very low REE concentrations and a distinctive spoon-
shaped pattern, strongly suggestive of amphibole fraction-
ation from the melt inclusion after entrapment. The steep 
pattern from the May 18 sample cannot have been generated 
by any postentrapment process and appears to represent a 
chemically distinctive, but rare, batch of melt within the 
system, trapped in plagioclase before the melt could be fully 
homogenized with the rest of the melt in the system. Two 
plagioclase-hosted melt inclusions from SH304-2A, an early 
erupted sample from the current eruption (see Pallister and 
others, this volume, chap. 30), also show significantly steeper 
REE patterns (for example, SH304-4-2 on fig. 3D), similar to 
the plagioclase-hosted inclusion of May 18, 1980, described 

above. This similarity is borne out by other distinctive chemi-
cal features, including significantly lower U, Th, Y, TiO2, Zr, 
and Hf and higher Sr for its SiO2 concentration (table 3).

Given the limited number of melt inclusions analyzed 
from the current eruption compared to 1980–86, the fact 
that two plagioclase-hosted melt inclusions show anomalous 
chemistry suggests that this component was considerably more 
common in the current eruption than in 1980–86. The preser-
vation of melt inclusions with distinctive chemistry suggests 
a magma system that is continually replenished with melts 
from depth. These melts can be trapped sufficiently rapidly 
that extensive chemical interaction with the dominant matrix 
melt cannot occur. Humphreys and others (2008) drew similar 
conclusions regarding “exotic” melt inclusions from Shiveluch 
Volcano, Kamchatka.

There are several chemical lines of evidence to sup-
port the involvement of a new type of magma in the current 
eruption. When other trace elements are plotted against Sm/
YbN, three anomalous melt inclusions lie at the high Sm/YbN 
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extreme of the trend defined by the majority of melt inclusions 
and whole rocks (fig. 4). The anomalous melts are defined 
by slightly lower U, Th, and high-field-strength elements 
(HFSE). Significantly, the whole-rock trace element chemis-
try of the samples from the current eruption is also displaced 
towards this high Sm/YbN component (fig. 4), consistent with 
its greater prevalence in the current eruption than in 1980–86 
(Pallister and others, this volume, chap. 30). Conversely, the 
major-element chemistry of this component is not sufficiently 
different from that of other melt components in the system to 
significantly modify the major element chemistry of magmas 
from the current eruption. We suggest that input of melts with 
this chemistry into the magmatic system before the current 
eruption has played an important but subtle role in modifying 
its bulk trace-element chemistry. The only whole-rock analy-
ses from Mount St. Helens that lie close to this postulated high 
Sm/YbN, low-HFSE component (fig. 4) are from the Ape Can-
yon eruptive stage (300–35 ka) and the Smith Creek eruptive 

period (3.3–3.9 ka) (Halliday and others, 1983; Clynne and 
others, this volume, chap. 28).

Water
Using a subset of the data presented here for the various 

1980 eruptive phases, Blundy and Cashman (2005) showed 
that the variation in H2O with SiO2 is consistent with vapor-
saturated crystallization in response to decompression. Those 
data, augmented by new data for May 18 and July 22, 1980, 
and June 18, 1981, are presented in figure 5A. The data 
describe a trend of decreasing H2O with increasing SiO2. The 
maximum H2O content is 6.7 percent, in a plagioclase-hosted 
melt inclusion from the plinian phase of May 18, 1980; the 
minimum is at the ion microprobe detection limit (~0.04 
weight percent). The lowest H2O (and highest SiO2) values 
occur in highly crystalline samples erupted during the preplin-
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Figure 4. Variation in selected trace-element concentrations as function of chondrite-normalized Sm/YbN for Mount St. 
Helens whole rocks of late Quaternary age (sources as in fig. 1) and melt inclusion and groundmass glasses from 1980–86 and 
current (2004–2006) eruptions (data from table 3). A, Niobium. B, Zirconium. C, Uranium. D, Thorium.
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ian phase (cryptodome) of May 18, 1980, and during the sub-
sequent dome-forming eruptions. This variation in melt-inclu-
sion composition can be attributed to rapid extraction of the 
plinian magma from relatively deep in the subvolcanic plumb-
ing system, whereas the cryptodome and post-May 18 domes 
were derived from magma that either ascended more slowly 
from the same depths as the plinian magma or had stalled at 
shallower levels (lower pressure) before extrusion (Blundy 
and Cashman, 2005). All subplinian eruptions of 1980 contain 
melt inclusions that show some affinity with those of the May 
18 plinian eruption in having elevated H2O and low SiO2.

Superimposed upon the trend of decreasing H2O with 
increasing SiO2 is a vertical trend of decreasing H2O at nearly 
constant SiO2 (shaded oval in fig. 5A). This trend is seen in 
some plagioclase-hosted melt inclusions from the plinian 
eruption of May 18 and the June 12 and October 16 domes (all 
1980). The trend is also evident in many amphibole-hosted 
inclusions and a single orthopyroxene-hosted inclusion. The 
vertical trend terminates in the groundmass glasses of the 
plinian pumices, which contain 0.5 to 2.2 percent H2O; the 
pumice analyses represent the H2O content of the melt at or 
close to the point of fragmentation during eruption. As magma 
ascent during the plinian eruption was extremely rapid, there 
was insufficient time for full chemical exchange between 
phenocrysts and matrix; thus the groundmass glasses had suf-
ficient time to lose H2O syneruptively but not enough time to 
modify their SiO2 (Blundy and Cashman, 2005). We consider 
that some plagioclase, amphibole, and orthopyroxene crystals 
fractured during ascent, allowing H2O to escape without con-
comitant crystallization, such that they are displaced towards 
the groundmass glasses in figure 5A. This process primarily 
affected explosively erupted samples. In subsequent discus-
sions we will refer, informally, to those inclusions lying within 
the shaded region of figure 5A as “ruptured inclusions.”

Melt inclusions from the 1982–86 phase of the eruption 
(fig. 5B) lie at the low-H2O, high-SiO2 end of the 1980–81 
trend. Only the March 19, 1982, sample contains melt inclu-
sions with >2 percent H2O. The 1982–86 phases of the eruption 
therefore appear to derive largely from slowly ascending magma 
stored preeruptively at shallow levels, with the possible excep-
tion of March 19, 1982, where there is seismic evidence for 
involvement of new deeper magma (Malone and others, 1983).

Melt inclusions from the current eruption (fig. 5C) show 
contrasting behavior to those of 1980–86. All but two of the 

Figure 5. Variation in dissolved H2O versus SiO2 (normalized 
to 100 percent anhydrous) for melt inclusion and groundmass 
glasses, distinguished on basis of host mineral and eruption age. 
A, 1980–81. Gray oval denotes field of groundmass glasses and 
ruptured melt inclusions, thought to have lost H2O syneruptively 
(Blundy and Cashman, 2005). B, 1982–86. C, Current eruption 
(2004–2006). The 1980–81 variation is reprised in panels B and C 
for comparative purposes.
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inclusions have negligible H2O contents, close to ion micro-
probe detection limits. The variable SiO2 contents of these 
inclusions strongly suggest that they fall into the ruptured 
inclusion category. The striking exceptions are three inclusions 
from SH304-2A with elevated H2O (~3 percent) and SiO2 (~81 
percent). These inclusions lie quite remote from the 1980–86 
trend, suggesting that different processes have shaped their 
chemistry. The same inclusions have the anomalous REE pat-
terns seen in figure 3C. We noted previously that there is evi-
dence for significant silica-phase fractionation in glasses from 
the current eruption (for example, fig. 1E). The elevated H2O 
content of the inclusions from SH304-2A suggests that they 
encountered the silica-saturation surface at higher pressures 
than those of the 1980–86 eruption. Higher pressure saturation 
with silica can occur if the magma is initially more silica rich, 
cooler, or both (Blundy and Cashman, 2001, fig. 2).

Partial Pressure of H2O and Other Volatile 
Species

Changes in inclusion-sealing conditions can be conve-
niently expressed in terms of the partial pressure of H2O (pH2O

) 
(Blundy and Cashman, 2005). The pH2O

 can be calculated 
from the measured H2O content and well-known solubility-
pressure relations. We have used the software VolatileCalc 
of Newman and Lowenstern (2002) for rhyolitic melts at a 
nominal temperature of 900°C. Pressures calculated in this 
way are reported in table 2. The pH2O

 varies from 248 MPa (for 
the maximum H2O content of 6.7 percent) to zero. The  pH2O

 
values calculated for pumice erupted during the May 18, 1980, 
plinian event are consistently higher than those of subsequent 
explosive and effusive eruptive episodes.

Partial pressure of H2O does not equate directly to total 
pressure (Ptot) because of the presence of other volatiles, nota-
bly CO2, halogens, and sulfur species. We can use the mea-
sured concentrations of F, Cl, and S (as SO2) in glasses (table 
2) to estimate partial pressures of other volatile species.

The chlorine content of glasses in the 1980–86 eruptive 
products ranges from 0.05 to 0.30 weight percent (fig. 6A) and 
shows a slight increase with decreasing pH2O

. This variation is 
consistent with the known negative pressure dependence of 
Cl solubility in silicate melts (Metrich and Rutherford, 1992). 
Enrichment of melt in Cl at low pressure can result either 
from crystallization or from interaction between Cl-rich vapor 
liberated from magma at higher pressures and magma stored at 
lower pressure, or a combination of both processes. The higher 
values measured are close to the measured solubility of Cl in 
hydrous rhyolite melts in equilibrium with a NaCl-KCl-H2O 
vapor (Shinohara and others, 1989). Metrich and Rutherford 
(1992) report slightly higher values, probably attributable to 
subtle differences in rhyolite starting composition. The fact 
that the measured solubilities lie at the upper end of the mea-
sured Cl contents strongly suggests that the 1980–86 Mount 
St. Helens melts were at or close to saturation with Cl-bearing 
vapor. However, this does not imply high pCl2

 (or pHCl2
) in 

the vapor phase. For example, the Cl-saturated 60–120-MPa 
experiments of Shinohara and others (1989) involve fluids 
with Cl molalities as low as 1, which equates to a mole frac-
tion of Cl in an H2O-rich vapor of less than 2 percent. Thus the 
contribution of pCl2

 (or pHCl) to Ptot is negligible. We note that at 
pressures of ≤120 MPa the experiments of Shinohara and oth-
ers (1989) show evidence for exsolution of a dense brine phase 
from the vapor. Thus it is possible that the Mount St. Helens 
melt inclusions from 1980–86 trapped at pH2O

 <120 MPa were 
also brine saturated, which has implications for the chemical 
signature of fumarole gases released at the surface. Chlorine 
contents of two glasses from the current eruption plot at the 
lower end of the 1980–86 range (≤0.06 percent; fig. 6A).

The fluorine content of the glasses ranges from the 
EMPA detection limit of ~0.1 weight percent up to 0.5 weight 
percent (fig. 6B). No F was detected in the two melt inclusions 
from the current eruption with elevated H2O contents. There is 
considerable scatter in the data, largely a consequence of low 
count rates for F at the analytical conditions. Overall, however, 
F contents are similar to Cl in any given melt inclusion and 
show a similar slight tendency for increase in F with decreas-
ing pH2O

. Fluorine contents are below the experimentally 
determined fluorite solubility of Dolejš and Baker (2006) and 
Price and others (1999).

Concentrations of SO2 (fig. 6C) are typically less than 
0.1 percent, with only two melt inclusions having significantly 
higher concentrations. Surprisingly, the highest SO2 concentra-
tions are observed at lower pressures, and mostly in post-May 
18 samples. The highest values of SO2 lie at pH2O

 of 50–150 
MPa, suggesting that S may be concentrated in the upper 
reaches of the subvolcanic plumbing system. The solubility 
and speciation of S in silicate melts depend on pressure, tem-
perature, fO2

, fS2
, and melt composition (see, for example, Car-

roll and Rutherford, 1985; Luhr, 1990; Clemente and others, 
2004; Scaillet and Pichavant, 2005). For the May 18 plinian 
eruption of Mount St. Helens, Whitney (1984) calculated fH2S 

= 3.3 MPa and fSO2
 = 2.0 MPa, indicating that the contribution 

of sulfur species to the overall fluid pressure is small. Sulfur 
dioxide contents of melt inclusions from the current eruption 
are similar to the lower values from 1980–86.

Concentrations of CO2 in melt inclusions were not mea-
sured routinely as part of this study. Even small amounts of 
dissolved CO2 equate to significant partial pressures, however, 
because of its low solubility in rhyolitic melts. Thus know-
ing CO2 concentrations is a prerequisite for converting pH2O

 
to Ptot and thence to depth. Many of the characteristics of the 
1980–86 eruption are consistent with volatile-saturated dacite 
magma (Rutherford and others, 1985), but the coexisting 
vapor need not be pure H2O. Recently we have measured CO2 
concentrations in bubble-free melt inclusions from the May 
18 plinian eruption and the August 7, 1980, eruption using 
ion microprobe analysis of 12C calibrated against a working 
curve consisting of rhyolite and andesite glasses of known 
CO2 content. The data and analytical method will be described 
in detail elsewhere. However, we note here that the analyzed 
melt inclusions do contain detectable CO2. The most H2O-rich 
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Figure 6. Concentration of volatile elements in 
melt inclusions as a function of pH2O, as calculated 
from H2O contents using VolatileCalc (Newman and 
Lowenstern, 2002) at 900°C. Data are subdivided on 
basis of eruption age. Also plotted are experimental 
solubility data for comparison. A, Chlorine. 
Experimentally determined Cl solubility in system 
rhyolite-vapor±brine from Metrich and Rutherford 
(1992) at 830–850°C and Shinohara (1989) at 810°C. 
B, Fluorine. Experimentally determined fluorite 
solubility from Dolejš and Baker (2006) and Price 
and others (1999). C, Sulfur, expressed as SO2. 
Experimentally determined pyrrhotite (Po) and 
anhydrite (Anhyd) solubility at FMQ, NNO, and MnO 
buffers (Luhr, 1990).

(6.1 percent H2O) melt inclusion of those analyzed for CO2, 
from May 18, contains 400 ppm CO2. This equates to Ptot of 
281 MPa, using the model of Newman and Lowenstern (2002) 
at 900°C, compared to 216 MPa if only the H2O content is 
considered. Thus the presence of CO2 contributes 65 MPa to 
the calculated Ptot. Samples with lower H2O have lower CO2. 
For example, at 4 percent H2O, the maximum CO2 content is 
160 ppm, which equates to Ptot of 140 MPa, compared to 113 
MPa for the CO2-free case. The August 7, 1980, melt inclu-
sions lie at the low H2O extrapolation of the May 18 samples 
and extend down to 1.6 percent H2O and 60 ppm CO2, where 
the incorporation of CO2 increases Ptot from 23 to 31 MPa. We 
do not yet have any CO2 measurements for melt inclusions in 
samples of the current eruption.

These preliminary results confirm the conclusions of 
Rutherford and others (1985) and Rutherford and Devine 
(1988) that the fluid phase in equilibrium with the May 18, 
1980, magma was a mixed H2O-CO2-SO2-H2S fluid. On the 
basis of experimental determination of phase relations and 
composition, they proposed a preeruptive equilibration pressure 
(Ptot) for the May 18 plinian magma of ~220 MPa with XH2O

 in 
the fluid of 0.67. Our most H2O- and CO2-rich melt-inclusion 
analysis from this eruption corresponds to Ptot=281 MPa and 
XH2O

≈0.8. As pressure decreases, our preliminary data show 
that XH2O

 remains approximately constant, suggestive of nearly 
closed-system degassing with high bubble fractions (Newman 
and Lowenstern, 2002) or gas streaming through the magma 
system, buffering XH2O (Rust and others, 2004).
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Without CO2 data for all of the analyzed melt inclusions, 
it is impossible to calculate Ptot for each one. However, we 
can use the preliminary results for CO2 to bracket the cor-
rection required to convert pH2O to Ptot. We will assume that 
XH2O = 0.8 for all melt inclusions and use the model of New-
man and Lowenstern (2002) to derive a relation between pH2O 
(calculated CO2 free) and Ptot (calculated at measured H2O and 
XH2O = 0.8). This simple procedure gives the following  
empirical correction for the presence of CO2: 

Ptot = 1.287 × pH2O .  (1) 

The maximum Ptot for any melt inclusion in table 2, 
calculated in this way, is 248×1.287 = 319 MPa. In the follow-
ing discussion we will use both pH2O and Ptot (calculated from 
equation 1) as the ordinate axes for plotting.

Lithium
One of the most striking geochemical features of Mount 

St. Helens is the considerable variability in lithium (Li) 
content of melt inclusions and plagioclase phenocrysts (Berlo 
and others, 2004; Kent and others, 2007). For the 1980–86 
eruption, Li in melt inclusions ranges from 20 to 100 ppm 
(Berlo and others, 2004). New data for the 1982–86 phase of 
that eruption extends the range to 270 ppm (table 3). There 
is a corresponding elevation of Li contents in plagioclase 
phenocrysts from the same samples that show elevated melt-
inclusion Li (Berlo and others, 2004; Kent and others, 2007; 
Kent and others, this volume, chap. 35). For the 1980 samples 
(fig. 7A), Li reaches its maximum level at Ptot≈140 MPa. The 
high Li concentrations are confined to the cryptodome and 
post-May 18 eruptive phases. At lower Ptot, Li contents fall 
systematically to ~25 ppm, the same concentration observed in 
quenched matrix glasses from these samples. Melt inclusions 
from the plinian phase of May 18 have near-constant 30 ppm 
Li over a wide range of Ptot. Quenched matrix glasses from this 
phase of the eruption also have 25–30 ppm Li.

Berlo and others (2004) ascribed the behavior of Li in the 
post-May 18, 1980, to 1981 phases of the eruption to transfer 
of Li from deeper parts of the magma system to magma stored 
at shallower level. Enrichment of Li in cryptodome samples 
suggests that a similar pattern of Li transfer preceded the May 
18 eruption. A vapor phase was considered the most likely 
transport agent. The fact that Li enrichment reaches a maxi-
mum at a value of Ptot that marks the upper limit of the range 

Figure 7. Lithium variation as a function of pH2O and Ptot in melt-
inclusion and groundmass glasses. Values for Ptot calculated from 
pH2O using equation 1. A, 1980–81. B, 1982–88. C, Current (2004–
2006) eruption. The 1980–81 variation is reprised in panels B and C 
for comparative purposes. Horizontal scale differs in each panel.
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defined by melt inclusions from the May 18 plinian samples 
that have not suffered syneruptive H2O loss (fig. 7A) suggests 
that Li enrichment takes place at the top of the main magma 
reservoir. May 18 melt inclusions with > 4 percent H2O (and 
two melt inclusions from June 12 and October 16, 1980) lack 
significant Li enrichment. Berlo and others (2004) argued that 
the longer a magma batch is stored at low pressure (Ptot ≤150 
MPa) before eruption, the greater the extent of Li enrichment 
observed. As magma continues to ascend above the level of 
Li enrichment, further degassing occurs, stripping the highly 
vesicular groundmass melt of its elevated Li but preserving 
high Li in melt inclusions and plagioclase.

New data for the 1982–86 phase of eruption (fig. 7B) 
paint a slightly different picture. A single melt inclusion from 
the March 1982 eruption has elevated H2O (pH2O

=60 MPa) and 
a Li content of 60 ppm, similar to melt inclusions in samples 
produced by the explosive-effusive activity of 1980. All subse-
quent eruptions, however, show Li enrichment at significantly 
lower pressures; the maximum Li concentration (276 ppm) 
occurs at Ptot=40 MPa. These data suggest that the locus of 
maximum Li enrichment shifted to lower pressures after 1981. 
The greater extent of Li enrichment in these inclusions is con-
sistent with a longer period of shallow magma storage between 
eruptions. Groundmass Li from these samples has much lower 
Li, about 35–40 ppm.

The current eruption also shows elevated Li, as high as 
210 ppm (table 3; Kent and others, 2007). The high levels of 
Li enrichment in the current eruption probably reflect the long 
dormancy between 1986 and 2004. Most of the melt inclusions 
from the current eruption have experienced both syneruptive 
H2O loss (fig. 5C) and extensive shallow crystallization, such 
that the pH2O

 recorded by the most Li-rich inclusions may be 
meaningless. However, three melt inclusions from SH304-2A 
have high Li and high H2O (pH2O

=80 MPa; fig. 7C). They  
therefore plot near the pressure level of maximum Li enrich-
ment of the 1980 samples (pH2O

=110). A corresponding eleva-
tion of Li in plagioclase is seen in the same samples (Kent and 
others, 2007). These observations suggest that the locus of Li 
enrichment for the current eruption may have shifted back to 
higher pressures, although the data are too sparse to determine 
whether this is the same depth as that during the 1980–81 erup-
tive phase.

Kent and others (2007) propose that the mechanism of 
Li enrichment at Mount St. Helens involves upwards stream-
ing of volatiles derived from deeper parts of the subvolcanic 
system, combined with condensation of a magmatic brine and 
loss of a low-salinity vapor phase at shallow levels. Lithium 
will be concentrated in the brine relative to the vapor, thereby 
providing a means of enriching the shallow-stored magmas in 
Li. This interpretation is consistent with the observed varia-
tion in Cl, which increases in concentration with decreasing 
Ptot (fig. 6A). Fractional degassing alone could not produce 
this enrichment. Concentrations of Cl in melt inclusions from 
the 1980–86 eruption are consistent, within error, with the 
experimentally measured solubility of Cl in brine-saturated 
rhyolite at pressures below ~160 MPa (Shinohara and others, 

1989). The discrete levels at which Li enrichment is observed 
at Mount St. Helens would then correspond not only to depths 
at which gas streaming was most intense (for example, at the 
top of the magma chamber), but also to depths at which phase 
separation occurs. The latter depth would be controlled by the 
NaCl content of the vapor (for example, Heinrich and others, 
1999). The proposed mechanism is analogous to that often 
invoked for the origin of hydrothermal ore deposits (Shino-
hara, 1994; Heinrich and others, 1999; Webster, 2004).

Crystallinity
We can use trace-element data from the melt inclusions to 

investigate the proposal that Li enrichment is associated with 
crystal-rich magmas at the top of the main magma reservoir. 
Incompatible elements, such as Cs and Rb, show increases 
in concentration with SiO2 (figs. 2B, 2C) that are most easily 
related to increases in crystallinity. As the 1980–86 eruption 
produced silicic andesite and dacite of near-constant bulk 
composition, it is possible to use the average bulk-rock trace 
element content to calculate the crystallinity of the magma at 
the time of trapping for each melt inclusion and then see how 
this varies with pressure (for example, Blundy and others, 
2006). For this exercise we have used Rb, because more melt 
inclusions have been analyzed for this element than for Cs and 
because Rb has a lower bulk partition coefficient than K. The 
average whole-rock Rb content of all magmas analyzed for the 
1980–86 eruption (n=5) is 31±3 ppm. We have used this value 
to calculate the crystallinity at the time of trapping for each 
melt inclusion assuming that bulk DRb = 0. The exact value of 
whole-rock Rb used is not crucial to these calculations. They 
provide a relative means of assessing crystallinity, provided 
that there are no significant secular variations in Rb from 
magma batch to magma batch. The typical 1σ uncertainty 
on each calculated crystallinity, based on propagation of the 
uncertainty in bulk Rb, is ±0.09.

Calculated crystallinities are plotted against pressure in 
figure 8A for the 1980–81 eruptive phases and in figure 8B for 
1982–86. The data are scattered, indicating either that there 
were variations in the initial Rb content of the magma or that 
the magma did not follow a single decompression crystalliza-
tion trajectory. This is not surprising given the likely com-
plex geometry of the subvolcanic system, which will lead to 
spatial gradients in crystallinity that depend, for example, on 
the storage period and proximity of a particular plagioclase 
grain to conduit or chamber walls. Nonetheless, the 1980–81 
melt inclusions show two crude trends of increasing crystal-
linity, shown by arrows in figure 8A. The first is recorded by 
the plagioclase-hosted melt inclusions from the plinian phase 
of May 18 and shows an overall increase from 0.10 at Ptot = 
300 MPa to around 0.35 at 160 MPa. The latter value is in 
good agreement with the modal abundance of phenocrysts 
in samples of the microlite-free white pumice from May 18 
(on a vesicle-free weight basis; Kuntz and others, 1981). This 
suggests that a significant proportion of the phenocrysts grew 
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during decompression from Ptot ≥300 to 160 MPa (Blundy and 
Cashman, 2005). Some plagioclase-hosted melt inclusions from 
the cryptodome and post-May 18 eruptions of 1980 plot at the 
lower pressure end of this trend at 130–210 MPa (fig. 8A).

The second trend is defined chiefly by microlite-rich 
cryptodome and post-May 18 samples and extends from a 
crystallinity of ~0.35 at Ptot ≈ 80 MPa to 0.55 at the lowest 
pressures. This increase in crystallinity is consistent with the 
growth of microlites in these samples, augmented possibly by 
overgrowth rims on phenocrysts (Cashman, 1992). The high-
est crystallinities are recorded by microlite-rich cryptodome 
samples. Between the two trends of increasing crystallinity, 
from Ptot of ~180 to ~100 MPa, there is no marked change in 
crystallinity. Interestingly, this pressure interval brackets the 
Ptot at which the maximum Li enrichment occurs in the same 
samples (fig. 7A).

Melt inclusions from 1982–86 (fig. 8B) overlap the second 
trend described above (Ptot≤40 MPa), with broadly similar maxi-
mum crystallinities at low Ptot. The only exception is one melt 
inclusion from March 1982, which records Ptot (78 MPa) and 
crystallinity (0.30) similar to the lowest values from the May 18 
plinian pumice. Interestingly, the March 19, 1982, eruption not 
only was preceded by deep earthquakes but also produced the 
only post-1980 explosive eruption (Malone and others, 1983; 
Weaver and others, 1983). These observations are consistent 
with recharge (and subsequent degassing) of the deeper parts of 
the system at that time (Weaver and others, 1983).

The crystallinity recorded by melt inclusions from the 
current eruption (fig. 8C) is less well constrained, owing both 
to paucity of data and the fact that all but one of the inclusions 
analyzed for heavy trace elements appear to have ruptured (fig. 
5C). We have again used Rb for the crystallinity calculations, 
but with a slightly different bulk Rb content based on an aver-
age of dacites from the current eruption (33±3 ppm; Pallister 
and others, this volume, chap. 30). The one unruptured melt 
inclusion (from SH304-2A; fig. 8C) shows similar crystallinity 
and pressure (pH2O

 ≈ 70 MPa) to melt inclusions from post-
May 18, 1980, and March 1982 samples (fig. 8B). Evidence 
was presented above that melt inclusions of the current erup-
tion encountered the silica-saturation surface at higher pres-
sures than the 1980–86 magma. The fact that the crystallinity 
is comparable to those of 1980–86 inclusions, many of which 
lack evidence for silica saturation, suggests that the reason for 
higher pressure silica saturation in the current magmas is a 
result of their higher initial SiO2 contents rather than cool-
ing. Ruptured melt inclusions from the current eruption imply 
very high magma crystallinities (≥0.7) at the time of trapping, 
consistent with textural evidence (Cashman and others, this 
volume, chap. 19). The loss of H2O from these inclusions, 
however, precludes any constraint on the pressure at which this 
high crystallinity was reached.

Oxide Thermobarometry
In order to assess the relative importance of decompres-

sion and cooling in driving crystallization at Mount St. Helens, 

Figure 8. Crystallinity calculated from Rb concentration of 
melt-inclusion and groundmass glasses as a function of pH2O and 
Ptot .  Symbols as in figure 7. A, 1980–81. Arrows denote the two 
episodes of crystallization described in text. B, 1982–86. C, Current 
eruption (2004–2006).
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we have analyzed touching pairs of oxides from the 1980–86 
and current eruptions (table 4). A more comprehensive discus-
sion of the oxide data from the current eruption is presented by 
Pallister and others (this volume, chap. 30).

The majority of phenocryst temperatures from 1980–86 
span a range from 840 to 960°C; fO2

 ranges from 0 to 0.8 
log units above the NNO buffer (fig. 9A). A single oxidized 
pair from August 1982, showing exsolution lamellae, lies at 
NNO+1.8. Four phenocryst pairs define lower temperatures: 
one pair each from June 1981 and the cryptodome, and two 
pairs from a spine sample erupted in 1985. These lower tem-
perature oxides straddle the NNO buffer and overlap the range 
of fO2

 of high-temperature fumarole gases from Mount St. 
Helens (Gerlach and Casadevall, 1986; fig. 9A). Some oxides 
from August 1982 and June 1984 show exsolution textures 
typical of slow cooling, as often observed in plutonic rocks. In 
detail (fig. 9B), individual eruptions show discrete fO2

 varia-
tions, with a tendency for fO2

 to decrease (relative to NNO) 
progressively from the May 18 plinian eruption to subsequent 
subplinian and dome-forming eruptions. Thus, the highest  
fO2

 phenocrysts (at NNO+0.8) come from the microlite-free, 
H2O-rich plinian phase of May 18, 1980, whereas subsequent 
eruptions of microlite-bearing, H2O-poor magmas define 
subparallel trends but displaced to slightly lower fO2

 (fig. 9B). 
The most reduced samples lie at NNO and come from August 
7, 1980, and June 1981. Microlite oxides from 1980–86 (fig. 
9C) cover essentially the same spreads in temperature and fO2

  
as the phenocrysts from post-May 18 plinian samples; that is, 
displaced to slightly lower fO2

 relative to NNO.
The reduced nature of groundmass oxides relative to 

phenocrysts (fig. 9C) and the progressive reduction of the 
phenocrysts as magmas become progressively less H2O rich 
and more crystalline (fig. 9B) suggests that magma reduc-
tion occurs concomitantly with degassing and crystallization. 
This is consistent with the relatively reduced nature of the 
high-temperature fumarole gases (Gerlach and Casadevall, 
1986) relative to the phenocryst oxides from the May 18 
plinian phase (fig. 9A). The lower temperature (≤850°C) 
and fO2

 of oxide pairs from several samples appear to have 
equilibrated with the fumarole gases at very low pressures. 
Reduction of the magma during degassing suggests that 
equilibria between exsolved gases and magma are important 
in constraining the redox state of the melt. For the case of 
sulfur-free, H2O- and Fe-bearing melt, Candela (1986) and 
Burgisser and Scaillet (2007) show that degassing results in 
oxidation of the melt. Our contrary observation that degas-
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Figure 9. Temperature versus fO2

 variations for selected 1980–86 
and current samples calculated from touching Fe-Ti oxide 
pairs. Data from table 4. A, Phenocrysts and fumarole gases 
(Gerlach and Casadevall, 1986). B, Detail of phenocrysts, showing 
temporal evolution of fO2

; lines show linear fits to oxides from 
selected eruptions. Explanation same as in A. C, Groundmass 
microlites, with May 18, 1980, plinian-deposit oxides from panel 
A for comparison. Nickel-nickel oxide (NNO) buffer (at 200 MPa) 
shown for reference.
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sing leads to reduction of the melt is consistent with the pres-
ence of reduced sulfur (S2-) in the melt, and the degassing 
equilibrium (Whitney, 1984; Candela, 1986; Burgisser and 
Scaillet, 2007):
6Fe2O3(melt) + 3S2-(melt) = 12FeO(melt) + 3SO2(vap). 

The magnitude of the observed reduction (≤0.7 log units 
in fO2

) is consistent with the thermodynamic calculations of 
Burgisser and Scaillet (2007) for degassing and ascent of 
sulfur-rich, relatively oxidized (NNO+1) silicic magma.

The process of reduction can also account for the 
observed increase in melt sulfur contents at lower pressures 
(fig. 6C). For example, the experimental data of Clemente and 
others (2004) show that a modest decrease in fO2

 from NNO+1 
to NNO increases sulfur solubility in rhyolite melt by a factor 
of three.

Following Blundy and others (2006), we consider the 
phenocryst temperature spread in figure 9B to reflect real 
temperature variations within the magma body. The preserva-
tion of the spread indicates that there was insufficient time for 
all oxides to fully equilibrate to changing temperatures before 
eruption. Possible causes of the spread include injection of 
new magma from depth into the system, loss of heat to wall 
rocks during magma storage, and latent heat release during 
decompression crystallization. Blundy and others (2006) argue 
that the latter process, which amounts to ~2.5°C for each 1 
percent crystallized, dominates during isenthalpic magma 
ascent. This explains why microlite-bearing samples with 
the highest crystallinities tend to have the highest maximum 
temperatures. Interestingly, the highest temperatures, and 
largest range of temperatures, are found in a May 25, 1980, 
pumice sample (fig. 9B) that shows evidence of extensive, 
very shallow crystallization. Extensive crystallization, coupled 
with a short repose interval (one week), would limit the extent 
to which the shallow magma could thermally reequilibrate 
after the rapid crystallization pulse. The profound effect of 
late-stage heating indicates that the most reliable estimate of 
temperature in the deep magma body that fueled the May 18 
plinian event lies at the low temperature end of the spread, that 
is, ~870°C, in good agreement with the estimate (880±10°C) 
of Venezky and Rutherford (1999) but somewhat lower than 
earlier estimates by Melson and Hopson (1981) and Ruther-
ford and others (1985).

Temperature estimates from touching phenocrysts in a 
single sample (SH315-4) of the current eruption are dis-
placed to slightly lower temperatures (850–870°C) relative to 
the main 1980–86 trend as observed by Pallister and others 
(this volume, chap. 30). A curious feature of SH315-4 is the 
unusually high temperature (1,020°C) recorded by a single 
touching microlite pair (fig. 9C). Pallister and others (this 
volume, chap. 30) also present sparse high Fe-Ti-oxide tem-
peratures (≤1,019°C) from other samples of the current erup-
tion. These data raise the possibility of some recharge of the 
magma system by hotter magma at depth. Alternatively, they 
could result from significant latent-heat release as ascending 
magmas undergo rapid and considerable crystallization (Pal-
lister and others, this volume, chap. 30).

Temporal Variations

In this section we track temporal trends in several parame-
ters at Mount St. Helens since March 17, 1980, the approximate 
date on which the first seismic activity was observed (Endo and 
others, 1990), in order to investigate evolving magma-storage 
conditions beneath the volcano. The most useful parameters to 
examine in time series are: (1) the volatile elements H2O, SO2, 
and Cl (fig. 10), which monitor changes in degassing; (2) the 
major elements K2O, MgO, and TiO2 (fig. 11), which monitor 
variations in crystallinity and the arrival of new, less-evolved 
magma batches; and (3) temperature and fO2

 (fig. 12), which 
monitor cooling (or heating) and redox conditions.

There is an overall drop in the maximum H2O content of 
melt inclusions with time, from a maximum of nearly 7 per-
cent during the plinian phase of May 18, 1980, to almost zero 
in 1986 (fig. 10A). Maximum H2O content of groundmass 
glass decreases from 2.2 to 0 percent over the same period. In 
general, explosive eruptions are characterized by melt inclu-
sions with high H2O contents, whereas effusive eruptions are 
characterized by low-H2O inclusions. This strongly suggests 
a relation between magma storage conditions and eruptive 
style. In detail, the decrease in maximum H2O content with 
time is nonlinear and appears to describe a crude sawtooth 
cyclic pattern in which abrupt peaks in H2O are followed by a 
steady fall. Although this may in part be an artifact of sample 
size, our attempts to analyze the most H2O-rich melt inclu-
sions from each sample using SEM screening, as described 
above, suggest that this variability is real. Peaks are observed 
on May 18, 1980 (plinian eruption), March 19, 1982, and 
June 17, 1984. It is unclear whether the single H2O-rich melt 
inclusion from October 16, 1980, represents a peak or simply 
an inherited crystal from an earlier eruption. The three peaks 
delineate cycles in eruptive behavior. The first cycle started 
with the plinian eruption on May 18, after which a steady 
decrease in magma supply rate led to increasingly short 
explosive eruptions that finally changed to discrete effusive 
events (Scandone and Malone, 1985). The second cycle initi-
ated with an explosive eruption on March 19, 1982, preceded 
and accompanied by deep earthquakes, after an unusually long 
repose interval of 5 months. This cycle then evolved to a year 
(February 1983–February 1984) of continuous slow magma 
effusion and endogenous dome growth. The third cycle began 
with renewal of discrete extrusive dome growth events in 
March 1984 (although the first sample we have of this cycle 
was collected in June 1984) and continued until the end of 
effusive activity in 1986. This cyclicity suggests that changes 
in eruptive activity in March 1982 and March 1984 may 
reflect new inputs of magma. There are too few melt-inclusion 
data from the current eruption to discern any trend.

Chlorine shows the opposite behavior with time to H2O, 
with an overall increase in Cl from May 18, 1980, to 1986 (fig. 
10B). This is consistent with the increase in solubility of Cl 
with decreasing pH2O (for example, fig. 6A). As is the case for 
H2O, the change in Cl is nonlinear with time and appears to 
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Figure 10. Temporal variation of volatile components in melt 
inclusion and groundmass glasses for 1980–86 and current 
(2004–2006) eruptions, plotted as a function of days since 
March 17, 1980 (log scale). Melt inclusions (MI) distinguished on 
basis of host mineral: plag, plagioclase; amph, amphibole; opx, 
orthopyroxene; cpx, clinopyroxene. Selected eruptive episodes 
are marked on the upper abscissa in panel A for reference. A, 
Water. B, Chlorine. C, Sulfur dioxide.

Figure 11. Temporal variation of major-element oxides 
(normalized to 100-percent anhydrous) in melt inclusion 
(MI) and groundmass glasses for the 1980–86 and current 
(2004–2006) eruptions, plotted as a function of days since 
March 17, 1980 (log scale). Symbols as in figure 10. A, K2O. B, 
MgO. C, TiO2. All elements analyzed by electron microprobe.
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Figure 12. Temporal variation of (A) 
temperature and (B) log10fO2

 (relative 
to NNO) in touching oxide pairs 
for 1980–86 and current eruptions, 
plotted as a function of days since 
March 17, 1980 (log scale). Fe-Ti oxide 
pairs are distinguished on a textural 
basis; “inclusions” denotes two 
oxides included in a single silicate 
phenocryst. Data from table 4. Small 
red dots denote temperature and fO2

 
in high-temperature fumarole gases 
(Gerlach and Casadevall, 1986). 
Horizontal lines show best estimate of 
conditions in magma body erupted in 
plinian phase of May 18, 1980, based 
on touching phenocrysts. Also shown 
for comparison are current eruption 
data of Pallister and others (this 
volume, chap. 30).

show distinct peaks (for example, October 1980) and troughs 
(for example, June 1981). The increase in Cl with time is 
particularly marked during the 1980 events, with the high-
est values reached in October. The temporal trend for Cl in 
groundmass glass broadly mirrors that of the melt inclusions. 
Chlorine contents of melt inclusions from the current eruption 
are variable but generally displaced to values lower than those 
of the 1980–86 eruption.

Total sulfur (expressed as SO2) drops abruptly from May 
18 through December 1980 to 1986, with consistently low 
values thereafter (fig. 10C), except for a slight elevation in 
March 1982. As with H2O and Cl, the June 1981 melt inclu-
sions are distinguished by low SO2 contents. The highest value 
recorded (0.37 weight percent) comes from a melt inclusion in 
an October 16, 1980, sample (table 2; not plotted). This unusu-
ally high value, which greatly exceeds the known solubility of 
sulfur in rhyolite melts (Clemente and others, 2004), may result 
from sample contamination by tiny sulfide grains, although 

none were evident in backscattered electron images. Like H2O, 
SO2 exhibits a secondary peak in 1984 with the resumption of 
episodic dome-building eruptions. Groundmass glasses also 
show diminishing sulfur with time. The SO2 contents of melt 
inclusions from the current eruption are comparable to those of 
post-1980 melt inclusions.

Another monitor, K2O, which like Rb serves as a proxy 
for crystallinity (Cashman, 1992; Blundy and Cashman, 2005; 
Cashman and McConnell, 2005), shows a steady increase 
with time, from ≤2 percent on May 18, 1980, to ≥5 percent in 
February 1983 and October 1986 (fig. 11A). Minimum K2O 
values increase during 1980–81, before decreasing slightly in 
March 1982 pumice. Minimum K2O then increases again, with 
maximum values achieved in May 1985 (see also Cashman 
1992; Geschwind and Rutherford, 1995). The maximum K2O 
content during 1982–86 is highly variable, reaching a maxi-
mum in a February 7, 1983, sample from a highly crystalline 
lava spine. Overall these temporal trends are consistent with 
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increasing microlite crystallization with time in response to 
decreasing H2O. Interestingly, the temporal trends for K2O 
and H2O (fig. 10A) are not closely correlated, a reflection of 
the varying rates of degassing and crystallization, also seen as 
scatter in the pressure-crystallinity plot (fig. 8). Groundmass 
glasses have similar K2O contents to melt inclusions. The cur-
rent eruption shows highly variable K2O, spanning more than 
the total variation from 1980–86. A single melt inclusion in 
orthopyroxene from October 18, 2004, shows unusually low 
K2O, whereas several melt inclusions preserve K2O values that 
exceed anything seen in 1980–86. The wide variability in K2O 
for the current eruption is consistent with extrusion of magma 
of highly variable crystallinity (Cashman and others, this 
volume, chap. 19), although we cannot rule out involvement of 
melts with initially very different K2O contents.

The MgO contents of melt inclusions (fig. 11B) are 
inversely correlated with K2O but show considerably greater 
variability for any one eruptive phase. From May 18, 1980, 
to June 1981, the maximum MgO content drops off sharply 
from <1 percent to ~0.25 percent, consistent with increasing 
amounts of microlite crystallization. There is then a marked 
increase in maximum MgO during the period March 1982 
to February 1983, more evidence suggestive of the involve-
ment of slightly less crystalline magma during this eruption. 
After 1983 the MgO content falls to low levels similar to 
the minimum MgO contents of the earlier effusive phases. 
Groundmass glasses lie consistently at the low end of the melt-
inclusion data. As with K2O, MgO in melt inclusions from the 
current eruption is extremely variable, spanning almost the 
entire range observed in 1980–86 (fig. 11B).

The behavior of TiO2 (fig. 11C) differs from that of MgO. 
During 1980, minimum TiO2 contents increase slightly with 
time. After 1980 the TiO2 baseline remains almost constant 
through 1986, but the maximum TiO2 peaks between 1982 
and 1983. Groundmass glasses lie consistently at the low end 
of the melt-inclusion range. Melt inclusions from the current 
eruption are also variable in TiO2 but generally displaced to 
lower levels than 1980–86.

Iron-titanium oxide temperatures (fig. 12A) show a span 
of values throughout the 1980–86 eruption, with a slight 
(~50°C) overall decrease in maximum temperature with time, 
suggestive of some secular cooling within the subvolcanic 
magma reservoir. Oxide inclusions in phenocrysts from the 
May 18, 1980, plinian eruption give temperatures of 875°C. 
Phenocryst and groundmass oxide pairs from subsequent 
eruptions in 1980 are displaced to higher temperatures, which 
Blundy and others (2006) attribute to the latent-heat release 
during crystallization of phenocryst rims and microlites. 
Several phenocryst oxide pairs from post-May 18 samples 
show significantly lower temperatures that decrease with 
time. This trend matches that of high-temperature fumarole 
gases from Mount St. Helens collected in 1980–81 (Gerlach 
and Casadevall, 1986; fig. 12A), suggesting that these low-
temperature oxides equilibrated with fumarole gases as they 
streamed though the shallow magma-storage system. Over the 
same period fO2

 (relative to the NNO buffer; fig. 12B) shows 

fluctuations of ~1 log unit, decreasing during 1980, show-
ing a marked increase in March 1982, and then decreasing 
again to 1986. For the 1980–81 period, the fO2

 values of the 
most reduced oxide pairs match those of the high-temperature 
fumarole gases (Gerlach and Casadevall, 1986; fig. 12B), also 
suggestive of equilibration of selected oxide pairs with vapors 
exsolved from underlying magma.

Iron-titanium oxide temperatures for the current erup-
tion (fig. 12A) span a considerable range (730–1,020°C). The 
lowest temperatures are close to those of the coolest oxides 
recorded in 1986. The trend to temperatures ≥960°C may be 
caused by the addition of significantly hotter new magma or 
latent-heat release during crystallization (Pallister and others, 
this volume, chap. 30). In either case it is likely that the lowest 
oxide temperatures correspond to magmas held over from the 
end of the 1986 eruptive phase and that the heating event was 
sufficiently recent that no wholesale resetting of phenocryst 
oxide temperatures was possible. Oxygen fugacity estimates 
for the current eruption (fig. 12B) also cover almost the entire 
1980–86 range. This may result from extensive redox reac-
tions involving fumarole gases or from addition of more 
oxidized magmas into the system.

Relation Between Petrological and 
Monitoring Data

In principle there should be a relation between the subter-
ranean magmatic record, as preserved in melt inclusions, and 
the monitoring record, in the form of seismic events, ground 
deformation, volatile flux, and so forth. A relation has already 
been demonstrated for Fe-Ti oxide temperature-fO2

 measure-
ments and fumarole gases (fig. 12). In this section we will 
explore two further correlations, between the SO2 content 
of melt inclusions and the SO2 flux from the volcano, and 
between the pressures recorded by melt inclusions and the 
depths of subvolcanic earthquakes.

In figure 13A we compare the SO2 content of melt inclu-
sions with the measured SO2 flux (McGee and Casadevall, 
1994). Sulfur dioxide degasses both during and between erup-
tive events, with some of the highest fluxes unassociated with 
the appearance of magma at the surface. A striking correlation 
is apparent between the two datasets. The high SO2 content 
of melt inclusions during May to August 1980 corresponds 
to high SO2 fluxes over the same period. The melt-inclusion 
data show a slight decrease in SO2 from October 1980 to June 
1981, before increasing again slightly through March 1982 
to June 1984. It is difficult to correlate this increase with the 
slight increase in SO2 flux over this period because of the 
sparseness of data. The clear temporal correlation between 
SO2 in melt inclusions and the SO2 flux suggests that magma 
degassing and the sealing off of melt inclusions are closely 
associated in time. Indeed it is possible that gas loss (which 
drives the SO2 flux) and sealing of melt inclusions (which 
traps SO2) are related processes. Significantly, SO2 degassing 
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between eruptions produces spikes in SO2 flux which are not 
matched in the melt-inclusion data.

For those eruptive phases in which the total erupted 
volume and duration are known, it is possible to calculate a 
mean SO2 flux from the melt-inclusion data for comparison 
with the monitoring data. To perform the calculations we have 
taken the erupted volumes and eruption durations from Swan-

son and others (1987) and Swanson and Holcomb (1990), 
assumed a magmatic density of 2,500 kg/m3, and used the 
maximum measured SO2 in melt inclusions for each eruption 
(that is, assuming negligible SO2 in the groundmass glass). 
The calculations for October 16, 1980, using the measured 
maximum of 0.37 weight percent, yielded anomalously high 
fluxes, confirming our suspicion that this is an anomalously 
high value and not representative of the eruption as a whole. 
We have therefore adopted the second highest value (0.04 per-
cent) for this eruption. To calculate the average measured SO2 
flux for each eruptive phase, we have taken the data of McGee 
and Casadevall (1994) and averaged them over the duration of 
the phase. The standard deviation is also calculated. In figure 
13B we plot the observed SO2 flux versus calculated (“petro-
logical”) SO2 flux. The agreement between the two estimates 
is striking and within the combined errors on both sets of 
measurements. This is in contrast to calculated petrological 
fluxes for major plinian eruptions (Wallace, 2001), which 
consistently underestimate the measured fluxes by factors of 
up to 10. This suggests that plinian eruptions are driven in part 
by gas derived from deeply stored volatile-rich magma that 
is not erupted (Wallace, 2001). This interpretation is consis-
tent with the SO2 flux between dome-forming eruptions: the 
good correlation between the calculated and observed erup-
tive fluxes during eruptions in figure 13B suggests that SO2 
expelled between eruptions derives from a deeper source 
rather than from the magma that subsequently appears at the 
surface. Certainly there is evidence that syneruptive degassing 
processes differ between large plinian eruptions and smaller 
dome-forming eruptions.

The relation between the pressures recorded by melt 
inclusions and the seismic record for 1980–86 is equally 
significant. For each plagioclase-hosted melt inclusion we 
have calculated pH2O and Ptot, using the methodology described 
above. We have not used melt inclusions hosted in mafic 
minerals, because of their tendency to lose H2O syneruptively. 
In addition, we have filtered the dataset for plagioclase-
hosted melt inclusions that appear to have ruptured (that is, 
they plot within the gray ellipse in fig. 5A). The resultant 
dataset is plotted in figure 14A. There is a clear decrease in 
maximum pressure with time; a small amount of the decrease 
in pressure immediately after May 18, 1980, results from 
decompression of the entire system following removal of the 
upper 400–1,000 m of the edifice during the sector collapse 
that preceded the lateral blast (Moore and Albee, 1981). In 
detail, we note that each eruption contains melt inclusions 
with a pressure range (for example, Cashman and McConnell, 
2005), which diminishes with time. Magmas erupted during 
1980 cover a wide range in Ptot, from 320 to 0 MPa. There is 
a clear distinction between melt inclusions in the blast dacite, 
which tapped magma from the cryptodome and conduit over 
a pressure range of 0–160 MPa, and the main plinian phase, 
which tapped magma with melt inclusions stored from 120 
to 320 MPa. The minimum melt-inclusion pressure for the 
plinian magmas is slightly greater than the minimum pressure 
at which amphibole is stable at ~875°C, consistent with the 

Figure 13. Comparison of dissolved SO2 in melt inclusions and 
measured SO2 flux (in metric kilotons per day) for post-May 18, 
1980, episodes of 1980–86 eruption (McGee and Casadevall, 
1994). A, Temporal evolution of melt inclusion SO2 (left hand axis, 
red dots) and SO2 flux (right hand axis, black line). Key eruptive 
events shown on top axis for clarity. B, Observed SO2 flux versus 
calculated SO2 flux, based on duration of each eruptive phase, 
erupted volume, and maximum SO2 content in melt inclusions. 
Bars show 1 standard deviation error of observed flux. Error on 
calculated flux is ~10–20 percent relative. Full details of calculation 
procedure are given in text. Black line denotes a 1:1 correlation.
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Figure 14. Evolution of melt-inclusion sealing pressures and 
depths with time for unruptured melt inclusions from 1980–86. 
A, Variation in pH2O and Ptot as calculated from H2O contents and 
equation 1, respectively. May 18, 1980, cryptodome samples, 
erupted during blast phase and early plinian phase (Criswell, 
1987) are shown as open circles; all other eruptions, including 
main plinian phase of May 18, 1980, shown as dots. B, Comparison 
of melt-inclusion sealing depths (red dots), as calculated from 
equation 2a for eruptions of May 18, 1980, and earlier and 
from equation 2b for subsequent eruptions, with earthquake 
hypocenters (gray dots) from Pacific Northwest Seismic Network 
catalog, corrected by 1.1 km to account for mean seismic-station 
altitude. Note development of a shallow seismic lid before May 
18, 1980, and after December 27, 1980. Magmas erupted during the 
interval between these dates show consistently higher maximum 
extraction depths than those erupted before or after.

lack of amphibole breakdown rims in these samples (Ruther-
ford and Hill, 1993). Eruptions after October 1980 produced 
magma with melt inclusions that record Ptot <50 MPa, with 
the exception of a single melt inclusion from March 1982 at 
80 MPa. All of these magmas contain amphibole with reac-
tion rims (Rutherford and Hill, 1993). The clear impression 
from figure 14A is that the 1980 eruptions of Mount St. Helens 
sampled magma (as recorded by melt inclusions) stored over 
a wide pressure range, whereas the subsequent eruptions pre-
dominantly involved magma stored preeruptively at shallow 
levels. This change occurs abruptly between October 16 and 
December 27, 1980, and is accompanied by an abrupt change 
in eruptive activity from transitional explosive-effusive to 
predominantly effusive.

Earthquake depths for the period 1980–86 are available 
from the Pacific Northwest Seismic Network catalog. These 
data adopt as their datum the mean seismic station altitude at 
Mount St. Helens, which is ~1.1 km above sea level. In order 
to compare earthquake depths to Ptot, we require a relation 
between these two variables. We have integrated the depth-
density model for rocks beneath the volcano from Williams 
and others (1987), coupled with the volcano edifice-loading 
algorithm of Pinel and Jaupart (2000), to calculate lithostatic 
pressure as a function of depth. For the period before and 
including May 18, 1980, we assume a conical edifice 2.95 km 
high standing 1.5 km above the surrounding landscape and 
having a basal radius of 3.2 km. The edifice density is taken 
as 2,170 kg/m3 (as in Moran, 1994). The calculated pressures 
are then parameterized in terms of depth, z, (below sea level) 
using a polynomial:

       z (km) = 0.029654 Ptot+ 0.22704Ptot
0.5−2.95 ,      (2a) 

where Ptot is the calculated total pressure, in MPa, for each 
melt inclusion using the relation between Ptot and pH2O in equa-
tion 1.

Following the removal of the volcanic summit on May 
18, 1980, there is a small pressure readjustment in the rocks 
beneath the volcano. We have modeled this change using a 
truncated conical edifice with its top 2.55 km above sea level 
and the method of Pinel and Jaupart (2005) to derive a second 
expression for calculating depths in samples erupted after May 
18, 1980, as follows:

 z (km) = 0.03074 Ptot+ 0.18334Ptot
0.5−2.55 .      (2b)

Note that the pressure drop is small (≤6 MPa) and confined 
to the upper reaches of the subvolcanic system (above 500 m 
above sea level).

In applying equations 2a and 2b we are making a num-
ber of assumptions. First, we assume that the pressure in the 
magma reservoir is lithostatic, without significant magmatic 
overpressure through volatile buildup, for example, or signif-
icant regional deviatoric stresses. As magmatic overpressures 
are likely to be ≤20 MPa (Massol and Jaupart, 1999), we 
consider this effect to be small. Second, implicit in our use 

of equation 1 is the assumption that XH2O is approximately 
constant at 0.8 throughout the magma column and that the 
partial pressures of other volatile species (such as SO2, H2S, 
HCl, HF) are very low.

We have calculated z for all unruptured plagioclase-
hosted melt inclusions, for comparison to the earthquake 
depths (fig. 14B), after subtracting 1.1 km from the latter 
to account for the mean station altitude. There is a strik-
ing overall consistency between the calculated ranges of 
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melt-inclusion depths and the range of earthquake depths 
associated with any given phase of the eruption. This agree-
ment is particularly strong for May 18, 1980, for which the 
maximum melt inclusion and earthquake depth ranges agree 
to within 1–2 km. Here we note that the deep earthquakes 
followed the explosive eruption and have been interpreted 
to reflect collapse in response to magma withdrawal (Scan-
done and others, 2006). Following May 18, 1980, there is a 
dramatic dropoff in earthquake event frequency throughout 
1980. Melt-inclusion depths over the same period extend 
down to ~10 km below sea level but are consistently shal-
lower than those in the plinian deposit. Here again, deep 
seismic activity occurred in response to, rather than before, 
eruptive activity, an interpretation that is consistent with the 
observed correlation between earthquake and melt-inclusion 
depths. This pattern changed in March 1982, when deep 
earthquakes preceded the explosive eruption by about a 
week (Scandone and others, 2006). Here we see a mismatch 
between the earthquake depth and maximum recorded melt-
inclusion depth that suggests that the week of intrusion was 
sufficient for degassing and equilibration at intermediate 
storage levels before eruption.

After 1980 there is an increase in the number of shallow 
earthquakes, reflecting a gradual closing of the conduit system 
that remained open through the summer of 1980 (Scandone 
and others, 2006). During this period no melt inclusions record 
depths greater than 1.5 km below sea level. Apparently the 
development of extensive shallow-level seismicity in December 
1980 marks the formation of a barrier to the eruption and/or 
preservation of deeper melt inclusions. This may be a con-
sequence of slower magma-ascent rates during this period, 
such that higher pressure melt inclusions are not preserved, or 
the preeruptive stalling of each magma batch at depths cor-
responding to the region of shallow seismicity. This scenario is 
consistent with effective sealing off of the subvolcanic system 
after December 27, 1980 (for example, Scandone and Malone, 
1985). Shallow seismicity persisted throughout the nonerup-
tive period of 1986–2004, gradually deepening with time and 
leading eventually to the formation of a distinct “seismic lid” at 
depths of ~1 km below sea level after 1992 (Moran and others, 
this volume, chap. 2). Seismic activity associated with the cur-
rent eruption has been consistently shallow (within the seismic 
lid). Melt inclusions from the current activity tell the same 
story; most record very low pressures, whereas the most H2O-
rich originate approximately at the base of the pre-October 
2004 seismic lid.

Discussion

The melt-inclusion data are consistent with a vapor-under-
saturated silicic magma generated in the deep crust, ascending 
to the point of vapor saturation, and undergoing decompression 
crystallization (Blundy and Cashman, 2001, 2005; Annen and 
others, 2006). Melt inclusions from the 1980–86 samples record 
a vertical variation in crystallinity with pressure, such that the 

lowest pressure samples have the highest crystallinity and the 
lowest bulk magmatic H2O content. The plinian phase of May 
18, 1980, tapped the deeper, less crystalline part of the magma 
reservoir―from a relatively crystal-rich cap at Ptot=120 to a 
crystal-poor, deeper part at Ptot=320 MPa. The few plagioclase- 
and amphibole-hosted melt inclusions that record lower pres-
sures lost H2O syneruptively (fig. 5A). Preplinian and postplinian 
eruptions tapped magma stored at somewhat shallower levels, 
which had undergone further decompression crystallization. The 
deepest, most crystal poor of these magmas came from Ptot of 
150–220 MPa during 1980, that is, overlapping the shallowest 
plinian magmas, and from much smaller Ptot during 1982–86. 
This picture of the subvolcanic magma system is consistent with 
seismic (Lees, 1992; Moran 1994), petrologic (Pallister and oth-
ers, 1992; Rutherford and Hill, 1993), and geodetic (Mastin and 
others, this volume, chap. 22) data that suggest a thin, vertically 
extensive magma chamber less than 500 m in diameter at a depth 
of ~5 km below sea level, connected to the surface by a narrow 
conduit (≤40 m in radius) that may be only intermittently filled 
with magma (Scandone and others 2006). As magma ascends 
through this system, it loses H2O and crystallizes, leading to a 
vertical gradient in H2O content and crystallinity.

Within the magma chamber, crystallinity increases 
from ~10 to 30 weight percent. It is unclear whether 
10-percent crystallinity represents the crystal content of the 
magma as it enters the deep system or whether the magma is 
essentially aphyric at that point. A possibility that we favor 
is that the 10 percent initial crystal load was entrained from 
the deep-seated magma generation zone, as proposed by 
Annen and others (2006). Alternatively, rapid crystallization 
of initially aphyric magma at the point of vapor saturation 
may have prevented the preservation of any melt inclusions 
with compositions matching the bulk Mount St. Helens 
magmas. Magma from the deeper reservoir periodically fills 
the shallow plumbing system, undergoing further crystal-
lization en route. This crystallization involves both rim 
overgrowths on phenocrysts and microlite nucleation. Total 
crystallinity reaches a maximum of ~60 weight percent at 
the shallowest levels.

Between eruptions, magmatic gases streaming out of 
the deeper part of the system interact with the shallow-stored 
magma, enriching the magma in Li at the point of phase 
separation to a brine. The same process of intereruption gas 
streaming enriches shallow-stored magmas in Cl and F (figs. 
6A, B) and 210Pb (Berlo and others, 2006), enriches plagioclase 
phenocrysts in Li (Berlo and others, 2004), generates pulses in 
the SO2 flux (fig. 13A), and may also buffer XH2O in the vapor 
phase. The observed 210Pb excesses in the same magmas that 
show Li enrichments (Berlo and others, 2004, 2006) suggest 
a subvolcanic magma system wherein a large deep reservoir 
episodically supplies 222Rn-bearing gas to a much smaller shal-
low reservoir.

The significance of melt-inclusion pressures (and cor-
responding depths) hinges on the mechanisms by which 
inclusions form, evolve, and become sealed. Melt inclusions 
trapped in plagioclase, amphibole, and pyroxenes show 
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similar chemical characteristics (figs. 1, 2), indicating that 
the compositions of the melt inclusions are not controlled by 
host-inclusion exchange. There is, nonetheless, clear evidence 
that melt-inclusion compositions have been modified since 
they first became incorporated. The fact that melt inclusions 
and groundmass glasses have overlapping compositions for all 
nonvolatile components suggests that the dominant process of 
melt-inclusion modification is exchange with the groundmass 
melt, rather than exclusively by reaction with the host mineral. 
We suggest that exchange of components between inclusion 
and groundmass melts, via thin channels or capillaries con-
necting inclusion and matrix, persists for some time after the 
inclusion is first trapped (Anderson, 1991; Stewart and Pearce, 
2004; Blundy and Cashman, 2005; Humphreys and others, 
2008). Thus, melt-inclusion chemistry follows groundmass-
liquid lines of descent, despite the absence of daughter miner-
als in the inclusion, up to the point that the inclusion becomes 
sealed off (occluded) from the matrix.

Occlusion may be a physical process, whereby a new 
overgrowth of plagioclase blocks the channel connecting 
inclusion and groundmass, or it may be a kinetic process, 
limited by the time available for chemical exchange. For a 
typical channel length of 100 µm (Blundy and others, 2006) 
and magma temperature of ~900°C, the diffusivity data of 
Baker (1991) indicate that diffusive exchange of Si (the slow-
est diffusing species) will occur on time scales of 7 to 46 
hours for melt H2O contents of 3 and 6 percent, respectively. 
Thus, even without physical occlusion, melt inclusions are 
unlikely to equilibrate chemically with the groundmass in the 
last day or so before eruption. Whether physically or kineti-
cally occluded, there comes a point after which each melt 
inclusion undergoes no further chemical modification, except 
for syneruptive loss of H2O and other volatiles from ruptured 
inclusions. We refer to this as the “melt-inclusion sealing 
point,” which corresponds to a depth and time coordinate in 
the overall magma ascent trajectory. There may be a consider-
able time gap between the moment when the inclusion first 
exists as a physical entity within the crystal, the “melt-inclu-
sion formation point,” and the sealing point. During this time 
gap the melt-inclusion chemistry evolves in harmony with the 
groundmass melt.

There are several lines of evidence from this study to 
suggest that the melt-inclusion sealing point corresponds 
closely in time to the onset of the event in which the host 
crystal is erupted. For example, the correlation between SO2 
contents of melt inclusions and the SO2 flux associated with 
a particular eruptive event (fig. 13B) suggests sealing off 
shortly before eruption. If the inclusion were sealed several 
weeks or more before the eruption, the petrological sulfur 
flux and the measured sulfur flux would be out of phase. 
The correspondence between inclusion-sealing pressures and 
eruptive style (fig. 14A) suggests that rapid upwards move-
ment of the magma may be sufficient to seal off the inclu-
sion. Thus, the explosive eruptions of 1980 preserve melt 
inclusions sealed over a wide pressure range, because there 
was insufficient time to allow the inclusions to modify their 

chemistry during the final stages of ascent. Conversely, after 
1980, when eruptions were less vigorous and predominantly 
effusive, sealing depths are consistently shallow, reflecting 
accumulation of magma beneath the growing seismic lid 
between eruptions as well as slower ascent and more time to 
chemically exchange with the groundmass.

There is also evidence to suggest that the melt-inclusion 
sealing point corresponds closely in space to the region of the 
subvolcanic system where the host crystal was stored before 
eruption. The close temporal correspondence between sealing 
depths and earthquake depths (fig. 14B) suggests that there is a 
relation between magma withdrawal and earthquakes. Dur-
ing the period May 18 to December 27, 1980, sealing depths 
show a wide range, down to 11 km below sea level. During 
this time period, earthquakes occurring in response to evacu-
ation of magma from the system cover the same depth range. 
At the same time, limited precursory seismic activity and high 
intereruptive gas fluxes show that the conduit system was 
relatively open (Scandone and others, 2006). After December 
27, shallow earthquakes increase dramatically in abundance to 
form a seismic lid, and sealing depths become almost exclu-
sively shallow. The only post-December 1980 melt inclusion 
with a sealing depth below sea level is found in the explosive 
event of March 19, 1982, which punctuated nearly 5 years of 
predominantly effusive activity. This event was preceded by 
a deep earthquake swarm, apparently testifying to renewed 
magma supply from depth and tapping of a small part of this 
magma during the eruption. The dominant control over the 
transition in eruptive behavior after December 1980 is likely 
to have been dwindling magma supply from depth (Scandone 
and Malone, 1985), such that the addition of new magma to 
the base of the system was unable to maintain a fully con-
nected conduit or to keep pace with the effects of decompres-
sion crystallization. The current (2004–2006) eruption appears 
to be a continuation of this process, with magma ascent now 
sufficiently slow that a plug of largely crystallized magma is 
being extruded as a spine from depths at which there are abun-
dant shallow earthquakes (Iverson and others, 2006).

We propose that, for any given eruptive event, the melt 
inclusion sealing depths are a good indication of both the 
depth range over which magma was stored preeruptively 
and the rate at which it was extracted. Before May 18, 1980, 
magma resided from just below the volcanic summit to at 
least 11 km below sea level. The maximum Li enrichment 
observed at ~5 km below sea level probably marks a constric-
tion at the top of the magma column. All magma at shallower 
levels was probably stored in a plexus of dikes that formed the 
conduit or within the growing cryptodome. Magma stored at 
very shallow depths in the nascent cryptodome was erupted 
as early as April 10, 1980 (Cashman and Hoblitt, 2004). The 
lateral blast of May 18 eviscerated the cryptodome and magma 
residing in the conduit down to ~5 km below sea level (see, 
for example, Scandone and others, 2006). The May 18 plinian 
event erupted a large volume of magma stored within the sub-
volcanic chamber from 5 to 11 km below sea level. Residual 
magma left at shallow levels was probably the source of much 
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of the May 25 eruption. The subvolcanic system was then 
efficiently recharged, leading once again to a system in which 
a relatively deep magmatic reservoir supplied gas to shallow 
stored magma, giving rise to Li (and 210Pb) enrichments (Berlo 
and others, 2004, 2006). The post-May 18 transitional erup-
tions tapped magma stored at depths ≤10 km below sea level, 
probably as a result of evacuation of the vestigial conduit 
system developed after the plinian event (see also Cashman 
and McConnell, 2005). This was the last “deep” magma to be 
erupted from Mount St. Helens.

After December 27, 1980, all melt inclusions have sealing 
depths at or above sea level, a single exception being a melt 
inclusion from the March 19, 1982, explosive event. Coinci-
dent with the change in inclusion sealing depths, there is the 
development of extensive shallow seismicity and the change to 
dominantly effusive behavior. The depth at which maximum Li 
enrichment occurs is also displaced to sea level or shallower, 
indicating either a change in the composition of gas released 
from depth, such that the brine condensation pressure is 
reduced, or a change in magma storage depth. In either case it 
is clear that after October 1980 the subvolcanic magma system 
contained predominantly crystalline magma that was unable 
to sustain explosive activity. An earthquake swarm in March 
1982 may testify to limited recharge of the deeper system (≤ 9 
km below sea level) by new magma. However, very little of this 
deeper magma was erupted directly, most being stored instead 
at shallow level (<2 km below sea level) before eruption.

There are similarities between the post-December 1980 
preeruptive magma-storage conditions and those of the current 
eruption, where once again exclusively shallow-stored magma 
(≤2 km below sea level) is extruded. However, continuous 
slow magma extrusion during the current eruption results in a 
conduit plugged by largely crystalline magma, leading to suc-
cessively erupted holocrystalline spines lubricated along their 
margins by well-developed fault gouge (Iverson and others, 
2006; Cashman and others, this volume, chap. 19; Iverson, this 
volume, chap. 21). We would expect activity to revert to a more 
explosive eruptive style only after the conduit has been com-
pletely cleared to liberate magma stored beneath. This would 
require a substantial increase in the magma supply rate from 
depth or destruction of the shallow volcanic plumbing system.

The decay of 222Rn to 210Pb and diffusion of Li in pla-
gioclase provide important time constraints on the process 
of degassing and the storage and ascent of magma at shallow 
level. Berlo and others (2006) argue that the enrichment in 
210Pb occurs because significant decay of 222Rn occurs during 
gas transport from depth. Given the 3.8-day half-life of 222Rn, 
the 210Pb enrichment constrains gas transport time to be at least 
of this order. The rapid diffusion of Li in plagioclase (Giletti 
and Shanahan, 1997) indicates that diffusive enrichment (and 
loss) of Li on the scale of millimeters (a typical plagioclase 
phenocryst diameter) occurs on time scales of hours to days 
at 900°C. Thus magma must be stored at shallow levels for at 
least hours to days in order to acquire the observed Li enrich-
ment. The magma must then ascend on a time scale that is long 
enough to allow Li to diffuse out of the melt and into the vapor 

phase but too short to allow the Li to escape from the plagio-
clase phenocrysts. This behavior is consistent with repose 
periods of a week or more between those eruptive events show-
ing Li-enriched plagioclase (Berlo and others, 2004), and with 
ascent times of several days or less for post-18 May eruptions 
of Mount St. Helens (Rutherford and Hill, 1993).

The current eruption also shows very high Li concen-
trations in melt inclusions and plagioclase (Kent and oth-
ers, 2007). Although the data are insufficient to discern the 
depth of Li enrichment, it is clear that substantial time is 
required to generate such high Li levels via the gas-streaming 
mechanism. Certainly it appears that the process of enrich-
ment is similar in the current eruption to that of 1980–86 and 
this represents a characteristic feature of magma ascent and 
degassing at Mount St. Helens.

A key question about the current eruption is whether, 
petrologically, it represents a continuation of the 1980–86 
eruption, following a brief period of dormancy, or whether it 
heralds the arrival of new magma at depth. There are several 
lines of evidence presented elsewhere in this volume that sup-
port the involvement of some new magma, not present at the 
time of the 1980–86 eruption. First, there is seismic evidence 
for recharge of the deeper system as early as 1987–92 (Moran, 
1994). Focal mechanisms for these events are consistent with 
repressurization of the system at depths of 5–9 km below 
sea level, in the depth range of the 1980–86 magma cham-
ber. Additional deep (8–10 km below sea level) earthquake 
swarms occurred in 1996 and 1998–99, suggesting continued 
recharge (Musumeci and others, 2002). Second, whole-rock 
geochemical data (Pallister and others, this volume, chap. 30) 
reveal that, although the bulk chemistry of the currently erupt-
ing dacite is slightly more evolved than that of 1980–86, the 
concentrations of some compatible trace elements (Ni, Cr) are 
higher, suggestive of addition of a more mafic input into the 
system. Third, Fe-Ti oxide temperatures (Pallister and others, 
this volume, chap. 30) indicate the appearance of high-tem-
perature (>1,000°C) pairs in the groundmass of some recent 
samples, in accord with data presented in this work. No such 
high temperatures were evident in 1980–86. This is sugges-
tive of heating by a new hotter magma at depth, although we 
cannot rule out the effects of significant latent heat release in 
these highly crystalline magmas.

The melt-inclusion data presented here also support the 
arrival of new magma at depth. The trace-element composi-
tions of two melt inclusions from the current eruption are in 
marked contrast to all but one of the melt inclusions analyzed 
from 1980–86 in their steep REE pattern and lower U, Th, Y, 
Zr, and Hf. In terms of major elements, there are subtle differ-
ences between the current and 1980–86 eruptions. Although 
the melt inclusions of the current eruption are still rhyolitic 
in composition, the range of MgO and K2O contents in them 
almost equals the entire range seen in 1980–86, whereas TiO2 
and Cl contents are uniformly lower. The simplest interpreta-
tion of these data is mixing of a new and different magma into 
a reservoir filled with the unerupted residue of the 1980–86 
eruption. At present the evidence for this mixing event is 
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subtle, and it is inferred only through slight changes in trace-
element chemistry consistent with small parcels of the new 
magma invading volumetrically dominant older magma stored 
at shallow levels. This interpretation is consistent with seismic 
evidence for such batches (for example, Scandone and others, 
2006). Over time, the addition of increasing quantities of this 
melt component displaces slightly the bulk chemical composi-
tion of the currently erupting magma, as evinced by figure 4. 
The melt-inclusion data do not necessarily require input of a 
more mafic magma into the system, just a more silicic magma 
with elevated Ni and Cr contents, similar, for example, to the 
dacites erupted during the Kalama period (Pallister and others, 
1992, and this volume, chap. 30). Continued monitoring of 
melt inclusions from the current eruption is required to track 
the progressive involvement of the new magma as the eruption 
taps progressively deeper levels of the subvolcanic reservoir.

Conclusions
Whole-rock chemical variations in magma erupted from 

or around Mount St. Helens during late Quaternary time 
testify to extensive chemical differentiation of basaltic magma 
beneath the volcano to produce silicic andesite and dacite, 
such as those erupted in 1980–86 and since 2004. Plagioclase 
involvement was minimal during the early stages of differ-
entiation, probably because of elevated H2O contents in the 
parental magmas (Berlo and others, 2007). The compatible 
behavior of Y, Zr, and Nb during whole-rock differentiation 
points to the involvement of garnet, amphibole, and ilmenite 
in modal proportions at odds with the observed phenocryst 
assemblages. This suggests that differentiation occurred at 
considerable depth below Mount St. Helens, probably at the 
base of the crust (Ptot ≥1 GPa), where garnet becomes a stable 
crystallizing phase (see, for example, Müntener and others, 
2001). The curvature of many whole-rock geochemical trends 
rules out magma mixing as the primary source of chemical 
variation at Mount St. Helens. However, limited amounts of 
mixing of different magmas in the source region, and entrain-
ment of crystal residues from depth, may account for some of 
the linearity in rocks with >62 percent SiO2, including those 
from the 1980–86 and current (2004–2006) eruptions.

Melt-inclusion and groundmass-glass compositions lie 
at the high-SiO2 end of the whole-rock arrays. The chemical 
trends exhibited by the glasses commonly are oblique to those 
of the whole rocks, indicative of a marked change in crystal-
lizing assemblage. We interpret the glass trends to result from 
low-pressure crystallization of a dacite magma that was gener-
ated in the lower crust and ascended to the point of volatile sat-
uration, ~11 km below sea level. Low-pressure crystallization 
involved the plagioclase-rich phenocryst assemblage, rather 
than the high-pressure amphibole-rich assemblage, which con-
trols the whole-rock chemistry. The wide variety of matrix and 
inclusion glass compositions within host dacites of restricted 
composition indicates that low-pressure crystallization involved 
negligible physical segregation of crystals and melts.

Melt inclusions and Fe-Ti oxide data from the 1980–86 
eruption provide constraints on the evolving subvolcanic 
magma plumbing. The dissolved volatile contents of the melt 
inclusions have enabled us to determine the storage pres-
sure of a magma batch just before its eruption. By converting 
pressure to depth, we have been able to track the changing 
magma-extraction depths with time. The plinian eruption of 
May 18, 1980, involved magma that last equilibrated 5–11 km 
below sea level. The preceding eruptions, including the May 
18, 1980, blast deposit, tapped magma from just below the 
edifice to ~5 km below sea level. Subsequent episodes in 1980 
tapped magma down to 10 km below sea level. The tapping of 
deeper magma stopped abruptly at the end of 1980, coinci-
dent with the onset of shallow preeruptive seismicity and the 
transition to purely effusive activity. All subsequent 1981–86 
eruptive episodes tapped exclusively shallow-stored magma. 
We interpret the development of shallow seismicity to mark 
the effective closure of the conduit system by stalled, highly 
crystallized magma in response to diminished magma supply. 
Therefore, 1980 corresponds to a period during which the con-
duit formed on May 18 remained sufficiently open that magma 
could be tapped over a wide range of depths.

The current eruption of Mount St. Helens shares simi-
larities with the 1981–86 phase of the previous eruption, in 
that magma appears to be fed from shallow levels, beneath 
a seismic lid. However, the continuous slow effusion that 
characterizes the current activity is different from the more 
rapid episodic effusion of most of the 1980s and produces 
highly crystalline conduit material in the form of a sequence 
of collapsing spines. Several subtle petrological and chemical 
lines of evidence indicate that the deep magma driving spine 
extrusion differs from that previously present at Mount St. 
Helens. Melt-inclusion data suggest that the new magma has 
lower concentrations of REE, U, Th, and HFSE; higher Ni 
and Cr; and a steeper REE pattern than melts from 1980–86. 
To date, very little of this magma has insinuated its way into 
the choked conduit system. With time, however, we anticipate 
that the proportion of new magma in erupted products will 
increase. A careful integration of petrologic, seismologic, and 
gas-monitoring data will help to mark the progressive rise of 
any new magma through the system and, possibly, its eventual 
appearance at the surface.
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2004–2005 Mount St. Helens Eruption: Constraints for 
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Abstract
We investigated plagioclase phenocrysts in dacite of the 

2004–5 eruption of Mount St. Helens to gain insights into the 
magmatic processes of the current eruption, which is char-
acterized by prolonged, nearly solid-state extrusion, low gas 
emission, and shallow seismicity. In addition, we investigated 
plagioclase of 1980–86 dacite.

Light and Nomarski microscopy were used to texturally 
characterize plagioclase crystals. Electron microprobe analy-
ses measured their compositions. We systematically mapped 
and categorized all plagioclase phenocrysts in a preselected 
area according to the following criteria: (1) occurrence of 
zones of acicular orthopyroxene inclusions, (2) presence of 
dissolution surface(s), and (3) spatial association of 1 and 2. 
Phenocrysts fall into three main categories; one category con-
tains four subcategories.

The range of anorthite (An) content in 2004–5 plagio-
clase is about An

57–35
 during the last 30–40 percent crystal-

lization of plagioclase phenocrysts. Select microphenocrysts 
(10–50 µm) range from An

30
 to An

42
. Anorthite content is 

lowest near outermost rims of phenocrysts, but zonation pat-
terns between interior and rim indicate variable trends that 
correlate with textural features. Crystals without dissolution 
surfaces (about 14 percent of total) show steadily decreas-
ing An content outward to the crystal rim (outer ~80 µm). 
All other crystals are banded as a consequence of dissolu-
tion; dissolution surfaces are band boundaries. Such crystals 
display normal outward An zoning within a single band that, 
following dissolution, is then overgrown abruptly by high-An 

material of the next band. Swarms of acicular orthopyroxene 
inclusions in plagioclase are characteristic of 2004–5 dacite. 
They occur mostly inward of dissolution surfaces, where band 
composition reaches lowest An content. The relative propor-
tions of the three crystal types are distinctly different between 
2004–5 dacite and 1980s dome dacite.

We propose that crystals with no dissolution surfaces are 
those that were supplied last to the shallow reservoir, whereas 
plagioclase with increasingly more complex zoning patterns 
(that is, the number of zoned bands bounded by dissolution 
surfaces) result from prolonged residency and evolution in 
the reservoir. We propose that banding and An zoning across 
multiple bands are primarily a response to thermally induced 
fluctuations in crystallinity of the magma in combination with 
recharge; a lesser role is ascribed to cycling crystals through 
pressure gradients. Crystals without dissolution surfaces, 
in contrast, could have grown only in response to steady(?) 
decompression. Some heating-cooling cycles probably 
postdate the final eruption in 1986. They resulted from small 
recharge events that supplied new crystals that then experi-
enced resorption-growth cycles. We suggest that magmatic 
events shortly prior to the current eruption, recorded in the 
outermost zones of plagioclase phenocrysts, began with the 
incorporation of acicular orthopyroxene, followed by last 
resorption, and concluded with crystallization of euhedral 
rims. Finally, we propose that 2004–5 dacite is composed 
mostly of dacite magma that remained after 1986 and under-
went subsequent magmatic evolution but, more importantly, 
contains a component of new dacite from deeper in the mag-
matic system, which may have triggered the new eruption.

Introduction
The 2004 eruption of Mount St. Helens is remarkable for 

several reasons. Nearly solid, gas-poor dacite lava has been 
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extruded continuously for 28 months (at time of this writing, 
early 2007). Earthquakes are limited to the upper 3 km, with 
most located less than 1 km below the surface; no deeper seis-
micity has been observed (Moran and others, this volume, chap. 
2). Emissions of SO

2
, H

2
S, and CO

2
 are extremely low, indicat-

ing eruption of degassed magma (Gerlach and others, this vol-
ume, chap. 26). Low gas emission argues against the possibility 
of proximal mafic magma at depth, which might be called upon 
to have initiated the current eruption, and is consistent with an 
apparent lack of direct evidence for mingling with more mafic 
magma. This combination raises two important questions: (1) 
what is the driving force for the current eruption, and (2) is there 
petrologic evidence for magma recharge as an eruption trigger?

We studied plagioclase phenocrysts in 2004–5 dacite 
(fig. 1) and 1980–86 dacite dome rocks with the goal of using 
these data to investigate magma origin and reservoir dynamics, 
including evidence for recharge. We used polarized light and 
Nomarski microscopy in combination with detailed micro-
probe traverses to texturally and compositionally characterize 
single plagioclase crystals, focusing on areas near phenocryst 
rims. In addition, we systematically mapped and classified all 
plagioclase phenocrysts along thin-section traverses to evalu-
ate variability in plagioclase crystal populations. On the basis 
of these datasets, we infer that the new dacite is composed 
of three components. The first is magma that remained in the 
reservoir after 1986 and whose plagioclase crystals typically 
underwent crystallization and resorption as crystals cycled 
through cooler and hotter (and possibly deeper) parts of the 
reservoir, respectively. Whether or not some of this magma was 
isolated and escaped any modification remains open to debate. 
The second component is magma that was probably supplied 
recently by recharge of the shallow Mount St. Helens magma 
chamber. This magma carried plagioclase phenocrysts that 
grew continuously and are compatible with crystallization con-
trolled largely by decompression (Blundy and Cashman, 2001). 
In addition to these magmatic components, there is evidence 
that some plagioclase in erupting dacite magmas was derived 
by disintegration of wall-rock xenoliths constituting the third 
component. These include crystals with distinct sieve-textured 
cores probably derived from gabbroic source rocks (Heliker, 
1995) and older Mount St. Helens dacite containing plagioclase 
with unusually low An content and sporadically hosting quartz 
inclusions (M.J. Streck, unpub. data; Clynne and others, this 
volume, chap. 28). Our data are compatible with recharge-
driven initiation of the current eruption. We suggest that new 
magma is dacite and is hotter than and has fewer crystals than 
the resident dacite with which it has blended.

Samples and Analytical Procedures
Samples for this study are splits of samples collected by 

the staff of the Cascades Volcano Observatory (CVO) as the 
eruption proceeded (table 1). We report collection dates for 
2004–5 samples and eruption dates for 1980–86 samples. The 

SH304-2B

SH315-4

1 mm

SH305-1

Figure 1. Thin sections of dacite from 2004–5 Mount 
St. Helens eruption showing crystal-rich nature and 
plagioclase occurrence mostly as single, equant 
phenocrysts. Note sporadic plagioclase with sieved 
interior and clear overgrowth.

full sample names are given in table 1 but are abbreviated. The 
reader is referred to Pallister and others (this volume, chap. 
30) for information about likely eruption dates for 2004–5 
samples. For most of our samples, the estimated eruption date 
precedes collection date by 1–3 weeks. Sample localities are 
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2004–5 Dacite samples
Normalized abundance, in %,

with parenthetical 1σ deviation

Dissolution association in  
Type 2 crystals, in %

(see table notes)

Sample No. Collection date
EMP 

analyses

Sheets 
per thin 
section

Total 
crystals 

examined

Crystals 
per 

sheet

1σ
dev.

Type 1 
crystals

Type 2 
crystals

Type 3 
crystals

Indeter-
minate 
crystals

A B C D

SH304-2B Nov. 4, 2004 16 17 1,939 114 17 66  (7)  24   (7)  10   (5) 12 70 18 11 2

SH305-1 Jan. 3, 2005 6 16 1,118 70 8 40  (6)  29   (6) 31   (6) 20 75 9 12 4

SH308-3 Feb. 22, 2005 -- 18 1,653 92 12 52  (6)  28   (8) 20   (6) 11 70 11 18 2

SH311-1B Jan. 19, 2005 9 -- -- -- -- -- -- -- --   -- -- -- --
SH315-4 Apr. 19, 2005 8 13 1,354 104 21 57  (11)  34 (10)   9  (4) 8 69 21 11 0

SH321 Aug. 19, 2005 -- 17 1,275 75 18 52  (5)  37   (7) 11  (5) 5 69 23 6 2

SH323-2 Oct. 18, 2005 -- 16 1,213 76 15 65  (6)  27   (6)    8  (2) 7 82 14 4 0

SH324-3 Dec. 15, 2005 -- 16 1,290 81 6 66  (5)  28   (4)   6   (3) 5 77 20 3 0

average 57  (10)  30   (4)  14   (9)

1980–86 Dacite samples
Normalized abundance, in %,

with parenthetical 1σ deviation

Dissolution association in  
Type 2 crystals, in %

(see table notes)

Sample No. Eruption date
EMP 

analyses

Sheets 
per thin 
section

Total 
crystals 

examined

Crystals 
per 

sheet

1σ
dev.

Type 1 
crystals

 Type 2 
crystals

 Type 3     
crystals

Indeter-
minate 
crystals

A B C D

SH226 October 1986 -- 17 747 44 12 80  (10)     4   (3)    16  (9) 16 36 36 28 0

SH157 June 1984 -- 15 490 33 7 91    (4) 5   (3)   4  (3) 7 14 81 0 5

SH131 August 1982 -- 10 326 33 6 88    (7) 5   (5)   7  (4) 12 19 75 6 0

SC334-99B ~April 1981 9 14 835 60 8 89    (4) 1   (1) 10  (4) 16 50 50 0 0

SH52 December 1980 -- 10 181 18 6 84    (9) 9   (6)   7  (5) 11 8 67 0 25

average 86    (6) 5   (3)   9  (6)

Table 1. Samples analyzed in this study and results of crystal mapping.

[All plagioclase assigned to crystal type: Type 1, dissolution surfaces; Type 2, dissolution surfaces and acicular orthopyroxene (opx); Type 3, no dissolution surface and with or without acicular opx. Type 2 
crystals further grouped by position of acicular opx relative to dissolution surface(s): A, opx abundant at outermost dissolution surface; B, opx at some surface inboard of the outermost; C, opx is near rim 
but dissolution surface is near core of crystal; D, opx is near core but dissolution surface is near rim of crystal. EMP, electron microprobe analyses; dashes indicate no analysis. Column for sheets shows total 
number of images from two transects across each thin section (see fig. 2). Column for indeterminate crystals shows proportion (percent) of unresolved assignments relative to total plagioclase content.]
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shown on photogeologic maps in Herriott and others (this 
volume, chap. 10).

We prepared polished thin sections that were etched in 
concentrated hydrofluoroboric acid for 25 s in preparation for 
Nomarski differential interference contrast (NDIC or Nomar-
ski, for brevity) microscopy. This microscopy, in combina-
tion with transmitted-light microscopy, was employed to 
investigate textural aspects of plagioclase crystals. To associ-
ate textural characteristics with composition, we performed 
microprobe analyses along traverses in crystals representative 
of the range of textural features displayed. Point spacing along 
analytical traverses was 3–4 µm, concentrating on the outer 
~100 µm of the crystal. We analyzed 39 crystals from 2004–5 
samples and 9 crystals from 1981 dome lava (table 1). Analy-
ses were done using the five-spectrometer CAMECA SX100 
electron microprobe housed at Oregon State University, which 
was mostly operated remotely from Portland State Univer-
sity. Some additional crystals were analyzed in single-point 
mode at the University of Stuttgart, Germany, to characterize 
very small plagioclase crystals. Natural mineral standards 
were used to calibrate the instruments. Analytical conditions 
included an accelerating voltage of 15 kV, a beam current 
of 15 nA, and a focused (~1 µm diameter) beam. Collection 
times on peak and background positions were 10 and 5 s for 
Na (counted first), Si, Al, and Ca; times were 30 and 15 s for 
K, Mg, and Fe.

Encouraged by initial efforts to categorize plagioclase 
phenocrysts into different textural types (see below), we 
designed a mapping procedure to determine proportions 
of plagioclase crystal types. For each thin section, we used 
transmitted-light images at magnification × 25 and mapped 

SH304-2B (Nov. 2004)

x 25 image (sheet)

Figure 2. Thin section showing 
mapped areas. Stripes comprise 
sequential image sheets, enlarged 
x 25, on which all plagioclase 
phenocrysts (long dimension >80 
μm) were classified.

two separate transects, comprising a total of 10–18 adja-
cent images, or sheets (table 1, fig. 2). In each × 25 sheet, 
we inspected every plagioclase phenocryst (≥80 µm) with 
transmitted and Nomarski microscopy and categorized crys-
tals according to selected textural features. In this way, we 
obtained textural data on all plagioclase phenocrysts within an 
area covering roughly one-third of each thin section (table 1).

Plagioclase in 2004–2005 Mount St. 
Helens Dacite

The phenocryst assemblage of 2004–5 dacite is domi-
nated by plagioclase with subordinate amounts of orthopy-
roxene, amphibole, and Fe–Ti oxides. Plagioclase consists 
dominantly (≥90 percent) of single, euhedral, clear, equant 
phenocrysts 80–800 µm across (fig. 1). Equant plagioclase 
also occurs as smaller crystals between 80 and 10 µm. We call 
these microphenocrysts even though they overlap in size with 
microlites in the surrounding interstitial groundmass. A few 
plagioclase crystals are texturally (and likely compositionally) 
distinct. Typically these are considerably larger (≥1 mm), sub-
hedral to anhedral, and commonly display a sieved-textured 
interior. Plagioclase glomerocrysts are rare.

Textural Features

Individual plagioclase phenocrysts are characterized by 
growth features in the form of oscillatory zoning (parallel lines 

in Nomarski images) or by practically textureless 
parts (thus appearing as flat areas in Nomarski 
images) (fig. 3). Resorption textures are com-
monly found within crystals as dissolution surfaces 
that cut obliquely across oscillatory growth zones 
(figs. 3A–D) (note: we use the term “resorption” 
for the general process that creates a “dissolution 
surface”). The extent of resorption varies and most 
commonly is expressed as variable degrees of 
rounding of the corners of interior zones within a 
crystal. Commonly the phenocrysts have multiple 
dissolution surfaces; examples with four or more 
were observed. Sieved or pitted textures are rare 
in crystals of the dominant population, especially 
near their rims, but occur frequently in the interiors 
of the large crystals (>800 µm). Plagioclase phe-
nocrysts may contain inclusions of orthopyroxene, 
Fe–Ti oxide, amphibole, apatite, and glass (melt). 
A characteristic feature of plagioclase of the 
2004–5 eruption is the occurrence and distribution 
of tiny orthopyroxene inclusions. They are acicu-
lar, with length-to-width ratios of ~10 or greater. 
Their length is variable but typically about 30 µm. 
Their maximum widths are on the order of 4–5 µm. 
Acicular orthopyroxene inclusions occur mostly 
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in swarms and are concentrated in bands close to dissolution 
surfaces (figs. 3C, 3D), although they also occur indepen-
dently of the surfaces (figs. 3E, 3F). Where associated with a 
dissolution surface, acicular orthopyroxene bands are, in most 
cases, inward of the dissolution surface, toward the center of 
the crystal (figs. 3, 4).

opx

opx

Dissolution surface

Dissolution surface

opx

opx

Dissolution surface
Dissolution surface

100 µm

100 µm

100 µm

E F

A B

C D

Compositional Features

The overall compositional range for the outer 80–100 
µm of plagioclase phenocrysts in the 2004–5 dacite ranges 
from An

32–38
 to An

55–60
 (figs. 4, 5, 6). At or near the rim (that 

is, within one traverse step of ~3 µm), compositions are 

Figure 3. Plagioclase types distinguished by combination of dissolution surfaces (arrows) and presence 
of acicular orthopyroxene inclusions (opx). Scale bars are 100 µm. Left column, transmitted light images; 
right column, corresponding Nomarski differential interference contrast images.  A, B, Type 1 plagioclase, 
with two dissolution surfaces but without acicular orthopyroxene inclusions.  C, D, Type 2 plagioclase, 
with acicular orthopyroxene inclusions inbound of dissolution surface.  E, F, Type 3 plagioclase with no 
dissolution surface but containing, in this example, acicular orthopyroxene inclusions near rim.
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An
35–44

, although An
37–38

 is most common. Analyzed micro-
phenocrysts are 10 to 50 µm in size and range from ~An

30
 to 

~An
42

 (fig. 6). Compositions of microphenocrysts or at the 
rims of phenocrysts in 2004–5 samples have a wider range in 
An content than that reported for samples of 1980s dome dac-
ite (Cashman, 1992), but one of our comparison samples of 
1980–86 dome dacites (SC-99-334b; table 1, fig. 6) suggests 
a similar range with minima of An

38–40
 and maxima of An

60–65
 

and outermost rim compositions of An
35–48

. We exclude the 
large and sieve-textured plagioclase crystals from our analysis 
because they are thought to be derived from disaggregated 

plutonic or cumulate inclusions (Heliker, 1995). Contrasting 
with the above range in An content of phenocrysts are fairly 
sodic compositions of An

24–32 
that we found in the interior 

parts of some phenocrysts. Such phenocrysts have not been 
reported previously from Mount St. Helens dacite. They are 
compositionally distinct but texturally indistinguishable from 
typical phenocrysts unless they contain abundant mineral 
inclusions (some of which are acicular). We also exclude 
these because we believe that the unusually sodic crystal 
interiors represent recycled older crystals derived from more-
silicic magma (see below).

Figure 4. Correlation of textures and composition. Solid lines on Nomarski images indicate 
location of analytical traverses, and short arrows point to acicular orthopyroxene inclusions. 
Arrows in graphs indicate location of dissolution (resorption) surfaces, and bars show 
location of acicular orthopyroxene inclusions.
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Figure 5. An profiles of Type 2 crystals—those with dissolution surfaces and acicular 
orthopyroxene inclusions—except bottom row, which depicts two Type 3 crystals (no 
resorption). Lower right, one 1981 Type 1 crystal (dissolution surface but no inclusions). Arrows 
indicate location of dissolution surface and bars show location of acicular orthopyroxene 
inclusions. Resorption is typically followed by abrupt increase in An content. Sequential growth 
is rimward, toward left on each graph.
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Near their rims, all plagioclase phenocrysts are composi-
tionally normally zoned within bands that show oscillatory zon-
ing or flat textures. We distinguish compositional from textural 
zoning because texturally flat areas are frequently composition-
ally zoned (for example, fig. 4, sample SH304-2B-F5; table 2). 
Band boundaries are dissolution surfaces. Band widths are vari-
able and can be as narrow as ~10–15 µm. Some smaller crystals 
do not show any dissolution surface and therefore can be 

considered to consist of a single, broader band (about 200–300 
µm). Compositional changes within a single band, regardless 
of width, in most cases display An decreases from 7 to 20 mol 
percent and thus may encompass the entire range of An variabil-
ity of plagioclase in 2004–5 dacite (table 2). Compositionally 
uniform bands and bands with slight reverse zoning (∆ ~An

5
) 

are rare. The initial overgrowth on a dissolution surface always 
has the highest An content; last growth is the lowest An content 



798  A Volcano Rekindled: The Renewed Eruption of Mount St. Helens, 2004−2006

within a band—a feature also observed in May 18, 1980, dacite 
(Pearce and others, 1987). In fact, it is an often-observed fea-
ture in volcanic plagioclase with dissolution surfaces (Pearce, 
1994). Along a single analytical traverse, abrupt An increases 
of 5 to 25 mol percent were observed where crossing from the 
lowest An content of an inner band to the highest An content 
of the next outer band (figs. 4, 5). Thus the profiles undulate, 
depending on whether one or multiple dissolution surfaces exist. 
Rarely, overgrowth on a more interior dissolution surface can 
be of distinctly lower An content than inward of the dissolution 
surface.

Acicular orthopyroxene inclusions are consistently asso-
ciated with the lower-An parts of bands. They occur where the 
plagioclase composition reaches An

33–40
. The composition of 

acicular orthopyroxene inclusions is similar to the composi-
tion of orthopyroxene phenocrysts (table 3), although Al and 
perhaps Ca are slightly higher. It is uncertain whether the Ca 
and Al variation of acicular inclusions compared to orthopy-
roxene phenocrysts is significant given the spatial difficulties 
in analyzing small crystals embedded in plagioclase.

Crystal Mapping

The mapped crystal populations are distinguished by 
presence or absence of near-rim features produced by alter-
nating growth and resorption events and by the presence or 

absence of acicular orthopyroxene inclusions. On the basis 
of these features, we can distinguish three crystal types and 
determine their proportions (table 1):

Most abundant are plagioclase crystals containing one •	
or several dissolution surfaces but lacking acicular 
orthopyroxene; they are designated Type 1 crystals.

Second in abundance are plagioclase crystals that show •	
dissolution surfaces and contain acicular orthopyrox-
ene inclusions; they are designated Type 2 crystals. We 
further distinguished subcategories of Type 2 crystals 
according to location of the orthopyroxene inclusions 
with respect to dissolution surfaces: (A) inboard of last 
dissolution surface, (B) only associated with an older 
dissolution surface, (C) near the rim and not associated 
with a dissolution surface (that is, the dissolution sur-
face is near the core of the crystals and orthopyroxene 
inclusions occur near the rim), and (D) near the crystal 
core and the dissolution surface is near rim.

Least abundant are crystals lacking clearly discern-•	
ible dissolution surfaces; they are designated Type 
3 crystals. For the Type 3 category, we established 
subcategories based on whether acicular orthopyroxene 
inclusions are present or absent.

In some cases, categorization was difficult owing to poor 
crystal polish, fracturing, disadvantageous cutting of the crys-
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Figure 6.  Anorthite content in 
plagioclase, showing all data of 
this study. Plots in left column 
show An content versus distance 
to rim; in right column, An content 
versus normalized distance to rim. 
To normalize distance to rim, we 
connected traverse end point at 
rim with center of crystals and 
took fraction that was covered by 
traverse. We projected beginning 
of traverse into “rim – center” line 
along growth zones in case where 
analysis traverse was not parallel 
to “rim – center” line. Histogram 
shows plagioclase composition of 
22 microphenocrysts (~<50 µm) in 
SH321 (table 1), similar to the two 
observed in center and along left 
side of groundmass picture of sample 
SC99-334A shown in figure 8A. All 
microphenocrysts were analyzed in 
center and rim.
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SH304-2B-F5 (Type 2 crystal)
Distance to rim (µm)------- 31.5 28.0 24.5 21.0 17.5 14.0 10.5 7.0 3.5 0

SiO
2

58.3 58.7 59.1 60.1 54.9 55.7 57.1 57.5 58.4 59.8

Al
2
O

3
26.7 26.3 26.2 25.4 28.6 27.6 27.0 26.8 26.4 25.4

FeO* 0.29 0.28 0.34 0.30 0.50 0.48 0.47 0.48 0.45 0.49

MgO 0.01 0.01 0.02 0.02 0.04 0.04 0.04 0.03 0.03 0.02

CaO 8.7 8.5 8.2 7.5 11.6 10.6 9.7 9.4 8.8 7.8

Na
2
O 6.2 6.4 6.6 6.9 4.8 5.2 5.7 5.9 6.2 6.7

K
2
O 0.18 0.20 0.21 0.23 0.12 0.13 0.15 0.17 0.20 0.29

Total 100.3 100.3 100.6 100.4 100.5 99.9 100.2 100.2 100.5 100.5

An 43.2 42.1 40.4 37.2 57.2 52.6 47.9 46.6 43.7 38.8

Ab 55.7 56.8 58.3 61.4 42.1 46.7 51.3 52.4 55.1 59.5
Or 1.1 1.2 1.2 1.4 0.7 0.8 0.9 1.0 1.2 1.7

SH305-1-F7 (Type 3 crystal)

Distance to rim (µm)------ 
 

30.4 27.0 23.7 20.3 16.9 13.5 10.1 6.8 3.4 0

SiO
2

55.5 55.6 55.8 56.5 56.8 57.5 58.0 58.1 58.7 58.9

Al
2
O

3
27.8 28.1 27.8 27.2 26.9 26.7 26.2 25.5 25.7 25.8

FeO* 0.27 0.34 0.33 0.22 0.35 0.30 0.28 0.79 0.27 0.34

MgO 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.51 0.04 0.01

CaO 9.9 9.8 9.7 9.1 8.4 8.5 7.7 7.5 7.6 7.5

Na
2
O 5.5 5.5 5.7 5.8 6.1 6.4 6.7 6.5 6.7 6.9

K
2
O 0.14 0.14 0.16 0.19 0.18 0.19 0.23 0.22 0.23 0.25

Total 99.2 99.5 99.5 99.0 98.6 99.7 99.2 99.2 99.2 99.7

An 49.6 49.0 48.0 45.9 43.0 42.0 38.4 38.4 38.3 37.0

Ab 49.5 50.1 51.1 53.0 55.9 56.8 60.2 60.2 60.4 61.5
Or 0.8 0.8 0.9 1.1 1.1 1.1 1.4 1.3 1.4 1.5

Table 2. Representative plagioclase compositions along profiles of two crystals shown in figure 4, starting at 
~30 μm from the rim.

[FeO*, total iron as Fe2+. Molecular components for plagioclase shown calculated: An, anorthite; Ab, albite; Or, orthoclase.]

tal leading to obliteration near the rim, and other ambiguities. 
Crystals that could not be categorized clearly are considered 
indeterminate crystals; their proportions ranged from 5 to 20 
percent (table 1). In subsequent analysis, we assumed that the 
indeterminate crystals are proportionally distributed among the 
other populations and therefore normalized the other three cat-
egories to their sum to investigate changes in their proportions.

Comparing mapping results among sheets (images at 
× 25 magnification) that make up surveyed transects yielded 
standard deviations of mapped crystal types for a single thin 
section (table 1); 1σ standard deviations are typically on the 
order of 5–10 percent of the normalized abundance, and this 
appears to be the natural variation on the level of a single thin 
section, including the error associated with recognition.

An exception to Type 1 and Type 2 crystals being first 
and second in abundance is sample SH305-2 (lava collected 
Jan. 3, 2005), in which Type 3 crystals are slightly more abun-
dant or subequal to Type 2 crystals (fig. 7).

Variations among crystal types in samples of the 2004–5 
dacite indicate some trends after apparent natural variation 
within individual samples (based on 1σ errors) is taken into 
consideration. Notable are (1) an increase in the abundance 
of Type 3 crystals in SH305, which taper back to the level 
observed at the onset of the eruption at the expense of Type 1 
crystals, and (2) a possible slight increase in the abundance of 
Type 2 crystals from SH304 through SH321. Interestingly, the 
increase of Type 3 crystals from SH304 (November 2004) to 
SH305 (January 3, 2005) correlates with an increase in magma 
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 Phenocryst

 
Acicular
InclusionInclusion

Core Rim Point 1 Point 2 Point 1
SiO

2
54.31 53.5 53.31 54.15 53.6

TiO
2

0.21 0.14 0.28 0.21 0.1
Al

2
O

3
0.41 0.57 2.14 1.2 1.25

FeO* 21.38 23.74 20.02 20.66 23.17
MnO 0.66 0.79 0.47 0.44 0.76
MgO 23.72 21.68 23.45 23.57 22.08
CaO 0.86 0.73 1.59 1.24 0.73

En 65.3 61.0 65.5 65.4 62.0
Fs 33.0 37.5 31.4 32.2 36.5
Wo 1.7 1.5 3.2 2.5 1.5
Mg # 66.4 61.9 67.6 67.0 62.9

Table 3. Compositions of representative orthopyroxene 
phenocryst and acicular orthopyroxene inclusions in plagioclase 
phenocrysts.

[Features described as acicular inclusions are typical; those described 
simply as inclusions are also acicular but slightly larger. FeO*, total iron as 
Fe2+. Molecular components for pyroxene shown calculated: En, enstatite; 
Fs, ferrosilite; Wo, wollastonite. Magnesium number, Mg# = (MgO×100)/
(MgO+FeO*).]
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Figure 7. Proportions of different plagioclase types from 
crystal mapping. Bars showing 1σ error are based on 
variations measured among mapped sheets (25x images).

temperature as obtained from two-oxide geothermometry, 
whereas the tapering off to the initial abundance correlates with 
a drop in magma temperature in the spring of 2005 (Pallister 
and others, this volume, chap. 30). In other words, the sample 
in which crystals devoid of dissolution surfaces are most 
abundant is also the sample from which the highest temperature 
values were obtained. We will revisit this relation below.

Comparison of crystal populations of 2004–5 dacites with 
samples of 1980s dome dacite reveals a striking difference, 
even if all 2004–5 samples are averaged (fig. 7, table 1). The 
Type 2 crystals are sparse in 1980s dacite, which is domi-
nated by Type 1 crystals. Type 3 crystals display comparable 
abundances except a temporary increase in samples collected 
in January and February 2005. In essence, the main difference 
between 2004–5 and 1980 dacites is an absence of orthopyrox-
ene inclusions in 1980s lava.

Discussion

Acicular Orthopyroxene Inclusions as Probable 
Markers of Cooling Events

The presence of acicular orthopyroxene inclusions in pla-
gioclase phenocrysts of the 2004–5 dacite is a striking feature 
(figs. 3, 4, 8). They are also present in plagioclase of 1980s 
dome dacite, although much rarer than in 2004–5 samples (table 
1), and have since been observed by the first author elsewhere in 
andesite from Mount Hood, Oregon, and Volcán Arenal, Costa 
Rica. Thus, acicular orthopyroxene inclusions in plagioclase are 
not unique to this eruption, but their abundance and systemat-
ics of occurrence are presently unrivaled. Texturally identical 
orthopyroxene crystals occur in interstitial glass or groundmass 
in dacite of the current eruption, as well as in 1980s dome dacite 
(fig. 8). In particular, samples composed of interstitial glass 
laced by acicular orthopyroxene microlites and of scattered pla-
gioclase microphenocrysts (<70 µm, either dimension) such as 
sample SH304-2G of the current eruption (Pallister and others, 
this volume, chap. 30) and SC99-334A (fig. 8), a 1981 sample, 
are important because they demonstrate that conditions exist 
in which interstitial melts of Mount St. Helens dacite primarily 
nucleate orthopyroxene that grew rapidly (as suggested by being 
acicular; for example, see Lofgren, 1980).

The supersaturation required to nucleate and rapidly grow 
orthopyroxene may be caused by a drop in temperature, by 
decompression associated with degassing, or by a combina-
tion of both. Samples with a more crystalline groundmass (for 
example, SH305-1, fig. 8) contain larger acicular orthopyrox-
ene, which indicate that growth of acicular orthopyroxene con-
tinued as groundmass crystallinity increased. Plagioclase did 
not undergo a concurrent nucleation and rapid-growth event; 
instead of acicular crystals, equant plagioclase crystals contin-
ued to grow. Plagioclase growth in interstitial melt is strongly 
governed by the rate of decompression and devolatilization 
as magma ascends to the surface (Hammer and Rutherford, 
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SC99-334A (1981), groundmass

SH305-1 (Jan. 3, 2005), groundmass Opx inclusion zone in SH315-4-F7 (Apr. 19, 2005)

Opx inclusion zones in SH321 (Aug. 19, 2005)
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Figure 8. Occurrence of acicular orthopyroxene crystals in groundmass (A, C )  and as inclusions in 
plagioclase (B, D ). All pictures in transmitted light. A and C at x 1000 magnification, B at x 500 magnification, 
and D at x 200 magnification. Inset in D shows analysis traverse along solid line.

2002). In general, rapid nucleation rate and acicular growth of 
plagioclase are induced by faster decompression and devolatil-
ization rates. The occurrence of acicular groundmass orthopy-
roxene in the absence of acicular plagioclase in SH304-2G and 
SC99-334A (both representing magma seemingly saturated in 
orthopyroxene and plagioclase) suggests that temperature may 
have played an equal or more important role than decompres-
sion and devolatilization to induce supersaturation in orthopy-
roxene but not in plagioclase. Only slow and steady or small 
decompression steps are compatible with equant shapes of pla-
gioclase microphenocrysts (Hammer and Rutherford, 2002).

An alternative interpretation, that a boundary layer 
enriched in orthopyroxene components rejected by growing 
plagioclase and subsequent local saturation and crystallization, 
is unlikely. A few orthopyroxene crystals may be generated 
this way but not the swarms of inclusions observed (fig. 8). 
Constant or decreasing Fe content in profiles approaching 
bands of orthopyroxene inclusions (fig. 8D) suggests no major 
enrichment of total Fe in the boundary layer.

In conclusion, we believe that the presence of acicular 
orthopyroxene in some plagioclase phenocryst bands reflects 
an abundance of acicular orthopyroxene microlites in the 
interstitial melt at the time of embedding. Therefore, acicular 
orthopyroxene-rich zones in plagioclase record rapid orthopy-
roxene-nucleation events that were probably induced in large 
part by rapid cooling.

Production of Near-Rim Plagioclase—an 
Evaluation of Processes and Natural 
Constraints

Cooling, decompression, compositional and volatile 
fluxes, and kinetic effects all may control compositional and 
textural features of plagioclase—although we consider kinetic 
effects (for example, see Pearce, 1994) at best a secondary 
cause for the abrupt increase of An content by more than 2–4 
mol percent (for example, see Ginibre and others, 2002). It is 
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typically a certain combination of features that narrows down 
which parameter exerted greater control.

Below we make the case that the characteristic features 
of Types 1 and 2 crystals—multiple, normally zoned bands 
separated by dissolution surfaces within the outer ~80 µm 
of crystals, combined with marked declines in An content 
within variably thick bands (as thin as 10–20 µm)—are most 
consistent with fluctuations in crystallinity as primarily 
induced by temperature, with other parameters contributing 
in secondary roles. On the other hand, normal zoning (that is, 
progressive outward decrease of An content toward rim) over 
wider (>~50 µm) distances without dissolution surfaces—as 
observed in Type 3 crystals—is less constrained and may 
record times when other parameters such as pressure out-
weigh temperature changes.

If the magmatic system were closed, then higher and 
lower An content would imply lower or higher crystallinity, 
respectively, at the time of crystallization. To correlate the 
degree of crystallinity with a particular An content in plagio-
clase, we calculated melt composition at a variety of crystal-
linities and varied the partition coefficient, Kd (Kd = Ca/Na

plag
/

Ca/Na
melt

) (Sisson and Grove, 1993), to calculate equilibrium 
compositions of plagioclase (fig. 9). For our model calcula-
tions, we used an average bulk composition from initial anly-
ses of November 4, 2004, dacite (SH304) as starting composi-
tion (final analyses in Thornber and others, 2008b). A fixed 
mineral assemblage was removed from the bulk composition 
to calculate interstitial melt composition. The assemblage 
consisted of 6 percent amphibole, 9 percent orthopyroxene, 18 
percent An

53
 plagioclase, 65 percent An

42
 plagioclase, and 2 

percent titanomagnetite and is based on mineral modes estab-
lished for 2004–5 dacite (Pallister and others, this volume, 
chap. 30). Although the extraction oversimplifies any natural 
process, certain important features are illustrated. If SH304 
ever existed as pure liquid, it would initially crystallize An

53
 

(at Kd=2) to An
75

 (at Kd=5) under lower to higher water-sat-
urated conditions, respectively (Sisson and Grove, 1993) (fig. 
9). We estimate that our investigation applies to approximately 
the last 30–40 percent of plagioclase phenocryst crystalliza-
tion (synonymous with whole-rock crystallinities above ~30 
percent), as suggested by lengths of microprobe traverses com-
bined with range of phenocryst sizes studied. Thus, the highest 
commonly observed An content of 55 to 60 mol percent was 
achieved when crystallinity of SH304 dacite was already at 
or near 30 percent. This crystallinity requires a minimum Kd 
of 3, or higher at higher crystallinities, in order to generate 
An

55–60
 at water-saturated conditions (fig. 9), an interpretation 

supported by water-saturated experimental results obtained 
on dacite SH305, in which conditions of 870ºC and 200 MPa 
produced An

50
 plagioclase at a crystallinity of ~30 percent 

(Rutherford and Devine, this volume, chap. 31). On the other 
hand, an An content of 37 mol percent requires crystallinity 
near 50 percent, in keeping with the observation that 2004–5 
dacite consists of ~45 percent groundmass (interstitial glass 
and/or groundmass crystals), and An

37
 is the typical rim and 

microphenocryst composition. As a consequence, crystals that 

have equally low or even lower An content further inward than 
at the rim (figs. 4, 5, 6) mark earlier times when crystal growth 
occurred at crystallinities between 50 and 60 percent.

A decrease of An content from 55 to 37 mol percent, as 
is observed commonly within single compositionally zoned 
bands, requires the following conditions or some combina-
tion thereof: (1) ~25 percent crystallization at constant Kd or 
(2) decreasing Kd at constant crystallinity (for example, at 40 
percent crystallinity, Kd would need to decrease from ~4.5 to 
2). A decrease in Kd at water-saturated conditions and a given 
melt composition is synonymous with a decrease in water con-
centration and thus decrease in P

total
 (Sisson and Grove, 1993). 

To explain crystals with several dissolution surfaces by changes 
in Kd would be problematic, as changes in Kd would need to 
be dramatic and cyclic. If Kd exerted a dominant control on 
observed An content, then a return to An

50–55
 after resorption 

would require a substantially higher Kd and would require the 
crystal to return to a greater depth (Hattori and Sato, 1996). 
Water-saturated experiments indicate that an increase in pres-
sure of 60 MPa would increase An content by 5 mol percent in 
Mount St. Helens dacite magmas (Rutherford and Devine, this 
volume, chap. 31). Thus crystals with bands with An contents 
≥5 mol percent higher after resorption would require a depth 
increase of ~2 km or more, and crystals that display several 
such bands would have been cycled numerous times. In fact, to 
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Figure 9. Variation of An content in plagioclase versus 
degree of crystallinity based on model calculations using 
variable Kd (=(Ca/Na plag)/(Ca/Na melt)), bulk composition of 
SH304 as starting composition (table 1), and removal of a fixed 
mineral assemblage (see text for details). Model simulates 
correlation of degree of crystallinity with plagioclase An 
composition in equilibrium with corresponding interstitial 
melt. Shaded zone marks conditions covered by this study, as 
suggested by lengths of microprobe traverses combined with 
range of phenocryst sizes investigated.
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explain the entire An range of An
55

 to An
37

 would require pres-
sure to fluctuate by 150 MPa, equivalent to a depth change of 
~5.5 km (Rutherford and Devine, this volume, chap. 31). 

An additional complicating factor is that once magma 
has reached water saturation and begins to degas at shallow 
depth, it will become undersaturated as it reaches greater 
depths unless volatiles are added to keep it saturated. If it did 
not gain volatiles, descent towards higher degree of undersatu-
ration would promote crystallization as the liquidus is raised 
and likely would crystallize plagioclase of lower An content 
(for example, Blundy and Cashman, 2001). To return multiple 
times from An

37
 to An

55
 at a constant Kd poses comparably 

little difficulty. The only requirement is that crystallinity 
needs to fluctuate by ~25 percent or less to return to an An 
content of An

55
; this could be achieved by local cooling and 

subsequent entrainment into more interior and hotter parts of 
the magmatic reservoir (Singer and others, 1995; Couch and 
others, 2001). In fact, Rb concentrations in melt inclusions 
of 1980s dacite suggest crystallinity variation by 20 percent 
at a constant pressure over the pressure interval from 200 to 
100 MPa (Blundy and others, 2006)—the inferred pressure 
of the upper part of the 2004–5 magmatic reservoir (Pallister 
and others, this volume, chap. 30). A temperature change of 
about 45ºC would be needed to achieve this, consistent with 
experimental results showing that An

55
 plagioclase crystal-

lizes at 890ºC and An
37

 crystallizes at 845ºC (Rutherford and 
Devine, this volume, chap. 31). Such temperatures are also 
within the range deduced from oxide geothermometry of 
2004–5 dacite (Pallister and others, this volume, chap. 30) and 
are similar to isobaric variations deduced from plagioclase-
liquid geothermometry on 1980s dacite (Blundy and others, 
2006). Latent heat of crystallization (Blundy and others, 2006) 
may have contributed to the increase in temperature. On the 
other hand, magma heating by decompression-driven crystal-
lization (Blundy and others, 2006) appears minimal above 50 
MPa and is most significant from about 40 MPa to the surface. 
Therefore the greatest impact of latent heat is taking place at 
pressure significantly shallower than conditions of the magma 
reservoir. Consequently, variation of magma temperatures 
observed at pressures above 50 MPa require additional expla-
nation (see section “New Versus 1980s Residual Magma and 
Evidence for Magmatic Recharge,” below).

Returning to the discussion of our compositional data, 
alternative possibilities under conditions of an open system 
(that is, involving magma and (or) volatile flux into or out of 
the system) include: (1) an influx of higher Ca/Na magma 
and (2) switching between water-undersaturated and satu-
rated conditions as the system ranges between lithostatic and 
hydrostatic conditions. The latter is the only instance where a 
decrease in P

total
 is not synonymous with decreasing depth as 

the system degasses under hydrostatic conditions and then is 
repressurized as connection to the surface ceases and the sys-
tem returns to lithostatic conditions. Periodic influx (recharge) 
of more mafic (higher Ca/Na) magma may help to reset 
conditions for crystallization of a more An-rich plagioclase 
onto dissolution surfaces, and there is circumstantial evidence 

that this effect is occurring (see section “New Versus 1980s 
Residual Magma and Evidence for Magmatic Recharge”). 
Furthermore, this mechanism works in concert with the notion 
that abrupt near-rim decrease in An content within single 
bands is driven mostly by increased crystallinity owing to 
cooling. The other possibility—in essence reflecting shallow 
and periodic degassing events—has been advocated to occur at 
El Chichón volcano during eruption and repose cycles (Tepley 
and others, 2000). Degassing would promote crystallization, 
and resorption would then need to occur during repressur-
ization of the system. This process may have contributed to 
features observed in plagioclase of the 2004–5 dacite at Mount 
St. Helens (see below) but cannot serve as sole explanation as 
clearly evidenced by juxtaposed plagioclase phenocrysts with 
no, single, or multiple dissolution surfaces, therefore requiring 
a range in the number of degassing events.

Crystal Histories and Populations

On the basis of our textural and compositional analysis, 
it appears that all plagioclase phenocrysts share, at best, only 
the last An decrease over the last 5–20 µm. Thus, it seems 
impossible to generate the diverse features in plagioclase 
described above during a single ascent in which essentially 
all phenocrysts grow—as is envisioned for plagioclase of the 
dome dacite of the 1980s (Blundy and Cashman, 2001). It 
appears that the only plagioclase crystals for which a single-
ascent history is conceivable are crystals that display mono-
tonically decreasing An content (our Type 3) and probably 
crystals that show mostly continuously decreasing An content 
but with a dissolution surface deeper in the core of the crystal. 
These could be a product of continuous crystallization driven 
by decompression (Blundy and Cashman, 2001). In our view, 
plagioclase crystals that are poorly explained by a continuous 
ascent-driven crystallization are those with multiple, nor-
mally zoned bands separated by dissolution surfaces. Nearly 
isobaric temperature fluctuations (corresponding to degree of 
crystallinity) could account for multiple dissolution surfaces 
as discussed above. On the other hand, such zonation patterns 
(also known as sawtooth patterns) have recently been attrib-
uted to processes of magma heating by decompression-driven 
crystallization (Blundy and others, 2006). As argued above, 
such processes are strongest at depths of less than 1 km and 
therefore would occur in the conduit and would impact all 
plagioclase during their final ascent.

In the discussion of crystal populations, two important 
questions concern the significance of any recognized crystal 
population and the significance of variations from it. The 
answers to both questions depend on the processes control-
ling the features that define crystal types, the minimal changes 
needed to induce these features, and the minimal distances 
needed to see a response to differing environmental conditions. 
As presented above, we based our crystal types on existence of 
dissolution surfaces separating growth bands and the presence 
of acicular orthopyroxene. This is analogous to plagioclase 
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crystal populations established by Pearce and others (1987) for 
dacite of May 18, 1980. The abundance of dissolution surfaces 
in plagioclase from Mount St. Helens dacite and from dacite 
elsewhere (for example, see Pearce, 1994) suggests that these 
features do not require major changes in magmatic conditions 
but are produced rather easily. Therefore, neighboring crystals 
with a variable number of dissolution surfaces likely experi-
enced different growth histories and were subsequently juxta-
posed by mixing. We propose that crystals with no dissolution 
surface are those that were supplied to the erupting dacite 
magma last, whereas increasingly more complex textures, 
especially several zoned bands bound by dissolution surfaces, 
are evidence of a prolonged residency and evolution in a shal-
low reservoir (for example, Tepley and others, 2000). Crystals 
with multiple bands can be explained solely by temperature 
gradients and, thus, by crystallinity gradients across the reser-
voir, in combination with recharge by higher Ca/Na melt (fig. 
10). Cycling through polybaric conditions, seemingly required 
to explain amphibole compositions in 2004–5 dacite (Ruther-
ford and Devine, this volume, chap. 31), is permissible as an 
influence on the development of bands and zonation. However, 
narrow (~10–15 µm) bands with strong zonation (for example, 
∆An ≥10 mol percent), which suggest rapid, back-and-forth 
changes in growth conditions, argue against pressure as a prin-
cipal control because the required cycling through a vertical 
distance of several kilometers (~4 km) is unrealistic.

New Versus 1980s Residual Magma and 
Evidence for Magmatic Recharge

One of the main questions asked about the renewed 
activity at Mount St. Helens is whether dacite lava that has 
extruded since October 2004 is magma that was stored in the 
subvolcanic reservoir since Mount St. Helens erupted in 1986 
or is freshly supplied magma. Bulk chemical analyses demon-
strate that there are chemical differences between 1980s and 
2004–5 lava; for example, SiO

2 
is about 1.5–2.5 wt. percent 

higher in 2004–5 dacite than in most 1980s dome dacite 
(Pallister and others, this volume, chap. 30). Results from our 
crystal mapping hold clues to answering the question of new 
versus residual magma. The high ratio of Type 1 to Type 2 
crystals in 1986 versus 2004–5 lava in general and the higher 
proportion of Type 3 crystals in January and February 2005 
samples (table 1, fig. 7) suggest that lava extruded during the 
current activity is not from the same magma that was extruded 
during the final year of dome growth in 1986. Closed-system 
evolution from 1986 to today is one conceivable possibility 
to explain the observed differences in plagioclase phenocryst 
populations. Yet, any increases in Type 3 crystals in 2004–5 
lava cannot be due to modification of crystals with dissolu-
tions surfaces, which makes the higher proportion of Type 3 
crystals early in the 2004–5 eruption in comparison to 1980s 
sample indicative of freshly supplied crystals. Furthermore, to 
explain increases in the ratio of Type 2 to Type 1 crystals by 
growth evolution since 1986, the following would be required: 
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Figure 10. Analytical traverse of plagioclase SH311-1B-F9 
showing multiple normally zoned bands bounded by mild 
dissolution (resorption) surfaces. An peaks correlate inversely 
with K but not with Fe. We propose that highest An contents 
record magmatic conditions of low crystallinities (~35 percent 
crystals) whereas low An contents record high crystallinities 
(50–60 percent crystals).  FeO*, total iron as Fe2+. 

crystallization to trap orthopyroxene followed by some resorp-
tion, in turn followed by crystallization of more plagioclase. 
From the above, it seems likely that 2004–5 dacite is com-
posed mostly of variable proportions of magmatic components 
that have undergone shallow evolution (that is, modified, 
residual magma) and components that have been added from 
deeper parts (new magma). In other words, various magmatic 
sources provided plagioclase phenocrysts to explain multiple 
crystal histories, and phenocrysts were juxtaposed by mix-
ing events (additionally, crustal sources supplied xenocrystic 
plagioclase, but we neglect these in the discussion here).
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There is additional circumstantial evidence that the cur-
rent eruption has experienced magmatic recharge by hotter 
magmas with more calcic melts (but not necessarily more cal-
cic bulk composition). Assume that a magma batch undergoes 
closed-system crystallization to produce the same growth fea-
tures in equally sized crystals. If growth were continuous, we 
would expect decreasing An content in the plagioclase crystals 
as fractional crystallization progresses and the melt fraction 
decreases (if crystal-melt equilibrium is not maintained). If 
the same system were to oscillate between higher and lower 
crystallinity during its course of crystallization, owing to 
temperature fluctuations, we would expect profiles of overall 
An decrease toward crystal rims but modulated by resorption 
and precipitation of higher-An bands (Pearce, 1994; Johannes 

and others, 1994). Partial plagioclase dissolution would raise 
the Ca/Na in the melt, and therefore initial overgrowth would 
be higher in An content than that before resorption. The An 
content of the initial overgrowth will depend on how much 
dissolution occurred and may be also influenced by nonequi-
librium crystallization effects related to the kinetics of the 
system (Stewart and Fowler, 2001), but it could never return 
to the most calcic composition unless all plagioclase dis-
solved (neglecting the effect of volumetrically less significant 
calcic phases, for example hornblende or augite, on Ca/Na 
ratios). Subsequent growth would rapidly decrease An content 
to lower values as the system increased in crystallinity. This 
plagioclase response is illustrated schematically in figure 11 
as profile A, which is rarely seen in plagioclase of the current 
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eruption but is common elsewhere (for example, Tatara dacite, 
see Singer and others, 1995). A common An profile among 
2004–5 phenocrysts, profile B (fig. 11), shows An oscillations 
with minima and maxima immediately inward and outward 
of the dissolution surface, respectively, and the range of An 
content is similar over the course of crystallization (fig. 10). 
This constant An range is important because, as plagioclase on 
the whole crystallizes, the system can only produce similar An 
maxima if there is an influx of melt to buffer melt Ca/Na. The 
influx needed depends on the Ca/Na ratio in the melt that is 
recharged and other phases that may be crystallizing. In gen-
eral, this requires an open system in which the overall crystal 
mass increases but where melts are buffered to produce the 
same An range during crystallization of multiple bands (fig. 
10). Plagioclase simply convecting through a thermal regime 
(Singer and others, 1995) would not work because, if bal-
anced, the amount of crystallization on a cooling path and the 
amount of resorption during the heating stage would not yield 
an overall growing crystal with return to similar An minima 
and maxima unless some phenocrysts grow while others are 
increasingly dissolved, for which evidence is lacking. Shifting 
crystallization to progressively lower pressures over the course 
of growth of multiple bands would make it increasingly more 
difficult to return to comparable An maxima. Plagioclase crys-
tals with compositional profiles similar to schematic profile 
C (fig. 11)—with a baseline composition that is more calcic 
towards rim—carry even stronger evidence for an open-system 
behavior concurrently and (or) preceding the 2004–5 extrusion 
of dacite magma. The only alternate explanation for crystals to 
oscillate compositionally around comparable An minima and 
maxima or around an increasing An baseline with time during 
~30 percent of plagioclase crystallization (fig. 10) appears to 
be decompression-driven crystallization in a heating environ-
ment (Blundy and others, 2006). However, the lack of a rim 
overgrowth of high An on all crystals during the last ascent 
of 1,000 m (that is, where this affect would be strongest; fig. 
2a in Blundy and others, 2006) and the observed low An of 
tiny microphenocrysts of this study (for example, figs. 6, 8A) 
rather excludes the “latent-heat” explanation. We therefore 
take the compositional features of profiles B and C (fig. 11) as 
evidence for magma recharge either of hotter and less crystal-
line dacitic magma of similar bulk composition as the 2004–5 
eruption or of more mafic, Ca-richer magma that has not yet 
been sampled as extruded lava. Dissolution of plagioclase 
from gabbroic xenoliths may help buffer Ca/Na as well, but 
only if the system is sufficiently hot.

Plagioclase View of the Mount St. Helens 
Eruption

On the basis of the discussion above, we infer the follow-
ing. Subsequent to the last extrusive event in 1986, remaining 
dacite magma began cooling. Crystal growth was intermit-
tent as crystals cycled through the interior, hotter parts of the 
reservoir/conduit system, causing resorption. Temperature 
gradients across the reservoir were possibly maintained by 

minor recharge events of deeper dacite magma, which also 
supplied some plagioclase phenocrysts that were subjected to 
the same subsequent cycles of resorption and growth as the 
resident crystals. Seismic evidence also suggests that recharge 
may have occurred in the middle to late 1990s (Moran and 
others, this volume, chap. 2). Prior to the renewed eruptive 
activity in 2004, a relatively widespread crystallization event 
caused growth and incorporation of acicular orthopyroxene 
inclusions as some magma experienced rapid cooling, possibly 
associated with ascent. Subsequent arrival and mixing of new 
dacite magma remobilized more crystalline parts of the system, 
causing resorption as new magma mixed with resident magma, 
ultimately causing the final ascent to the surface immediately 
or within weeks. During the final ascent, crystals grew euhedral 
rims. We attribute the last growth cycle—in which plagioclase 
of lowest An content incorporates acicular orthopyroxene 
inclusions, is partially resorbed, overgrown with higher An 
content, and subsequently normally zoned—to magmatic pro-
cesses that triggered the onset of extrusion in October 2004; but 
it predated the eruption by months to weeks. Some (as many as 
three?) of the older, more interior dissolution surfaces, but still 
within the outer ~80 µm of crystals, may postdate the last erup-
tion in 1986 but predate the last growth cycle. Simply zoned 
crystals with continuously decreasing An content (that is, Type 
3 crystals) were carried by recharging dacite, grew largely in 
response to decompression, and thus may track the amount of 
recharged magma. They were stirred into the residing magma 
and, together with already existing phenocrysts, underwent 
crystallization to develop a common growth history during final 
ascent. Earlier recharge events may have carried similar pla-
gioclase but, unless erupted immediately, that plagioclase was 
texturally modified by resorption-and-growth events, thereby 
losing its distinct textural character. This model is compatible 
with results from other petrologic studies of 2004–5 dacite (this 
volume: Pallister and others, chap. 30; Rutherford and Devine, 
chap. 31; Thornber and others, chap. 32; Cooper and Donnelly, 
chap. 36; Reagan and others, chap. 37).

Conclusions
We investigated plagioclase, focusing on near-rim areas 

of phenocrysts in dacite of the 2004–5 eruption, and compared 
those to plagioclase in selected dacite samples from the dome 
that grew in the 1980s. The results of our textural and compo-
sitional study are the following: 

On the basis of distinguishing several plagioclase textural 1. 
types in combination with a newly developed crystal map-
ping procedure, we show that 2004–5 dacite contains a 
different crystal population than 1980s dacite.

Observed An range of plagioclase near rim (2. ≤80 µm) in 
2004–5 dacite is An

57–35
, and minima correspond with 

compositions of smallest microphenocrysts (≤20 µm) 
at overall crystal contents of ~50 percent. Location of 
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a given An composition is largely independent of the 
distance to the rim of crystals, except in texturally simple 
crystals without dissolution surfaces that are normally 
zoned (that is, highest An content in innermost reach and 
lowest An content at the rim). Crystals with dissolution 
surfaces possess normal zonation within bands bounded 
by dissolution surfaces, so that highest An content is the 
immediate overgrowth on a dissolution surface and lowest 
An content within a band is last to crystallize, leading to 
one or several An oscillations toward the rim.

Acicular orthopyroxene inclusions in plagioclase are 3. 
characteristic of 2004–5 dacite, and they are consis-
tently embedded in plagioclase with lowest An content. 
Orthopyroxene inclusions have textural counterparts in 
glassy groundmass of a rare 2004 sample and also in 
samples from the 1980s. The orthopyroxene occurrences 
suggest that inclusions in plagioclase track previous mag-
matic conditions at which acicular orthopyroxene crystals 
were temporarily abundant in interstitial melt.

We attribute An oscillations with comparable An minima 4. 
and maxima mostly to changes in crystallinity as induced 
largely by temperature fluctuations in combination with 
recharge to maintain Ca/Na as crystallization generally 
progresses. Plagioclase of lowest An content and with 
acicular orthopyroxene inclusions may record higher 
crystallinity and lower temperature conditions (lower Ca/
Na in melt), whereas plagioclase of highest An content 
overgrowing dissolution surfaces crystals may track condi-
tions of lower crystallinity and higher temperature (higher 
Ca/Na in melt). Convection along a pressure gradient may 
aid the process through ascent-induced crystallization and 
descent-induced resorption. Crystals with normal An zona-
tion and essentially no dissolution surface likely crystal-
lized entirely in a decompressing environment.

The assemblage of phenocrysts with one or more growth 5. 
bands composed of similar An range requires localized 
and repetitive processes, including mixing, to juxtapose 
crystals with different growth histories. Crystallization 
of the outermost ~5–15 µm developed during a common 
growth history among phenocrysts.

We envision a scenario in which residual 1980s magma 6. 
continued to evolve subsequent to the last extrusion in 
1986 and was maintained by small recharge events. A 
cycle of pronounced cooling/heating/cooling (possibly 
associated with ascent) shortly (months?) before the 
current eruptive activity can be inferred from the charac-
teristic textural features of 2004–5 plagioclase, namely 
acicular orthopyroxene inclusions embedded prior to the 
last dissolution surface, which in turn was overgrown by 
euhedral rims. Our data are compatible with recharge-
driven initiation of the current eruption and that recharged 
magma may also be dacitic but poorer in crystals and hot-
ter than resident dacite into which it has been blended.

Acknowledgments
We acknowledge support for the remote-access electron 

microprobe laboratory at Portland State University through 
a National Science Foundation grant, EAR-0320863. M.J. 
Streck acknowledges support from the Eidgenössische 
Technische Hochschule (ETH) Zürich as Gastdozent (guest 
professor) during preparation of this manuscript and thanks 
W. Halter and C. Heinrich at the ETH and H.-J. Massone and 
T. Theye at the University of Stuttgart for their hospitality. 
Reviews by Maggie Mangan and Frank Tepley were very help-
ful and improved the paper significantly.

References Cited

Blundy, J., and Cashman, K., 2001, Ascent-driven crystallisa-
tion of dacite magmas at Mount St. Helens, 1980–1986: 
Contributions to Mineralogy and Petrology, v. 140, no. 6, p. 
631–650, doi:10.1007/s004100000219.

Blundy, J., Cashman, K., and Humphreys, M., 2006, Magma 
heating by decompression-driven crystallization beneath 
andesite volcanoes: Nature, v. 443, no. 7107, p. 76–80, 
doi:10.1038/nature05100.

Cashman, K.V., 1992, Groundmass crystallization of Mount 
St. Helens dacite, 1980–1986; a tool for interpreting shal-
low magmatic processes: Contributions to Mineralogy 
and Petrology, v. 109, no. 4, p. 431–449, doi:10.1007/
BF00306547.

Clynne, M.A., Calvert, A.T., Wolfe, E.W., Evarts, R.C., Fleck, 
R.J., and Lanphere, M.A., 2008, The Pleistocene eruptive 
history of Mount St. Helens, Washington, from 300,000 
to 12,800 years before present, chap. 28 of Sherrod, D.R., 
Scott, W.E., and Stauffer, P.H., eds., A volcano rekindled; 
the renewed eruption of Mount St. Helens, 2004–2006: U.S. 
Geological Survey Professional Paper 1750 (this volume).

Cooper, K.M., and Donnelly, C.T., 2008, 238U-230Th-226Ra 
disequilibria in dacite and plagioclase from the 2004–2005 
eruption of Mount St. Helens, chap. 36 of Sherrod, D.R., 
Scott, W.E., and Stauffer, P.H., eds., A volcano rekindled; 
the renewed eruption of Mount St. Helens, 2004–2006: U.S. 
Geological Survey Professional Paper 1750 (this volume).

Couch, S., Sparks, R.S.J., and Carroll, M.R., 2001, Mineral 
disequilibrium in lavas explained by convective self-mixing 
in open magma chambers: Nature, v. 411, p. 1037–1039.

Gerlach, T.M., McGee, K.A., and Doukas, M.P., 2008, Emis-
sion rates of CO

2
, SO

2
, and H

2
S, scrubbing, and preeruption 

excess volatiles at Mount St. Helens, 2004–2005, chap. 26 
of Sherrod, D.R., Scott, W.E., and Stauffer, P.H., eds., A 
volcano rekindled; the renewed eruption of Mount St. Hel-
ens, 2004–2006: U.S. Geological Survey Professional Paper 
1750 (this volume).



808  A Volcano Rekindled: The Renewed Eruption of Mount St. Helens, 2004−2006

Ginibre, C., Kronz, A., and Wörner, G., 2002, High resolu-
tion quantitative imaging of plagioclase composition using 
accumulated backscattered electron images; new constraints 
on oscillatory zoning: Contributions to Mineralogy and 
Petrology, v. 142, p. 436–448.

Hammer, J.E., and Rutherford, M.J., 2002, An experimental 
study of the kinetics of decompression-induced crystalliza-
tion in silicic melt: Journal of Geophysical Research, v. 107, 
no. B1, p. ECV 8-1–8-24, doi:10.1029/2001JB000281.

Hattori, K., and Sato, H., 1996, Magma evolution recorded 
in plagioclase zoning in 1991 Pinatubo eruption products: 
American Mineralogist, v. 81, p. 982–994.

Heliker, C., 1995, Inclusions in the Mount St. Helens dacite 
erupted from 1980 through 1983: Journal of Volcanology 
and Geothermal Research, v. 66, nos. 1–3, p. 115–135, 
doi:10.1016/0377-0273(94)00074-Q.

Herriott, T.M., Sherrod, D.R., Pallister, J.S., and Vallance, 
J.W., 2008, Photogeologic maps of the 2004–2005 Mount 
St. Helens eruption, chap. 10 of Sherrod, D.R., Scott, W.E., 
and Stauffer, P.H., eds., A volcano rekindled; the renewed 
eruption of Mount St. Helens, 2004–2006: U.S. Geological 
Survey Professional Paper 1750 (this volume).

Johannes, W., Koepke, J., and Behrens, H., 1994, Partial 
melting reactions of plagioclase and plagioclase-bearing 
systems, in Parsons, I., ed., Feldspars and their reactions: 
Dordrecht, Netherlands, Kluwer Academic Publishers, 
NATO Advanced Study Institute series, v. 421, p. 161–194.

Lofgren, G., 1980, Experimental studies on the dynamic crys-
tallization of silicate melts, in Hargraves, R.B., ed., Physics 
of magmatic processes: Princeton, New Jersey, Princeton 
University Press, p. 478–551.

Moran, S.C., Malone, S.D., Qamar, A.I., Thelen, W.A., 
Wright, A.K., and Caplan-Auerbach, J., 2008, Seismic-
ity associated with renewed dome building at Mount St. 
Helens, 2004–2005, chap. 2 of Sherrod, D.R., Scott, W.E., 
and Stauffer, P.H., eds., A volcano rekindled; the renewed 
eruption of Mount St. Helens, 2004–2006: U.S. Geological 
Survey Professional Paper 1750 (this volume).

Pallister, J.S., Thornber, C.R., Cashman, K.V., Clynne, M.A., 
Lowers, H.A., Mandeville, C.W., Brownfield, I.K., and 
Meeker, G.P., 2008, Petrology of the 2004–2006 Mount St. 
Helens lava dome—implications for magmatic plumbing 
and eruption triggering, chap. 30 of Sherrod, D.R., Scott, 
W.E., and Stauffer, P.H., eds., A volcano rekindled; the 
renewed eruption of Mount St. Helens, 2004–2006: U.S. 
Geological Survey Professional Paper 1750 (this volume).

Pearce, T.H., 1994, Recent work on oscillatory zoning in 
plagioclase, in Parsons, I., ed., Feldspars and their reactions: 
Dordrecht, Netherlands, Kluwer Academic Publishers, 
NATO Advanced Study Institute series, v. 421, p. 313–349.

Pearce, T.H., Russell, J.K., and Wolfson, I., 1987, Laser-
interference and Nomarski interference imaging of zoning 
profiles in plagioclase phenocrysts from the May 18, 1980, 
eruption of Mount St. Helens, Washington: American Min-
eralogist, v. 72, p. 1131–1143.

Reagan, M.K., Cooper, K.M., Pallister, J.S., Thornber, C.R., 
and Wortel, M., 2008, Timing of degassing and plagioclase 
growth in lavas erupted from Mount St. Helens, 2004–2005, 
from 210Po-210Pb-226Ra disequilibria, chap. 37 of Sher-
rod, D.R., Scott, W.E., and Stauffer, P.H., eds., A volcano 
rekindled; the renewed eruption of Mount St. Helens, 
2004–2006: U.S. Geological Survey Professional Paper 
1750 (this volume).

Rutherford, M.J., and Devine, J.D., III, 2008, Magmatic condi-
tions and processes in the storage zone of the 2004–2006 
Mount St. Helens dacite, chap. 31 of Sherrod, D.R., Scott, 
W.E., and Stauffer, P.H., eds., A volcano rekindled; the 
renewed eruption of Mount St. Helens, 2004–2006: U.S. 
Geological Survey Professional Paper 1750 (this volume).

Singer, B.S., Dungan, M.A., and Layne, G.D., 1995, Textures 
and Sr, Ba, Mg, Fe, K, and Ti compositional profiles in volca-
nic plagioclase; clues to the dynamics of calc-alkaline magma 
chambers: American Mineralogist, v. 80, p. 776–798.

Sisson, T.W., and Grove, T.L., 1993, Experimental investiga-
tions of the role of H

2
O in calc-alkaline differentiation and 

subduction zone magmatism: Contributions to Mineralogy 
and Petrology, v. 113, p. 143–166.

Stewart, M.L., and Fowler, A.D., 2001, The nature and 
occurrence of discrete zoning in plagioclase from recently 
erupted andesitic volcanic rocks, Montserrat: Journal of 
Volcanology and Geothermal Research, v. 106, p. 243–253.

Tepley, F.J., III, Davidson, J.P., Tilling, R.I., and Arth, J.G., 
2000, Magma mixing, recharge and eruption histories 
recorded in plagioclase phenocrysts from El Chichón vol-
cano, Mexico: Journal of Petrology, v. 41, no. 9, p. 1397–
1411, doi:10.1093/petrology/41.9.1397.

Thornber, C.R., Pallister, J.S., Lowers, H.A., Rowe, M.C., 
Mandeville, C.W., and Meeker, G.P., 2008a, Chemistry, 
mineralogy, and petrology of amphibole in Mount St. 
Helens 2004–2006 dacite, chap. 32 of Sherrod, D.R., Scott, 
W.E., and Stauffer, P.H., eds., A volcano rekindled; the 
renewed eruption of Mount St. Helens, 2004–2006: U.S. 
Geological Survey Professional Paper 1750 (this volume).

Thornber, C.R., Pallister, J.S., Rowe, M.C., McConnell, S., 
Herriott, T.M., Eckberg, A., Stokes, W.C., Johnson Corne-
lius, D., Conrey, R.M., Hannah, T., Taggart, J.E., Jr., Adams, 
M., Lamothe, P.J., Budahn, J.R., and Knaack, C.M., 2008b, 
Catalog of Mount St. Helens 2004–2007 dome samples with 
major- and trace-element chemistry: U.S. Geological Survey 
Open-File Report 2008–1130, 9 p., with digital database.



A Volcano Rekindled: The Renewed Eruption of Mount St. Helens, 2004–2006
Edited by David R. Sherrod, William E. Scott, and Peter H. Stauffer
U.S. Geological Survey Professional Paper 1750, 2008

Chapter 35

1 Department of Geosciences, 104 Wilkinson Hall, Oregon State University, 
Corvallis, OR 97331

2 Department of Geosciences, 104 Wilkinson Hall, Oregon State University, 
Corvallis, OR 97331; now at Department of Geoscience, 121 Trowbridge Hall, 
University of Iowa, Iowa City, IA 52242

3 U.S. Geological Survey, 1300 SE Cardinal Court, Vancouver, WA 98683

Trace Element and Pb Isotope Composition of Plagioclase 
from Dome Samples from the 2004–2005 Eruption of 
Mount St. Helens, Washington

By Adam J.R. Kent1, Michael C. Rowe2, Carl. R. Thornber3, and John S. Pallister3

Abstract
We report the results of in-situ laser ablation ICP–MS 

analyses of anorthite content, trace-element (Li, Ti, Sr, Ba, La, 
Pr, Ce, Nd, Eu, Pb) concentrations, and Pb-isotope compositions 
in plagioclase from eight dome-dacite samples collected from 
the 2004–5 eruption of Mount St. Helens and, for comparison, 
from three dome samples from 1981–85. For 2004–5 samples, 
plagioclase phenocrysts range in composition from An

30
 to 

An
80

, with the majority An
42

–An
65

. With the exception of Li, the 
range of trace-element abundances in plagioclase phenocrysts is 
largely constant in material erupted between October 2004 and 
April 2005 and is broadly consistent with the 1983–85 dome 
samples. Anomalously high Li contents in the early stage of the 
eruption are thought to reflect addition of Li to the upper part 
of the magma chamber immediately before eruption (within 
~1 year) by transfer of an alkali-enriched, exsolved vapor from 
deep within the magma chamber. Other trace elements show 
significant correlations (at >99 percent confidence limits) with 
anorthite content in plagioclase phenocrysts—Ba, light rare-
earth elements (LREE), and Pb show positive correlations, 
whereas Ti and Sr correlate negatively. Variations in plagio-
clase-melt partitioning as a function of anorthite content cannot 
explain trace-element variations—in particular predicting 
trends for Ti and Sr opposite to those observed. A simple model 
involving closed-system fractional crystallization of plagioclase 
+ hypersthene + amphibole + oxides largely reproduces the 
observed trends. The model requires no gain or loss of plagio-

clase and is consistent with the lack of europium anomalies 
in bulk dacite samples. Analytical traverses within individual 
plagioclase phenocrysts support this model but also point to a 
diversity of melt compositions present within the magma stor-
age zone in which plagioclase crystallized.

Plagioclase crystals from gabbronorite inclusions in three 
dacite samples have markedly different trace-element and Pb-
isotope compositions from those of plagioclase phenocrysts, 
despite having a similar range of anorthite contents. Inclu-
sions show some systematic differences from each other but 
typically have higher Ti, Ba, LREE, and Pb and lower Sr and 
have lower 208Pb/206Pb and 207Pb/206Pb ratios than coexisting 
plagioclase phenocrysts. The compositions of plagioclase from 
inclusions cannot be related to phenocryst compositions by 
any reasonable petrologic model. From this we suggest that 
they are unlikely to represent magmatic cumulates or restite 
inclusions but instead are samples of mafic Tertiary basement 
from beneath the volcano.

Introduction
Samples obtained from the 2004 eruption of Mount St. 

Helens provide an invaluable sample suite for application 
of petrological and geochemical techniques to examine the 
eruption of a silicic volcano. A wide range of approaches are 
detailed in this volume, and they provide valuable insight for 
monitoring of active and erupting volcanoes and for elucidat-
ing past eruptive histories on the basis of examination and 
analysis of eruptive materials.

This study reports measurements of trace-element 
abundances and Pb-isotope compositions in plagioclase from 
dome material erupted at Mount St. Helens from October 
2004 to April 2005. The goals of the study are to apply the 
techniques of trace-element and isotope geochemistry to better 
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understand origin and evolution of magma produced by the 
current eruption, as well as to demonstrate the utility of in-situ 
trace-element analyses by using laser-ablation inductively 
coupled plasma mass spectrometry (LA–ICP–MS) in petro-
logical volcano-monitoring applications. The rapidity of this 
technique and relatively simple sample-processing require-
ments mean that, in the future, LA–ICP–MS could yield trace-
element analyses of volcanic products on short time scales, 
providing an additional tool for monitoring anticipated and 
ongoing volcanic eruptions. Rowe and others (this volume, 
chap. 29) report on the application of these same techniques to 
document the chemistry of ash samples.

Samples and Methods

Samples

We have analyzed plagioclase in eight different dome 
samples collected between October 2004 and April 2005 and in 
a smaller number of plagioclase phenocrysts from three samples 
of earlier dome material erupted in September 1981 (SH100), 
May–June 1983 (SH141), and May 1985 (SH187) (table 1). 
Textural and compositional information from plagioclase is 
commonly used to elucidate the compositions of volcanic 
rocks (for example, Pearce and Kolisnik, 1990; Zellmer and 
others, 2003; Triebold and others, 2005; Browne and others, 
2006; Streck and others, this volume, chap. 34). Our decision to 
concentrate on analysis of plagioclase reflects both the ubiquity 
of this mineral in all erupted products (typically ~80 percent of 
all crystalline phases and ~40 percent of the rock as a whole), 
as well as the observed textural diversity of plagioclase in dome 
samples. Plagioclase analyses, in conjunction with information 
on plagioclase-melt partition coefficients, also have the potential 
to act as a monitor of magma chemistry during crystallization 
(for example, Bindeman and others, 1998; Browne and oth-
ers, 2006). In most of these samples, widespread groundmass 
crystallization makes direct analysis of liquid compositions dif-
ficult or impossible. Most dome samples contain little glass for 
analysis and, even where glass is found, it generally occurs only 
in restricted interstitial locations and has been clearly affected 
by late crystallization of groundmass phases. Our data supple-
ment the extensive whole-rock geochemical datasets available 
for these samples (Pallister and others, this volume, chap. 30).

Textural Classification

Studies of the Mount St. Helens dacite have shown 
some textural complexity in plagioclase and other crystalline 
phases (for example, Streck and others, this volume, chap. 
34). However, in general, many of these features are observed 
at scales smaller than the 50–70-µm spatial resolution of the 
laser-ablation analysis used in this study. For this reason we 
have adopted a simplified textural classification for use with 

Sample
No.

Collec-
tion date

Estimated  
eruption date

Sample type
Number of 
analyses

2004–2005

SH300-1A 10/20/04 <1986 Dacite dome 13

SH304-2A 11/4/04 10/18/04 Dacite dome 351

SH304-2C 11/4/04 10/18/04 Dacite dome 17

Inclusion Gabbronorite 15

SH305-1 1/3/05 11/20/04 Dacite dome 28

SH305-2 1/3/05 11/20/04 Dacite dome 10

Inclusion Gabbronorite 10

SH306-1 1/14/05 12/15/04 Dacite dome 22

Inclusion Gabbronorite 17

SH311-1 1/19/05 01/16/05 Dacite dome 17

SH315-1 4/19/05 04/1/05 Dacite dome 19

1981–85

SH 100 9/8/81 September 1981 Dacite dome 6

SH 141 6/27/83 May–June 1983 Dacite dome 
lobe

8

SH 187 6/6/89 May 1985 Dacite dome 14

1 Does not include 54 analyses from grain traverses.

2004–5 dome samples. This classification is also applicable to 
grains when polished sample mounts were viewed in reflected 
light. Most plagioclase occurs as euhedral or subhedral, equant 
to tabular phenocrysts less than 2 mm long. These display many 
of the features common in plagioclase phenocrysts from silicic 
magma, such as oscillatory zoning, spongy-textured zones, 
entrapment of melt inclusions, and some breakage of grains due 
to flow processes; but rounding of grains and resorbed zones are 
relatively uncommon. We refer herein to these crystals as pla-
gioclase phenocrysts and interpret them as the result of crystal-
lization of plagioclase directly from melt.

Plagioclase also is present in numerous crystal-rich inclu-
sions in many recent Mount St. Helens lavas (Heliker, 1995). 
These generally are referred to as gabbroic inclusions, although 
many actually have gabbronoritic or noritic compositions and 
may be hornblende rich. Inclusions from the 2004–5 dacite 
appear similar to gabbroic and noritic inclusions from the 
1980–86 dacite documented by Heliker (1995). In the 2004–5 
dome material, inclusions occur in most recovered samples, 
although they are more abundant in some than others (for 
example, SH304-2C). We analyzed three hornblende-bearing 
gabbronorite inclusions from different samples (table 1) for 
this study. In these, plagioclase is relatively coarse (long axis as 
much as several millimeters) and subhedral to anhedral in form. 
Evidence of melt reaction and resorption is common along 
grain boundaries, suggesting that the inclusions are melting or 
reacting with the melt that transports them (Heliker, 1995). In 
thin sections, the inclusions can be seen to be in the process of 
actively disaggregating. Disaggregation results in a third textural 
type of plagioclase that we refer to as disaggregated inclu-

Table 1. Details of samples analyzed for this study.

[Estimates of eruption date are discussed in Pallister and others (this volume, 
chap. 30). Inclusions are from sample listed immediately above.]
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sions. Plagioclase crystals of this type occur isolated within the 
groundmass and are typically much larger than phenocrysts, as 
large as several millimeters, are subhedral or anhedral, and com-
monly show indications of significant resorption, disruption of 
zoning, and/or growth of new plagioclase on rims.

Analytical Methods

Samples were prepared for analysis by selecting small 
(~5–20 mm) pieces of dome lava from each sample and setting 
these in 25-mm-diameter epoxy mounts. In most cases, material 
was chosen because it was macroscopically representative of 
the larger sample, although in some cases pieces were selected 
to sample coarse-grained gabbroic inclusions. Once mounted in 
epoxy, samples were ground down several millimeters to expose 
the inside of the selected dacite piece by using coarse (240) grit 
paper before polishing with 300–600 grit paper and, finally, 
a 1-μm alumina powder and water slurry. Samples were then 
cleaned for ~5 minutes in distilled water in an ultrasonic bath, 
and mounts were photographed in reflected light and examined 
using backscattered electron imagery before analysis.

Trace-element measurements were made by LA–ICP–MS. 
All measurements were made in the W.M. Keck Collaboratory 
for Plasma Mass Spectrometry at Oregon State University using 
a DUV 193 nm ArF Excimer laser and a VG ExCell quadrupole 
ICP–MS. A general outline of the analytical techniques used for 
this instrument is given in Kent and others (2004a) and Kent and 
Ungerer (2006). Ablation was conducted under a He atmo-
sphere, and He also was used to sweep resulting particulate into 
the ICP–MS at a flow rate of ~0.75 L/min.

During LA–ICP–MS, ~20–25 trace-element and internal-
standard isotope masses were monitored (Kent and others, 
2004a). Before each ablation, count rates were measured at each 
mass for 45 s to determine background count rates; these were 
then directly subtracted from the rates measured during ablation 
to account for the instrumental background. Following ablation, 
45 s was allowed to elapse for signal washout before starting 
the next analysis. For all trace-element analyses the laser was 
held stationary relative to the sample so progressive ablation 
produced a circular crater. Ablation rates in silicate glasses and 
minerals are on the order of 0.1–0.2 µm per pulse, and a full 
ablation thus produced a crater 20–30 µm deep and resulted in 
ablation of ~100–400 ng of material. Two different analytical 
approaches were taken. First, in order to document trace-ele-
ment variations between plagioclase phenocrysts and between 
these and plagioclase in gabbroic inclusions, a large number of 
analyses of plagioclase from multiple samples were made using 
50–80-µm-diameter laser spots. During LA–ICP–MS analysis, 
detection limits depend largely on the rate at which material is 
removed, and these spot sizes provided sufficiently low detec-
tion limits to enable analysis of a range of trace elements (see 
below). Samples underwent ablation for 30–40 s with a laser 
pulse rate of 4 Hz. In addition, for sample SH304-2A a number 
of selected grains were analyzed along core-rim traverses using 
a smaller spot size (20 µm) and 7-Hz pulse rate. The smaller 

spot size allowed consistent detection of only the most abun-
dant trace elements (Li, Ti, Sr, Ba, La, and Ce), but it provided 
higher spatial resolution to allow study of trace-element varia-
tions during progressive plagioclase crystallization. Plagioclase 
textures and major-element compositions of the same crystals 
analyzed in the trace-element traverse also were investigated 
using techniques similar to those detailed in Rowe and others 
(this volume, chap. 29) with backscattered electron imagery and 
wavelength-dispersive analysis using a Cameca SX-100 electron 
microprobe (EMPA).

Before calculation of trace-element abundances, back-
ground intensities for each mass were subtracted directly from 
those measured during ablation, and signals during ablation 
were only considered to be above background if they were 
greater than the background count rate plus three standard 
deviations (calculated from counting statistics). Estimates of 
minimum detection limits are: <1.5 µg/g for Ti and Li; <0.4 
µg/g for Ba, and Rb; <0.1 µg/g for V, Sr, and Nd; and <0.05 
µg/g for Y, Zr, Nb, Cs, La, Ce, Pr, Sm, Eu, Pb, Th, and U. In 
general, only Li, Ti, Sr, Ba, the light rare-earth elements (LREE: 
La, Ce, Pr, Nd), Eu, and Pb were consistently detectable, and 
we have restricted our study to these elements. Trace-element 
abundances were calculated with reference to NIST 612 glass 
with 29Si as the internal standardizing isotope. Calculation of 
trace-element abundances required independent knowledge of 
the average SiO

2
 content of each ablation volume, although in 

zoned plagioclase this may vary on spatial scales smaller than 
the laser spot size. For this reason, SiO

2
 contents were deter-

mined directly from LA–ICP–MS analysis by exploiting the 
stoichiometric relation between anorthite content, CaO/SiO

2
, 

and SiO
2
 contents in plagioclase. Measured 43Ca+/29Si+ ratios 

from plagioclase were converted to CaO/SiO
2
 ratios by using 

the measurement of NIST 612 and application of equation 1:
 

,        (1)

where

 

is the calculated CaO/SiO
2
 of the unknown

                         plagioclase (with oxides in weight percent),

  is the known CaO/SiO
2
 of NIST 612 (we 

                       used 0.1594; Pearce and others 1997),

 is the measured 43Ca+/29Si+ ratio from 
                       NIST 612, and

 is the measured 43Ca+/29Si+ ratio in the 
                        unknown plagioclase. 
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We then calculated anorthite and SiO
2
 contents of plagioclase 

from measured CaO/SiO
2
 using equations 2 and 3:

 ,         (2) 

and

.                    (3) 
 

Equations 2 and 3 are based on empirical relations observed for 
Mount St. Helens plagioclase from electron microprobe analy-
ses (M.C. Rowe and A.J.R. Kent, unpub. data, 2005) and are 
close to the those expected from stoichiometric considerations.

Results of measurement of USGS BCR-2G standard glass 
using the above protocol are shown in appendix 1. We also 
show CaO/SiO

2
 ratios for these glasses calculated from equa-

tion 1, and these ratios are within uncertainty of the reported 
composition of this glass. In general, measured values agree 
closely with accepted values, and nearly all elements are 
within ± 5–10 percent of the accepted values.

One test of this analytical procedure is the comparison 
between anorthite contents measured by EMPA and LA–ICP–
MS along the traverses in five plagioclase grains in sample 
SH304-2A (figs. 1, 2; appendix 2). Overall, there is good 
agreement between the two techniques, and where differences 
are apparent, they are most likely because the analyzed volume 
for LA–ICP–MS is significantly greater than the analyzed vol-
ume for EMPA. On the basis of reproducibility of CaO/SiO

2
 

ratios in BCR-2G, we believe that uncertainties in measured 
anorthite contents are ±5 percent mole fraction. Overall, we 
estimate uncertainties in trace-element measurements in pla-
gioclase as ≤10 percent (at 2σ) for Sr, Ti, Ba, La, and Ce and 
≤15–20 percent for Nd, Eu, Pb, and Li. Spot compositions of 
other Mount St. Helens plagioclase from 1981–85 and 2004–5 
are given in appendix 3.

Lead isotope compositions of plagioclase phenocrysts, 
plagioclase in gabbroic inclusions, and groundmass were 
analyzed by laser-ablation multicollector ICP–MS (LA–
MC–ICP–MS), using a NuPlasma multicollector ICP–MS 
at Oregon State University. Measurements were made using 
the same laser systems described above and using 80–100 
µm laser spot size, pulse rate of 10–15 Hz, and a lateral 
translation rate of 5 µm/s. Individual measurements involved 
from three to five blocks, with each block consisting of two 
separate 10-s measurements, generally resulting in abla-
tion along a track length of 300–500 µm. For measurement 
of groundmass composition, a relatively finely crystallized 
region was chosen and the laser spot simply was translated 
across the region while using the same ablation conditions. 
Although this produced some variation in signal intensity, the 
generally higher Pb content of this material resulted in data of 
relatively high quality. For most samples, signal intensity was 
too low (<<100 mV total Pb) to enable sufficiently precise 

measurement of the minor isotope 204Pb, and thus we report 
only 208Pb/206Pb and 207Pb/206Pb ratios (appendix 1).

All ion beams were measured using Faraday collectors. 
Instrument mass bias was corrected by frequent measurement 
of NIST 612 and NIST 610 glass and by using the measured 
208Pb/206Pb ratio to apply an exponential mass-bias correction 
to Pb-isotope ratios measured in unknown samples. Ratios of 
2.1694 and 2.1651 for 208Pb/206Pb were measured by Baker and 
others (2004) in NIST 610 and NIST 612 and were used as the 
correct composition of this glass. Backgrounds were corrected 
by on-peak zero measurements for 30 s without the laser firing 
prior to analysis, with measured signals directly subtracted from 
signals measurement during ablation. Precision for individual 
analyses is strongly dependent on signal size and Pb abun-
dance but is generally better than 0.2 percent for 208Pb/206Pb and 
207Pb/206Pb ratios. Analysis of the BCR-2G glass standard gave 
results that are well within uncertainty of measurements made 
using solution techniques (Paul and others, 2005).

Results
Measured anorthite content for all plagioclase types ranges 

between An
30

 and An
80

, with most between An
42

 and An
68

 (figs. 
2, 3). Anorthite contents of plagioclase phenocrysts and those 
present within gabbroic inclusions show considerable overlap, 
although inclusions appear to show a somewhat more restricted 
range of compositions and may range to more anorthite-rich 
compositions (for example, grain 1 in fig. 2). Significant varia-
tions are evident in trace-element abundances in plagioclase, 
even where these are from the same sample, although the range 
of trace-element abundances from plagioclase phenocrysts 
from each sample is broadly similar, with the exception of Li. 
Lithium contents for dome samples erupted in October and 
November 2004 are consistently higher than those from subse-
quently erupted material (fig. 4; Kent and others, 2007; Rowe 
and others, this volume, chap. 29). Our results for plagioclase 
phenocrysts are indistinguishable from the composition of a 
smaller number of samples from the 1981–86 dome complex 
(fig. 3) and from sample SH300-1A, which is also considered 
to be a part of the 1980s dome complex pushed ahead of new 
erupting magma (Pallister and others, this volume, chap 30).

A correlation matrix for anorthite and trace-element 
abundances in plagioclase phenocrysts from all 2004–5 
samples (a total of 138 analyses) shows significant correla-
tions between anorthite content and the abundances of all trace 
elements other than Li in plagioclase phenocrysts (table 2; fig. 
3): Sr and Ti are positively correlated and Ba, LREE, Eu, and 
Pb are negatively correlated with anorthite. For this relatively 
large number of analyses, correlation coefficients >0.17 and 
>0.23 are significant at the 95-percent and 99-percent con-
fidence levels, respectively. Lithium shows no significant 
correlations with other elements, whereas Ba, LREE, and Pb 
are strongly positively correlated with each other. Strontium 
shows relatively poor correlations with Ti and La but signifi-



35. Trace Element and Pb Isotope Composition of Plagioclase from Dome Samples from the 2004–2005 Eruption  813

Grain 3

250 µm 

250 µm 250 µm 

250 µm 

250 µm 

Grain 2

Grain 1

Grain 4

Grain 5

cant correlations with Ba, Eu, and Pb. Titanium shows signifi-
cant negative correlations with Ba, LREE, Eu, and Pb.

There are clear differences in trace-element abundances 
between plagioclase phenocrysts and plagioclase from gab-
broic inclusions. Plagioclase from inclusions typically has 
higher Ti, Ba, LREE, and Pb and lower Sr contents than 
phenocrysts with the same anorthite contents, and there also 
are some systematic differences between different inclusions 
(figs. 3, 4).

In general, analyses of groundmass and phenocrysts 
typically show similar Pb isotope composition, whereas 
plagioclase from gabbronorite inclusions have significantly 
different Pb-isotope compositions with lower 208Pb/206Pb and 
207Pb/206Pb (fig. 5; appendix 1). In cases where groundmass 
was analyzed directly adjacent to disaggregating and reacting 
inclusions (for example, SH304-2C), groundmass composi-
tions appear to lie along mixing lines between inclusions and 
groundmass from other samples.

Figure 1. Backscattered electron images of five plagioclase grains from Mount St. Helens sample SH304-2A analyzed for 
major- and trace-element abundances along traverses. White line in each photograph shows location of analytical traverse.
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Figure 2. Mole-fraction anorthite (XAN), FeO, Li, Ti, Sr, Ba, and Ce concentrations measured along traverses in five 
plagioclase grains from Mount St. Helens dacite sample SH304-2A (fig. 1). Symbol width for LA–ICP–MS data is the same size 
as the laser spot used. 0 is rim. All data except FeO are in appendix 2.

Discussion

Compositional Variations Among Plagioclase 
Phenocrysts

Plagioclase phenocrysts from the 2004–5 dome samples 
show considerable variation in trace-element compositions, 
with abundances ranging by factors of ~3–5 over the range 

of anorthite contents recorded. Even at constant anorthite 
there is a factor of ~2–3 variation in trace-element abun-
dances (fig. 3), which is far outside analytical errors. With the 
exception of Li, there is no systematic variation in the range 
of trace-element (fig. 4) or anorthite content in plagioclase 
phenocrysts over the course of the eruption, consistent with 
the lack of variation in whole-rock compositions (Pallister 
and others, this volume, chap. 30). In addition, there is no 
clear difference in trace-element composition of plagioclase 
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Figure 2.—Continued.

phenocrysts analyzed from 1981–85 dome samples and the 
2004–5 samples (fig. 3), although there are suggestions that 
these samples originate from distinct magma batches (for 
example, Pallister and others, this volume, chap. 30; Blundy 
and others, this volume, chap. 33).

Abundances of trace elements other than Li show signifi-
cant negative (Ba, LREE, Pb) or positive (Sr, Ti) correlations 
with anorthite content (table 2; fig. 3). One explanation for this 
is that the correlations simply reflect changes in plagioclase-

melt partitioning with changing anorthite content (Blundy 
and Wood, 1994; Bindeman and others, 1998). However, 
although calculated plagioclase compositions (determined 
using the partitioning models in the preceding references 
and the bulk composition of 2004 dacite as a proxy for melt 
composition) are a reasonable match for the more incompat-
ible elements (REE, Ba and Pb), the predicted trends for 
Sr and Ti are reverse to those evident in plagioclase phe-
nocrysts (fig. 3).
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The simplest explanation for this observation is that 
decreases in Ti and Sr reflect removal of these elements from 
the melt during progressive closed-system crystallization of 
phenocryst phases. Because formation of crystals will seques-
ter elements according to their partition coefficients, we do not 
need subsequent separation of crystals and liquid (as required 
to change the bulk composition) in order to change the com-
position of residual melt and subsequent crystals. The lack of 

europium anomalies in bulk dacite compositions (Pallister and 
others, this volume, chap. 30), together with simple calcula-
tions based on the Nd/Eu ratios of bulk dacite and feldspar, 
suggest that the 2004–5 dacite has lost <<5–10 percent 
plagioclase. The modal abundances of plagioclase and other 
phenocrysts observed in dacite samples thus probably approxi-
mate the overall proportions in which they have crystallized, 
a view broadly consistent with experimental investigations 
(Rutherford and Devine, this volume, chap. 31).

We have calculated changes in plagioclase composi-
tion using a simple model involving progressive crystalliza-
tion of the observed phenocryst phases in the proportions in 
which they occur within the dacite from a melt with an initial 
composition that is the same as the bulk composition of dome 
dacite (fig. 6, table 3). Of the trace elements analyzed, Sr and 
Ti are the most compatible in the crystallizing assemblage of 
plagioclase, hypersthene, hornblende, and magnetite-ilmenite, 
with Sr entering plagioclase and Ti entering hornblende and 
ilmenite. We also note that our calculations are unlikely to 
fully explain all variations, given that we assume constant 
phase proportions and starting melt composition and that no 
accounting is made for differences in temperature, pressure, 
or reequilibration between plagioclase and melt (which may 
be significant for fast-diffusing elements such as Sr, accord-
ing to Cherniak and Watson, 1994). However, the calculations 
do suggest that positive trends between anorthite contents and 
Sr and Ti, at least below ~An

60
, could result from sequestra-

tion of these elements from melt during phenocryst growth 
and thus are linked to total crystallinity. Strontium/barium 
ratios in plagioclase also depart significantly from the trends 
expected from partitioning and are also largely replicated by 
our model. The negative correlations with anorthite shown 
by more incompatible elements (Pb, La, Ba) also are repro-
duced by our model, although these correlations do not differ 
significantly from those predicted by partitioning alone (fig. 
3). Overall, we suggest that crystallization of the observed 
phenocryst phases, together with the control of anorthite con-
tent on crystal-liquid partitioning, exerts strong control over 
plagioclase trace-element abundances.

Control of mineral compositions by closed-system 
equilibrium crystallization is recognized in other crystal-rich, 
silicic magma systems (for example, Zellmer and others, 2003; 
Treibold and others, 2006), including Mount St Helens. Blundy 
and others (this volume, chap. 33) also suggest that closed-
system crystallization controls glass inclusion compositions 
in 1980–86 Mount St. Helens lavas. Streck and others (this 
volume, chap. 34) argue that increases in crystallinity are the 
primary control on anorthite zoning in the outer ~80 µm of 
plagioclase phenocrysts in the 2004–5 eruption. Moreover this 
simple model does not necessarily conflict with more complex 
crystallization histories, as long as we consider trends shown 
by plagioclase to represent the range of histories experienced 
by individual plagioclase grains. Note that we do not visual-
ize a simple “freezing” model in which a single homogenous 
melt crystallizes progressively until the current crystallinity is 
reached. Rather, as suggested by zoning and resorption features 
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Figure 3. Trace-element abundances and anorthite content measured in plagioclase samples from Mount St. 
Helens dacite of 2004–5. Data shown for plagioclase present as phenocrysts and within gabbroic inclusions. Thick 
dashed red lines show linear least-squares fit to phenocryst data, with the value of the correlation coefficient r 
listed. No correlation shown for Li. Solid red and black lines show predicted elemental abundances in plagioclase 
calculated using plagioclase-melt partitioning models of Bindeman and others (1998; B ’98) and, for Sr and Ba, 
Blundy and Wood (1994; BW ’94), and the trace-element abundances measured in dacite sample SH304-2A 
(Pallister and others, this volume, chap. 30) as the estimated bulk melt composition (see text for explanation). 
All partition coefficients calculated at 850°C. Results for three dome samples (SH100, SH141, and SH187) from 
1981–85 eruptions shown for comparison. Representative error bars (2σ) shown for each plot.
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Anorthite Li Ti Sr Ba La Eu Pb

Anorthite 1 -0.04 0.52 0.37 -0.76 -0.61 -0.63 -0.76

Li -0.04 1 0.14 -0.05 0.06 0.06 -0.04 -0.05

Ti 0.52 0.14 1 0.07 -0.23 -0.38 -0.31 -0.57

Sr 0.37 -0.05 0.07 1 -0.23 -0.11 -0.20 -0.24

Ba -0.76 0.06 -0.23 -0.23 1 0.83 0.80 0.69

La -0.61 0.06 -0.38 -0.11 0.83 1 0.74 0.66

Eu -0.63 -0.04 -0.31 -0.20 0.80 0.74 1 0.68
Pb -0.76 -0.05 -0.57 -0.24 0.69 0.66 0.68 1

Table 2. Correlation matrix for anorthite and selected trace elements for plagioclase phenocrysts from 
2004–2005 Mount St. Helens dome samples.

[Values shown are the calculated linear correlation coefficient r. For the number of analyses (n = 138) |r | > 0.17 is significant at 
95-percent confidence, |r | > 0.23 is significant at 99-percent confidence.]

Figure 4. Average trace-element compositions of plagioclase phenocrysts and within gabbronorite inclusions from 
Mount St. Helens dacite collected between October 2004 and April 2005 as a function of estimated eruption date 
(Pallister and others, this volume, chap. 30). Symbols represent average composition ±1σ.
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Figure 5. Measured 208Pb/207Pb and 207Pb/206Pb ratios of 
groundmass and plagioclase from phenocrysts and inclusions 
in three samples of 2004–5 Mount St. Helens dacite. Error bars 
represent 2σ error.

in plagioclase and other phenocrysts (see below; Rutherford and 
Devine, this volume, chap. 31; Streck and others, this volume, 
chap. 34), plagioclase phenocrysts experienced a range of pres-
sure and temperature conditions and coexisted with a range of 
melt compositions within a convecting and self-mixing magma 
chamber (Couch and others, 2001; Rutherford and Devine, this 
volume, chap. 31). We discuss this further below.

Departures of Li and Eu in plagioclase from the pre-
dicted equilibrium partitioning values (fig. 3) are related 
to other factors. Variations in Li contents are discussed in 
further detail below and in Kent and others (2007). For Eu, 
the plagioclase-melt partition coefficients used in figure 3 
are from the study of Bindeman and others (1998) and were 
measured from experiments conducted in the presence of 
atmospheric oxygen. In this case all Eu was present in the tri-
valent form, and thus Eu behaves consistently with the other 
moderately incompatible middle REE (K

D
 = ~0.1). In most 

volcanic systems, conditions are more reducing, significant 
amounts of more compatible divalent Eu are present, and Eu 
typically is more compatible in plagioclase than other REE 
(for example, Rollinson, 1993). If we use a general partition 
coefficient value of 2 for the plagioclase-melt partition  
coefficient (Rollinson, 1993), then we calculate more reason-
able plagioclase Eu contents of 1–2 µg/g.

Compositional Variations Within Plagioclase 
Crystals

Anorthite, FeO, and trace elements were measured along 
traverses in selected plagioclase phenocrysts from SH304-2A 
to investigate changes in trace-element composition during 
progressive crystallization (figs. 1, 2). The grains chosen rep-
resent the general classes of phenocryst types recognized by 
Rutherford and Devine (this volume, chap. 31) and Streck and 
others (this volume, chap. 34).

The most common compositional feature of plagioclase 
phenocrysts is cyclic zoning, starting with an abrupt increase in 
An contents, sometimes also in conjunction with indications of 
mineral dissolution or resorption (for example, grain 5 in fig. 
1), followed by more gradual decrease in An content until the 
start of the next cycle. Variations in the composition, number, 
and width of cycles are apparent in individual phenocrysts but, 
in general, the first plagioclase is ≥An

50
, decreasing outward to 

~An
40–20

. This pattern recurs frequently; grain 4 shows mul-
tiple cycles, and grains 2, 3, and 5 show one or two cycles. 
Such cyclic compositional variation is common in plagioclase 
phenocrysts from the 2004–5 Mount St Helens dome, although 
there are subtle differences of opinion regarding their origin. 
Rutherford and others (this volume, chap. 31) suggest that 
these cycles represent plagioclase crystallizing during cycles 
of convection from deeper, hotter parts of the magma chamber 
to shallower and cooler conditions, whereas Streck and others 
(this volume, chap. 34) argue that anorthite cycles in the outer 
80 µm of phenocrysts largely represent changes in crystallinity 
rather than changes in external conditions.

Although LA–ICP–MS analyses do not have sufficient 
spatial resolution to examine individual anorthite cycles in 
detail, trace-element abundances measured along traverses 
through individual grains can be examined in light of the 
variations evident between phenocrysts (figs. 3, 6). We have 
used the covariation between An contents and trace-element 
abundance as the basis for comparisons (fig. 7).

With some exceptions, trace-element variations within 
individual phenocrysts broadly follow the same general trends 
evident between plagioclase phenocrysts (fig. 2). Thus, within 
individual grains, Ti and Sr are positively correlated with 
anorthite, and An contents are broadly anticorrelated with 
Ba and La (for example, grains 2, 5). This relation also sup-
ports a model in which largely closed-system crystallization 
controls trace-element composition in coexisting liquid and 
subsequently formed plagioclase. However, in detail, individual 
crystals define separate subparallel trends (fig. 7). For example, 
Sr contents in grain 1 form a linear trend with positive slope 
that is offset to lower Sr contents at a given An than are similar 
trends in grains 2 and 4. In some cases, as with grain 4, analyses 
from a short segment of the traverse lie off the trend defined 
by the other analyses—specifically, the two outermost points 
measured on the rim have lower Sr and slightly higher Ti than 
the interior of the grain (figs. 2, 7). It is unlikely that changes in 
element partitioning related solely to anorthite or temperature 
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Figure 6. Comparison of selected trace elements and Sr/Ba ratios in plagioclase phenocrysts with 
trends predicted by a simple closed-system crystallization model. Only Mount St. Helens samples 
SH304-2A, SH304-2C, and SH305-2 are shown, for clarity, although these are broadly representative of 
other 2004–5 dome samples. Potential liquid lines of descent were calculated by incrementally removing 
plagioclase, hornblende, hypersthene, and oxides (magnetite and ilmenite in ratio 1: 5) from an initial melt 
of bulk composition similar to SH304-2. All phases were removed in the proportions in which they occur 
as phenocrysts within the dacite (table 3). Trace-element contents of ferromagnesian and oxide phases 
are given in table 3 and are based on preliminary analyses of these phases by electron microprobe (for 
Ti) and LA–ICP–MS. Note that the calculation is not particularly sensitive to variations in ferromagnesian 
and oxide compositions owing to the low modal proportions of these phases and their generally low trace-
element contents. The exception is Ti, which is relatively abundant in hornblende (TiO2 ~2–3 wt. percent) 
and in ilmenite (TiO2 ~50 wt. percent). For every 2-percent increment of crystallization, trace-element 
abundances of equilibrium plagioclase were calculated using the partitioning models of Bindeman and 
others (1998; black lines) and, for Sr and Ba, Blundy and Wood (1994; red lines). All partition coefficients 
were calculated at 850°C, consistent with current estimates of magmatic temperatures for 2004–5 
(Pallister and others, this volume, chap. 30), although the model is not significantly different at higher 
temperatures. Uncertainties in partition coefficients shown by dashed lines associated with predicted 
trends from each partitioning model. Because the anorthite content of crystallizing plagioclase is dictated 
by several factors (for example, volatile contents, pressure, temperature, and composition), we chose to 
crystallize the first plagioclase at An70 composition and to have the anorthite content decrease linearly 
and progressively until the final plagioclase has a composition of An35 after crystallization of 54 weight 
percent, the total amount of phenocrysts observed in sample SH304-2A on a void-free basis (Pallister 
and others, this volume, chap. 30). The change in Sr/Ba ratio predicted by partitioning (using the partition 
coefficients of Bindeman and others, 1998) is shown by the purple line.
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Phase Crystal
proportion Ti Sr Ba La Ce Eu Pb

Hypersthene 0.10 900 10 1 1 2 0.1 0.1

Hornblende 0.06 30,000 50 70 1 2 0.3 1.7

Oxide 0.02 100,000 0 0 0 0 0 0

Plagioclase 0.82

Starting magma 4,000 400 336 15 30 1.3 9.8

Table 3. Mineral and magma compositions used for crystal-fractionation model shown in figure 6.

[Column labeled Crystal proportion is that observed in dacite sample SH304-2A (Pallister and others this volume, chap. 
30), calculated on a groundmass-free basis and not including plagioclase microphenocrysts in groundmass. For oxide 
minerals, Ti content represents crystallization of magnetite:ilmenite in ratio of ~5:1 (Pallister and others, this volume, 
chap. 30). Not shown are plagioclase trace-element contents, which were calculated separately for each increment of 
plagioclase crytallized from the coexisting melt composition, using the partitioning relations of Bindeman and others, 
(1998). Starting magma composition based on whole-rock analyses of 2004–2005 dome material (Pallister and others, 
this volume, chap. 30).]

variations are sufficient to produce the variations found between 
crystals. We suggest that plagioclase compositions also reflect 
variations in the composition of coexisting melt from which 
plagioclase crystallized. Although compositional variations 
could be inherited partly from the mid or lower crustal source 
of the dacitic magmas, the near-constant composition of 2004–5 
bulk dacite samples argues against large source-derived varia-
tion (Pallister and others, this volume, chap. 30). We suggest 
instead that localized variations in P and T, crystallinity, and 
proportions of crystallizing phases within the magma storage 
zone result in localized variations in melt composition. Crystals 
reflect the composition of localized melt(s) from which they 
grow, and thus individual crystals record variable composition 
trends. Occasional juxtaposition of crystals with new melt com-
positions, possibly related to convective stirring, also results in 
crystals with compositions that depart from well-defined trends 
on variation diagrams, as seen in Sr and Ti in grain 4. We note 
that melt inclusions from 1980–86 and 2004–5 samples also 
show large differences in Ba and REE abundances at similar 
SiO

2
, consistent with diverse melt compositions during mineral 

growth (Blundy and others, this volume, chap. 33).
Grain 1 is slightly different from the other grains ana-

lyzed. It is part of a large, complex plagioclase glomerocryst 
and has a complex anorthite-rich core (as high as An

75
) with 

an adjacent low-anorthite central part and then two cycles of 
An

55–60
 to An

38–40 
(fig. 2). This grain has Ti contents as high as 

~600 µg/g in its inner region (from ~200 to 700 µm from the 
rim), which are considerably higher than the Ti contents of 
other plagioclase phenocrysts (fig. 3). High Ti suggests that the 
core of this crystal might have been derived from a disaggre-
gated gabbroic inclusion, although other trace elements do not 
have inclusion-like compositions. In particular, Sr abundances 
in the core of this grain are ~1,000–1,200 µg/g, unlike the ~500 
µg/g contents seen in plagioclase within gabbroic inclusions 
(fig. 3). Although the origin of this grain is uncertain, the high 
Sr might reflect further heterogeneity among inclusions (fig. 3), 
or it could be due to reequilibration of Sr in plagioclase with 
melt after disaggregation, with more slowly diffusing Ti not yet 

reequilibrated (compare with Zellmer and others, 2003). The 
latter explanation requires a residence time of several thousand 
years to reequilibrate over distances of hundreds of microns.

Lithium Variations in Plagioclase Phenocrysts

Variations in the Li contents in 2004–5 dome and ash 
samples are of particular interest and have been discussed 
in detail by Kent and others (2007) and Rowe and others 
(this volume, chap. 29). As shown in figure 4, Li contents in 
plagioclase phenocrysts erupted at the onset of dome extrusion 
are anomalously high (samples SH304-2A, SH304-2C). These 
concentrations are higher, by about a factor of two, than those 
seen in subsequently erupted material and in sample SH300-1 
(interpreted to be a remnant of 1980s dome material), and 
this difference is significant to >99 percent confidence. The 
increase in Li in October–November 2004 samples mirrors 
that reported by Berlo and others (2004) in plagioclase from 
the 1980 eruption of Mount St. Helens, in which high Li 
contents in plagioclase phenocrysts erupted prior to May 18 
and cryptodome material erupted May 18 are thought to reflect 
vapor-phase transport of alkali metals during degassing from 
deep within the magma storage zone before eruption (Berlo 
and others 2004; Blundy and others, this volume, chap. 33). 
Kent and others (2007) suggest a similar model to explain the 
2004–5 material. Although Li contents in the bulk magma 
from October and November 2004 are not elevated (Pallister 
and others, this volume, chap. 30), this is probably as a result 
of vapor loss during late shallow (< ~10 MPa) degassing 
(Kent and others, 2007). Lithium diffusion in plagioclase is 
slower than in melt, and thus plagioclase preserves the high 
Li signature, provided decompression and cooling are suffi-
ciently rapid. This model is supported by the measurement of 
Li concentrations as high as 207 µg/g in melt inclusions from 
SH304-2A (Kent and others, 2007) and in Li-loss profiles 
evident in the outer 100–300 µm of plagioclase transects (fig. 
2). High Li signatures also are evident in ~20 percent of pla-
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Figure 7. Ti, Sr, Ba, and La versus mole fraction anorthite 
(XAN) content measured along plagioclase traverses (see figs. 
1, 2). Fractionation models from figure 6 are shown as black 
and red lines (see fig. 6 caption for details). Fields show the 
range of compositions measured in plagioclase phenocrysts 
(gray field, dashed line) and gabbroic inclusions (blue field, 
solid line), from figure 3.

gioclase in ash from explosive eruptions on October 1–5, 2004, 
as noted by Rowe and others (this volume, chap. 29), who 
suggest that these explosions were phreatomagmatic in origin. 
Finally, diffusion modeling based on differences between Li 
contents in plagioclase phenocrysts and gabbroic inclusions 
in SH304-2C (fig. 4) suggests that Li enrichment occurred 
relatively recently—probably within a year of eruption (Kent 
and others, 2007). One plausible scenario is that the accumu-
lation and phase separation of vapor in the apical part of the 
shallow Mount St. Helens magma chamber (~5 km) resulted in 
increased fluid pressure before eruption. Rupturing of wall-
rocks in late September 2004, perhaps induced by increases 
in fluid pressure, resulted in loss of the low-density vapor and 
reequilibration between a high-density, Li-bearing vapor phase 
and magma. After upward movement of magma commenced 
in late September or early October, Li-enriched apical magma 
contributed to initial phreatomagmatic explosions in early 
October (Rowe and others, this volume; chap. 29) and was the 
first material erupted once extrusion commenced. Comparison 
with eruption rates suggests that Li-enriched magma represents 
~15–20 percent of the volume of the total material erupted.

Composition and Origin of Gabbronorite 
Inclusions

Mafic plutonic inclusions are a common feature of Mount 
St. Helens lavas from the last ~3,000 years and are relatively 
common in 2004–5 dome samples (Pallister and others, this 
volume, chap. 30). The potential sources for mafic inclusions 
include crystalline cumulates and crystal-rich wallrock zones 
(Heliker, 1995; Cooper and Donnelly, this volume, chap. 36) 
and fragments of basement rock removed from conduit walls 
and transported within the magmatic system. One key issue is 
whether these inclusions represent parts of the same magmatic 
system responsible for generation and transport of Mount St. 
Helens magma or represent unrelated rocks from the Tertiary 
Cascade crust beneath the volcano. Heliker (1995) argued 
that the former might be the case. However, preliminary U-Pb 
zircon ages of ~25 Ma from three gabbronorite inclusions from 
the 1980–86 dome complex (Pallister and others, this volume, 
chap. 30) suggest that these are derived from Tertiary base-
ment incorporated into the Mount St. Helens magmatic system, 
and trace-element and Pb-isotope analyses of inclusions and 
plagioclase phenocrysts support this model. Plagioclase crystals 
analyzed from three gabbronorite inclusions have significantly 
different trace-element compositions than coexisting plagioclase 
phenocrysts, with lower Sr and generally higher Ti, Ba, REE, 
and Pb (fig. 3). There are also small but consistent differences 
among inclusions, suggesting that some heterogeneity exists in 
their source (figs. 3, 4). Differences in trace-element abundances 
between phenocrysts and inclusions suggest that inclusions have 
equilibrated with a melt of significantly different composition 
than that from which coexisting phenocryst phases crystallized. 
Overall, the compositions of plagioclase in gabbroic inclusions 
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are difficult to relate to those of phenocrysts and to bulk magma 
composition by any reasonable petrologic model.

The Pb-isotope compositions of plagioclase from inclu-
sions also are consistently different from those of plagioclase 
phenocrysts and groundmass (fig. 5), with inclusions having 
lower 208Pb/206Pb and 207Pb/206Pb than groundmass and phe-
nocrysts. This difference is inconsistent with a simple pet-
rologic relation between inclusions and the host melt, and it 
specifically argues against inclusions representing a “restite”-
like material remaining from melting of metabasalt to produce 
dacite. Such restite would be expected to have the same Pb-
isotope composition as melts unless significant mixing with 
additional melt or crustal assimilation had occurred.

Lead-isotope composition of groundmass material shows 
that disaggregation of inclusions also effects the composition of 
the groundmass on relatively small spatial scales. This phe-
nomenon is particularly evident in SH304-2C, where measure-
ments of the groundmass composition made adjacent to the 
inclusion lie on an apparent mixing line between the composi-
tions of phenocrysts and plagioclase within gabbroic inclusions 
(fig. 5). Contributions from disaggregating inclusions also 
may influence variations in measured (230Th)/(232Th) in plagio-
clase separates (Cooper and Donnelly, this volume, chap. 36). 
Such contributions from disaggregation of gabbroic inclusions 
probably limit the utility of conventional bulk rock or mineral 
separate-based isotopic measurements for estimating mag-
matic composition, as these will invariably represent a mixture 
between the true isotopic composition of the magma and vari-
ous admixtures of disaggregated and remelted inclusions.

Conclusions
Laser ablation ICP–MS analyses of anorthite content, 

trace-element (Li, Ti, Sr, Ba, LREE, Pb) concentrations, and Pb-
isotope compositions in plagioclase from dacite of the 2004–5 
and 1981–86 eruptions of Mount St. Helens provide insight 
into the petrologic processes leading to formation and eruption 
of these magmas. Anomalously high Li contents in the early 
stage of the eruption are thought to reflect addition of Li to the 
upper part of the magma chamber immediately before eruption 
(within ~1 year) by transfer of an alkali-enriched exsolved vapor 
from deep within the mama chamber. Accumulation of Li-rich 
vapor in the apical part of the magma storage zone may have 
increased fluid pressures, perhaps helping to initiate eruption. 
The compositional ranges of other trace elements in plagioclase 
phenocrysts remain largely constant in material erupted between 
October 2004 and April 2005 and are broadly similar to those 
measured in 1981–85 dome samples. These elements show 
significant correlations with anorthite content that, particu-
larly for Sr and Ti, cannot be described solely by variations 
in plagioclase–melt partitioning. A simple model involving 
closed-system fractional crystallization of plagioclase + hyper-
sthene + amphibole + oxides largely reproduces the observed 
trends, suggesting that plagioclase compositions are predomi-

nantly controlled by the degree of crystallinity of the magma 
and sequestration of compatible elements during crystalliza-
tion. Analyses from traverses within individual plagioclase 
phenocrysts generally support this model but also suggest that 
localized variations exist in the composition of melt from which 
individual plagioclase crystallize. These analytical differences 
probably reflect localized variations in phase proportions and 
crystallinity during magma residence.

Plagioclase from gabbronorite inclusions in three samples 
has markedly different trace-element and Pb-isotope com-
positions compared to plagioclase phenocrysts. Inclusions 
typically have higher Ti, Ba, REE, and Pb and lower Sr and 
have lower 208Pb/206Pb and 207Pb/206Pb ratios than coexisting 
plagioclase phenocrysts. The compositions of plagioclase 
from gabbroic inclusions appear to be unrelated to phenocryst 
compositions. We suggest that gabbroic inclusions are samples 
of the mafic Tertiary basement from beneath the volcano.
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Appendix 1. Supplementary Analytical 
Data for Glass Standard BCR-2G 
and for Pb-Isotope Compositions of 
Plagioclase and Groundmass in 2004–
2005 Mount St. Helens Dome Samples

Data for seven replicate analyses of glass standard BCR-
2G were determined during this study, and a comparison 
with accepted concentrations is listed in table 4. Table 5 lists 
208Pb/206Pb and 207Pb/206Pb ratios of plagioclase phenocrysts, 
groundmass, and plagioclase within gabbroic inclusions from 
three samples of the Mount St. Helens dome erupted in 2004–
2005 measured by laser-ablation multicollector ICP–MS. The 
average of four replicate isotopic analyses from glass standard 
BCR-2G is included in table 5 for reference.

BCR-2G ---------- Accepted
(µg/g)

Measured
(µg/g)

± 2σ

Li 10.5 11.2 3.0

Ti 13,500 12,047 490

Sr 346 339 13

Ba 674 624 25

La 25.3 23.1 0.9

Ce 53.7 50.8 2.5

Pr 6.9 6.3 0.5

Nd 28.8 26.2 1.8

Eu 1.9 1.8 0.2

Pb 11.0 11.8 0.7

CaO/SiO
2

0.13 0.12 0.02

208Pb/206Pb 207Pb/206Pb

SH304-2A

Phenocryst 2.0495 (62) 0.8309 (29)

Phenocryst 2.0507 (48) 0.8311 (22)

Phenocryst 2.0443 (35) 0.8275 (16)

Phenocryst 2.0443 (27) 0.8260 (18)

Phenocryst 2.0466 (22) 0.8255 (14)

Groundmass 2.0478 (11) 0.8283 (6)

Groundmass 2.0489 (9) 0.8285 (5)

Groundmass 2.0474 (11) 0.8276 (5)

Groundmass 2.0466 (5) 0.8277 (5)

Groundmass 2.0477 (8) 0.8271 (7)

SH304-2C

Phenocryst 2.0459 (10) 0.8277 (4)

Phenocryst 2.0505 (38) 0.8310 (12)

Groundmass 2.0451 (15) 0.8275 (9)

Groundmass 2.0465 (11) 0.8278 (8)

Groundmass 2.0451 (9) 0.8275 (1)

Groundmass 2.0465 (8) 0.8278 (1)

Groundmass 2.0429 (12) 0.8234 (1)

Groundmass 2.0420 (4) 0.8245 (1)

Groundmass 2.0398 (12) 0.8234 (1)

Inclusion 2.0407 (9) 0.8209 (4)

Inclusion 2.0397 (11) 0.8206 (4)

Inclusion 2.0403 (17) 0.8216 (7)

Inclusion 2.0397 (14) 0.8209 (6)

SH306-1

Phenocryst 2.0478 (33) 0.8288 (19)

Phenocryst 2.0457 (49) 0.8293 (33)

Groundmass 2.0468 (7) 0.8269 (6)

Groundmass 2.0470 (14) 0.8272 (5)

Groundmass 2.0472 (15) 0.8287 (9)

Inclusion 2.0420 (7) 0.8204 (3)

Inclusion 2.0369 (15) 0.8193 (5)

Inclusion 2.0362 (9) 0.8192 (6)

Inclusion 2.0396 (12) 0.8198 (7)

Inclusion 2.0378 (23) 0.8213 (11)

Inclusion 2.0369 (17) 0.8208 (9)

Inclusion 2.0397 (17) 0.8234 (9)

BCR-2G (n=4) 2.0637 (10) 0.8316 (5)

Table 4. Analytical data from replicate analysis of USGS 
glass standard BCR-2G.

[Average of seven analyses. CaO/SiO
2
 ratios calculated from equa-

tion 1 (see text). “Accepted values” compiled from these sources: 
rare-earth elements from Kent and others (2004b); Li from Kent and 
Ungerer (2006); Si from Rocholl (1998); all other elements from Kel-
ley and others (2003).]

Table 5. Pb-isotope compositions of plagioclase and 
groundmass in 2004–2005 Mount St. Helens dome samples.

[Analysis by laser-ablation multicollector ICP–MS at Oregon State University. 
Values are isotopic ratios and, parenthetically, their 1σ uncertainties expressed 
in the final decimal places. “Inclusions” refers to plagioclase in gabbroic 
inclusions. Average of four replicate isotopic analyses from glass standard 
BCR-2G included for reference.]
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Appendix 2. Anorthite Content and Trace-Element Abundances in Five 
Plagioclase Grains from Dome Sample SH304-2A

[This appendix appears only in the digital versions of this work—in the DVD-ROM that accompanies the printed volume 
and as a separate file accompanying this chapter on the Web: at http://pubs.usgs.gov/pp/1750. ]

Appendix 2 is a spreadsheet that lists the mole fraction anorthite and measured concentrations for six elements (Li, Ti, Sr, 
Ba, La, Ce) from one traverse across each of five plagioclase grains. Traverses range in length from 375 to 775 µm.

Appendix 3. Anorthite and Trace Element Abundances in Plagioclase from 
2004–2005 and 1981–1985 Dome Samples from Mount St. Helens

[This appendix appears only in the digital versions of this work—in the DVD-ROM that accompanies the printed volume 
and as a separate file accompanying this chapter on the Web at http://pubs.usgs.gov/pp/1750. ]

Appendix 3 is a spreadsheet that lists the mole fraction anorthite and analytical data for 10 elements (Li, Ti, Sr, Ba, La, Ce, 
Pr, Nd, Eu, Pb) from 203 analyses of plagioclase phenocryst cores, margins, and inclusions in eight sample erupted in  
2004–2005. Also shown are 28 analyses of plagioclase phenocryst cores in three samples erupted during the period 1981–85.

http://pubs.usgs.gov/pp/1750
http://pubs.usgs.gov/pp/1750
http://pubs.usgs.gov/pp/1750/appendixes/CH35_Kent_Digital_Appendix/
http://pubs.usgs.gov/pp/1750/appendixes/CH35_Kent_Digital_Appendix/
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238U-230Th-226Ra Disequilibria in Dacite and Plagioclase 
from the 2004–2005 Eruption of Mount St. Helens

By Kari M. Cooper1 and Carrie T. Donnelly2

Abstract
Uranium-series disequilibria in whole-rock samples and 

mineral separates provide unique insights into the time scales 
and processes of magma mixing, storage, and crystallization. 
We present 238U-230Th-226Ra data for whole-rock dacite and 
gouge samples and for plagioclase separated from two dacite 
samples, all erupted from Mount St. Helens between October 
2004 and April 2005. We also present new 238U-230Th disequi-
libria for a suite of four reference samples from the 1980–86 
eruption of Mount St. Helens. We use the U-series data to 
evaluate the origin of the 2004–5 magma, its relation to the 
1980–86 magma, and the relation of 2004–5 phenocrysts to 
their host magmas. Dacite samples from 2004–5 show variable 
(230Th)/(238U), ranging from 238U-enriched to 230Th-enriched. 
(230Th)/(232Th) ratios in 2004–5 dacite and gouge samples do 
not vary outside of analytical error and are within the range of 
(230Th)/(232Th) measured for the 1980s reference suite. How-
ever, (230Th)/(232Th) for plagioclase separates for dome samples 
erupted during October and November 2004 are significantly 
different from corresponding whole-rock values, which sug-
gests that a large fraction (>30 percent) of crystals in each 
sample are foreign to the host liquid. Furthermore, plagioclase 
in the two 2004 samples have U-series characteristics distinct 
from each other and from plagioclase in dacite erupted in 
1982, indicating that (1) the current eruption must include a 
component of crystals (and potentially associated magma) 
that were not sampled by the 1980–86 eruption, and (2) dacite 
magmas erupted only a month apart in 2004 contain different 
populations of crystals, indicating that this foreign component 
is highly heterogeneous within the 2004–5 magma reservoir.

Introduction
After an 18-year hiatus, Mount St. Helens erupted in 

October 2004, beginning a period of dacite dome extrusion 
that produced more than 70 million cubic meters of crystal-
rich, gas-poor dacite during the first 18 months of eruption 
(Pallister and others, this volume, chap. 30). Extrusion contin-
ues at the time of this writing (2007). The dome has erupted 
as essentially a solid plug, extruding a series of spines mantled 
by meter-thick fault gouge (for example, Pallister and others, 
this volume, chap. 30; Cashman and others, this volume, chap. 
19). Samples have been collected by the staff at the U.S. Geo-
logical Survey Cascades Volcano Observatory and distributed 
to a group of ~25 investigators working on various petrologic 
and geochemical investigations aimed at understanding the 
origin and characteristics of the newly erupted material and 
the relation of the currently erupting magma to that erupted in 
the 1980–86 eruptive cycle. Major- and trace-element compo-
sitions of the 2004–5 dacite whole-rock samples are similar to 
those of the 1980–86 dacite dome (for example, Pallister and 
others, 2005; and this volume, chap. 30), suggesting the possi-
bility that the current eruption is tapping magma that remained 
in the reservoir after the 1980s. In this chapter, we present 
238U-230Th-226Ra data for a suite of samples from the first six 
months (October 2004–April 2005) of the ongoing eruption of 
Mount St. Helens, and 238U-230Th data for a suite of reference 
samples from the 1980–86 eruption. We focus here on whole-
rock data for dacite dome and gouge samples for the 2004–5 
eruption; we also present data for plagioclase separated from 
two dacite samples. These data complement other analyses by 
the Mount St. Helens petrology working group presented in 
this volume. We use these data to address the following ques-
tions: (1) Is the current eruption fed by a new batch of magma 
previously unseen at Mount St. Helens, and/or is this eruption 
tapping a remnant magma body from the 1980–86 eruption? 
(2) What is the relation of plagioclase phenocrysts to the host 
magmas in the 2004 dome samples?
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Background: U-Series Disequilibria in 
Older Mount St. Helens Lavas

U-series Disequilibria in Volcanic Rocks

U-series disequilibria in volcanic rocks have been used 
for decades as a tool for understanding magmatic processes 
(see reviews by Bourdon and others, 2003; Ivanovich 
and Harmon, 1992, and references therein). Disequilibria 
measured in whole-rock, glass, and mineral separates can 
be used both as tracers of chemically distinct magmas or 
crystals (for example, Cooper and Reid, 2003; Turner and 
others, 2003c) and to provide temporal and chemical infor-
mation about magmatic processes ranging from melt genera-
tion (Bourdon and Sims, 2003; Lundstrom, 2003; Sims and 
others, 2003; Sims and others, 2002; Turner and others, 
2003a) to magma residence and differentiation within the 
crust (Blake and Rogers, 2005; Condomines and others, 
2003; Cooper and others, 2001; Hawkesworth and others, 
2004; Reid, 2003; Reid and others, 1997; Rogers and others, 
2004; Turner and others, 2003b; Turner and others, 2003c; 
Vazquez and Reid, 2004) to degassing and related crystal 
growth (Berlo and others, 2004; Reagan and others, this 
volume, chap. 37; Turner and others, 2004). A unique aspect 
of U-series studies is that they allow connection between 
chemical variations within crystals and absolute ages (for 
example, Vazquez and Reid, 2004).

U-series studies of magmatic processes are based on the 
fact that 238U decays to 206Pb through a series of intermedi-
ate daughter isotopes with half-lives ranging from less than 
one second to as much as 0.245 m.y. (234U; Cheng and others, 
2000). Any U-bearing system, given sufficient time as a closed 
system, will attain a state of radioactive or secular equilibrium 
where the rate of disintegration of each of the nuclides in the 
chain is the same. Magmatic processes, such as melt genera-
tion, crystallization, and degassing, can fractionate the differ-
ent nuclides in the chain, creating disequilibria between indi-
vidual parent-daughter pairs. Such disequilibria will return to 
radioactive equilibrium at a rate dictated by the half-life of the 
daughter isotope; thus the degree of disequilibrium preserved 
in erupted lavas contains information about the time since the 
last fractionation event, and each parent-daughter pair is sensi-
tive to a different time scale. In particular, 230Th-238U disequi-
libria can record events that occurred within the past ~10,000 
years to ~350,000 years, whereas 230Th-226Ra disequilibria 
are sensitive to time scales of a few hundred years to ~10,000 
years. This range of hundreds to hundreds of thousands of 
years is commensurate with time scales of magma differentia-
tion and storage in many systems (for example, recent reviews 
by Condomines and others, 2003; Hawkesworth and others, 
2004; Reid, 2003; Zellmer and others, 2005), including that of 
older Mount St. Helens lavas (Cooper and Reid, 2003; Volpe 
and Hammond, 1991).

U-series Disequilibria in Older Mount St. Helens 
Lavas

U-series data in older Mount St. Helens lavas have been 
discussed previously (Bennett and others, 1982; Cooper and 
Reid, 2003; Volpe and Hammond, 1991), which provides an 
excellent context for our analyses of the 2004–5 samples. 
Volpe and Hammond (1991) analyzed 238U-230Th-226Ra disequi-
libria in whole-rock samples, groundmass, and mineral sepa-
rates for seven lavas erupted from Mount St. Helens within 
the past ~2,000 years (figs. 1A, 2A). Data for whole-rock and 
groundmass samples span an analytically significant range of 
230Th/232Th ratios (fig. 1A), indicating that the different mag-
mas had different source regions (Volpe and Hammond, 1991). 
These samples are also significantly enriched in 226Ra com-
pared to radioactive equilibrium with 230Th (that is, (226Ra)/
(230Th) > 1, where by convention parentheses around the chem-
ical symbols represent activities) with (226Ra)/(230Th) ranging 
from 1.07 in an andesite of Castle Creek age (MSH 90-4) to 
1.55 in a sample of dacite erupted in 1982 (MSH 90-9; fig. 
2A). The preservation of these 226Ra excesses requires that the 
time between the last fractionation event (likely to be melt 
generation) and eruption was less than about 10,000 years.

Volpe and Hammond’s (1991) 238U-230Th data for min-
eral separates and whole-rock samples define linear arrays on 
a 238U-230Th isochron diagram, with slopes corresponding to 
apparent ages of 2–6 ka for most samples (fig. 1A). In contrast, 
two samples of Castle Creek age (erupted ~2 ka) yield appar-
ent ages of 34–27 ka (Volpe and Hammond, 1991). At the same 
time, all of the mineral separates preserve 226Ra-230Th disequi-
libria indicating fractionation of Ra from Th within the past 
10,000 years (fig. 2A), which is in conflict with the 230Th-238U 
apparent ages for Castle Creek samples. In detail, the 226Ra-230Th 
data for minerals and whole-rock analyses of the same samples 
do not define linear arrays on a Ba-normalized 226Ra-230Th 
isochron diagram (fig. 2A), which Volpe and Hammond (1991) 
interpreted as evidence of addition of a 226Ra-enriched fluid to 
the liquid after crystallization of the minerals. Cooper and Reid 
(2003) reexamined Volpe and Hammond’s data by using a new 
method of calculating 226Ra-230Th ages that accounts for impuri-
ties in the mineral separates and for differences in partitioning 
behavior of Ra and Ba. After applying this method, all of the 
Mount St. Helens data can be explained by crystallization and 
aging alone, without requiring late-stage addition of Ra to the 
system. All of the revised 226Ra-230Th ages are consistent with 
recent (less than a few thousand years) crystal growth, and, with 
the exception of the two Castle Creek samples, are concordant 
with 230Th-238U ages. 226Ra-230Th and 230Th-238U disequilibria 
return to secular equilibrium on different time scales; thus aver-
age ages for bulk separates with a protracted growth history 
will weight the old and young components differently for the 
two parent-daughter pairs, resulting in different average ages. 
Cooper and Reid (2003) interpreted the discordant 226Ra-230Th 
and 230Th-238U ages in the Castle Creek samples to reflect mul-
tiple phases of crystallization within the bulk mineral separate, 
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Figure 1. 238U-230Th isochron diagrams for Mount 
St. Helens samples. Solid bold line with slope 1 on 
all panels is the equiline (representing radioactive 
equilibrium). Thin solid and dashed lines are fits to 
the mineral-separate data for each sample. A, Pre-
2004 samples. Black squares are analyses of 1980–
86 samples from this study; error bars are shown 
for ±1-percent uncertainties. “MSH90-X” data are 
from Volpe and Hammond (1991); error bars for 
those samples are omitted for clarity but are similar 
in size to those shown for the 1980–86 reference- 
suite samples. Symbols for different phases are 
as follows: diamonds, groundmass (gm); squares, 
whole-rock (wr); circles, pyroxene (px); triangles, 
plagioclase (pl); cross, olivine (ol). B, Data for 
1980–2005 samples. Shown for reference are pre-
1980 samples (whole-rock data only; open squares) 
and 1982 dacite (MSH90-9; gray symbols; from Volpe 
and Hammond, 1991). Error bars for 2004–5 samples 
are shown only where larger than plotted symbol. 
Symbols for plagioclase and whole-rock data as in 
panel A; gouge samples indicated by “x” symbols. 
C, Whole-rock data and plagioclase separates for 
October 2004 dome (SH304-2A) and November 2004 
dome (SH305-1). The 1982 dacite sample is shown 
for reference (Volpe and Hammond, 1991). Symbols 
as in panels A and B.

either crystal populations of differing ages or old cores with 
younger overgrowths. In addition, plagioclase in the 1982 dacite 
(MSH90-9) has anomalously high Ra/Ba compared to what 
would be expected for equilibrium partitioning, which may 
reflect crystallization that was rapid enough to prevent chemi-
cal equilibrium between liquid and crystals (Cooper and Reid, 
2003). These observations would predict that if the 2004–5 
magmas were simply remnant magma from the 1980–86 
eruption, then (1) whole-rock isotopic compositions (includ-
ing (230Th)/(232Th)) would be identical in 2004–5 and 1980–86 
samples, and (2) crystals within the 2004–5 dacite would have 

238U-230Th-226Ra characteristics like those in crystals erupted in 
the 1980s. Our new data for 2004–5 samples provide a test of 
these predictions.

Analytical Methods
Chemical separation of U-series elements and isotopic 

analysis by multicollector inductively coupled plasma mass 
spectrometry (MC-ICP-MS) were conducted at the University 

of Washington. Mass-spectrometry protocols and 
results for rock and solution standards are detailed 
in appendix 1. Chemical separation procedures 
were modified from published procedures (Gold-
stein and Stirling, 2003; Pietruszka and others, 
2002) and are also detailed in the appendix. Briefly, 
the elements of interest were separated from the 
rock or mineral matrix using ion-exchange chroma-
tography, conducted in class-100 laboratory facili-
ties (low-particulate facilities, designed to minimize 
trace-metal contamination). Rock chips or mineral 
separates (0.5–1.5 g) were dissolved in concen-
trated hydrofluoric+nitric acids, followed by evapo-
ration and dissolution in hydrochloric acid. Result-
ing sample solutions were split into three aliquots: 
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Figure 2. 226Ra-230Th-Ba isochron 
diagrams for Mount St. Helens samples. 
Solid line with slope 1 (the equiline, 
representing radioactive equilibrium) 
is shown on all panels. A, Pre-2004 
samples. Symbols as in figure 1 and 
shown in the legend. B, Data for 1980–
2005 samples. Pre-1980 samples (whole-
rock and plagioclase data only; open 
symbols) are shown for reference. Error 
bars are shown where they are larger 
than the size of the symbols. C, Whole-
rock data and plagioclase separates 
for October 2004 dome (SH304-2A) and 
November 2004 dome (SH305-1). The 
1982 dacite sample (Volpe and Hammond, 
1991) is shown for reference (gray 
symbols). Symbols as in panels A and B.

one small aliquot was spiked with 233U and 229Th for U and Th 
concentration measurement by isotope dilution, a second small 
aliquot was spiked with 135Ba for Ba concentration measurement 
by isotope dilution, and the largest aliquot was spiked with 228Ra 
and used for measurement of Ra concentration by isotope dilu-
tion and U and Th isotopic compositions. Uranium and thorium 
(both for measurement of isotopic composition and for isotope 
dilution) were separated from the rock matrix and from each 

other using Eichrom TRU™ resin. Radium was subsequently 
separated from the rock matrix washed from the TRU column 
of the Th and U isotopic-composition aliquot using cation-
exchange resin and was purified using Eichrom Sr-spec™resin 
and a final cation-exchange microcolumn. Isotopic ratios were 
measured using a Nu Plasma MC-ICP-MS equipped with three 
ion counters and an energy filter on the high-mass ion counter 
for increased abundance sensitivity.

Results
238U-230Th Disequilibria

2004–2005 Dome Samples
230Th-238U disequilibria for 2004–5 

Mount St. Helens dome dacites are 
within the range of those measured in 
older Mount St. Helens lavas (Volpe 
and Hammond, 1991; table 1, fig. 1B). 
(230Th)/(232Th) ratios measured in 2004–5 
whole-rock dacite samples span a range 
of ~2 percent (from 1.257 to 1.282), 
analytically indistinguishable from 
each other given our reproducibility of 
±1 percent. The dome samples show 
some variation in U/Th ratio, ((238U)/
(232Th) = 1.159–1.366), resulting in 
a variation in 230Th-238U disequilibria 
from 238U-enriched ((230Th)/(238U) = 
0.929) to 230Th-enriched ((230Th)/(238U) = 
1.103). The majority of arc lavas are 238U 
enriched, which is generally attributed 
to the influence of subduction-zone 
fluids, but 230Th-enriched lavas have been 
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observed in some arc settings (Turner and others, 2003a). It is 
also possible, given the presence of zircon in a sample of 2004–6 
dome material (C. Miller, written commun., 2006), that some 
of the variation in U/Th ratios is due to differences in percent-
age of zircon and/or incomplete dissolution of zircon in differ-
ent samples. No systematic decrease in U/Th ratio or 230Th-238U 
disequilibria over time is observed (not shown), although the 
two earliest samples (October–November 2004 lava spines) 
have the highest U/Th ratios and are the only samples that are 
238U-enriched.

1980–1986 Reference Suite
The four reference samples from the 1980–86 eruption 

have thorium isotopic compositions that overlap 230Th/232Th 
measured in the 2004–5 samples (fig. 1B). Three samples 
(SH32, SH131, and SH157, erupted in 1980, 1982, and 1984, 
respectively) have 230Th/232Th ratios at the high end of those 
measured in 2004–5 dome samples, though they overlap 
within measurement error. The 1986 sample has (230Th)/(232Th) 
~4 percent lower than the other three 1980s samples, but it 
is within error of the lowest (230Th)/(232Th) ratio measured 
in 2004–5 dome samples. Our measurement of 230Th-238U 
disequilibria in SH131 (1982 dome) is not within error of the 
measurement of the 1982 dome sample (MSH90-9) reported 
by Volpe and Hammond (1991). This discrepancy could be 
due to thorium isotopic heterogeneity within the 1982 dome, 
or it could indicate that one of the measurements is in error. 
Thorium and U concentrations and Th/U ratios in the two 
samples of the 1982 dome are similar but not identical, which 
may support the former interpretation. For the purposes of this 
paper, we will focus on comparisons of 2004–5 samples with 
our measurements of the 1980s reference suite because they 
were performed in the same lab using the same methods.

Plagioclase Separates for 2004 Dome Samples
Plagioclase separates from two subsamples of dome rock 

erupted in October 2004 (SH304-2A1 and SH304-2A8) have 
U/Th ratios significantly lower than the whole-rock values 
for the same samples, qualitatively consistent with relative 
partitioning of U and Th in plagioclase (Blundy and Wood, 
2003). 230Th/232Th ratios in the plagioclase separates are also 
low compared to the corresponding whole-rock values (table 
1; fig. 1), and both plagioclase separates have large 230Th-
enrichments ((230Th)/(238U) = 2.087 and 1.404, respectively). A 
plagioclase separate from the dome erupted in November 2004 
(SH305-1) is also 230Th enriched ((230Th)/(238U) = 1.117), with 
U/Th ratio lower than the corresponding whole-rock measure-
ment but higher than that in plagioclase from SH304-2A. 
The 232Th/230Th ratios in plagioclase and whole-rock samples 
of SH305-1 differ by about 4 percent, outside of analytical 
uncertainty. The U/Th ratios measured in plagioclase separates 
for the October 2004 dome (SH304-2A1 and SH304-2A8) are 
significantly lower than U/Th ratios measured by Volpe and 
Hammond (1991) in plagioclase separated from older Mount 

St. Helens samples, whereas plagioclase in the November 
2004 dome sample (SH305-1) has U/Th ratio similar to those 
measured in plagioclase by Volpe and Hammond (1991). 
These differences in U/Th most likely reflect differences in 
the percentage or nature of impurities (groundmass and/or 
inclusions of glass or other mineral phases) in the plagioclase 
separates, although some part of the variation may reflect dif-
ferences in U/Th of the magmas from which they crystallized.

2004–2005 Gouge Samples
The (230Th)/(232Th) ratios measured in gouge samples 

(SH307-2A and SH320-1) are within error of those measured 
in the 2004–5 dacites, although (238U)/(232Th) ratios are signifi-
cantly lower than those measured in dome samples. Con-
centrations of both uranium and thorium are lower in gouge 
samples than in dacite samples (table 1). Sample SH320-1 also 
has lower barium and radium concentrations than do dome 
samples, although SH307-2A has barium and radium concen-
trations within the range of dome whole-rock samples.

226Ra-230Th Disequilibria

All whole-rock dome and gouge samples are enriched 
in 226Ra relative to equilibrium with 230Th, with 226Ra excesses 
of 40–55 percent for whole-rock samples (similar to those 
measured by Volpe and Hammond (1991) for older whole-rock 
samples) and 60–77 percent for gouge samples (table 1; fig. 
2B). Gouge samples have (230Th)/[Ba] ratios lower than those 
of dacite dome samples, but broadly similar (226Ra)/[Ba] ratios 
(fig. 2). (Brackets around the chemical symbol, by convention, 
indicate concentration.)

A bulk plagioclase separate from the October 2004 dome 
sample (SH304-2A1) has 226Ra-230Th-Ba characteristics similar 
to plagioclase separates from older Mount St. Helens samples, 
but it has lower (226Ra)/[Ba] and (230Th)/[Ba] than Volpe and 
Hammond’s (1991) measurements of plagioclase in the 1982 
dome (MSH90-9; fig. 2). The plagioclase separate for the 
November 2004 dome (SH305-1), in contrast, is within error 
of radioactive equilibrium ((226Ra)/(230Th) = 1.039), with sig-
nificantly higher (230Th)/[Ba] than any of the other Mount St. 
Helens plagioclase separates.

Discussion

Origin of the 2004–2005 Dacite: Remnant 
Magma from 1980–1986?

Whole-Rock Data
Major- and trace-element composition of the 2004–5 

dacite whole-rock samples are similar to those of the 1980–86 
dacite dome (for example, Pallister and others, 2005; this 
volume, chap. 30), suggesting the possibility that the cur-
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Sample No.
Eruption 

date
Ba, in 
ppm

Ra, in fg/g
Ra  

 %SE
Th, in 
ppm

U, in 
ppm

230Th/ 232Th
(10-6)

(234U)/ 
(238U)

(238U)/ 
(232Th)

(230Th)/ 
(232Th)

(230Th)/ 
(238U)

(226Ra)/ 
(230Th)

(230Th)/
[Ba], in 
dpy/µg

(226Ra)/
[Ba], in 
dpy/µg

1980–1986 samples
SH52 1980 -- -- -- 2.049 0.911 7.010 -- 1.353 1.301 0.962 -- -- --
SH131 1982 -- -- -- 1.974 0.885 7.002 -- 1.364 1.300 0.953 -- -- --
SH157 1984 -- -- -- 2.390 1.063 6.928 -- 1.353 1.286 0.950 -- -- --
SH226 1986 -- -- -- 2.496 1.084 6.752 -- 1.322 1.253 0.948 -- -- --

2004–2005 samples
SH304-2A1 WR #1 10/18/04 338.6 555.01 0.61 2.685 1.162 6.906 1.002 1.317 1.282 0.974 1.454 1,301 1,892
SH304-2A1 WR #2 10/18/04 332.2 575.12 2.4 2.598 1.166 6.839 1.002 1.366 1.270 0.930 1.572 1,271 1,998
SH304-2A1 Pl #1 10/18/04 117.9 30.11 1.6 0.175 0.028 5.529 1.004 0.492 1.026 2.087 1.514 195 295
SH304-2A1 Pl #2 10/18/04 116.4 -- -- -- 0.029 5.528 1.001 -- 1.026 -- -- -- --
SH304-2A8 WR 10/18/04 327.8 -- -- 2.581 1.134 6.826 1.001 1.337 1.267 0.948 -- 1,277 --
SH304-2A8 Pl 10/18/04 118.1 -- -- 0.198 0.052 6.015 1.001 0.795 1.117 1.404 -- 240 --
SH305-1 WR 11/20/04 330.9 521.21 1.8 2.585 1.131 -- 1.005 -- -- -- -- -- --
SH305-1 WR replicate 11/20/04 -- 2.465 1.083 6.770 -- 1.338 1.257 0.939 1.5174 1,198     1,818 4

SH305-1 Pl 11/20/04 113.4 79.81 1.3 0.531 0.204 7.034 1.005 1.169 1.306 1.117 1.039 782 813
SH306 12/15/04 329.6 538.02 0.43 2.464 0.965 6.8543 1.002 1.191 1.272 1.068 1.547 1,218 1,884
SH307-2A gouge 315.9 514.02 1.4 2.065 0.663 6.836 1.003 0.977 1.269 1.299 1.768 1,062 1,878
SH307-2A gouge replicate 332.6 -- -- 2.137 0.693 -- -- 0.987 -- -- -- -- --
SH311-1B WR 01/16/05 327.9 496.31 2.4 2.504 0.953 6.888 1.007 1.159 1.279 1.104 1.397 1,250 1,747
MSH05DRS_3_9_4 WR 03/08/05 326.9 515.02 1.1 2.513 1.036 6.776 1.004 1.255 1.258 1.002 1.469 1,238 1,818
SH316-1A WR 04/15/05 331.5 505.72 0.44 2.544 1.061 6.842 1.002 1.269 1.270 1.001 1.411 1,248 1,761
SH317-1A WR 05/01/05 331.5 520.22 0.49 2.504 1.023 6.830 1.000 1.244 1.268 1.019 1.477 1,226 1,811
SH320-1 gouge 283.2 406.02 1.2 1.783 0.625 6.849 1.000 1.066 1.271 1.193 1.615 1,025 1,655

Rock standards
TML -- 3627 1 0.19 31.780 11.201 5.763 -- 1.073 1.070 0.997 0.962 -- --
TML replicate -- 3707 2 1.3 31.119 10.944 5.806 1.0025 1.070 1.078 1.007 0.996 -- --
BHVO-1 --  163.32 1.1 1.214 0.421 5.784 1.0035 1.057 1.074 1.016 1.130 -- --
BHVO-1 replicate -- -- -- 1.213 0.421 -- -- 1.056 -- -- -- -- --
BCR-2 672.8 -- -- 5.879 1.701 4.745 -- 0.880 0.881 1.001 -- -- --

 

   1 Ra analyses by static, multi-ion-counting routine, as described in appendix 1.

2 Ra analyses by dynamic routine using only IC0, as described in appendix 1.

3 Average of two measurements of the same solution during the same day. Individual measurements differed by 0.9 percent.

4 Calculated using Ra concentration measured for SH305-1 WR.

5 (234U)/(238U) of rock standards represents the mean of eight measurements of the same solution over four analytical sessions. Relative standard deviation of replicate measurements was 0.17 percent for sample TML 
and 0.24 percent for BHVO-1.

Table 1. Concentrations, isotopic compositions, and activity ratios measured in Mount St. Helens samples.

[See appendix 1 for analytical details. WR, whole-rock; Pl, plagioclase. For duplicate sample names, #1 or #2 indicate chemical separation and analysis of splits of the same solution; “replicate” indicates separate 
dissolution and analysis of splits of the same rock or mineral separate. Accuracy and reproducibility of measurements was <0.5 percent for Th and U concentrations, <2 percent for Ba concentrations, <1 percent 
for 230Th/232Th, and <0.6 percent for 234U/238U (see appendix 1 for details). Uncertainties in Ra concentrations were limited by in-run errors during mass spectrometry, which are quoted here as 1 standard error (SE) 
of the mean (relative). Decay constants used in calculations were λ

234
=2.82629×10-6 (Cheng and others, 2000), λ

230
=9.158×10-6 (Cheng and others, 2000), λ

232
=4.933×10-11, λ

238
=1.551×10-10, and λ

226
=4.332×10-4. 

Dashes indicate no data.]
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rent eruption is tapping magma that remained in the reservoir 
after the 1980s. If the current eruption is tapping magma that 
is either unmodified from the 1980s or has been modified 
only by fractional crystallization, one prediction would be 
that isotopic compositions of the 1980–86 dacite would be 
identical to those in the 2004–5 dacite. In the case that the two 
magmas are related by cooling and fractional crystallization, 
but without significant influence of open-system processes 
such as wall-rock assimilation or mixing with compositionally 
distinct batches of magma, some variation in trace-element 
concentrations of the residual liquid would also be predicted. 
Kent and others (this volume, chap. 35) propose a model in 
which the 1980s and 2004–5 magmas are related by fractional 
crystallization that occurred primarily by chemical isolation 
of grain interiors from the host magma, without volumetri-
cally significant gain or loss of plagioclase crystals, but with a 
small volume of an additional crystal component added to the 
magma through disaggregation of xenoliths. In this scenario, 
because crystals are not lost from or appreciably added to 
the bulk magma, whole-rock trace-element ratios would be 
unmodified during crystallization. In detail, however, a simple 
model of fractional crystallization would predict higher con-
centrations of incompatible elements (such as Ra, Th, U, and 
Ba) in the 2004–5 samples compared to the 1980–86 samples. 
Although Ra, Th, and U concentrations are indeed higher in 
the 2004–5 samples (table 1; Volpe and Hammond, 1991), Ba 
concentrations are lower, which suggests that a more complex 
explanation is necessary.

Nevertheless, the similarities between magmas erupted 
during the 1980s and the 2004–5 dacite (for example, major- 
and trace-element data in Pallister and others, this volume, 
chap. 30) suggest that the 2004–5 eruption is tapping at least 
some component of magma that remained in the reservoir 
after the 1980–86 eruption. The U-series data are consistent 
with this hypothesis but require some additional component(s) 
in the plagioclase populations (see below). Thorium isotopic 
compositions that we measured in whole-rock samples from 
1980–86 samples span a small, but analytically significant, 
range (230Th/232Th ratios vary by ~4 percent), overlapping the 
thorium isotopic compositions that we measured in the 2004–5 
samples, with (238U)/(232Th) similar to the October–November 
2004 dome (SH304-2A1 and SH305-1; fig. 1B). Later-erupted 
2004–5 samples have lower (238U)/(232Th), with no change in 
(230Th)/(232Th), suggesting that the 2004–5 magma has some 
trace-element heterogeneity, but that different magmas erupted 
are all closely related. 226Ra-232Th disequilibria are also similar 
in all 2004–5 and 1982 dacites, consistent with the similarity 
in thorium isotopic compositions. Interestingly, there appears 
to have been a slight decrease in 230Th/232Th ratios during the 
course of the 1980–86 eruption (fig. 1; table 1), suggesting 
that at least two magmas with different origins were involved 
in that eruption (and perhaps more, if the much higher 
230Th/232Th measured in a 1982 dacite sample by Volpe and 
Hammond (1991) also reflects compositional heterogeneity).

Volpe and Hammond’s (1991) measurements of (226Ra)/
[Ba] and (230Th)/[Ba] in their sample of 1982 dacite do not 

overlap with our measurements of 2004–5 samples (fig. 2B). 
Whether there is significant heterogeneity within the 1980–86 
and 2004–5 suites, as suggested above for 230Th-238U disequi-
libria, cannot be assessed at this time because we do not yet 
have 226Ra data for the 1980–86 reference suite. However, 
the 2004–5 samples fall in a relatively tight cluster with the 
exception of the October 2004 dome (SH304-2A1), which has 
similar (226Ra)/[Ba] but slightly higher (230Th)/[Ba], possibly 
due to more plagioclase fractionation from this sample than 
seen in the other dacites.

Plagioclase Separates
When crystal compositions are considered in addition to 

whole-rock compositions, the 2004–5 magma must contain a 
component not observed in the 1980–86 magmas. The 2004–5 
magmas contain plagioclase with compositions unlike those in 
older Mount St. Helens samples, which would require addition 
of crystals to a putative remnant 1980–86 magma. This is most 
dramatically illustrated by 230Th/232Th measured in plagio-
clase separated from the October 2004 dome (SH304-2A1), 
which is substantially lower than 230Th/232Th measured in any 
recently erupted samples of Mount St. Helens lavas (figs. 1B, 
C). Whether this lower 230Th/232Th ratio is attributed to an 
old component in the plagioclase separate or to the addition 
of a population of plagioclase unrelated to the host magma, 
the low-230Th/232Th component is not present to any signifi-
cant degree in the plagioclase separate from the 1982 dacite 
measured by Volpe and Hammond (1991). Plagioclase in the 
November 2004 dome (SH305-1) has 230Th/232Th higher than 
the whole rock, also consistent with a plagioclase component 
that is foreign to the host liquid, although the foreign crystal 
component must be of a significantly different composi-
tion than that in SH304-2A1. In contrast to differences in 
their 230Th-238U signatures, the 226Ra-230Th-Ba composition of 
plagioclase in the October 2004 dome (SH304-2A1) is similar 
to plagioclase in samples erupted before 1980, but distinct 
from plagioclase in the 1982 dome sample (MSH90-9; fig. 2). 
In addition, the 226Ra-230Th-Ba signature of plagioclase of the 
November 2004 dome (SH305-1) is different from all mea-
surements of plagioclase in older Mount St. Helens samples, 
including MSH90-9 (Volpe and Hammond, 1991) and SH-
04-2A1 (fig. 2). 

The presence of a foreign plagioclase component in 
the 2004–5 lavas is supported by Pb isotopic heterogeneity 
between plagioclase crystals and groundmass (Kent and oth-
ers, this volume, chap. 35), by high Al in amphibole crystals 
that is not in equilibrium with the host liquid at pressures 
<300 MPa (Rutherford and Devine, this volume, chap. 31), by 
variable pressure-temperature conditions of crystallization of 
amphibole (Thornber and others, 2005), and by textures and 
zoning in plagioclase in the 2004–5 dacite that are distinct 
from the patterns observed in 1980–86 dacites (Streck and 
others, this volume, chap. 34). Therefore, the 2004–5 eruption 
clearly samples multiple crystal populations and, potentially, 
some associated liquid fractions that were not present in the 
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eruptive products from 1980–86. However, given the similarity 
in whole-rock U-series compositions of the dacites, any liquid 
fraction associated with the crystals must be volumetrically 
minor, suggesting that the crystals were incorporated largely 
as a crystal mush or cumulate.

One potential scenario to account for these observations 
is that the 2004–5 magma is dominated volumetrically by 
remnant magma from 1980–86 but that it incorporated disaggre-
gated crystal mush from within the reservoir system during the 
18-year hiatus between eruptions, consistent with the presence 
of gabbroic inclusions within many of the 2004–5 dacite sam-
ples. In this case, the crystal mush must be genetically distinct 
from the 1980–86 magmas in order to explain the difference 
between (230Th)/(232Th) measured in the 2004–5 plagioclase 
separates and that measured in 1980–86 and 2004–5 whole-
rock samples. It is also possible that the 2004–5 eruption is at 
least partially tapping new magma introduced into the reservoir 
system, perhaps associated with some of the deep earthquake 
swarms between 1986 and 2004 (Moran and others, 2005). Con-
sidering the similarity in major- and trace-element compositions 
of the 2004–5 dacite to dacites erupted earlier at Mount St. Hel-
ens, this new component may have originated through partial 
melting in the lower crust (see, for example, Pallister and others, 
1992; Smith and Leeman, 1987). The range in (230Th)/(238U) and 
(226Ra)/(230Th) ratios observed in the 2004–5 samples is within 
the predicted range for incongruent dehydration melting of 
lower crustal amphibolite (Dufek and Cooper, 2005). However, 
we cannot rule out an origin through fractional crystallization of 
a garnet-bearing assemblage from a mantle-derived magma at 
lower crustal depths, as argued by Blundy and others (this vol-
ume, chap. 33). Finally, it is possible that our plagioclase sepa-
rates contain a component of plagioclase from disaggregated 
xenoliths, either incorporated from Tertiary basement rocks or 
from the plutonic roots of the Mount St. Helens reservoir system 
(Kent and others, this volume, chap. 35; Pallister and others, this 
volume, chap. 30). In any case, the preservation of significant 
226Ra excesses in all of the 2004–5 whole-rock samples indicates 
that the time between melt generation and eruption for the bulk 
of the magma was short, less than one or two half-lives of 226Ra 
(that is, less than a few thousand years).

Plagioclase in 2004–2005 Dacite: Effects of 
Impurities and Crystal Ages

Plagioclase in October 2004 Dome Samples
Plagioclase separates for the October 2004 dome sub-

samples (SH304-2A1 and SH304-2A8) have strikingly dif-
ferent thorium isotopic compositions than any of the 2004–5 
whole-rock samples (fig. 1). Taken at face value, the slope of 
the two-point plagioclase-whole-rock isochron would corre-
spond to an apparent crystallization age of ~42 ka. However, 
this apparent age is inconsistent with the preservation of 226Ra 
excess measured in the same separates, precluding a simple 
history of crystal growth over a short time interval (less than 

a few hundred years) that occurred tens of thousands of years 
ago. Instead, this anomalously old apparent age likely indi-
cates that the plagioclase separates include some percentage of 
older and/or foreign crystals in addition to plagioclase crystal-
lized recently from the host liquid.

We estimate, on the basis of examination with binocular 
microscope, that the bulk plagioclase separate for SH304-2A1 
is >95 percent pure. However, there are a number of com-
ponents that could be present in small quantities in the bulk 
plagioclase separate, and the data plotted in figure 1 reflect 
the mixture of all of these; thus, in order to discriminate the 
effects of plagioclase aging from the effects of impurities, we 
must consider the U-series signature of each potential contrib-
utor. The bulk plagioclase separate could comprise a combi-
nation of plagioclase crystallized from the host liquid (at or 
near the time of eruption, and/or during storage in the crustal 
reservoir system); plagioclase that is foreign to the host liquid 
(either as a separate population of plagioclase crystals and/or 
as cores of crystals with multiple growth stages); groundmass 
adhering to the outside of plagioclase grains; and microscopic 
inclusions of melt or other phases within the plagioclase crys-
tals. These in turn could include small amounts of the other 
major crystallizing phases, for example, amphibole, pyroxene, 
and Fe-Ti oxides (Pallister and others, this volume, chap. 30; 
Rutherford and Devine, this volume, chap. 31), and small mass 
fractions of accessory phases: apatite and zircon (C. Miller, 
written commun., 2006). Concentrations of Th, U, and Ra in 
pyroxene or Fe-Ti oxides will be low enough that a few per-
cent of each would not significantly affect the 238U-230Th-226Ra 
systematics of the bulk plagioclase separate (see also Blundy 
and Wood, 2003; Cooper and others, 2001); therefore, we will 
not consider them further. We discuss the U-series signatures 
and effects of each of the other components below.

Zero-Age Plagioclase
Plagioclase textures and rim compositions that are in 

equilibrium with the host liquid indicate that some fraction 
of plagioclase in each of the dome samples grew within a 
short time of eruption (for example, Pallister and others, this 
volume, chap. 30; Streck and others, this volume, chap. 34), 
at least partly as a result of decompression-induced crystal-
lization that occurred during ascent of the 2004–5 magma 
(Blundy and others, this volume, chap. 33; Pallister and oth-
ers, this volume, chap. 30). In addition, the lack of europium 
anomalies in REE patterns for whole-rock samples indicates 
that gain or loss of plagioclase to the magma must have been 
volumetrically minor (Blundy and others, this volume, chap. 
33; Kent and others, this volume, chap. 35; Pallister and 
others, this volume, chap. 30), far less than the ~40 percent 
by volume of plagioclase crystals present in the magmas. 
In addition, plagioclase separates for 2004–5 samples have 
210Pb/226Ra ratios that are not in radioactive equilibrium, 
indicating that some component of the plagioclase grew 
within decades of eruption (Reagan, 2005; Reagan and 
others, this volume, chap. 37). Therefore, the plagioclase 
separates certainly contain some plagioclase that crystal-



36. 238U-230Th-226Ra Disequilibria in Dacite and Plagioclase from the 2004–2005 Eruption of Mount St. Helens  835

lized from the host liquid at effectively zero age with respect 
to 238U-230Th-226Ra disequilibria (that is, less than ~10 ka 
for 238U-230Th and less than a few hundred years for 230Th-
226Ra). Such zero-age plagioclase would have 230Th/232Th 
equal to that in the host liquid, and 238U/232Th consistent with 
partitioning of Th and U between plagioclase and liquid 
at low pressure at ~850°C (based on oxide thermometry; 
Pallister and others, this volume, chap. 30; Rutherford and 
Devine, this volume, chap. 31). Blundy and Wood (2003) 
estimate D

U
/D

Th
 in plagioclase to be ~0.18 at 900°C for 

An
40

, similar to the temperatures and compositions appropri-
ate for 2004–5 Mount St. Helens lavas. Using these data, we 
calculate (238U)/(232Th) in plagioclase in equilibrium with 
the October 2004 dome sample to be ~0.24 (fig. 3, table 2). 
Absolute values for D

U
 and D

Th
 are less well constrained, but 

by using D
U
 = 6.0±3.7×10-4 (measured in An

58
 plagioclase 

at 950°C; Blundy and Wood, 2003), we estimate Th and U 
concentrations of roughly 1–2 ppb in pure plagioclase (table 
2). These calculations provide minimum estimates of Th 
and U concentrations in plagioclase in equilibrium with the 
liquid fraction of the magma, as the whole rock contains 
~30–40 percent crystals and Th and U are incompatible in 
all of the major crystallizing phases. However, the Th/U 
ratio will likely be similar in the liquid and whole rock, and 
calculated (238U)/(232Th) is likely more robust to changes in 
mineral mode than are concentrations of U or Th. The bulk 
plagioclase separate, therefore, must contain some phase 
with (238U)/(232Th) higher than ~0.24 and (230Th)/(232Th) 
lower than that measured in the bulk separate (1.026).

Using the elastic-strain model and the latest fitting param-
eters for plagioclase (Blundy and Wood, 2003), we calculate 
(226Ra)/[Ba] in plagioclase in equilibrium with a liquid of the 
October 2004 whole-rock composition to be ~330 dpy/μg (An

40
 

at 850°C), and (230Th)/[Ba] of ~1–2 dpy/μg (disintegrations per 
year per microgram). Calculated (226Ra)/[Ba] is slightly higher 
than that measured in the bulk mineral separate, which could 
reflect some aging of the plagioclase since crystallization (as 
much as ~500 years), and/or the effects of other, low-Ra/Ba 
phases in the bulk separate. Th/Ba ratios could be significantly 
different in melt and whole-rock, considering that Ba is several 
orders of magnitude less incompatible than Th in plagioclase 
and amphibole, which dominate the crystal mode. Th/Ba in the 
liquid will therefore be higher than that in the whole-rock, lead-
ing to higher (230Th)/[Ba] in plagioclase in equilibrium with the 
liquid. This is consistent with ion microprobe measurements of 
Th and Ba in plagioclase in older Mount St. Helens samples, 
where (230Th)/[Ba] ratios were 10–50 for the 1982 dome 
and ~40–75 for older samples (Cooper and Reid, 2003). We 
estimate that (230Th)/[Ba] in plagioclase crystallizing from the 
October 2004 magma is likely ~10–100, lower than the ratio of 
~200 in the bulk separate.

Other Populations of Plagioclase

In addition to zero-age plagioclase crystallized from the 
host liquid, the bulk plagioclase separate may contain some 

older plagioclase, which would have lower (226Ra)/[Ba] and 
(if older than ~5–10 ka) lower (230Th)/(232Th) than zero-age 
plagioclase. There are three possible origins for older crystals 
in the October 2004 dome plagioclase separate: (1) crystals 
that precipitated from the host magma and subsequently aged; 
(2) plagioclase crystallized from a different magma within 
the Mount St. Helens system (“antecrysts” in the terminology 
of W. Hildreth, as cited in Charlier and others (2005)); or (3) 
crystals incorporated from wall rocks unrelated to the Mount 
St. Helens magmatic system (xenocrysts). Gabbroic to dioritic 
xenoliths have been observed both in the 1980s eruptive 
products (Heliker, 1995) and in the current eruption (Kent and 
others, this volume, chap. 35; Pallister and others, this volume, 
chap. 30). Note that these are termed “inclusions” by Kent and 
others (this volume) and Pallister and others (this volume), but 
we use the term “xenoliths” instead to avoid confusion with 
microscopic inclusions within plagioclase crystals. Pallister 
and others (this volume, chap. 30) estimate the abundance 
of gabbroic to dioritic xenoliths in the 2004–6 dacite at 1–5 
percent. They report ion microprobe U-Pb ages of 25 Ma for 
zircon separated from xenoliths in the 1980–86 lava dome, 
suggesting that the zircons are samples of Tertiary intrusions 
unrelated to the Mount St. Helens magmatic system. Kent 
and others (this volume, chap. 35) interpret the disaggregated 
xenoliths within the 2004–5 dome to have a similar origin. 
However, no xenoliths from the 2004–5 dome have been dated 
and they could, in theory, be of any age as old as the age of the 
basement rocks. In the case of Mount St. Helens, antecrysts 
could have ages as old as ~300 ka (Clynne and others, this 
volume, chap. 28), but older crystals (ranging back to Tertiary 
in age) would be xenocrysts. Regardless of origin, old pla-
gioclase would likely have low (230Th)/(232Th) and low (238U)/
(232Th), which makes it the only one of the likely components 
in the bulk plagioclase separate that could explain the low 
(230Th)/(232Th) measured in that separate (fig. 3A).

If the older plagioclase crystallized from the host liquid, 
it would have (238U)/(232Th) like that in zero-age plagioclase 
but with lower (230Th)/(232Th). Assuming that thorium con-
centrations are the same in old and young populations, we 
calculate that (230Th)/(232Th) of the bulk separate could be 
produced by a mixture of ~70 percent zero-age plagioclase 
with ~30 percent plagioclase in 238U-230Th radioactive equilib-
rium. The percentage of old crystals in the mixture would be 
higher if they were not in radioactive equilibrium; for exam-
ple, a mix with 200-ka crystals would require ~40 percent old 
crystals, whereas a mix with ~100-ka crystals would require 
~50 percent old crystals. Conversely, the percentage of old 
crystals may be lower if the thorium concentrations in the old 
crystals are higher, as suggested by the trace-element data for 
plagioclase interpreted by Kent and others (this volume, chap. 
35) as disaggregated gabbroic xenoliths. For example, if the 
old crystals had thorium concentrations twice as high as the 
zero-age crystals, which may be reasonable given the factor of 
2–4 enrichment in incompatible elements, such as Pb and La, 
relative to the zero-age crystals (Kent and others, this vol-
ume, chap. 35), the percentage of old crystals required would 



836  A Volcano Rekindled: The Renewed Eruption of Mount St. Helens, 2004−2006

Phase
Ba, in 
ppm

Ra, in fg/g
Th, in 
ppm

U, in 
ppm

(238U)/ 
(232Th)

(230Th)/ 
(232Th)1

(230Th)/ 
(238U)

(230Th)/
[Ba], in 
dpy/µg

(226Ra)/ 
[Ba], in 
dpy/µg

Zero-age plagioclase 193 56 0.001 0.001 0.24–0.41 1.270 3.10–5.29 1.1 2 332

Zero-age amphibole 34 4.4 0.010 0.005 1.37 1.270 0.929 51 154

Zero-age apatite (L)3 100 no data 4.57 2.12 1.41 1.270 0.899 7.5×103 0 4

Zero-age apatite (M&S)3 149 no data 4.16 3.03 2.22 1.270 0.572 4.5×103 0 4

Zero age zircon 1.3 0.0 43.3 117 8.20 1.270 0.155 5.3×106 0 4

2000 yr apatite (L) 100 373 4.57 2.12 1.41 1.272 0.901 7.5×103 4.3×103

2000 yr apatite (M&S) 149 226 4.16 3.03 2.22 1.287 0.580 4.6×103 2.6×103

2000 yr zircon 1.3 3.5×103 
5

43.3 117 8.20 1.395 0.170 5.8×106 3.1×106

          
1 (230Th)/(232Th) for zero-age phases assumed to be equal to that in whole rock.

2 (230Th)/Ba for zero-age plagioclase calculated from whole-rock composition; actual value may be somewhat higher in plagioclase in equilibrium with liquid 
(see text for discussion).

3 Calculated using partition coefficients of Luhr and others, 1984 (L), and Mahood and Stimac, 1990 (M&S), respectively.

4 (226Ra)/Ba assumed to be zero for apatite and zircon at time of crystallization; this assumption makes little difference in the values calculated for older crystals.

5 Ra concentration in 2,000-yr-old zircon calculated by assuming constant (230Th), which gives a minimum value; because of the high U/Th ratio in zircon, 
230Th activity increases by ~10 percent over 2,000 years.

Table 2. Calculated compositions of mineral phases in chemical equilibrium with Mount St. Helens sample SH304-2A1.

decrease by a factor of two. Kent and others (this volume, 
chap. 35) interpreted the lack of Eu anomalies in REE patterns 
in the whole-rock data for the 2004–5 dacite to indicate that 
only a small percentage of plagioclase can have been added 
to or lost from the magma, which would suggest that any 
older crystals present are near radioactive equilibrium (that 
is, hundreds of thousands of years old) and/or that they have 
high concentrations of thorium and presumably other trace 
elements. However, given the uncertainties in the thorium 
concentrations of different potential populations of plagio-
clase, coupled with the possibility that other phases are present 
in the bulk separates, we cannot uniquely determine whether 
the old crystals are older than ~300 ka and therefore must be 
xenocrystic.

Any old-plagioclase component, regardless of origin, 
with (230Th)/(232Th) lower than the bulk plagioclase separate 
is likely to be older than ~10 ka and therefore the 230Th-226Ra 
parent-daughter pair will be in radioactive equilibrium. If we 
assume that plagioclase in the bulk separate is a mixture of (1) 
plagioclase rims or crystals that grew immediately before or 
during eruption in chemical equilibrium with the host liquid 
and (2) an old plagioclase component (cores or crystals) that 
is >10 ka and therefore in 226Ra-230Th equilibrium, and if we 
further assume that both components have the same thorium 
and barium concentrations and (230Th)/[Ba] ratios, we calculate 
that the bulk separate contains 25–40 percent old plagioclase 
(where the range encompasses variations in crystallization 
temperature from 850°C to 900°C and plagioclase from An

50
 

to An
40

). If the old component is <10 ka, or if the young com-

ponent has (226Ra)/[Ba] higher than predicted by equilibrium 
(a potential consequence of rapid crystallization (Cooper and 
Reid, 2003)), the proportion of old crystals would be higher.

However, such calculations are sensitive to assumptions 
about (230Th)/[Ba] and barium concentrations in each popula-
tion of plagioclase, and the mixing proportions are therefore 
only broadly constrained by this analysis. An additional com-
plication is that radium concentrations in the bulk plagioclase 
separate will be sensitive to the effects of inclusions of other 
phases (for example, zircon, allanite, and groundmass) within 
the separate. Therefore, we do not attempt to interpret the per-
centage of old plagioclase crystals derived from 230Th-226Ra-Ba 
relations, except to note that the possible range in the percent-
age of old crystals is similar to the range that we calculated 
using thorium isotopic compositions.

Groundmass or Melt Inclusions
In addition to zero-age plagioclase and older plagioclase, 

some amount of groundmass or melt is likely to be present in 
the plagioclase separate as adherents to the outside of grains 
and/or as melt inclusions within plagioclase. The colinear-
ity of the two plagioclase separates for subsamples of the 
October 2004 dome (SH304-2A1 and SH304-2A8) with the 
whole-rock data (fig. 1), together with higher concentrations 
of thorium, uranium, and barium in sample 2A8 compared to 
2A1, suggests that SH304-2A8 plagioclase contains a higher 
percentage of included groundmass or melt inclusions. The 
difference in concentrations of thorium, barium, and uranium 
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Figure 3. A, 238U-230Th; B, 230Th-226Ra isochron diagrams 
illustrating the effects of different types of impurities 
in the bulk plagioclase separates. Orange symbols are 
calculated values for zero-age apatite, zircon, plagioclase, 
and amphibole, in chemical equilibrium with October 2004 
whole-rock (SH304-2A1) and plagioclase in radioactive 
equilibrium; for calculated values see table 2. The 
explanation applies to both panels; multiple symbols are 
shown for zero-age plagioclase and apatite where a 
range of partition coefficients are considered. The inset 
in panel A shows detail of upper-left corner of the larger 
diagram. Mixing trajectories on both diagrams will be 
straight lines; arrows shown in panel B illustrate mixing 
lines between zero-age plagioclase (orange triangle) 
and either zero-age or 2,000-year-old apatite and zircon. 
Length of arrows schematically indicates that (because 
of its higher concentrations of Th and U) zircon will have 
more leverage on the composition of the bulk plagioclase 
separate than will apatite.

between the two subsamples is consistent with the presence 
of 1–2 percent more groundmass (with the composition of the 
whole rock) in SH304-2A8 plagioclase than in the separate 
from SH304-2A1, and it is possible that SH304-2A8 plagio-
clase itself contains a few percent by mass of groundmass.

The presence of groundmass will not affect the slope of 
the two-point plagioclase-whole rock 238U-230Th isochron and 
therefore will not change the apparent age of the plagioclase 
separate (~42 ka). As demonstrated by a comparison of the 
two plagioclase separates for the October dome samples, the 
presence of groundmass or melt inclusions will shift the bulk 

separate toward higher 230Th/232Th and 238U/232Th, and therefore 
the pure plagioclase will have 230Th/232Th and 238U/232Th even 
lower than those measured in the bulk separate (fig. 3). The 
presence of groundmass would also lead to higher (226Ra)/[Ba] 
and (230Th)/[Ba] in the bulk plagioclase separate compared to 
that in pure, zero-age plagioclase. This presence of ground-
mass is qualitatively consistent with the observations, but a 
mixing line on a 230Th-226Ra-Ba isochron diagram between 
zero-age plagioclase and the whole rock does not pass through 
the bulk separate (fig. 3) indicating that some other phase(s) 
must be present in the bulk separate.

            Amphibole
Thorium and uranium are moderately incompatible in 
amphibole (LaTourrette and others, 1995; Tiepolo and 
others, 2000), and although the absolute value of the 
partition coefficients vary with SiO

2
, the partitioning 

behavior of U is similar to that of Th in all composi-
tions. Therefore, amphibole does not appreciably 
fractionate U from Th (Blundy and Wood, 2003, and 
references therein), and the effect of amphibole on the 
238U-230Th systematics of the plagioclase separate will 
be similar to, but of a much smaller magnitude than, 
that of groundmass (fig. 3A).

Radium and barium are incompatible in amphi-
bole, and D

Ra 
/D

Ba
 in amphibole is ~0.08 regardless 

of crystal composition (Blundy and Wood, 2003). 
Absolute values of D

Ba
 range from 0.10 to 0.72, similar 

to the range of D
Ba

 in plagioclase. Therefore, at the 
time of crystallization, amphibole would have (226Ra)/
[Ba] slightly lower than that in coexisting plagioclase, 
with (230Th)/[Ba] similar to, or slightly higher than, 
that in plagioclase (fig. 3B). However, because of the 
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similarity of the magnitude of radium and barium partition 
coefficients in amphibole and plagioclase, the effects of a few 
percent amphibole on the 226Ra-230Th-Ba systematics of the 
bulk plagioclase separate would be negligible.

Apatite and Zircon
Thorium and uranium are compatible in apatite and zir-

con, which results in orders of magnitude difference between 
thorium or uranium concentrations in plagioclase and in these 
accessory phases. Therefore, even small mass fractions of 
apatite and zircon could have significant effects on 238U-230Th-
226Ra disequilibria in the bulk plagioclase separate.

No experimental data exist for partition coefficients of 
the U-series nuclides in apatite or zircon. However, studies of 
coexisting apatite and glass in natural systems yield D

Th
=1.6–

1.7, with uranium somewhat more compatible (D
U
=1.8–2.6; 

Luhr and others, 1984; Mahood and Stimac, 1990). Although 
some caution is warranted because these data were collected 
from trachytic to pantelleritic samples, the relative partition-
ing behavior when comparing two elements should be broadly 
similar in other compositions. This will lead to (238U)/(232Th) 
in apatite that is higher than that in the coexisting liquid at the 
time of crystallization (fig. 3A). On the basis of microbeam 
studies of natural systems, partition coefficients for thorium 
and uranium in zircon are higher than those for apatite, and 
D

U 
/D

Th
 will also be higher than in apatite (D

U
 ~100 and D

U 
/

D
Th

 ~6; Blundy and Wood, 2003). Ion microprobe measure-
ments of 238U-230Th disequilibria in magmatic zircon crys-
tals confirm that (238U)/(232Th) is high, although the range 
of (238U)/(232Th) (~2 to >10, compared to ~1 for coexisting 
glass; for example, Bacon and Lowenstern, 2005; Charlier 
and others, 2003; Reid and others, 1997) is typically greater 
than predicted by equilibrium partitioning and may reflect 
local effects (for example, Bacon and Lowenstern, 2005). On 
the basis of partitioning data and previous measurements of 
magmatic zircon, (238U)/(232Th) in zircon coexisting with the 
October 2004 magma will likely be higher by a factor of 2–6 
than that in the whole rock, and therefore zircon or apatite 
inclusions would elevate (238U)/(232Th) of the bulk plagioclase 
separate compared to that in pure plagioclase. The effect on 
(230Th)/(232Th) will depend on the age of the accessory phases; 
zero-age zircon or apatite will not change (230Th)/(232Th) com-
pared to zero-age plagioclase, but because of their high (238U)/
(232Th) ratios, both zircon and apatite will rapidly evolve to 
higher (230Th)/(232Th) with time. Therefore, addition of older 
zircon or apatite will increase (230Th)/(232Th) in the bulk 
separate. The only way that addition of zircon or apatite could 
explain the low (230Th)/(232Th) in the bulk separate would be 
if they were xenocrystic and had crystallized from a magma 
which itself had unusually low (230Th)/(232Th). 

In detail, this scenario is difficult to reconcile with the 
position of the bulk plagioclase on a 238U-230Th isochron dia-
gram (fig. 3A). Global compilations of U-series disequilibria 
in volcanic rocks (for example, Lundstrom, 2003, and refer-
ences therein) show that all samples measured to date have 

(230Th)/(232Th) ratios above ~0.5. The high D
U 

/D
Th

 (and cor-
respondingly high (238U)/(232Th)) for apatite and zircon means 
that even if they crystallized from a magma with (230Th)/(232Th) 
of approximately 0.5, a mixing line between pure plagioclase 
and these accessory phases would not pass through the point 
for the bulk plagioclase separate. Therefore, an additional 
phase or phases with low (230Th)/(232Th) and low (238U)/(232Th) 
(for example, old plagioclase crystals, as argued above) must 
be present in the bulk plagioclase separate. Even if apatite or 
zircon are present, they must make up a small percentage of 
the bulk plagioclase separate. A maximum of 1.4 percent or 
0.025 percent (by weight) of apatite or zircon, respectively, 
could be present if we assume that all of the uranium in the 
bulk plagioclase separate resides in apatite or zircon; the pres-
ence of other impurities (such as groundmass) would decrease 
the allowable percentage of these phases.

Although apatite or zircon alone cannot be controlling 
the 238U-230Th disequilibria in the bulk plagioclase separate, 
small mass fractions of these accessory phases may be present 
and could influence the 230Th-226Ra disequilibria of the bulk 
separate. Barium is incompatible in both apatite (D

Ba
 <0.3; 

Luhr and others, 1984) and zircon (D
Ba

 = 0.003–0.005; Blundy 
and Wood, 2003), and Blundy and Wood (2003) estimate that 
D

Ra
 in zircon will be ~10-6. Radium partitioning in apatite has 

not been measured or estimated, but it is likely to be more 
incompatible than barium, and both phases will likely have 
very low (226Ra)/[Ba] at the time of crystallization, effectively 
zero for zircon. However, considering that thorium is compat-
ible in apatite and zircon, both phases will have extremely 
high (230Th)/[Ba] compared to coexisting plagioclase (or liq-
uid), and they will evolve rapidly to high (226Ra)/[Ba]. Mixing 
trajectories for zero-age plagioclase with zircon and apatite are 
shown on figure 3B; contamination with zero-age apatite could 
reproduce the low (226Ra)/[Ba] of the plagioclase separate. 
Older apatite or zircon produce mixing trajectories that have 
slopes too shallow to pass through the data for the bulk pla-
gioclase separate. The interpretation that apatite and zircon are 
not the dominant control on the 226Ra-230Th-Ba systematics of 
plagioclase is consistent with the 238U-230Th data, where apatite 
or zircon in small amounts could contribute to the U-series 
budget of the bulk plagioclase separate, but an additional com-
ponent (in addition to zero-age plagioclase and zircon/apatite) 
is required to explain the data.

230Th-226Ra Age of October 2004 Plagioclase
The bulk plagioclase separate for the October 2004 

dome (SH305-1) has (226Ra)/(230Th)>1, indicating that at least 
some mass fraction of the crystals measured are significantly 
younger than 10 ka. However, curves for the evolution of melt 
in equilibrium with plagioclase and curves for the evolution 
of the whole rock on a (226Ra)/[Ba] evolution diagram for 
SH304-2A1 do not intersect, even when considering a range 
of preeruptive temperatures and plagioclase compositions and 
the potential effects of melt inclusions in the bulk separate 
(fig. 4). This pattern of data on an evolution diagram could be 
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explained if the melt from which (at least some of) the pla-
gioclase precipitated had significantly lower (226Ra)/[Ba] than 
the SH304-2A1 whole rock, but such an explanation would 
require (226Ra)/[Ba] < ~900 dpy/μg in this melt (if we assume 
some impurities in the bulk separate), lower than that observed 
in any recent Mount St. Helens lavas (see fig. 2). It is more 
likely that the plagioclase history and the effects of multiple 
types of impurities are too complex to allow a meaningful age 
determination by this method.

Composition of the October 2004 Plagioclase Separate
On the basis of the mixing relations outlined above, the 

plagioclase separate for the October 2004 dome is composed 
of at least three components: (1) zero-age plagioclase crys-
tals, (2) older plagioclase crystals (whether xenocrysts or 
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Figure 4. 226Ra evolution diagram for October 2004 dacite 
(SH304-2A1). Curves shown are for evolution of (226Ra)/[Ba] over 
time in whole rock (bold line) and for melt in equilibrium with 
plagioclase with composition of An40–An50 at temperatures of 
850–900°C. In a case where plagioclase crystallized rapidly 
within the past ~10,000 years in equilibrium with a liquid having 
the composition of the whole-rock, the intersection of curves 
for melt in equilibrium with plagioclase and whole rock would 
indicate the crystallization age (see Cooper and others, 2001, 
for details of the technique). The fact that curves for melt in 
equilibrium with plagioclase in SH304-2A1 do not intersect the 
whole-rock curve indicates that the bulk plagioclase separate 
and melt were not in equilibrium, even considering a range 
of potential crystallization temperatures and compositions of 
plagioclase. Correcting the plagioclase composition for the 
effects of having impurities (groundmass, zircon, or apatite) in 
the bulk separate makes the disequilibrium between melt and 
plagioclase more extreme. An example is shown by the long-dash 
curve, calculated assuming 3 percent whole-rock in the bulk 
separate, which is broadly consistent with concentrations of Th 
in the plagioclase being below detection limit for laser-ablation 
ICP-MS analyses (Kent and others, this volume, chap. 35). The 
lack of equilibrium between plagioclase bulk separate and the 
likely melt composition suggests that at least some of the crystals 
are foreign to the host liquid (see text for discussion).

antecrysts), and (3) some groundmass or melt inclusions and/
or a minute mass fraction of apatite or zircon. Groundmass, 
apatite, and zircon will act in a similar way on the 238U-230Th 
disequilibria, shifting the bulk plagioclase separate toward 
high (238U)/(232Th) and high (230Th)/(232Th) ratios. The vol-
ume of crystals must be dominated by young plagioclase, but 
there must also be some component of older plagioclase with 
low (230Th)/(232Th) in order to explain the low (230Th)/(232Th) 
measured in the bulk separate. The exact age of these foreign 
crystals cannot be uniquely determined; therefore, they may 
represent xenocrysts or antecrysts.

Plagioclase in November 2004 Dacite
In contrast to the low (230Th)/(232Th) measured in the 

October 2004 plagioclase separate, the (230Th)/(232Th) ratio 
measured in plagioclase separated from the November 2004 
dome sample (SH305-1) is approximately 4 percent higher 
than that in the host magma. As a result, a two-point plagio-
clase-whole-rock isochron has a negative slope, yielding a 
negative apparent age. This observation is inconsistent with 
crystallization of plagioclase solely from the SH305-1 host 
liquid, but (as with plagioclase in the October 2004 dome 
sample) it is consistent with the presence of impurities in the 
bulk plagioclase separate, which may include an antecrystic or 
xenocrystic plagioclase component. Interestingly, this foreign 
component must have higher (230Th)/(232Th) than zero-age 
plagioclase and, therefore, is compositionally distinct from 
that present in the October 2004 dome sample, despite the 
fact that the two dome samples were erupted only a month 
apart. The plagioclase separate for the November 2005 dome 
(SH305-1) also has higher (226Ra)/[Ba] and (230Th)/[Ba] than 
other plagioclase from Mount St. Helens samples (with the 
exception of Volpe and Hammond’s (1991) measurement of 
MSH90-9; fig. 2), and those ratios are higher than those which 
would be in equilibrium with the host magma. As argued 
above for the October 2004 dome, it is likely that the bulk 
plagioclase separate for the November 2004 dome contains 
some zero-age plagioclase, and in addition, the separate 
could contain older plagioclase, zircon, apatite, amphibole, 
or groundmass in small percentages. The whole-rock October 
2004 and November 2004 dome samples have similar U-series 
characteristics; therefore, the effects of zero-age impurities in 
the bulk plagioclase separate for the November 2004 dome 
would be similar to those shown in figure 3 for the October 
2004 dome. In the case of the November 2004 plagioclase, the 
combined 238U-230Th-226Ra-Ba data for the bulk separate are 
consistent with the presence of a small percentage of apatite, 
zircon and/or melt inclusions (fig. 3). The presence of less 
than 1 percent apatite or zircon (±melt) inclusions within the 
plagioclase separate could explain high (238U)/(232Th), (230Th)/
[Ba], and thorium concentrations in the bulk separate; and if 
the zircon or apatite were a few thousand years old, it could 
also explain the high (230Th)/(232Th) and (226Ra)/[Ba]. The high 
(230Th)/(232Th) and (226Ra)/[Ba] could still be consistent with the 
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presence of some old plagioclase in the bulk separate, if offset 
by the presence of zircon or apatite, but the mixing proportions 
are difficult to determine because of the complexity of the data. 
Given the negative apparent 230Th-238U age and the near-equilib-
rium 226Ra-230Th-Ba data for the SH305-1 plagioclase separate, 
it is difficult to constrain the age of crystallization of any old 
component of plagioclase that may be in the bulk separate.

Implications for Magma Reservoir Processes

Age considerations aside, it is striking that plagioclase 
separates from the October and November 2004 dome samples 
have quite different U-series characteristics, despite having 
erupted only one month apart. Evidently, these two magmas 
entrained different populations of crystals, implying signifi-
cant heterogeneity within the reservoir system or different 
transport paths intersecting different resident crystals.

In the case of the October 2004 dome, we can quan-
tify the proportion of old and young crystals, but we cannot 
uniquely determine the age (and therefore the origin) of the 
old component. However, we speculate that the percentage 
of old crystals required (~15–50 percent of the plagioclase 
separate, depending on Th concentrations and age of the old 
component) might be higher than is easily explained by disag-
gregation of xenoliths that are present only in small amounts 
(1–5 percent of the bulk sample). Considering that 2004–5 
dacites have a total of 30–40 percent plagioclase by volume, 
the assumption that all old crystals represent disaggregated 
xenoliths would imply that ~5–20 percent of the volume of the 
whole-rock dacite is composed of these xenocrysts. This, in 
turn, would imply that at least 1–5 times the volume of xeno-
liths that are observed has been completely disaggregated and 
incorporated into the dacite, which would likely produce some 
trace-element signature of plagioclase addition. Furthermore, 
we suggest that incorporation of plagioclase from a partially 
molten crystal mush perhaps may be physically easier than 
disaggregation of completely solidified xenoliths, and that an 
antecrystic origin is likely for at least some of the old crystals 
within the bulk separate. It is likely that there are at least three 
plagioclase components within the October 2004 dome sam-
ple: (1) zero-age plagioclase, (2) antecrystic plagioclase disag-
gregated from crystal mush, and (3) xenocrystic plagioclase 
disaggregated from gabbroic xenoliths. The age and origin of 
the old component(s) may be better constrained by analysis of 
different size fractions of plagioclase within the dome samples 
(which could preferentially sample different crystal popula-
tions), and work is currently underway to analyze different 
size fractions of plagioclase in SH304-2A1.

We have found evidence for a xenocrystic or antecrystic 
component in plagioclase separates in both of the samples 
from the 2004–5 eruption for which U-series disequilibria in 
plagioclase have been measured, as well as in at least two of 
the older Mount St. Helens lavas of Castle Creek age (Coo-
per and Reid, 2003). Thus, entrainment and disaggregation 
of crystal mush or xenoliths appears to be a common, if not 

ubiquitous, process in the Mount St. Helens reservoir system. 
Furthermore, the heterogeneity of this foreign component 
within different samples from the 2004–5 eruption suggests 
that the reservoir system feeding the current eruption is com-
plex and not well mixed.

U-Series Disequilibria in Gouge

The exterior of the Mount St. Helens dome is coated 
with meter-thick fault gouge, which appears to consist mainly 
of fragments of dacite dome, as large as several centimeters, 
within a matrix of finer fragments (Cashman and others, this 
volume, chap. 19). Gouge samples have 230Th/232Th indistin-
guishable from that of dacite dome samples (fig. 1B), con-
sistent with an origin for the gouge as being dominated by 
fragmented juvenile dacite. However, lower U/Th and lower 
U and Th concentrations in gouge compared to dome samples 
suggests either loss of U and Th (with preferential loss of U) 
from the gouge material or dilution of dacite fragments within 
the gouge with some material lower in U and Th concentra-
tions than dome rocks. Similarly, gouge samples have lower 
(230Th)/[Ba] than dome samples, but they have (226Ra)/[Ba] 
similar to dome samples (fig. 2B), suggesting loss or dilution 
of Th rather than gain of Ba. Fluxing of gouge with a vapor 
or fluid could modify trace-element composition of the gouge 
either by precipitation of phases from the fluid or by leaching 
of fluid-mobile elements from gouge material. Fluids would be 
expected to carry U, Ra, and Ba, but not Th; thus, addition of 
a fluid-derived phase would be expected to add U, Ra, and Ba 
to the gouge rather than to decrease concentrations relative to 
the dacite. Leaching of dacite by a fluid could remove U, Ra, 
and Ba but could not explain the lower concentrations of Th in 
gouge. Therefore, the observations are most consistent with the 
presence of a component in the gouge (as yet unidentified) that 
has low concentrations of U and Th (and, in the case of SH320-
1, low concentrations of Ra and Ba) compared to dome dacite.

Conclusions
Juvenile material from the 1980–86 eruption shows het-

erogeneity in 230Th/232Th ratios. The total range in 230Th/232Th 
measured in 1980–86 samples overlaps but is larger than the 
range of 230Th/232Th ratios measured in 2004–5 dacite and dome 
samples. However, the differences in crystal compositions 
between 1980s and 2004–5 samples indicates substantial hetero-
geneity of plagioclase crystals sampled during the two eruptions 
and even within a short time period during the 2004–5 eruption. 
This heterogeneity precludes an origin for the 2004–5 magma 
solely by remobilization of remnant magma from the 1980–86 
eruptive cycle. Instead, the U-series data are consistent with 
a model in which the 2004–5 magma represents a mixture of 
some remnant 1980s magma with plagioclase crystals (and per-
haps associated magma) having an isotopic composition previ-
ously unidentified in the erupted products of Mount St. Helens. 
The U-series data are consistent with an origin for the 2004–5 
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magma by partial melting of the lower crust, as has been pro-
posed previously for Mount St. Helens dacites. The preservation 
of significant 226Ra excesses in all measured whole-rock samples 
of the 2004–5 eruption indicates that the magma was generated 
recently, likely within the past few thousand years.

In detail, plagioclase separates for October 2004 and 
November 2004 dome samples (SH304-2A1 and SH305-1) 
have different U-series characteristics. This suggests that the 
two dacites, erupted only about a month apart, sample differ-
ent populations of plagioclase crystals and/or different types of 
impurities within the bulk plagioclase separates. Plagioclase in 
both samples is also different in 230Th-238U disequilibria from 
that measured in older Mount St. Helens samples. Because of 
the complexities within the crystal populations sampled in the 
2004–5 dacites, exact ages for plagioclase cannot be calcu-
lated. However, the preservation of 226Ra excess in plagioclase 
from the October 2004 dome (SH304-2A1) requires that some 
mass fraction is younger than ~10 ka, and other petrologic 
constraints suggest that at least some crystallization occurred 
shortly before or during magma ascent. Simple mass balance 
calculations suggest that the percentage of a zero-age compo-
nent is ~60–80 percent, although it could be lower if the older 
plagioclase component is <10 ka, and/or if the young com-
ponent has (226Ra)/[Ba] higher than predicted in equilibrium 
with the whole rock. The bulk plagioclase separate for the 
November 2004 dome (SH305-1) is within error of 226Ra-230Th 
equilibrium, and a young component (<10 ka) is not required 
by the 226Ra-230Th data. However, neither is it precluded by 
the data, and any older plagioclase is likely less than ~20 ka, 
if it crystallized from a magma with 230Th/232Th similar to that 
measured in Mount St. Helens whole-rock samples.

The combined whole-rock and plagioclase data for 
the 1980–86 and 2004–5 eruptions suggest that the crystal 
populations sampled by Mount St. Helens magmas commonly 
include a recycled component (whether antecrystic or xeno-
crystic) and that the magma-storage region beneath Mount St. 
Helens is complex, preserving chemical distinctions between 
magmas erupted only a short time apart. Thus, the crystals 
may contain a longer record of processes within the magma 
reservoir beneath Mount St. Helens than do the liquid fractions 
of these magmas. Detailed studies of the crystals may there-
fore provide insights into the temporal and spatial distribution 
of magmas and crystal mushes within the reservoir system.
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Appendix 1. Analytical Methods

Chemical Separations

Procedures for chemical separation were modified from 
those described by Goldstein and Stirling (2003) and Pietruszka 
and others (2002). Plagioclase separates were prepared using 
standard magnetic separation followed by hand-picking using a 
binocular microscope. Samples (0.5–1.5 g) of mineral separates 
and whole rocks were cleaned before dissolution using succes-
sive baths of distilled acetone, deionized, reverse-osmosis (RO) 
water, 0.1N HCl + 2 percent H

2
O

2
, RO water, and distilled 

acetone. Samples were dissolved in closed Savillex beakers on 
a hotplate using a 3:1 mixture of concentrated HF:HNO

3
. After 

dissolution, perchloric acid and saturated boric acid were added 
and samples were evaporated. Samples were treated a second 
time with perchloric and boric acids, evaporated again, dis-
solved in 3 N HCl + saturated boric acid, and centrifuged. The 
solution was decanted, and any residue was dissolved in addi-
tional 3N HCl + boric acid (in the proportions 100 mL HCl:5 
mL saturated boric acid); this process was repeated until no 
residue was visible after centrifuging. Sample solutions were 
split into three aliquots: one small aliquot (corresponding to 
~10–100 mg of rock or mineral) was spiked with 233U and 229Th 
for U and Th concentration measurement by isotope dilution, 
a second small aliquot (corresponding to ~5–10 mg of rock or 
mineral) was spiked with 135Ba for Ba concentration measure-
ment by isotope dilution, and the largest aliquot (generally the 
remainder of the solution, corresponding to ~0.5–1.5 g of rock 
or mineral) was spiked with 228Ra and used for measurement of 
Ra concentration by isotope dilution and of U and Th isotopic 
compositions. All resins used in the chemical separations were 
precleaned with nitric and hydrochloric acids and RO water, 
and they were also cleaned and conditioned on the column with 
the acids used for sample loading and elution.

For the U-Th-Ra aliquot, radium (with major and most 
trace elements) was separated from Th and U using a column 
packed with 0.5 mL of Eichrom “pre-filter” (inert beads) and 
1–2 mL of Eichrom TRU resin. Samples were loaded in 2–8 
column volumes (cv) of 7M HNO

3
; the load, together with 

subsequent washes with 2 cv of 7M HNO
3
 and 10 cv of 1.5M 

HNO
3
, was collected and saved for further purification of 

Ra. This was followed by a wash of 8 cv 3N HCl, which was 
discarded. Th was eluted from the column in 8 cv 0.2N HCl, 
followed by U elution from the column in 8 cv 0.1N HCl + 
0.05N HF. A second pass through a small TRU column (0.25 
mL pre-filter plus 0.5 mL TRU resin) was necessary to remove 
residual Th from the U fraction.

The thorium and uranium isotope dilution aliquots were 
spiked with ~1 ng each of 229Th and 233U tracers. Spiked 
samples were equilibrated by heating for ~48 hours followed 
by evaporation. Some samples (1980s samples) were treated 
with 1–2 drops of perchloric acid during equilibration in order 
to aid sample-spike equilibration. Thorium and uranium were 
separated using a column loaded with 0.25 mL Eichrom pre-

filter and 0.5 mL TRU resin. A single pass through the column 
was generally sufficient to separate U and Th from the matrix.

The radium fraction from the TRU column was dried and 
redissolved in 1N HCl. Radium was separated from the major 
elements and most trace elements using a 5–10 mL column 
loaded with cation-exchange resin (Dowex AG 50-X8). After 
loading in 1–3 cv 1N HCl, the column was washed with 0–2 
cv 1N HCl (adjusted so that the total load + wash was 3 cv), 5 
cv 2.0N HCl, 1.5 cv 2.5N HCl, and 1.5 cv 3.0N HCl. The Ra 
(+Ba) fraction was eluted from the column in 8 cv 6N HCl. For 
samples larger than 0.5 g, a second, 0.5–1 mL cation-exchange 
column was run following the same procedure. Radium was 
separated from barium using a Teflon column packed with 
0.45 mL Eichrom Sr-spec resin. The sample was dissolved in 
2 cv 2.5N HNO

3
 for loading on the column. After loading, Ba 

was washed from the column with 0.75 cv 2.5N HNO
3
 and Ra 

was eluted from the column in 6 cv 2.5N HNO
3
. This column 

procedure was repeated an additional one to two times, followed 
by passing the Ra cut through a column loaded with 0.5 mL 
of Eichrom prefilter before evaporating. A final cation column 
(0.25 mL) was run 1–4 days prior to mass spectrometry in order 
to separate 228Th from 228Ra. The sample was loaded on this 
column in 1 cv 6N HCl; radium was eluted in this fraction plus 
an additional 6 cv of 6N HCl while Th remained on the column.

The barium isotope dilution aliquot was spiked with a 
135Ba-enriched tracer, equilibrated on a hotplate for at least 48 
hours, and dried. Barium was separated using a column loaded 
with 0.65 mL of cation exchange resin (Dowex AG 50-X8). 
The sample was loaded on the column in 0.65 mL 1.5N HCl (1 
cv), followed by washes with 1.5N and 2N HCl. Barium was 
eluted in 2.5 N HNO

3
.

Total-process blanks during the time that the Mount St. 
Helens samples were run were <20 pg Th and <15 pg U for the 
large (isotopic composition) aliquots, and <4 pg Th and <6 pg 
U for the small (isotope dilution) aliquots (compared to typical 
sample sizes of 0.1–2 μg Th and 0.02–1 μg U in the isotopic 
composition aliquots and 10–50 ng Th and 2–20 ng U in iso-
tope dilution aliquots). Barium blanks were 5–10 ng, compared 
to typical sample sizes of 1–2 μg Ba. Radium blanks were 
always below the limit of detection (~0.1 fg), and sample sizes 
were a few tens of femtograms Ra for minerals and 200–500 fg 
Ra for whole-rock samples. Blanks for each measurement were 
subtracted before calculation of concentrations; in most cases 
these had a negligible effect on calculated concentrations, but 
there were small corrections to Ba concentrations.

Mass Spectrometery

All measurements of isotopic ratios for chemically sepa-
rated samples were performed with a Nu Plasma multicollec-
tor-ICP-MS (MC-ICP-MS) at the University of Washington. 
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This instrument is equipped with three ion counters, one of 
which (IC0; the high-mass ion counter) is equipped with an 
energy filter to reduce tailing effects of major peaks. All anal-
yses with the exception of Ba measurements were performed 
using a desolvating nebulizer (dry plasma), which improves 
sensitivity by a factor of ~10 compared to use of a peristaltic 
pump (wet plasma). Ba abundances were high enough that 
the desolvating nebulizer was unnecessary, and samples were 
introduced as a wet plasma.

Uranium Isotopic Composition Measurements
234U/238U ratios were measured using a static analysis rou-

tine, with 238U measured on a Faraday cup and 234U measured 
on an ion counter. Instrumental mass bias and ion counter-far-
aday gain were calibrated using NIST uranium standard CRM-
112A with reference to the accepted 238U/235U and 234U/238U 
ratios of 137.88 and 5.286×10-5, respectively (Cheng and oth-
ers, 2000). Rock and solution standards analyzed as unknowns 
were interspersed with unknowns during a day of analysis, and 
re-calibrations of mass bias and gain were performed every 
third or fourth sample. Rock standards known to be in radioac-
tive equilibrium reproducibly yielded (234U)/(238U) ratios within 
4–6 per mil of 1.000 (see table 1), which we therefore consider 
to be our analytical uncertainty for unknowns.

Thorium Isotopic Composition Measurements
230Th/232Th ratios were measured using a static analysis rou-

tine with 232Th measured on a Faraday cup and 230Th measured 
on the high-mass ion counter equipped with an energy filter 
(IC0). At the beginning of each day of analysis of 230Th/232Th 
ratios, the voltage for the energy filter was tuned in order to 
optimize the abundance sensitivity, and the instrumental mass 
bias and ion counter-faraday gain were calibrated using NIST 
uranium standard CRM-112A. Abundance sensitivity was mea-
sured at 400–500 ppb at one AMU during the period of analyses. 
Correction for tailing of 232Th into the 230Th mass range was done 
using an exponential fit to the tail, which was measured each 
day using a Th solution standard (Th ‘U’ or WUN-1). Solu-
tion standards for Th measured as unknowns (Th ‘U’, WUN-1 
(sometimes called ZSR), and IRMM-035) were generally within 
1 percent of accepted or certified values (table 1). Rock stan-
dards (TML, BHVO-1, BCR-2), which went through the same 
chemical separation procedure as unknowns and were analyzed 
as unknowns, yielded (230Th)/(238U) within 1 percent of radioac-
tive equilibrium, or within error of previously measured values 
(table 1). Therefore, we consider our measurement accuracy and 
reproducibility on unknowns to be ~1 percent.

Ba Concentration Measurements by Isotope 
Dilution

Isotopic compositions of sample-spike mixtures were 
measured using wet plasma and a static routine where all peaks 

were measured using Faraday cups. Ratios were normalized to 
the natural ratio of 136Ba/138Ba (=0.10954) to correct for instru-
mental mass bias. Normalized 137Ba/138Ba ratios were monitored, 
and they agreed with the natural ratio to within <0.5 percent 
for samples. NIST SRM 3104a (barium normal) was run as an 
unknown throughout the day and always yielded 137Ba/138Ba and 
135Ba/138Ba ratios that were within 0.12 percent and 0.65 percent 
of the natural ratios, respectively. The barium spike concentra-
tion was calibrated with reference to NIST SRM 3104a, which 
has concentration certified to 0.3 percent at the 95-percent con-
fidence level. Replicate spike calibration measurements agreed 
to within 0.3 percent. Measurement of USGS standard BCR-2 
agreed with the accepted value within 1.6 percent and replicates 
of the same unknowns agreed within 2 percent. Therefore, mea-
surement precision is better than ~0.5 percent, whereas repro-
ducibility and accuracy is better than 2 percent.

U and Th Concentrations by Isotope Dilution
233U/238U and 229Th/232Th ratios were analyzed separately 

using static routines on Faraday cups. Mass bias was cali-
brated before analysis and several times over the course of a 
day of measurements using NIST CRM112A. 233U and 229Th 
spike concentrations were calibrated using Claritas™ Th and 
U standard solutions, certified to 0.5 percent, and calculations 
of concentrations in unknowns included corrections for total-
process chemical blanks and evaporation corrections for the 
spikes. Accuracy was checked by analysis of rock standards 
BHVO-1, BCR-2 and TML. Our measurements of Th and 
U concentrations and (230Th)/(238U) of BHVO-1 agree within 
~1 percent with published measurements of KIL1919 (col-
lected from the same sample locality as BHVO; Pietruszka 
and others 2002); both are within error of the recommended 
value for Th concentration of 1.2±0.3 ppm for USGS standard 
BHVO-2 and are likely within error of the recommended value 
for Th concentration in BHVO-1 (of 1.1 ppm), although no 
error is reported for this value. Certified concentrations of U in 
BHVO-1 or BHVO-2 are not available. Rock standard TML is 
known to be slightly heterogeneous in Th and U concentration 
but to be in radioactive equilibrium; BCR-2 is a sample of a 
Columbia River Basalt flow erupted before 6 Ma and, there-
fore, should also be in radioactive equilibrium. Our analyses 
of TML and of BCR-2 yielded (230Th)/(238U) ratios within 
~1 percent of equilibrium; therefore, the combined errors on 
measured U/Th and 230Th/232Th ratios must be better than 1 
percent. Thus, accuracy of our measurements of U and Th 
concentrations must also be better than 1 percent.

Ra Concentrations by Isotope Dilution
226Ra/228Ra measurements were made using two differ-

ent routines during this study. 226Ra/228Ra ratios in the first 
samples run (including SH304-2A1 whole-rock and plagioclase, 
SH305-1 whole-rock and plagioclase, and SH311-1B whole-
rock) were measured using a static analysis routine in which 
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228Ra and 226Ra peaks were measured on ion counters IC0 and 
IC1, respectively. Mass bias and relative ion counter gains were 
calibrated using NIST CRM112A. After the initial group of 
samples had high background counts at mass 225.5, we began 
scanning all samples in the mass range 224.5–229.5 for interfer-
ences and found that backgrounds measured at masses 225.5 
and 227.5 were significantly lower when using IC0 (which is 
equipped with an energy filter) than when using IC1. When 
using IC0, small peaks of ~10 cps are present in some regions of 
the mass range, but interferences and/or instrumental back-
ground at the half-masses used for background measurements 
were negligible (tenths of counts per second to a few cps, com-
pared to count rates on peaks of hundreds of cps to thousands 
of cps for most samples). Furthermore, the ion counter gain 
for IC0 was more stable than that for IC1, so we switched to a 
dynamic routine where both peaks were measured on IC0. This 
also has the advantage that ion counter gain calibrations are less 
critical as long as gains are stable over the time scale of a sam-
ple run (~10–15 minutes). The disadvantages of this approach 

are that the total counting time for each peak is reduced and 
that the analyses are susceptible to intensity variations due to 
instability of the plasma; the latter effect was minimized by 
adding a small amount (a few tens of picograms) of 232Th (as a 
solution prepared from Ames Th metal) to each unknown and 
normalizing Ra count rates to the intensity of 232Th measured 
on a Faraday cup during the same cycle. This analysis routine 
produces better in-run precision (~0.5–1 percent SE, for peaks 
of ~200–3000 cps) than the initial routine (~2 percent SE). 
Concentration of 228Ra in the spike was calibrated with respect 
to NIST SRM 4965, which has Ra concentration certified to 
1.23 percent (3σ). (226Ra)/(230Th) measured in rock standard 
TML differs from equilibrium by less than 1 percent, and 
(226Ra)/(230Th) in USGS standard BHVO-1 is within ~2 percent 
of the previously measured value (Pietruszka and others, 
2002). Taking these measurements and the in-run precision 
into account, we consider our overall uncertainty at the 2σ 
level to be ~3–5 percent for the early-run samples, and ~1–2 
percent for the later samples.
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Timing of Degassing and Plagioclase Growth in Lavas 
Erupted from Mount St. Helens, 2004–2005, from 
210Po-210Pb-226Ra Disequilibria

By Mark K. Reagan1, Kari M. Cooper2, John S. Pallister3, Carl R. Thornber3, and Matthew Wortel1

Abstract
Disequilibrium between 210Po, 210Pb, and 226Ra was 

measured on rocks and plagioclase mineral separates erupted 
during the first year of the ongoing eruption of Mount St. 
Helens. The purpose of this study was to monitor the volatile 
fluxing and crystal growth that occurred in the weeks, years, 
and decades leading up to eruption. Whole-rock samples were 
leached in dilute HCl to remove 210Po precipitated in open 
spaces. Before leaching, samples had variable initial (210Po) 
values, whereas after leaching, the groundmasses of nearly all 
juvenile samples were found to have had (210Po) ≈ 0 when they 
erupted. Thus, most samples degassed 210Po both before and 
after the magmas switched from open- to closed-system degas-
sing. All juvenile samples have (210Pb)/(226Ra) ratios within 
2σ of equilibrium, suggesting that the magmas involved in the 
ongoing eruption did not have strong, persistent fluxes of 222Rn 
in or out of magmas during the decades and years leading to 
eruption. These equilibrium values also require a period of at 
least a century after magma generation and the last significant 
differentiation of the Mount St. Helens dacites. Despite this, 
the elevated (210Pb)/(226Ra) value measured in a plagioclase 
mineral separate from lava erupted in 2004 suggests that a 
significant proportion of this plagioclase grew within a few 
decades of eruption. The combined dataset suggests that for 
most 2004–5 lavas, the last stage of open-system degassing 
of the dacite magmas at Mount St. Helens is confined to the 
period between 1–2 years and 1–2 weeks before eruption, 

whereas plagioclase large enough to be included in the mineral 
separate grew around the time of the 1980s eruption or earlier.

Introduction
Open- and closed-system degassing occurring during 

the century before an eruption can be monitored by measur-
ing the relative activities of short-lived radionuclides, such as 
polonium-210 (210Po; t

1/2
 = 138.4 days), lead-210 (210Pb; t

1/2
 = 

22.6 years), and radium-226 (226Ra; t
1/2

 = 1,599 years) in lavas. 
For example, Po partitions efficiently into exsolving volatile 
phases and commonly degasses from both mafic and silicic 
lavas, which results in (210Po)/(210Pb) << 1.0 in erupted lavas. 
Examples of lavas that have (210Po)/(210Pb) < 0.15 include those 
erupted from Etna (Lambert and others, 1985; Le Cloarec and 
Pennisi, 2001), Hawai‘i (Gill and others, 1985), Arenal (Gill 
and others, 1985; Reagan and others, 2006), Mount St. Helens 
in 1980 (Bennett and others, 1982), and Anatahan (Reagan and 
others, 2005). Excesses of 210Po over 210Pb have been observed 
in some phreatomagmatic tephras because of condensation of 
210Po from gases streaming through the shallow conduit system 
of a volcano before eruption (Reagan and others, 2005).

Radon-222 (222Rn), which lies between 226Ra and 210Pb in 
the 238U decay series and has a half-life of 3.82 days, strongly 
partitions into the gas phase (Gill and others, 1985), whereas 
about 99 percent of Pb stays within the melt (Gauthier and 
others, 2000). Nevertheless, significant deficits of 210Pb with 
respect to 226Ra have been observed in magmas with widely 
varying compositions. Such deficits can result from dif-
ferential partitioning of these elements between coexisting 
mineral and melt phases (Williams and others, 1986; Gill and 
Williams, 1990; Condomines and others, 1995; Sigmarsson, 
1996), and/or from persistent (year- to decade-scale) losses of 
222Rn by degassing (Gauthier and Condomines, 1999; Gauthier 



848  A Volcano Rekindled: The Renewed Eruption of Mount St. Helens, 2004−2006

and others, 2000; Le Cloarec and Pennisi, 2001; Le Cloarec 
and Gauthier, 2003; Turner and others, 2004; Berlo and others, 
2004). Deficits in (210Pb) with respect to (226Ra) in midocean-
ridge basalts have been attributed to lower partition coeffi-
cients for Ra compared to Pb during magma generation (Rubin 
and others, 2005).

Although large excesses of 210Pb with respect to 226Ra 
have been reported at some arc volcanoes, including the 1980s 
lavas and tephras from Mount St. Helens (Berlo and others, 
2004), (210Pb/226Ra) values for lavas erupting at many other arc 
volcanoes are within 2σ error of equilibrium when the error is 
propagated back to the age of eruption. These near-equilibrium 
lavas include the silicic andesite tephras erupted from Ana-
tahan in 2004 (Reagan and others, 2005), basalts and andesites 
erupted from Klyuchevskoy and Bezymianny in Kamchatka 
(Turner and others, 2007), and most of the basaltic andesites 
that have erupted from Arenal since 1968 (Reagan and others, 
2006). The frequency of near-equilibrium (210Pb)/(226Ra) values 
in lavas probably reflects the special circumstances needed to 
supply enough 222Rn to accumulate significant 210Pb excesses 
(Reagan and others, 2006).

The regular sampling of the ongoing eruption of Mount 
St. Helens by the U.S. Geological Survey has provided an 
exceptional suite of samples for applying 226Ra-210Pb-210Po dis-
equilibria to constrain the time scales of degassing and other 
magmatic processes that have occurred within the century 
before eruption. Silicic glass inclusions from lavas erupted 
at Mount St. Helens have as much as 6 weight percent H

2
O 

(Blundy and Cashman, 2005), and degassing of this water has 
the potential to generate significant disequilibrium between 
these short-lived nuclides.

Samples and Analytical Procedures
Whole-rock powders analyzed here span the period 

of the ongoing eruption from October 2004 to December 
2005. Most samples are solid juvenile dome samples, but 
the samples include the phreatomagmatic tephra erupted in 
October 4, 2004, and March 8, 2005, and two samples of the 
dome-coating gouge. All dome samples were collected within 
2 months of venting at the surface. Other chapters in this 
volume describe the mineral contents, textures, and chemical 
compositions of the samples analyzed here in detail (Pallister 
and others, this volume, chap. 30; Thornber and others, this 
volume, chap. 32). Briefly, all juvenile samples are dacites 
with approximately 65 percent SiO

2
, 1.4 percent K

2
O, and 

FeO*/MgO ≈2. These samples are highly porphyritic, with 
approximately 50 percent plagioclase, 3–5 percent hornblende 
and orthopyroxene, and 1 percent or less each of magne-
tite and augite phenocrysts, typically in a microlite-choked 
groundmass. Gabbroic to granodioritic inclusions, some 
in varying stages of disaggregation, are present in varying 
amounts in the dacites. These inclusions were avoided in the 
sampling for this study.

The October 2004 tephra sample (MSH04E2A03_A2) 
consists of finely pulverized rock fragments, with a variety of 
mineral textures, reflecting sources for the particles in older 
Mount St. Helens rocks, as well as juvenile dacite (Rowe and 
others, this volume, chap. 29). This sample also had organic 
debris that was removed by hand picking before analysis. The 
March 2005 tephra sample (MSH05DRS_3_9_4) consisted 
entirely of fragmented young dome debris and had a high pro-
portion of clasts with lengths from 2 to 6 mm. The coarseness 
of this sample allowed us to hand-pick fragments for addi-
tional fragmentation in a ceramic rotary-ring mill and analysis.

Dome sample preparation began by fragmentation to 
particle lengths of several millimeters to 2 cm. Unaltered 
fragments were hand picked for ultrasonic washing in puri-
fied water and coarse grinding in a ceramic rotary mill. Gouge 
sample SH307-2A was indurated, whereas SH314-1G con-
sisted of a collection of particles ranging from silt to about 
2 mm in length. The SH307-2A sample was broken up and 
then coarsely ground. Sample SH314-1G was not additionally 
comminuted. Except for the initial tephra sample and the first 
dome sample, all samples were leached with 0.5 N HCl for 
10–15 minutes in an ultrasonic agitator, followed by centrifug-
ing and rinsing and centrifuging twice in purified water. This 
was done to remove 210Po that condensed on surfaces of cracks 
and vesicles, which proved crucial for determining the initial 
groundmass (210Po) value.

Plagioclase was separated from sample SH304-2A using 
standard density and magnetic techniques after grinding and 
sieving to segregate particles between 170 mesh and 80 mesh. 
This separate was washed with a 0.5 N HCl–2 percent H

2
O

2
 

mixture for 10 minutes, followed by washing in purified water 
before analysis.

Analytical techniques for 210Po are discussed in detail 
elsewhere (Reagan and others, 2005; Reagan and others, 
2006). Initial (210Po) and (210Pb) values and errors for samples 
were calculated using exponential regressions through mul-
tiple analyses employing a half-life for 210Po of 138.4 days 
(Holden, 1990). Rock standard RGM-1 was analyzed six times 
over the period of analysis. The weighted mean (210Po) value 
and standard deviation for these analyses are 4.20±0.04 (1σ) 
decays per minute per gram (dpm/g), which is similar to the 
measured values for (238U) for this standard (Le Fevre and Pin, 
2002). The concentrations of 226Ra in samples discussed here 
are from Cooper and Donnelly (this volume, chap. 36).

Other Time-Series Data
The variation in major-element, trace-element, and long-

lived radiogenic isotopic compositions for juvenile lavas from 
the ongoing eruption has been minimal (Pallister and others, 
this volume, chap. 30). However, (230Th)/(238U) values vary 
from 0.93 to 1.10 at a nearly constant Th isotopic composition 
in dome samples, which has been attributed to fractionation of 
U from Th during melting to generate the Mount St. Helens 
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dacites (Cooper and Donnelly, this volume, chap. 36). This 
Th isotopic composition is similar to the values measured for 
lavas erupted from Mount St. Helens in the middle 1980s, sug-
gesting that there is a genetic link between the lavas. However, 
the Th isotopic compositions of plagioclase separates from 
lavas from the ongoing eruption range from 1.026 to 1.306 
(whole-rock values are 1.26–1.28), and some of these values 
are different than any values measured for 1980s and 2004–5 
lavas, indicating that an additional older magma component is 
involved in the ongoing eruption (Cooper and Donnelly, this 
volume, chap. 36). A wide range for the average ages of pla-
gioclase mineral separates is supported by their (226Ra)/(230Th) 
values, which range from 1.51 for plagioclase from sample 
SH304-2A to 1.04 for a plagioclase from SH305-1 (Cooper 
and Donnelly, this volume, chap. 36).

210Po-210Pb-226Ra disequilibria

Whole tephras erupted on October 4, 2004, were 
enriched in 210Po over 210Pb by more than a factor of 2, indi-
cating that significant magmatic 210Po had condensed in the 
shallow hydrothermal system before the phreatomagmatic 
explosions began (Reagan and others, 2005). This contrasts 
with tephras ejected during the phreatomagmatic explosions 
of March 8, 2005 (MSH05DRS_3_9_4), which were largely 
degassed of 210Po when they erupted and had very little leach-
able 210Po (table 1; fig. 1).

The first lavas ejected at the vent (for example, sample 
SH301-1A7, table 1) had a small excess of 210Po over 210Pb 
values and (210Pb) that approximately matched (210Pb) values 
for samples erupted in the 1980s. We interpret these data to 
indicate that this sample was rock excavated from the dome 
materials erupted in the 1980s that were in the vent area. The 
small excess of 210Po for this sample was likely deposited in 
open spaces from fumarolic gases streaming through the vent 
area just before eruption. This observation was one of the first 
indications that this material was not juvenile 2004 material 
but was excavated from the 1980s dome (see Pallister and oth-
ers, this volume, chap. 30).

All of the dome samples that were erupted and analyzed 
after sample SH301-1A7 represented new juvenile magma, 
and multiple analyses of leached samples produced radioac-
tive equilibration curves that generally demonstrated complete 
degassing of 210Po before eruption (fig. 1). Plagioclase crystals 
in sample SH304-2A had initial (210Po) and (210Pb) values of 
about 0.29 dpm/g (table 1). Assuming that plagioclase in all 
of the 2004–5 samples have this same (210Po), that plagioclase 
crystals make up 50 percent of whole rock, and that other 
coarsely crystalline phases have near zero (210Po), samples 
with groundmasses that are entirely degassed of 210Po would 
have (210Po) ≈ 0.14 dpm/g. Therefore, the “no-Po” line on figure 
1 is used to represent the approximate value of a whole rock 
whose groundmass had been entirely degassed of 210Po.

Representative values of (210Po) for whole rocks are 
compared with the values for leached samples in figure 2. In 

all cases, the whole-rock values exceed the leached values. 
For most samples, the values for unleached samples analyzed 
within two months of eruption are between 5 and 20 percent 
higher than for the leached samples. For sample SH305-1, the 
unleached values are more than 50 percent higher; for sample 
SH316-1A, these values are highly variable and as much as 
several times higher. These data indicate that a significant 
amount of 210Po resides in open pore spaces, which indicates 
that a fraction of the 210Po in all samples degassed into bubbles 
that never escaped from the magmas. This observation is 
important from an analytical point of view because it dem-
onstrates the importance of leaching samples in dilute acid 
to obtain intrinsic 210Po activities in lavas after all gas is lost 
from the magma. It also is important because it can allow the 
change from open- to closed-system degassing to be con-
strained temporally.

Nearly all dome whole-rock samples analyzed had initial 
(210Po)/(210Pb) ratios near the no-Po value when they vented. 
That is, the last day of complete degassing of 210Po from the 
Mount St. Helens dacite, which is represented by the date of 
intersection of the 210Po ingrowth curves with the no-Po line 
on figure 1, generally corresponds with their day of eruption 
within error of analysis and knowledge of eruption day (fig. 
3). An exception to this is sample SH305-1, which erupted in 
mid-November 2004 but apparently had last degassed Po in 
September 2004.

Like the dome samples, the lithified gouge sample 
SH307-2A degassed 210Po until the time that it vented to the 
surface. In contrast, the nonlithified gouge sample SH314-1G 
either ceased degassing 210Po about a month before it erupted, 
or gas derived from underlying magma added 210Po to this 
sample (fig. 3).

All of the calculated initial (210Pb)/(226Ra) values for 
whole rocks from the ongoing eruption are within 2σ analyti-
cal error of equilibrium (table 1). This is in marked contrast 
with samples erupted from Mount St. Helens in 1980, which 
had widely varying (210Po)/(226Ra) values (0.8 to 1.4) when 
they erupted (Berlo and others, 2004).

Discussion
210Po-210Pb Disequilibrium

The tephra sample ejected near the beginning of the 
ongoing eruption on October 4, 2004, was strongly enriched in 
210Po over 210Pb, demonstrating that magmatic Po had con-
densed on surfaces in the pore space of the shallow fumarolic 
system shortly before eruption and had erupted along with the 
pulverized rock fragments. In contrast, the hand-picked tephra 
fragments erupted on March 8, 2005, during active dome 
building had low initial (210Po) values, indicating that these 
fragments were mostly or entirely pieces of shallow dome 
material that had been emplaced about two weeks before their 
involvement in the phreatomagmatic explosions (fig. 3).



850  A Volcano Rekindled: The Renewed Eruption of Mount St. Helens, 2004−2006

Sample No. Sample 
type

Eruption
day

Analytical 
treatment

Analysis 
day

(210Po)
dpm/g ± 1σ (210Pb) (210Pb)/(226Ra) ± 1σ

MSH04E2A03_A2 Tephra 10/4/04 whole 10 2.361 0.052 ~1.17
whole 99 1.927 0.044
whole 134 1.806 0.041

SH301-1A7 Dome 1980s whole 30 1.191 0.026 1.04
whole 150 1.131 0.026
whole 559 1.043 0.025

SH304-2A Dome 10/18/04 whole 42 0.359 0.018 1.19 0.958 0.027
whole 99 0.574 0.019
whole 126 0.642 0.030
whole 298 0.966 0.025
leached 126 0.593 0.021
leached 298 0.949 0.024
leached 369 1.015 0.024

SH304-2A
Plagio-
clase 10/18/04 leached 66 0.298 0.010 0.29 4.4 0.1

leached 188 0.285 0.011
SH305-1 Dome 11/20/04 whole 99 0.907 0.024 1.17 1.023 0.039

whole 112 0.845 0.040
whole 253 1.036 0.076
leached 112 0.621 0.021
leached 218 0.863 0.021
leached 253 0.913 0.025
leached 475 1.061 0.023
leached 475 1.084 0.024

SH306 Dome 12/15/04 whole 126 0.384 0.014 1.15 0.974 0.031
whole 141 0.486 0.015
whole 211 0.708 0.030
leached 141 0.445 0.014
leached 211 0.681 0.021
leached 396 0.938 0.021

SH307-2A Gouge 2/12/05 whole 159 0.288 0.030 1.17 1.038 0.033
whole 218 0.487 0.023
leached 159 0.251 0.010
leached 218 0.464 0.015
leached 475 0.980 0.024

SH311-1B Ballistic 
fragment

1/16/05 whole 159 0.467 0.030 1.15 1.056 0.033
leached 159 0.438 0.013
leached 216 0.611 0.019
leached 475 1.001 0.023

MSH05DRS_3_9_4 Hand-
picked 
clasts

3/8/05 whole 202 0.405 0.028 1.15 1.018 0.032
leached 202 0.394 0.011
leached 483 0.982 0.025

SH314-1G Gouge 4/17/05 whole 211 0.360 0.043 1.13
leached 211 0.311 0.012
leached 396 0.810 0.020

SH315-1 Dome 4/1/05 whole 211 0.370 0.070 1.13
leached 211 0.323 0.013
leached 396 0.812 0.020
leached 965 1.116 0.022

Table 1. Activities of 210Po and initial (210Pb)/(226Ra) values for samples erupted in 2004–2005 from Mount St. Helens, 
Washington.

[Eruption day (month/day/year) from Pallister and others (this volume, chap. 30). Day of analysis is number of days after October 1, 2004. Initial 
(210Pb) values calculated by regressing a best-fit radioactive equilibration curve through leached sample analyses. Values for (226Ra) in dpm/g (dis-
integrations per minute per gram) from Cooper and Donnelly (this volume, chap. 36).]
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Table 1. Activities of 210Po and initial (210Pb)/(226Ra) values for samples erupted in 2004–2005 from Mount St. Helens, 
Washington.—Continued

[Eruption day (month/day/year) from Pallister and others (this volume, chap. 30). Day of analysis is number of days after October 1, 2004. Initial 
(210Pb) values calculated by regressing a best-fit radioactive equilibration curve through leached sample analyses. Values for (226Ra) in dpm/g (dis-
integrations per minute per gram) from Cooper and Donnelly (this volume, chap. 36).]

SH316-1A Dome 4/15/05 whole 253 3.642 0.121 1.14 1.028 0.033
whole 465 1.617 0.076
leached 334 0.671 0.018
leached 559 0.968 0.024
leached 965 1.143 0.023

SH317-1A Dome 5/1/05 whole 290 0.543 0.019 1.11 0.973 0.031
whole 465 1.005 0.068
leached 298 0.459 0.014
leached 483 0.846 0.022
leached 965 1.087 0.020

MSH319-1 Dome 5/15/05 whole 298 0.534 0.013 1.14
whole 465 0.818 0.042
leached 298 0.428 0.011
leached 516 0.895 0.022
leached 978 1.122 0.022

Sample No. Sample 
type

Eruption
day

Analytical 
treatment

Analysis 
day

(210Po)
dpm/g ± 1σ (210Pb) (210Pb)/(226Ra) ± 1σ

Although initial whole-rock 210Po activities are variable 
for dacite lavas from Mount St. Helens, these activities drop 
to near zero in nearly all samples when 210Po is removed from 
surfaces by leaching with dilute acid (table 1). Thus, like 
most other lavas (Gill and others, 1985; Lambert and others, 
1985; Le Cloarec and Pennisi, 2001; Bennett and others, 1982; 
Reagan and others, 2006), the intrinsic initial 210Po activities 
of Mount St. Helens dacites are near zero. The presence of 
significant 210Po in pore spaces of the Mount St. Helens dacites 
implies that the magmas continued to partition 210Po into the 
gas phase until the magmas arrived at the vent and cooled 
below the blocking temperature of 210Po.

The activities of 210Po in whole dacite samples were 
significantly more variable and higher on the day the samples 
vented to the surface compared with the activities of 210Po in 
leached samples. These differences probably reflect variations 
in the depth at which magmas ceased being able to vent gas 
to their surroundings; that is, when degassing changed from 
being open-system to closed-system. For most samples, the 
initial quantity of 210Po in pore spaces was small, which is 
consistent with closed-system degassing beginning no more 
than 1–2 weeks before eruption (fig. 2). At an eruption rate 
of 5–10 meters per day, which is the approximate ascent rate 
of magmas in the shallow conduit (LaHusen and others, this 
volume, chap. 16), this switch from open- to closed-system 
degassing must have typically occurred between about 35 and 
150 meters depth, which is similar to the depth where magmas 
are becoming rheological solids (Moran and others, this vol-
ume, chap. 2). However, sample SH305-1, which is unaltered 
and significantly more vesicular and more glassy than other 
samples, had much higher leachable 210Po values than less 

vesicular samples. This sample also has the greatest differ-
ence between its eruption day and last degassing day (fig. 3). 
Therefore, assuming that this sample’s velocity was the same 
as the velocity for other dome dacites, sample SH305-1 might 
have begun closed-system degassing as much as 200 days 
before eruption (corresponding to 1–2 km depth) and ceased 
degassing altogether about 2 months before it erupted (cor-
responding to about 0.5 km depth). If these assumptions are 
correct, this dacite chilled deeper within the edifice than other 
dacites from the ongoing eruption, which also might explain 
why sample SH305-1 contains fewer groundmass crystals than 
other samples from the 2004–5 eruption (see Cashman and 
others, this volume, chap. 19).

One sample with exceptionally high leachable 210Po was 
sample SH316-1A, which had a whole rock (210Po)/(210Pb) 
value significantly greater than unity when it erupted. This 
sample had significant orange staining on fracture surfaces; 
although these surfaces were avoided during hand picking 
before analysis, extraneous 210Po from underlying magmas 
appears to have been deposited heterogeneously in pore spaces 
throughout this sample. Nevertheless, this extraneous Po did 
not diffuse into the magma or solidified dacite, because the 
eruption and Po-degassing dates for sample SH316-1A are 
within error of each other.

Like the whole-dome samples, the lithified gouge sample 
SH307-2A degassed 210Po approximately until the day that 
it vented. Thus, despite its position along the conduit walls, 
where it quenched to a solid and was ground to gouge, this 
sample maintained a temperature that was high enough for 
210Po to degas completely until it vented. The loose gouge 
sample SH314-1G appears to have cooled below the 210Po 
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Figure 1. Plot of 210Po activities for leached samples recently erupted from Mount St. Helens, Washington. 210Po 
ingrowth curves drawn by choosing the day when (210Po) = 0 and the initial (210Pb) value that produced best-fit 
line through data points for each sample. The “no Po” line represents the approximate whole-rock value when 
groundmass was entirely degassed of 210Po. Analyses completed more than 600 days after October 1, 2004, are not 
shown, although they were used to determine the best-fit ingrowth curves. See text for further explanation.

blocking temperature about a month before eruption, which 
corresponds to a depth of about 150–300 m below the surface.

210Pb-226Ra Equilibrium

As demonstrated above, the dacites from the ongo-
ing eruption of Mount St. Helens reach the surface nearly 
degassed of 210Po. Nevertheless, all lavas from the ongoing 
eruption had near-equilibrium (210Pb)/(226Ra) values when they 
erupted. Both because 222Rn is a noble gas and because 210Po 
appears to partition entirely into the gas phase at magmatic 
temperatures at Mount St. Helens, we assume that 222Rn also 
strongly partitions from magma into a separate gas phase. If 
so, then the lack of a measurable 210Pb deficit indicates that 
open-system degassing of dacites erupting at Mount St. Helens 
must be confined to the time period between about 1–2 years 
(the minimum time to produce a measurable 210Pb deficit) 
before eruption and the start of closed-system degassing near 
the surface. These equilibrium values also indicate that the 

lavas from the ongoing eruption did not experience persistent 
streaming of 222Rn from large volumes of underlying magma, 
which contrasts with lavas and tephras erupted from Mount 
St. Helens in 1980 (compare Berlo and others, 2004). Finally, 
these equilibrium (210Pb)/(226Ra) values indicate that the 
melting processes that created 226Ra excesses over 230Th (and 
probably 210Pb) in all of the dacites from the ongoing eruption 
(Cooper and Donnelly, this volume, chap. 36), as well as the 
majority of plagioclase fractionation, occurred more than a 
century before eruption.

The contrast between the lack of (210Pb)/(226Ra) disequi-
libria during this eruption and the significant disequilibria 
encountered in samples from the eruption in 1980 (Berlo and 
others, 2004) is noteworthy. This difference is in stark con-
trast to Li concentration data, which indicate that plagioclase 
is enriched in Li at the beginning of both eruptions (compare 
Berlo and others, 2004; Kent and others, 2007) compared 
with subsequently erupted samples. The Li data suggest that 
a Li-enriched fluid pervasively infiltrated the first-erupted 
magmas and raised Li concentrations in plagioclase through 
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Figure 2. Plot of 210Po activity versus date of analysis in days after Oct. 1, 2004, for 
representative whole-rock powders from Mount St. Helens, Washington, before (open 
symbols) and after (filled symbols) leaching (symbols match those in figure 1).

Figure 3. Plot of the last day 
of 210Po degassing (date of 
intersection of 210Po ingrowth 
curves with no-Po line on figure 
1) versus the date of eruption for 
samples from the ongoing eruption 
of Mount St. Helens, Washington. 
Numbers for samples mentioned in 
the text are shown. Symbols show 
best guess for a sample’s eruption 
date, and lines indicate the range of 
potential eruption dates. The solid 
diagonal line marks equivalent last 
210Po degassing day and eruption 
day (210Po ceases degassing on 
eruption day). Dashed lines show 
calculated effect if 210Po ceased 
degassing 30, 60, or 90 days before 
eruption. Note that most samples of 
all types degas 210Po by closed- or 
open-system processes until the 
magmas are within two weeks of 
arriving at the surface.
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diffusion, whereas this fluid either did not infiltrate subse-
quent magmas for both eruptions, or it did so for too short 
a time to affect Li concentrations in plagioclase (Kent and 
others, 2007). The 210Pb enrichment found in the cryptodome 
and pumice samples erupted in 1980 was attributed to a Rn 
flux accompanying the Li flux (Berlo and others, 2004). If 
so, and if the 222Rn excess required to ingrow 210Pb also was 
associated with Li-bearing fluid for the current eruption, then 
this fluxing must have occurred during a much shorter time 
period before the current eruption than was the case in 1980 
(Kent and others, 2007). An alternative possibility is that the 
222Rn flux required for the high (210Pb)/(226Ra) values in the 
1980 magmas was separate from the Li-bearing fluid. In that 
case, the 222Rn flux may have been associated with the order-
of-magnitude higher rates of gas emission in 1980 compared 
with emission rates of the ongoing eruption (Gerlach and 
others, this volume, chap. 26).

The plagioclase mineral separate from sample SH304-2A 
has (210Po)/(210Pb) ≈1, indicating that very little of this plagio-
clase grew within 1–2 years before eruption. However, compar-
ing the (210Pb) value with the (226Ra) value reported in Cooper 
and Donnelly (this volume, chap. 36) gives a (210Pb)/(226Ra) 
value of about 4.4, indicating that a significant proportion of 
the plagioclase crystals in this lava grew within several decades 
of eruption. Assuming t  =  850°C and an average plagioclase 
An value of 0.5, the D

Pb
/D

Ra
 value in plagioclase would have 

been about 9.3 based on the lattice strain method of Blundy 
and Wood (1994) to calculate D

Ra
 and the partitioning model 

of Bindeman and others (1998) to calculate D
Pb

. Reconciling 
the (210Pb)/(226Ra) values and D

Pb
/D

Ra
 values produces a model 

average age of the plagioclase in the mineral separate of about 
30 years. Cooper and Donnelly (this volume, chap. 36) show 
that this plagioclase mineral separate has a (226Ra)/(230Th) value 
similar to that of the whole rock but a Th isotope ratio that is 
less than that of the whole rock by about 25 percent. These data 
were interpreted to suggest that 60–80 percent of the plagio-
clase is “zero-age” and the rest is older than 10 ka. Assuming 
that 70 percent of the plagioclase is young and that it grew in a 
single pulse, the (210Pb)/(226Ra) ratio in the newly grown material 
would have been about 5.9, which gives a model age of about 
17 years, consistent with a large proportion of the plagioclase 
growing at about the time of the 1980–86 eruption.

Conclusions
1. Leaching of powdered whole-rock samples by dilute 
acid to remove 210Po deposited in pore spaces is necessary 
to allow measurement of magmatic 210Po values. 

2. 210Po degasses from lavas associated with the ongo-
ing eruption of Mount St. Helens until they vent at the 

surface. The change from open- to closed-system degas-
sing generally occurs within 150 m of the surface, which 
is about the depth at which the exterior dome samples 
become solid. Nevertheless, closed-system degassing 
began as deep as 1–2 km for some magmas. 

3. Our sample of indurated gouge, collected from the 
surface of the lava dome, continued to degas 210Po until it 
reached the surface, whereas our sample of loose, more 
interior gouge appears to have ceased degassing 210Po at a 
depth of 150–300 m. 

4. Magmas erupted in 2004–5 from Mount St. Helens 
were generated and underwent differentiation more than 
a century before eruption on the basis of equilibrium 
(210Pb)/(226Ra) values, but less than a few thousand years 
before eruption on the basis of disequilibrium (226Ra)/
(230Th) values (see Cooper and Donnelly, this volume, 
chap. 36). 

5. The near-equilibrium (210Pb)/(226Ra) ratios for all of the 
dacites erupted in 2004–5 from Mount St. Helens suggest 
that the last stage of open-system degassing of these mag-
mas was confined to the time period between about a year 
before eruption and the start of closed-system degassing 
near the surface. These values further indicate that per-
sistent streaming of excess 222Rn gas through the magmas 
did not occur before this eruption, despite Li enrichments 
observed in plagioclase erupted in October and November 
2004 (Kent and others, 2007). 

6. The combined dataset of short- and long-lived 
U-series nuclides suggests that a significant proportion 
of the coarse plagioclase in a sample erupted in Novem-
ber 2004 grew at about the time of the 1980s eruptions 
of Mount St. Helens, and not during this last stage of 
magma rise and degassing.
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