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ABSTRACT 

 
 

Stable isotope ratios (18O/16O and D/H) potentially constrain origins of magma and 
volatile sources in igneous rocks. Modification of magmas by closed system processes 
(fractional crystallization and closed system devolatilization) or open-system processes 
(assimilation and fractional crystallization, magma mixing, degassing) affect 18O/16O and 
D/H ratios in known ways. Magma degassing during volcanic eruptions and subsequent 
rehydration or alteration of groundmass glass reduces accuracy of whole rock stable 
isotope measurements, the traditional method of measuring glassy volcanic rocks. 
However, phenocrysts separated from fresh volcanic rocks may retain magmatic 18O/16O 
and D/H values. Accordingly, oxygen isotopes in olivine, clinopyroxene, and plagioclase 
crystals were measured to determine whether Quaternary little-evolved mafic lavas of the 
Southernmost Cascades (SMC) represent only melts of heterogeneously contaminated 
mantle sources. In variably degassed silicic volcanic rocks from the 1980-1986 eruptions 
at Mount St. Helens (MSH) and the 1915 eruptions at Lassen Volcanic Center (LVC), 
hydrogen isotopes in amphibole and biotite phenocrysts were measured to evaluate 
shallow subvolcano magmatic processes. Magmas in each study are strongly influenced 
by crustal stress fields associated with each tectonic setting. The mantle source of the 
SMC little-evolved mafic lavas is heterogeneous, but these continental arc magmas 
acquire crustal contamination that reflects vent location across a region of extended 
heterogeneous crust. Hydrous phenocrysts in comparatively shallow, sill-like LVC silicic 
magma bodies recorded heating and devolatilization associated with the periodic 
injections of mafic magma. The broadly distributed crustal extension enables 
crystallizing silicic magmas to devolatilize as they are variably remobilized by heat and 
volatiles of recharging mafic magmas. At MSH, numerous small dacite magma pulses 
crowded into the narrow extensional volume below the vent. This focusing of all magmas 
and exsolved volatiles from a deeper main magma body produced the explosive May 18, 
1980, eruption that also extensively damaged at least the upper 5 km of subvolcano 
plumbing. Through 1986, pulses of volatile-rich dacite magma degassed in a structurally 
and thermally evolving plumbing system. [Mineral data are located in separate 
Supplemental Data Files.]
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CHAPTER 1 

 

INTRODUCTION 

 

Arc Volcanism 

 
 

Subduction zones mark the convergence of denser oceanic plates that are recycled 

into the mantle, and more buoyant upper plates that may be either oceanic lithosphere or 

continental lithosphere. In both cases, varying amounts of pelagic and terrigenous 

sediments and hydrospheric fluids are carried into the mantle and eventually become 

fluxing agents that produce mantle melts, which in turn, fuel trench-parallel arc 

magmatism. A successful investigation of sub-arc mantle compositions in any volcanic 

arc requires that the most primitive mafic lavas, free of crustal contamination are 

identified for further analysis, in addition to rare mantle xenoliths. From a planetary 

perspective, understanding mantle contamination mechanisms and heterogeneities created 

are important to building a more integrated understanding of an otherwise inaccessible 

environment.  

Geochemical investigations of the sub-arc mantle may be least compromised by 

crustal level processes at relatively young oceanic volcanic island arcs constructed on 

thin oceanic lithosphere and remote from continental sediment sources. Geochemistry of 

the most primitive mafic lavas may show the influence of small amounts of mantle source 

contamination (Schiano et al., 1995). As the island arc crust thickens and magma 

chambers develop, crustal contamination may variably confound the mantle chemical and 

isotopic signatures (Thirlwall et al., 1996). Indeed, for volcanic arcs that span oceanic 
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and continental lithospheres, crustal contamination becomes pronounced in the 

continental arc segment (Macpherson et al., 1998). Continental crust averages at least 2-

3x the thickness of island arc crust, and crustal contamination occurs in continental 

settings with thinned extended lithosphere (Grunder & Wickham, 1991). 

Therefore, if crustal contamination is likely, then consideration of the genesis of the 

continental lithosphere is warranted. Modern continental plate margins of tectonic 

accretionary heritage could have highly heterogeneous lithosphere. Over geologic time, 

ancient continental margins accreted or subcreted many island arcs, and continental 

transform faults or other tectonic motions periodically dismembered and redistributed 

lithospheric blocks around craton margins. Thus, geochemical profiling of the continental 

sub-arc mantle using primitive mafic lavas probably requires a study of the early liquidus 

phases(s) in order to avoid or minimize probable crustal contamination expressed in lava 

whole rock geochemistry. 

Cascade Continental Volcanic Arc 

 

The Cascade volcanic arc (Figure 1.1) extends from 40.3oN (northern California) to 

50.9oN (southwestern British Columbia) and is produced by modern oblique subduction 

of the hot young Juan de Fuca plate and adjoining microplates (Gorda to the south and 

Explorer to the north). Convergence rate varies from ~3.8 cm/year in the south to 4.8 

cm/year in the north (Wells et al., 1998). 

Far-field effects of Pacific Plate motion influence the stress regime in the Central 

Oregon Cascades by inducing rotation in the Oregon Coastal block and translation of the 
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Figure 1.1. Map of the Cascade volcanic arc modified after McBirney (1968). Oceanic lithosphere of the 
Columbia Embayment is bounded by dashed lines. Late Cenozoic volcanic rocks from High Cascades are 
dark gray fill with major composite volcanoes and volcanic centers are indicated by triangles: LVC = 
Lassen Volcanic Center, MS = Mount Shasta, MLV = Medicine Lake Volcano, MMc = Mount 
McLoughlin, CLV = Crater Lake Volcano, NV = Newberry Volcano, TS = Three Sisters, MJ = Mount 
Jefferson, MH = Mount Hood, MSH = Mount Saint Helens, MA = Mount Adams, SVF = Simcoe Volcanic 
Field, MR = Mount Rainier, GP = Glacier Peak, MB = Mount Baker, MG = Mount Garibaldi, MC = Mount 
Cayley, MM = Meager Mountain. SMC = Southernmost Cascades.  
 
 
Sierra Nevada block along Walker Lane (Wells & Simpson, 2001). The crust of the 

Southernmost Cascades is affected by this distributed transtension and Basin and Range 

extension (Wells et al., 1998). Cascade arc crust south of Mount Rainier is under 

extension with varying degrees of rotation accommodated by distributed fault and shear 
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zones (Wells, 1990; Blakely et al., 1997; Miller  et al., 2001). Crustal compression along 

the volcanic arc north of Mt. Rainier is due to buttressing by the Coast Mountains of 

southwest British Columbia (Wells et al., 1998; Wells & Simpson, 2001). The modern 

Cascade volcanic arc consists of five segments that reflect the changing tectonic 

conditions along the arc (Guffanti & Weaver, 1988). 

The Cascade volcanic arc segments south of South Sister are constructed on a 

complex collage of accreted Phanerozoic terranes. The volcanic arc from Middle Sister to 

Mt. Rainier is constructed on oceanic lithosphere of the Columbia Embayment (Hughes, 

1990). Cascade arc segments north of Mt. Rainier are constructed on Phanerozoic 

lithosphere of accreted terranes (Wells & Simpson, 2001).  

Over 2300 Quaternary volcanic vents have been documented in the Cascades, and 

many of them are mafic monogenetic volcanoes (Hildreth, 2007). Longer-lived 

composite volcanoes, usually of intermediate to silicic compositions form the largest 

edifices. Because volcanic hazards associated with explosive silicic arc volcanism are 

substantial, investigations of mechanisms behind explosivity are important scientifically 

and for volcanic hazard and risk assessments. The two most recently erupted silicic 

volcanoes are Mt. St. Helens (1980-1986 and 2004-2008) and Lassen Volcanic Center 

(1915). The crustal stress regime is significantly different at each volcano, and well-

documented eruptions make them attractive targets for investigating the shallow crustal 

magmatic processes associated with the eruptions that may provide important information 

before/during future volcanic crises. 
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Contamination in Little-Evolved Mafic Lavas 

 
 

Oxygen isotope studies in volcanic rocks can constrain contamination sources in 

magmas that are not easily discernable by other methods. Oxygen comprises 60-65 

atomic% of most crustal rocks and magmas. Source rocks melted with surface-

contaminants (e.g. subducted sediments and fluids) typically show 18O-enrichments 

compared to those produced by melting unmodified fertile lherzolites. Crystal 

fractionation produces small enrichments (<1‰) in the melt, while the nature and amount 

of crustal assimilants may variably enrich or deplete whole rock δ
18O values. 

In Chapter 2, I endeavor to resolve a mantle and crustal contamination controversy in 

the little-evolved mafic lavas of the Southernmost Cascades (SMC). This arc segment has 

voluminous, widely distributed Quaternary mafic volcanism, and is overlain by Basin and 

Range extension. Elevated whole rock δ
18O values (5.6-7.8‰) for SMC little-evolved 

mafic lavas were attributed to either modern hydrous fluxing of the mantle wedge by 

Borg et al. (1997), or crustal contamination by Bacon et al. (1997). Oxygen isotopes in 

phenocrysts (olivine, clinopyroxene, and plagioclase) from the little-evolved mafic lavas 

for which extensive geochemical data were collected (Clynne, 1993; Clynne & Borg, 

1997; Bacon et al., 1997; Borg et al., 1997, 2000, 2002) permit an estimation of the 

degree to which high 18O/16O ratio surface materials have contaminated the continental 

sub-arc mantle. Primary magmas with δ
18Omelt values calculated from olivine δ18O 

values, and compared to the analyzed whole rock δ
18O values are part of the evidence for 

pervasive and varied crustal contamination in the lavas. Chapter 2 is intended for 

submission to the Journal of Petrology. 
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Silicic Volcanism and Magma Devolatilization 

 
 

Water is typically the major volatile component in shallow silicic magmas, and while 

oxygen is not very sensitive to melt degassing, hydrogen is very sensitive. Deuterium-

protium isotopic fractionations are potentially the largest of any element in the periodic 

table due to the large relative mass difference. For example, large hydrogen isotopic 

fractionations are observed in various types of low temperature distillations and chemical 

reactions, and in sequentially degassed glassy volcanic rocks (e.g. Newman et al., 1988). 

In low glass-content, water-rich silicic arc volcanic rocks, do hydrous minerals (i.e. 

biotite and/or amphibole) in fresh silicic volcanic rocks record changing conditions in 

shallow sub-volcano plumbing systems? This research question is addressed in the 

following investigations of shallow subvolcano magma processes using well-

characterized rocks from extensively studied silicic volcanic eruptions. 

The Lassen Volcanic Center (LVC) is the Southernmost Cascade long-lived arc 

volcano and it is the case study for silicic volcanism in regional crust under extension. 

Silicic magmas produced by melting the lower crust ascend into the upper crust where 

shallow magma bodies form (Borg & Clynne, 1998). The silicic tephras, pyroclastic 

flows, domes and lava flows erupted contain ample macroscopic evidence of mafic 

magma interactions that likely predated each eruption. The four most recent eruptive 

periods were fed from shallow silicic magma bodies containing both biotite and 

amphibole phenocrysts (Heiken & Eichelberger, 1980; Turrin et al., 1998; Clynne, 1999; 

Tepley et al., 1999). The 1915 eruption at Lassen Peak provides a time frame for various 

phases of a witnessed eruption that is useful for some interpretations of the three older 
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LVC eruptive sequences (Clynne, 1999). Chapter 3 investigates the effects of thermal 

perturbations, and volatile and mass increases from pulsed mafic magma recharge into 

silicic magma bodies, devolatilization of the mafic-silicic magma system and calculated 

δD values of magmatic steam and brines derived from crystallization LVC intrusive 

rocks. Changes in manganese partitioning and H-isotopic disequilibria between 

coexisting biotite and amphibole probably reflect heating and convection in the tabular 

silicic magma bodies. Chapter 3 is intended for submission to the Journal of Volcanology 

and Geothermal Research. 

In Chapter 4, Mount St. Helens (MSH) is the study subject for explosive silicic 

volcanism from a vent located at a dextral offset in the St. Helens Seismic Zone that 

aligns with the regional compressive stress field (Weaver et al., 1987). The silicic 

magmas are notable for the extremely complex magma mixing trajectories (Pallister et 

al., 1992) and the numerous plutonic xenoliths entrained in lavas erupted in the last 2500 

years (Heliker, 1995). Although MSH has erupted basalts to rhyodacites in the past 

~4000 years, the dacitic eruption products from 1980-1986 have a dearth of mafic 

enclaves. The magma chamber zone imaged by seismological studies is a upright ‘prolate 

ellipsoid’ ~1 km wide and ~7 km tall centered at about 10.5 km depth (Pallister et al., 

1992). The dacitic eruptions of 1980-1986 were very well documented and I draw from 

that extensive body of information to interpret amphibole H-isotope behavior that 

indicated shallow changes in subvolcano plumbing beneath MSH during the six years of 

intermittent eruptions.  

In contrast to LVC, devolatilization of multiple dacite magma pulses occurred in the 

upper ~5 km of the MSH subvolcano plumbing system; this determined the subsequent 
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style of volcanic activity. Shallow magma degassing was far more extensive in the 2004-

2008 eruptions, and, as is discussed in Chapter 4, that eruption sequence was not as 

amenable to the methods applied to 1980-1986 materials. Chapter 4 is intended for 

submission to the Journal of Petrology. 

A brief summary comparison for Lassen Volcanic Center and Mount St. Helens 

presented in Chapter 5 might be useful at other volcanoes with similar tectonic controls 

on subvolcano plumbing systems. It may eventually become a short article in a journal. 



21 

 

References 

 
Bacon, C. R., Bruggman, P. E., Christiansen, R. L., Clynne, M. A., Donnelly-Nolan, J. 

M. & Hildreth, W. (1997). Primitive magmas at five Cascade volcanic fields: melts 
from hot, heterogeneous sub-arc mantle. Canadian Mineralogist  35, 397-423. 

 
Blakely, R J., Christiansen, R.L., Guffanti, M., Wells, R. E., Donnelly-Nolan, J. M., 

Muffler, L. J. P., Clynne, M. A. & Smith, J. G. (1997). Gravity anomalies, 
Quaternary vents, and Quaternary faults in the southern Cascade Range, Oregon and 
California:  implications for arc and backarc evolution. Journal of Geophysical 
Research 102, 22513-22527. 

 
Borg, L. E., Blichert-Toft, J. & Clynne, M. A. (2002). Ancient and modern subduction 

zone contributions to the mantle sources of lavas from the Lassen region of 
California inferred from Lu-Hf isotopic systematics. Journal of Petrology  43, 705-
723. 

 
Borg, L. E., Brandon, A. D., Clynne, M. A. & Walker, R. J. (2000). Re-Os isotopic 

systematics of primitive lavas from the Lassen region of the Cascade arc, California. 
Earth and Planetary Science Letters 177, 301-317. 

 
Borg, L. E. & Clynne, M. A. (1998). The petrogenesis of felsic calc-alkaline magmas 

from the Southernmost Cascades, California: origin by partial melting of basaltic 
lower crust. Journal of Petrology 39, 1197–1222. 

 
Borg L. E., Clynne, M. A. & Bullen, T. D. (1997). The variable role of slab-derived 

fluids in the generation of a suite of primitive calc-alkaline lavas from the 
southernmost Cascades, California. Canadian Mineralogist  35, 425-452. 

 
Clynne, M. A. (1999). A complex magma mixing origin for rocks erupted in 1915, 

Lassen Peak, California. Journal of Petrology 40, 105–132. 
 
Clynne, M. A. & Borg, L. E. (1997). Olivine and chromian spinel in primitive calc-

alkaline and tholeiitic lavas from the southernmost Cascade range, California: a 
reflection of relative fertility of the source. Canadian Mineralogist 35, 453-472. 

 
Clynne, M. A. (1993). Geologic studies of the Lassen Volcanic Center, Cascade Range, 

California. Ph.D. dissertation, University of California, Santa Cruz. 
 
Grunder, A. L. & Wickham, S. M. (1991). Homogenization and lowering of 18O/16O in 

mid-crustal rocks during extension-related magmatism in eastern Nevada. Earth and 
Planetary Science Letters 107, 416-431. 

 
 



22 

 

 
Guffanti, M. & Weaver, C. S. (1988). Distribution of late Cenozoic volcanic vents in the 

Cascade Range: volcanic arc segmentation and regional tectonic considerations. 
Journal of Geophysical Research 93, 6513-6529. 

 
Heiken, G. & Eichelberger, J.C. (1980). Eruptions at Chaos Crags, Lassen Volcanic 

National Park, California. Journal of Volcanology and Geothermal Research 7, 443–
481. 

 
Heliker, C, (1995). Inclusions in Mount St. Helens dacite erupted from 1980 through 

1983. Journal of Volcanology and Geothermal Research 66, 115-135. 
 
Hildreth, W. (2007). Quaternary Magmatism in the Cascades—Geologic Perspectives. 

US Geological Survey, Professional Paper 1744, 125pp. 
 
Hughes, S. S. (1990). Mafic magmatism and associated tectonism of the Central High 

Cascade Range, Oregon. Journal of Geophysical Research 95, 19623-19638. 
 
Macpherson, C. G., Gamble, J. A. & Mattey, D. P. (1998). Oxygen isotope geochemistry 

of lavas from an oceanic to continental arc transition, Kermadec-Hikurangi margin, 
SW Pacific. Earth and Planetary Science Letters 160, 609-621. 

 
McBirney, A. R. (1968). Petrochemistry of the Cascade andesite volcanoes. Oregon 

Department of Geology and Mineralogy Industry Bulletin 62, 101-107. 
 
Newman, S., Epstein, S. & Stolper, E. (1988). Water, carbon dioxide, and hydrogen 

isotopes in glasses from the ca. 1340 A.D. eruption of the Mono Craters, California: 
constraints on degassing phenomena and initial volatile content. Journal of 
Volcanology and Geothermal Research 35, 75–96. 

 
Pallister, J. S., Hoblitt, R. P., Crandell, D. R. & Mullineaux, D. R. (1992). Mount St. 

Helens a decade after the 1980 eruptions: magmatic models, chemical cycles, and a 
revised hazards assessment. Bulletin of Volcanology  54, 126-146. 

 
Schiano, P. Clocchiatti, R., Shimizu, N., Maury, R. C., Jochum, K. P. & Hofmann, A.W. 

(1995). Hydrous, silica-rich melts in the sub-arc mantle and their relationship with 
erupted arc lavas. Nature 377, 595-600. 

 
Tepley, F. J., Davidson, J. P. & Clynne, M. A. (1999). Magmatic interactions as recorded 

in plagioclase phenocrysts of Chaos Crags, Lassen Volcanic Center, California. 
Journal of Petrology 40, 787–806. 

 
 
 



23 

 

Thirlwall, M. F., Graham, A. M., Arculus, R. J. , Harmon, R. S. & Macpherson, C. G. 
(1996). Resolution of the effects of crustal assimilation, sediment subduction, and 
fluid transport in island arc magmas: Pb-Sr-Nd-O isotope geochemistry of Grenada, 
Lesser Antilles. Geochimica et Cosmochimica Acta 60, 4785-4810. 

 
Turrin, B. D., Christiansen, R. L., Clynne, M. A., Champion, D. E., Gerstel, W. J., 

Muffler, L. J. P. & Trimble, D. A. (1998). Age of Lassen Peak, California, and 
implications for the ages of late Pleistocene glaciations in the southern Cascade 
Range. Geological Society of America Bulletin 110, 931–945. 

 
Weaver, C. S., Grant, W. C. & Shemeta, J. E. (1987). Local crustal extension at Mount 

St. Helens, Washington. Journal of Geophysical Research 92, 10170-10178. 
 
Wells, R. E. & Simpson, R. W. (2001). Northward migration of the Cascadia forearc in 

the northwestern U.S. and implications for subduction deformation. Earth Planets 
Space 53, 275-283. 

 
Wells, R. E., Weaver, C. S. & Blakely, R. J. (1998). Fore-arc migration in Cascadia and 

its neotectonic significance. Geology 26, 759-762. 
 
Wells, R. E. (1990). Paleomagnetic rotations and the Cenozoic tectonics of the Cascade 

Arc, Washington, Oregon, and California. Journal of Geophysical Research 95, 
19409-19417. 



24 

 

 
CHAPTER 2   

 

OXYGEN ISOTOPE GEOCHEMISTRY OF SOUTHERNMOST 
CASCADE RANGE LITTLE-EVOLVED MAFIC LAVAS: 

IMPLICATIONS FOR MANTLE AND CRUSTAL CONTAMINATION 
IN MAFIC MAGMAS AT CONTINENTAL VOLCANIC ARCS 

 

Abstract 
 
 

Previously reported whole rock δ18O values (5.6-7.8‰) for little-evolved Quaternary 

mafic lavas from the Southernmost Cascades (SMC) are often elevated (up to 1‰) 

relative to δ18O values expected for mafic magmas in equilibrium with mantle peridotite. 

To assess mantle modification and crustal contamination of host melts at a continental 

volcanic arc, olivine, clinopyroxene, and plagioclase crystals were separated for δ18O 

value measurements by laser fluorination for 29 geochemically well-characterized, little-

evolved mafic lavas. Oxygen isotope values of olivine phenocrysts in calc-alkaline lavas 

(δ18Ool = 5.3-5.8‰) and contemporaneous high alumina olivine tholeiitic lavas (δ
18Ool = 

5.5-5.7‰) exceed MORB olivine values (~5.0-5.4‰). The δ
18Ool values likely reflect 

heterogeneous 18O-enriched mantle source domains that developed during multiple 

subduction events from varying combinations of slab-derived hydrous fluid (2-3 wt%) 

and sediment (2-3 wt%) contamination.  

Few if any SMC little-evolved mafic lavas erupted free of crustal contamination. 

Olivine δ18O values >5.8 and up to 6.3‰ imply that some primitive mantle melts were 

probably contaminated by evolved magmas near the base of the crust. Co-existing 

mineral phases frequently display disequilibria in both δ
18O values and mineral textures. 
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Clinopyroxene δ18O disequilibria with respect to δ18O values for co-existing olivine is 

interpreted as mafic magma contamination by cumulates, mushes, and melts from 

modern arc-axis deep crustal magma chambers. In addition, plagioclase δ
18O 

disequilibria with respect to co-existing olivine are from magma mixing and/or from 

disaggregation of plagioclase-bearing crustal contaminants. Xenocrytic plagioclase 

sources include assimilated mineralized zones and country rock from conduit walls along 

faults, shear zones, and/or aureoles. In some lavas, up to 10 wt% contamination by mafic 

to ultramafic crustal material (δ18O = 10-20‰) may be responsible for elevated δ
18OWR 

values. Where mafic magmas cut older volcanic centers, calculations suggest 5-7 wt% 

hydrothermally altered volcanic rock (δ18O = -4‰) was assimilated into in the magmas. 

The results of this study suggest crustal contamination of ascending primitive mafic 

mantle melts is probably pervasive at mature continental volcanic arcs in extensional 

tectonic environments.  

Introduction 
 
 

Volcanism in the southernmost Cascades (SMC) of northern California occurs on 

two distinct scales: (1) large volume, long-lived (up to a million years) volcanic centers 

ranging in composition from basaltic-andesitic to rhyolitic and (2) small volume, short-

lived (one to a few thousand years) basaltic to andesitic shield volcanoes and scoria cones 

(Guffanti et al., 1996). Although all magmas erupted at the long-lived centers are 

extensively contaminated by melts from the continental crust (Feeley et al., 2008), some 

smaller mafic volcanoes erupted little differentiated mantle-derived melts (Borg et al., 

1997). Of this latter group, at least 29 calc-alkaline (CA) and high-alumina olivine 
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tholeiitic (HAOT) lava flows erupted in the SMC region were defined as 'primitive' by 

Clynne (1993), Bacon et al. (1997) and Borg et al. (1997). Partial melting of the upper 

mantle, with little subsequent modification by differentiation processes (e.g. fractional 

crystallization, crustal contamination, magma mixing) produces primitive basaltic 

magmas. Low whole rock SiO2 contents, high MgO and Ni contents, and simple 

mineralogies consisting of Cr-rich spinel, Mg-rich olivine and clinopyroxene phenocrysts 

distinguish primitive mafic magmas (Wilson, 1989). Because primitive mafic lavas are 

direct samples of the mantle and are parental to more silica-rich magmas through 

differentiation processes, they are of great petrologic significance. Consequently, they 

provide strong constraints on mantle compositions and melting processes, in addition to 

serving as endmembers in petrogenetic models for more differentiated rocks. 

Previous investigations of SMC primitive lavas include petrologic and geochemical 

studies by Clynne (1993), Borg (1995), Bacon et al. (1997), Clynne & Borg (1997) and 

Borg et al. (1997, 2000, 2002). These studies produced a large and comprehensive 

isotopic data set for the rocks, including whole rock values for Sr, Nd, Pb, Hf, Os, and O 

isotope ratios. An unusual and inadequately accounted for feature of the isotope data is 

that many rocks have whole rock oxygen isotope ratios (δ
18OWR = 5.6-7.8‰) that are 

considerably higher than values typically associated with mantle-derived basalts 

(5.5±0.2‰; Eiler, 2001). Borg (1995) and Borg et al. (1997) attributed the high δ
18OWR 

values of SMC primitive mafic lavas to large amounts of modern slab-derived hydrous 

fluids added into mantle previously contaminated by small amounts of subducted 

sediment. They resisted ascribing the high δ
18O values to crustal contamination due to the 

high compatible-element contents of the rocks, which limit the amounts of crust that may 
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be admixed into the magmas, and the lack of correlations between δ
18OWR values and 

indices of differentiation. Moreover, Borg et al. (1997, 2000) concluded that crustal 

contamination is minor, and rejected modification of whole rock oxygen isotopic ratios 

by secondary processes (e.g. cold hydration with meteoric fluids) because the rocks are 

young and visibly pristine. In contrast, Bacon et al. (1997) argue that mafic and 

ultramafic crustal components are significant sources of contamination and, in part, are 

responsible for elevated δ
18OWR values. The disparity between the Borg et al. (1997) and 

Bacon et al. (1997) petrogenetic models (i.e., mantle vs. crustal contamination) is the 

impetus for this study. Furthermore, because of the differences in previous interpretations 

of the SMC mafic lavas, they are designated as ‘little-evolved’ from this point forward 

rather than as ‘primitive’. 

I determined magmatic δ
18O values from SMC little-evolved mafic lavas by 

separating phenocryst phases for oxygen isotope ratio measurements by laser 

fluorination. Forsteritic olivine phenocrysts with compositions in equilibrium with mantle 

peridotite are common to most of these lavas (Clynne & Borg, 1997). The δ
18Ool values 

are compared with the findings of other recent laser-fluorination studies documenting the 

oxygen isotope compositions of olivine from little differentiated mid-ocean ridge 

(MORB), oceanic island arc (OIA) and intraplate oceanic island (OIB) basaltic lavas (e.g. 

Eiler, 2001). Constraints on the oxygen isotopic compositions of the sub-arc mantle 

beneath SMC are established and potential sources and types of mantle and crustal 

contamination are identified.  
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Previous oxygen isotopic investigations of mafic lavas from continental settings have 

shown that crustal contamination is pervasive (Hildreth et al., 1991; Grunder & 

Wickham, 1991; Feeley & Sharp, 1995; Baldridge et al., 1996; Baker et al., 2000). 

Studies of Central American arc lavas and of Miocene Sardinian arc lavas could not rule-

out crustal contamination (Eiler et al., 2005; Downes et al., 2001). In the SMC, primitive 

mantle melts are variably contaminated during transit through compositionally diverse 

extended crust. In this regard, it appears that arc-axis proximity increases the range of 

possible contaminants, which includes cumulates, melts, and mushes.  

Background 

 
 
Geologic Setting 
 

Arc volcanism in the Cascades results from subduction of the Gorda/Juan de 

Fuca/Explorer oceanic plates beneath the continental North American plate (Figure 2.1a). 

In the southern part of the arc, the warm, intensely fractured, high-riding north Gorda 

plate is ~6 Ma where it obliquely converges at 36 mm/year under the large accretionary 

complex at the leading edge of the North American plate (Dziak et al., 2001; Wilson, 

2002). Volcanic activity in the SMC arises from arc magmatism at the southern end of 

the Cascadia subduction zone and asthenospheric upwelling along the margin where the 

Gorda lithosphere termination creates a slabless window (Trehu et al., 1995; Gulick et 

al., 2001).  
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Figure 2.1. (a) Map of the Cascade volcanic arc tectonic setting modified after McBirney (1968). Oceanic 
lithosphere of the Columbia Embayment is bounded by dashed lines. Late Cenozoic volcanic rocks from 
High Cascades are dark gray fill with major composite volcanoes and volcanic centers indicated by 
triangles: LVC = Lassen Volcanic Center, MS = Mount Shasta, MLV = Medicine Lake Volcano, MMc = 
Mount McLoughlin, CLV = Crater Lake Volcano, NV = Newberry Volcano, TS = Three Sisters, MJ = 
Mount Jefferson, MH = Mount Hood, MSH = Mount Saint Helens, MA = Mount Adams, SVF = Simcoe 
Volcanic Field, MR = Mount Rainier, GP = Glacier Peak, MB = Mount Baker, MG = Mount Garibaldi, 
MC = Mount Cayley, MM = Meager Mountain. SMC = Southernmost Cascades (inset box). (b) Map of 
sample sites for SMC little-evolved mafic lavas in this study. CA lavas by location: circles = forearc, 
squares = arc-axis, and triangles = back-arc. HAOT lavas = diamonds. Highways are solid numbered lines, 
and dotted lines divide forearc, arc-axis, and back-arc zones by depth to modern Gorda slab (Borg et al., 
1997). 
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East-northeast directed crustal extension of the Basin and Range province overlaps 

the SMC arc-axis producing NNW trending normal faults that are a primary control on 

volcanic vent locations (Guffanti et al., 1990, 1996). An additional component of crustal 

extension in this diffuse transfer zone is imposed by far field Pacific plate motion and 

dextral shear movement in the more proximal Walker Lane (Blakely et al., 1997). 

Outboard faults of the Walker Lane dextral shear zone terminate in splays that cut the 

northern termination of the Sierra Nevada microplate that underlies at least part of the 

SMC back-arc (Hildreth, 2007). In the vicinity of Lassen Peak, which is centrally located 

in the SMC, the crustal thickness is 38 ± 4 km (Mooney & Weaver, 1989). 

Widespread regional Quaternary mafic (basaltic to andesitic) volcanic rocks erupted 

from hundreds of coalescing volcanoes forming a platform over basement tectonic 

complexes. Two geochemically distinct groups of mafic lavas erupted in the 

southernmost Cascades during the past 7 Ma (Guffanti et al., 1990; Clynne, 1993; Bacon 

et al., 1997; Borg et al., 1997). Low potassium HAOT lavas associated with 

superimposed Basin and Range extension are present from the arc-axis eastward into the 

back-arc and typically erupted from monogenetic cinder cones, shields, or fissure vents 

(Guffanti et al., 1990). Subduction-related CA basalts to mafic andesites are present from 

the forearc to the back-arc and are more prevalent than HAOT lavas (Guffanti et al., 

1990, 1996; Bacon et al., 1997). 

 
SMC Little-Evolved Mafic Lavas 
 

SMC primitive mafic lavas are defined by Borg et al. (1997) as tholeiitic lavas with 

Fo86-88 olivine and calc-alkaline lavas with Fo86-90 olivine. In addition, both primitive lava 
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types have Ni > 100 ppm, Cr > 200 ppm, MgO > 6 wt%, and Mg# > 60 (where Mg# = 

100[Mg]/([Mg] + [Fe2+])). Figure 2.2 illustrates ranges in SiO2 and MgO contents of the 

rocks discussed in this study and defined as primitive by Borg et al. (1997). The 

compositions of olivine phenocrysts in lavas from both groups are in equilibrium with 

mantle peridotite (Clynne & Borg, 1997), and have 1225–1275 oC crystallization 

temperatures, based on olivine calcium concentrations (Clynne, 1993). HAOT magmas 

are generally hotter than CA magmas (Clynne, 1993).  
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Figure 2.2. Whole rock SiO2 wt% versus MgO wt% for study suite of little-evolved mafic lavas  (Clynne, 
1993; Borg et al., 1997; Bacon et al., 1997). CA lavas: circles = forearc, squares = arc-axis, and triangles = 
back-arc; HAOT lavas = diamonds. 

 

HAOT lavas erupted in the SMC are similar to mafic tholeiitic lavas associated with 

the Basin and Range extensional province (Bullen & Clynne, 1989; Guffanti et al., 1990; 

Clynne, 1993). These comparatively large volume (often > 1 km3), low viscosity magmas 
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are typically present as thin, pahoehoe flows (Clynne, 1993). The HAOT lavas are 

sparsely phyric (<5% phenocrysts) with olivine or plagioclase phenocrysts set in 

holocrystalline groundmasses (Clynne & Borg, 1997). The major element signature of the 

HAOT lavas is < 0.2 wt% K2O, 17–18 wt% Al2O3, 48–50 wt% SiO2 and FeO*/MgO 

ratios of 0.9–1.2 (Clynne & Borg, 1997; Bacon et al., 1997).  

CA mafic lavas are typically low volume (< 1 km3) block lava flows erupted from 

small monogenetic shield volcanoes or scoria cones (Clynne, 1993). In the forearc, CA 

lavas range from basalts to high-MgO andesites with low abundances of incompatible 

trace elements, including high field strength elements (HFSE; Borg et al., 1997). Mafic 

CA back-arc lavas are restricted to basalts with high concentrations of incompatible trace 

elements (Clynne & Borg, 1997). All CA lavas are phenocryst-poor (<5%) with olivine 

as the primary phenocryst phase, or olivine plus spinel. Clinopyroxene is present as a 

phenocryst phase in some CA lavas and plagioclase is absent to sparse (Clynne & Borg, 

1997; Borg et al., 1997). Groundmass textures range from intergranular to intersertal. 

Chemically, the CA lavas are more oxidized and have higher large ion lithophile element 

(LILE) and light rare earth element (LREE) contents, lower heavy rare earth element 

(HREE) contents and HFSE depletion relative to the HAOT lavas (Bacon et al., 1997).  

Olivine phenocrysts in both HAOT and most CA lavas contain chromian spinel 

inclusions in equilibrium with the host olivine. Clynne & Borg (1997) postulated that 

crystallization of these Al-rich chromian spinel inclusions occurred at ~11 kbar (cf. 

Bartles et al., 1991), and that the oikocrystic olivine phenocrysts must have formed 

contemporaneously or nearly so in HAOT lavas. In CA lavas, the spinel inclusions 

formed at higher pressures and were preserved as chadacrysts in olivine host crystals 
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(Clynne & Borg, 1997). The often more elevated Cr# (where Cr# = 100[Cr]/([Cr] + 

[Al])) of the spinel inclusions from trenchward samples relative to lower values to the 

east is interpreted by Clynne (1993),  Borg (1995), and Clynne & Borg (1997) as an 

indication of heterogeneous mantle source fertility for SMC little-evolved mafic lavas.  

Based on trace elements and radiogenic isotopic studies, the sub-arc mantle beneath 

the SMC is isotopically and compositionally heterogeneous and is inferred to contain at 

least three endmember components (Bullen & Clynne, 1990; Clynne, 1993; Clynne & 

Borg, 1997; Bacon et al., 1997; Borg et al., 1997, 2000, 2002). These components 

include: (1) depleted, MORB-like mantle, (2) mantle enriched by subduction 

components, and (3) an intraplate mantle component derived from accreted oceanic 

lithosphere of the Sierra Nevada province and Klamath island arc terranes, and the Sierra 

Nevada continental arc (Bullen & Clynne, 1990; Borg et al., 2002). Importantly, the 

intraplate endmember, or OIB component, has been invoked to model the geochemistry 

of CA mafic lavas with weak Sr enrichments and low high field strength element (HFSE) 

depletions (Bacon et al., 1997; Borg et al., 1997), yet modern bona fide OIB volcanic 

rocks are absent in the SMC.  

HAOT magmas equilibrated with spinel in a lithospheric mantle source region 

previously enriched during ancient subduction episodes (Bacon et al., 1997; Borg et al., 

2002). Little-evolved CA mafic magmas originated in the asthenosphere; fertile lherzolite 

domains melted in back-arc mantle whereas variably depleted, harzburgitic source(s) that 

may require substantial fluid-fluxing produced melts in the forearc (Clynne & Borg, 

1997; Borg et al., 2002).  
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Sample Collection and Analytical Techniques 
 
 

The SMC mafic lavas selected for this study (Table 2.1) are well-characterized, 

nearly pristine (see below) rocks previously investigated by Clynne (1993), Bacon et al. 

(1997), Borg et al. (1997), Clynne & Borg (1997), and Borg et al. (2000, 2002). Mg#s for 

the sample set range from 66 to 82, and the lavas are Quaternary where dated (most < 0.5 

Ma; Clynne & Borg, 1997). For this work, new material was collected from precisely the 

same field locations as in the earlier studies. Lava samples are from variable positions 

vertically and laterally in the flows.  

 
Oxygen Isotope Analyses 
 

Olivine, clinopyroxene, and plagioclase phenocryst separates were prepared by hand-

picking primarily 500-425 µm, but also 425-300 µm or occasionally 300-250 µm size 

fractions following crushing, grinding, sieving and magnetic separation of whole rock  

samples. All separates were ultrasonically cleaned in a 10% HCl solution for ~15 minutes 

followed by thorough deionized water rinse and drying prior to oxygen isotope analysis. 

The optical minimum purity of each separate was 99%. Olivine separates consisted of 

non-skeletal crystal fragments with <<1% spinel inclusions and free of orthopyroxene 

rims and iddingsite. Visibly sieved plagioclase and clinopyroxene crystals were avoided, 

although the final mineral separates sometimes exhibited slight variations in crystal color 

and clarity. Furthermore, separation of individual textural types of clinopyroxene crystals 

from comminuted lava samples that also contained clinopyroxene-bearing polycrystalline 

clots was not successful. 
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Table 2.1. Summary of mineral and whole rock 18O/16O data for Southernmost Cascades little-evolved mafic lavas. 
 

 
All oxygen values are reported in ‰ VSMOW and are uncorrected.   
a  Data from cross-referenced samples of Borg et al., (1997), Bacon et al., (1997), Clynne (1993), Clynne unpublished data. 
b Lava type:  CA prefix = calc-alkaline, and suffixes are B = basalt (SiO2 = 45-52 wt%), BBA = basalt-basaltic andesite, BA 
= basaltic andesite (SiO2 = 52-58 wt%), BAA = basaltic andesite-andesite, A = andesite (SiO2 = 58-63 wt%). HAOT = high 
alumina olivine tholeiite. Location relative to arc-axis:  FA = forearc, AA = arc-axis, BA = back-arc. 
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Oxygen isotope analyses were performed at the University of New Mexico stable 

isotope laboratory using the laser fluorination microanalytical technique of Sharp (1992). 

A Merchantek CO2 laser catalyzed the reaction between approximately 2 mg of mineral 

and BrF5 reagent. The oxygen gas liberated was purified and collected on a 13X 

molecular sieve prior to measurement of δ
18Omineral values using a Finnigan MAT Delta 

XL mass spectrometer in dual-inlet mode.  

The O-isotope data were collected over 9 days on 3 separate trips to UNM during 

2003-2004. Data are presented in Table 2.1. Sample measurements were typically 

duplicated and averaged, except where noted. All values are expressed in permil using 

standard delta notation relative to Vienna Standard Mean Ocean Water (VSMOW). The 

average reproducibility determined for all duplicates in this study is 0.05‰. A garnet 

standard (UWG-2, where δ
18O = 5.8‰; Valley et al., 1995) was run prior to, during, and 

following each analytical session. In addition, an in-house quartz standard (Gee Whiz, 

where δ18O = 12.5‰ relative to NBS-28 = 9.6‰) was periodically measured. Precision 

in terms of average deviation on 29 standard analyses was 0.05‰. Poor quality analyses 

(e.g. low yields) or unknown values obtained when the garnet standard exceeded 0.2‰ of 

the accepted value were excluded. Based on the duplicated unknowns and standard 

analyses, the average uncertainty of the unknown analyses is considered ≤0.1‰. 

 
Petrography 
 

All SMC little-differentiated lavas contain at least one olivine phenocryst population 

that always includes ubiquitous large, euhedral or slightly rounded crystals up to ~3 mm 

across and the large olivine phenocrysts host chromian spinel inclusions that were 
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investigated by Clynne & Borg (1997). Some lavas contain smaller skeletal olivine 

microphenocrysts and in these rocks, the larger olivine phenocrysts commonly have thin, 

sometimes more Fe-rich hopper growths. All back-arc and approximately half of the 

forearc lavas contain skeletal olivine microphenocrysts. At least half of the CA forearc 

lavas (LC86-1009, LF02-017, LF02-015, LF02-020, LF02-036, LF02-033, LF02-037, 

LF02-034 and LF02-032) and northern arc-axis lavas (LF02-012 and LF02-001) contain 

a sub-population of large olivine phenocrysts surrounded by orthopyroxene coronas. 

Some lavas contain olivine-bearing crystal clots (LF02-012, LF02-013, LF02-031, LF02-

032, LF02-033, LF02-035, LF02-036 and LF02-039), which likely disaggregated during 

sample preparation. Thus, olivine phenocryst separates for these lava samples were 

potentially contaminated by xenocrystic olivine.  

Orthopyroxene crystals >0.25 mm across are present in three CA basaltic andesitic 

lavas (LF02-036 and LF02-037 in the southern forearc, and LF02-001 on the northern 

arc-axis) and one northwest forearc CA basaltic lava (LF02-017). The orthopyroxene 

crystals often exhibit a variety of non-equilibrium textures including resorption and 

sieved zones with clear rim overgrowth, and sutured grain boundaries in crystal clots.  

Clinopyroxene crystals are restricted to CA lavas where they occur in crystal clots 

(sometimes with olivine) and occasionally as individual phenocrysts. Clinopyroxene is 

most common in lavas from the northwestern forearc and arc-axis regions. It is 

sporadically present in lavas from the southwest forearc and sparse in lavas erupted from 

back-arc vents. In several lavas, particularly those from the northwestern forearc region, 

clinopyroxene crystals have sieved zones surrounded by clear overgrowths. 

Clinopyroxene crystal clots frequently have sutured grain boundaries suggesting 
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cumulate origins, in addition to resorption/regrowth textures such as sieved horizons 

surrounding clear cores. LF02-036 (LC88-1301) contains cumulate olivine and pyroxene 

(cf. Clynne, 1993).  

In 6 of 11 lavas collected from the southern forearc and arc-axis areas, no plagioclase 

phenocrysts are present; the other samples contain multiple plagioclase populations 

including both pristine and sieved crystals with clear overgrowths. In the northwest 

forearc and northern arc-axis areas, multiple plagioclase populations are often present; 

only two samples (LF02-014 and HAOT LF02-013) have a single population of pristine 

plagioclase. Five of nine northeast back-arc lavas contain multiple plagioclase 

populations. Finally, multiple plagioclase populations including sieved crystals with clear 

overgrowths are present in HAOT samples LF02-002 and LF02-030.  

Groundmass textures of the CA lavas range from intergranular to hyalo-ophitic, and 

the three HAOT lavas are sub-ophitic to intersertal (cf. Clynne, 1993). Proportions and 

overall coarseness of groundmass phases (i.e., plagioclase, pyroxenes, opaques, and 

olivine) vary among the lavas; 22 samples contain well under 1% glass, while the three 

glassiest hyalo-ophitic samples contain 7-10% glass. Diktytaxitic textures are common in 

HAOT samples. Vesicularity is low (<1%) in ~50% of the lavas; other samples have 

heterogeneous vesicles sizes and shapes with up to 20% vesicularity in a few cases. 

Quantification of the effects of degassing on groundmass δ
18O values was not possible 

because vent locations relative to sample sites are typically unknown. 

Many samples (69%) contain olivine with thin iddingsite coatings. Other secondary 

mineral phases present include hyalite (31% of the samples), hydrous iron oxides (31% of 

the samples), and zeolites (17% of the samples). In nearly all samples, the secondary 
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minerals constitute <<1 vol% of the rock. Although about 40% of the lavas contain 

quartz xenocrysts or small hornfels xenoliths, these materials constitute << 1 vol% of the 

rock in all cases.  

Results 
 
 

Oxygen isotopic values for 29 olivine separates from SMC little-evolved mafic lavas 

are summarized in Table 2.1. In addition, δ
18O values for 15 plagioclase and 9 

clinopyroxene separates are presented along with previously published δ
18OWR values 

and select geochemical data from Clynne (1993), Bacon et al. (1997), Borg et al. (1997), 

and Clynne (unpublished data). Calc-alkaline SMC mafic lavas are organized by sample 

location (i.e., forearc, arc-axis, and back-arc) whereas the HAOT group includes one 

basalt sample each from the forearc, arc-axis, and back-arc (Figure 2.1b). The average 

deviations reported for the minerals include small effects from isotopic heterogeneities 

from mixed crystal populations in some mineral separates. 

 
Olivine 
 

Figure 2.3a illustrates δ
18Ool values plotted against corresponding olivine phenocryst 

core forsterite content. Discrimination between CA lavas erupted in forearc, arc-axis, and 

back-arc settings and HAOT lavas are made in this and subsequent plots. The elevated 

δ
18Ool value (6.3‰) of Fo82 olivine in LF02-035 (LC88-1305) is consistent with 
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Figure 2.3. (a) Olivine δ18O values versus olivine phenocryst core Fo content (Clynne, 1993; Borg, 1995; 
Clynne & Borg, 1997). (b) Olivine δ18O values by laser fluorination versus whole rock δ

18O values by 
resistance heating of SMC little-evolved mafic lavas (Clynne, 1993; Borg et al., 1997; Bacon et al., 1997). 
Equilibrium lines for melts, δ18Omelt = δ18Ool + ∆18O glass-ol, are shown with fractionation factor ∆18O glass-ol = 
0.4‰ for basalts (heavy line) and 0.6‰ for Kiglapiat intrusion (light line) (Eiler et al., 2000; Kalamarides, 
1986). Samples with olivine separates probably contaminated by xenocrystic olivine are enclosed, and 
samples with significant Fe-enriched rims on forsteritic olivine cores are starred. (c) Measured difference 
values (∆18OWR-ol  = δ18OWR - δ18Ool) versus whole rock SiO2 content. The symbols are as indicated in (a) 
except that samples with >5% groundmass glass have large symbols with italicized labels. The shaded area 
encloses the expected range of melts produced by closed-system crystal fractionation. (d) Whole rock 
CaO/Na2O versus δ18Ool for phenocrysts from SMC mafic lavas. The field labeled ‘Typical OIB’ includes 
olivine δ18O values from EM1 and HIMU ocean island basalt sources (Eiler, 2001). Symbols as in Figure 
2.2. 
 
significant crustal contamination of this sample that Clynne & Borg (1997) and Borg et 

al. (2002) identified based upon low Hf and Nd isotopic ratios. Another sample, LF02-

031, has the second highest δ
18Ool value (6.2‰) and it has other geochemical 

characteristics that suggest it, too, has been strongly affected by crustal contamination. In 

addition, Fo82 olivine, commonly subhedral and embayed olivine phenocrysts, and 
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presence of many orthopyroxene-mantled olivine crystals in LF02-017 are indicative of 

crustal contamination. 

Figure 2.3b shows δ
18Ool values plotted against corresponding δ

18OWR values 

acquired by conventional resistance heating methods (Bacon et al., 1997; Borg et al., 

1997). The ∆18O glass-ol ~0.4‰ and ~0.6‰ fractionations reported for mantle-derived OIA 

lavas, and closed-system crystallization of the Kiglapait intrusion, respectively, are 

illustrated in the figure for comparative purposes (Eiler et al., 2000; Kalamarides, 1986). 

An excess in δ18OWR values measured by non-laser-based methods can be up to 0.4‰ 

(Eiler, 2001) because small and variable amounts of rehydrated glass, xenocrysts, and/or 

secondary minerals are included in the bulk analyses. 

Deviations between δ
18OWR and δ18Ool values, expressed as ∆

18OWR-ol, versus lava 

SiO2 contents are illustrated in Figure 2.3c. A closed-system crystal fractionation trend 

for mafic magmas is also shown for reference. SMC little-evolved mafic lavas containing 

5-10 vol% glass are represented with labeled, enlarged symbols. Glassy lavas are 

susceptible to low temperature hydration and alteration processes (Harmon & Hoefs, 

1995; Eiler, 2001; Downes et al., 2001; Bindeman, 2004; Hoefs, 2004). However, low 

glass contents in most SMC little-evolved lavas suggests δ
18OWR values are probably 

minimally modified by groundmass rehydration.  

Varying amounts and types of secondary mineralization can influence δ
18OWR 

values. For example, sample LF02-007 (LC85-671) with the most hyalite of the sample 

suite and ~7% glass, has a δ
18OWR value that is ~0.6‰ higher than nearby holocrystalline 

lavas. In addition, ∆18OWR-ol can deviate from closed-system fractionation with crustal 
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contamination (e.g., LF02-035 and LF02-031). If olivine phenocryst separates were 

contaminated with xenocrystic olivine, the δ
18Ool values may be inflated, whereas 

∆
18OWR-ol values may be low.  

Figure 2.3d illustrates δ
18Ool values plotted against CaO/Na2O whole rock ratios. The 

fields for MORB, primitive basalts from EM1 and HIMU mantle sources (labeled 

‘Typical OIB’) and OIB restricted to melts from EM2 mantle sources are shown to 

emphasize the 18O enrichments in olivine within SMC little-evolved mafic lavas. The 

closed-system 18O/16O fractionation trend (Figure 2.3c) produces higher δ
18Omagma values 

and would yield a negative linear correlation in Figure 2.3d if crystal fractionation was 

significant. However, most SMC little-evolved mafic lavas host Fo86-90 olivine 

phenocrysts, so the apparent lack of correlation with CaO/Na2O is consistent with 

negligible crystal fractionation (Clynne & Borg, 1997). 

In Figure 2.4, δ18Ool values are compared to a variety of geochemical parameters 

commonly used for Cascades arc and mafic oceanic arc lavas. The range of MORB 

values are enclosed in shaded boxes. SMC δ
18Ool values show no correlations with lava 

Mg# (Figure 2.4a). Cumulate orthopyroxene and olivine in LF02-036 are probably 

responsible for its anomalously high MgO content and Mg# (cf. Clynne, 1993).  

Figure 2.4b illustrates δ
18Ool values plotted versus whole rock (Sr/P)N values. Borg et 

al. (1997) argued that compositional continuums of calc-alkaline basaltic and basaltic 

andesitic lava flows erupted during the past 7 Ma from small volcanoes across the 

southernmost Cascade arc reflect variable degrees of partial melting resulting from 

variably fluxed mantle peridotite by slab-derived fluids during recent subduction. These 
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Figure 2.4. Oxygen isotopic values for olivine phenocrysts in SMC little-evolved mafic lavas versus 
selected whole rock compositions (Borg et al., 1997; Bacon et al., 1997; Clynne, 1993; Clynne unpublished 
data). Symbols as in Figure 2.2. In (a), Mg # values between 68 and 75 characterize primary basalts in 
equilibrium with peridotites (Hansen & Langmuir, 1978). The MORB box height in (c) is from spinel 
phenocrysts in abyssal basalt (Dick & Bullen, 1984), and in (d-h) is from MORB values from Sun & 
McDonough (1989). The MORB box width is from Eiler et al. (2000). OIA CA and BABB mafic lavas are 
light and dark shaded regions, respectively, and the K2O/TiO2 data in (d) is restricted to lavas with 6-12 
wt% MgO (Eiler et al., 2000). Crustally contaminated LF02-035 and LF02-031, and cumulate-bearing 
LF02-036 are labeled only in (a). 
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authors characterized the degree of fluid enrichment by use of (Sr/P)N values of the lavas, 

where N refers to normalization to compositions of primitive mantle as defined by Sun 

and McDonough (1989). In this regard, magmas derived from fluid-rich (or ‘strongly-

spiked’) sources have (Sr/P)N values > 5.5, whereas those derived from fluid-poor (or 

‘weakly-spiked’) sources have (Sr/P)N values  < 1.3. As illustrated in Figure 2.4b, there is 

a tendency for high and low (Sr/P)N values to occur in lavas in the forearc and back-arc 

respectively, although no correlation exists with δ
18Ool values. 

 Figure 2.4c illustrates δ
18Ool values versus chadacrystic spinel Cr#, of SMC little-

evolved lavas (Clynne & Borg, 1997). The block illustrating the range of spinel 

phenocryst Cr#s in abyssal basalts (Dick & Bullen, 1984) overlaps Cr#s of spinel in 

olivine phenocrysts from the most primitive basalts of the Southern Washington 

Cascades (20-57; Smith & Leeman, 2005). Systematic correlations between δ18Ool and 

trace element ratios diagnostic of arc volcanic rocks are absent (Figures 2.4d-h). The 

K2O/TiO2 ratios of the SMC lavas are quite similar to those reported for mafic lavas from 

a Cascade arc transect at 46 oN (Leeman et al., 2005). SMC little-evolved mafic lava 

δ
18Ool values and δ18Ool values of phenocrysts from some oceanic shoshonites, boninites, 

and alkaline mafic samples are similar, as will be discussed. However, the positive 

correlations between δ
18Ool values and K2O/TiO2 and Sr/Yb ratios reported in some 

oceanic shoshonites, boninites, and alkaline mafic lavas are absent from the SMC δ
18Ool 

data (Eiler et al., 2000). The magnitude of Sr/Yb, La/Yb, Ba/La, and La/Zr ratios for 

SMC lavas are similar to mafic lavas from oceanic arcs and back-arc basins except for 
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the six lavas with Sr/Yb>500 (Eiler et al., 2000). Trace element ratios for SMC back-arc 

lavas are also consistently elevated relative to those from oceanic settings. 

Figure 2.5 compares δ
18Ool values to whole rock Sr, Nd, Hf, Pb and Os isotopic 

ratios. Compositions of Juan de Fuca (JDF) MORB mantle are illustrated in the diagrams 

as shaded rectangles (Hegner & Tatsumoto, 1987; Eiler et al., 2000). For 176Hf/177Hf, 

East Pacific MORB range is used and 187Os/188Os ratios are those from Pacific MORB 

glasses (Chauvel & Blichert-Toft, 2001; Gannoun et al., 2007). Radiogenic isotopic ratio 

ranges for other regional mantle peridotite and pyroxenite components are shown as 

arrowed lines low on the diagrams and include: (1) Simcoe mantle xenoliths from 

Cascade sub-arc mantle at 46 oN (Brandon et al., 1999). (2) Sonoma-Tolay volcanic field 

basalts erupted along the San Andreas transform fault to the southwest (Beard & Johnson, 

1997). (3) Big Pine volcanic field basalts that followed normal faults along southeast 

flank of the Sierra Nevada batholith (Beard & Johnson, 1997). (4) Sierra Nevada arc 

exhumed granodioritic plutons and sub-Sierran arc mantle xenoliths entrained in younger 

alkaline lavas (Ducea, 1998; Ducea & Saleeby, 1998; Lee et al., 2000). (5) EM2 mantle 

source radiogenic isotopic ranges are illustrated for comparison because it includes 

ancient oceanic crust and sediment components (Eiler et al., 1997 and references therein). 

Except where discussed later in this paper, no δ
18O values of olivine are specifically tied 

to these mantle components.  

Isotopic ratios for potential crustal contaminants are illustrated at the tops of Figures 

2.5a-c,e-g. The felsic igneous crustal rocks in SMC region and mafic rocks from the 

Trinity plagioclase lherzolites have divergent Sr isotopic ranges (Jacobsen et al., 1984; 

Borg & Clynne, 1998). Samples LF02-031 and LF02-035 have Pb isotopic values within 
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Figure 2.5. Whole rock (a) 87Sr/86Sr, (b) 143Nd/144Nd, (c) 187Os/188Os, (d) 176Hf/177Hf, (e) 206Pb/204Pb, (f) 
207Pb/204Pb, and (g) 208Pb/204Pb versus phenocryst δ

18Ool values. Symbols as in Figure 2.2. Sources of 
87Sr/86Sr data:  Juan de Fuca (JDF) MORB from Hegner & Tatsumoto (1987), Sonoma-Tolay volcanic field 
basalts from Beard & Johnson (1997), EM2 mantle from Eiler et al. (1997), Simcoe mantle from Brandon 
et al. (1999), and Sierra Nevada sub-arc mafic and ultramafic xenoliths and glasses from Ducea (1998) and 
Ducea & Saleeby (1998). Felsic SMC crustal rocks from Borg & Clynne (1998) and Trinity plagioclase 
lherzolite from Jacobsen et al. (1984). Sources of 143Nd/144Nd data:  JDF MORB from Hegner & Tatsumoto 
(1987), EM2 mantle from Eiler et al. (1997), Simcoe mantle from Brandon et al. (1999), Sierra Nevada 
sub-arc mafic and ultramafic xenoliths and glasses from Ducea (1998) and Ducea & Saleeby (1998). Felsic 
SMC crustal rocks from Borg & Clynne (1998) and Trinity plagioclase lherzolite from Jacobsen et al. 
(1984). Sources of 176Hf/177Hf data:  East Pacific MORB and EM2 mantle from Chauvel & Blichert-Toft 
(2001), and basalts from the Sonoma-Tolay and Big Pine volcanic fields from Beard & Johnson (1997). 
Sources of 187Os/188Os data:  Pacific MORB glasses from Gannoun et al. (2007), Simcoe mantle from 
Brandon et al. (1999), and Sierra Nevada spinel and garnet lherzolite xenoliths from Lee et al. (2000). 
Feather River peridotite from Agranier et al. (2007) and Os-rich PGE in chromite-rich placer deposits from 
eroded Klamath Mountains ophiolites with chromite-bearing peridotite bodies from Meibom et al. (2004). 

 
 
 
 
 
 

 



47 

 

5.0

5.5

6.0

6.5

7.0

18.4 18.5 18.6 18.7 18.8 18.9 19.0 19.1 19.2 19.3

206Pb / 204Pb

δδ δδ
18

O
 o

l ‰

JDF 
MORB

Sonoma-Tolay
EM2

Simcoe mantle to 19.554

Big Pine VF

(e)S. OR Cascades Pb ores

 

5.0

5.5

6.0

6.5

7.0

15.45 15.50 15.55 15.60 15.65 15.70
207Pb / 204Pb

δδ δδ
18

O
 o

l ‰

EM2
Sonoma-Tolay

Simcoe mantle

JDF 
MORB

Big Pine VF
to 15.745

(f)S. OR Cascades Pb ores

5.0

5.5

6.0

6.5

7.0

37.8 38.0 38.2 38.4 38.6 38.8 39.0 39.2
208Pb / 204Pb

δδ δδ
18

O
 o

l ‰

EM2Sonoma-Tolay
Simcoe mantle

JDF
MORB

Big Pine VF
to 39.217

(g)S. OR Cascades Pb ores

 
 
Figure 2.5. continued. Sources of 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb data:  JDF MORB from Hegner 
& Tatsumoto (1987), southern Oregon Cascade Pb ores as sulfide veins from Church et al., (1986), Simcoe 
mantle from Brandon et al. (1999), Sonoma-Tolay and Big Pine volcanic field basalts from Beard & 
Johnson (1997), and EM2 mantle from Eiler et al. (1997). 

 
 
or near the range of southern Oregon Cascade Pb-bearing ores (Church et al., 1986). 

High Os content crustal contaminants with low 187Os/188Os ratios may include the Feather 

River ophiolite and Klamath Mountain peridotites (Agranier et al., 2007; Meibom et al., 

2004). Slices of oceanic lithosphere and subduction zone segments are also likely present, 

including high 187Os/188Os sediments with low Re contents, and higher 187Os/188Os 

basaltic rocks with high Re concentrations (Woodhead & Brauns, 2004).  

 

 



48 

 

Clinopyroxene  
 

Figure 2.6a illustrates δ
18Ool versus δ

18Ocpx values along with calculated equilibrium 

fractionations between clinopyroxene and olivine using the olivine crystallization 

temperature range 1225 -1275 oC of Clynne & Borg (1997). Calculated ∆18Odiopside-forsterite 

is 0.41‰ at 1225 oC and 0.38‰ at 1275 oC from Chiba et al. (1989). An average 

equilibrium fractionation line of ∆18Ocpx-ol = 0.4‰ is shown in Figure 2.6a in addition to 

a 1:1 reference line. Compositional differences between mineral separates and 

endmember minerals (i.e., clinopyroxene versus diopside) on which calculated 

equilibrium fractionations are based, and uncertainty in crystallization temperatures are 

too small to account for the observed scatter in the oxygen isotope fractionations (see 

Clynne, 1993, for mineral analyses). 

The δ18Ocpx values (and the often large average deviations in Table 2.1) reflect 

phenocryst-cumulate mixtures in the clinopyroxene separates. Probable xenocrystic 

clinopyroxene in LF02-039 erroneously appears in isotopic equilibrium with coexisting 

olivine. Conversely, the clinopyroxene separate of LF02-020 (LC86-1005) likely 

contained glomerocrystic and cumulate crystal fragments in addition to true phenocrysts. 

Thus, although Clynne (1993) noted that this sample has both clinopyroxene and olivine 

phenocrysts with spinel inclusions of the same composition, the mineral separates appear 

out of O-isotope equilibrium. 

 
Plagioclase 
 

As with clinopyroxene, some plagioclase separates were pure, single crystal 

populations. Figure 2.6b displays δ
18Ool versus δ

18Oplag values for SMC mafic lavas. 
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Figure 2.6. (a) Ol and cpx δ-δ diagram. Lines: Thick ∆18Ocpx-ol = 0.4‰ (equilibrium) and thin is 1:1 (Chiba 
et al., 1989). (b) Ol and plag δ - δ diagram. Lines: Dashed 

∆
18O plag-ol = 0.75 and solid thick ∆18O plag-ol = 

0.9‰ bracket temperature and An compositional ranges (i.e., equilibrium); thin is 1:1 (Chiba et al., 1989). 
Symbols as in Figure 2.2. 
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Plagioclase phenocryst anorthite content ranges from An60 to An90 in CA lavas and from 

An72 to An83 in HAOT lavas (Clynne, 1993). Fractionation factors for 18O in albite-

forsterite and anorthite-forsterite were calculated at 1225 and 1275 oC using the 

relationships of Chiba et al. (1989). Interpolation of the resulting fractionation factors to 

account for plagioclase An content variations yielded low and high estimated ∆
18Oplag-ol = 

0.75‰ and 0.9‰, respectively (Figure 2.6b). Xenocrystic plagioclase in the feldspar 

separates is probably responsible for δ
18Oplag values in excess of calculated equilibrium 

with olivine.  

Discussion 
 
 

In the following section, probable contaminant sources and overall levels of 

contamination in the SMC sub-arc mantle are estimated from δ
18Ool values for little-

evolved mafic lavas. In this regard, highly forsteritic olivine (Fo86-91 from CA lavas and 

Fo86-88 from HAOT lavas) with spinel inclusions crystallized in chemical equilibrium 

with little-fractionated melts derived from mantle peridotite (Clynne & Borg, 1997). 

Thus, I assume δ
18O values of phenocryst olivine reflect δ

18O values of the SMC mantle 

source region. Comparison of δ
18Ool values from SMC little-evolved mafic lavas to O-

isotope values for olivine phenocrysts in little-evolved mafic lavas from oceanic arcs 

provides further insight into possible SMC mantle contamination sources and levels. 

Following this assessment, the extent and potential sources of crustal contamination 

affecting the lavas are estimated from the difference between the calculated δ18Omelt 

values and δ18OWR values. Probable small modifications to δ
18OWR values from 
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secondary processes are considered. The types and amounts of crustal contamination are 

evaluated within the framework of petrologic, O-isotope and geochemical data, and 

regional geology.  

 
SMC Mantle δ18O Characteristics 
 

Figure 2.7 compares δ
18Ool values from SMC little-evolved mafic lava samples with 

δ
18Ool values from relatively MgO-rich oceanic volcanic rocks obtained by laser 

fluorination (Eiler et al., 1997, 2000; Eiler, 2001). Data from the oceanic lavas illustrate 

that olivine phenocrysts in mafic oceanic island arc lavas (OIA), back-arc basin basalts 

(BABB), and mafic shoshonitic lavas typically fall within the range of olivine 

phenocrysts from MORB lavas (5.0 – 5.4‰). However, δ
18Ool values for ocean island arc 

alkaline lavas and boninites, and ocean island alkali olivine basaltic (OIB) lavas (Society 

and Samoan islands) from EM2 mantle sources are typically higher than MORB olivine 

phenocrysts (Eiler et al., 1997; Eiler et al., 2000). Recycled oceanic crust and sediment 

are thought to impart elevated δ
18Ool values (5.4 – 6.1‰) in OIB lavas from EM2 mantle 

sources (Harmon & Hoefs, 1995; Eiler et al., 1997). Boninites are melts produced by 

substantial hydrous fluxing of more refractory mantle (Crawford et al., 1989). Alkaline 

lavas can represent low degree partial melts of deeper, elevated δ
18O fertile mantle 

source(s). 

Olivine separates from Simcoe peridotite xenoliths from southern Washington 

Cascades have δ
18Ool values (5.08 ± 0.18‰) that fall within the 5.18 ± 0.2‰ range for 

olivine from many mantle peridotite facies (Farquhar & Rumble, 1998; Mattey et al., 

1994). Thus, MORB mantle was selected as the endmember source and in Figure 2.7, it 
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Figure 2.7. Oxygen isotope compositions for olivine phenocrysts from SMC mafic lavas and oceanic 
settings. Large symbols for SMC samples are described in Figure 2.2. Small inverted triangles and 
pentagons are for olivine phenocrysts in little-evolved oceanic mafic lavas including ocean island arc (OIA) 
calc-alkaline lava, back-arc basin basalt  (BABB), and ocean island basalt (OIB; Eiler et al., 1997; Eiler et 
al., 2000; Eiler, 2000). MORB olivine range is indicated by light gray rectangle. Dashed vertical line marks 
δ

18Ool = 5.8‰. Mixing lines for mantle source contaminants: Silicate melts are solid lines with “+” ticks in 
2 wt% increments and hydrous fluids are dashed lines with crosses as ticks in 1 wt% increments. 
 
 
is represented by the shaded background for olivine between 5.0 to 5.4‰.  In modeling 

discussed below, mixing line endpoints of 5.0 and 5.4‰ bracket MORB δ
18Ool values. 
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All but one SMC little-evolved mafic lava sample contains olivine with δ
18Ool values 

in excess of MORB olivine. Olivine in the 14 forearc CA lavas have the largest range of 

δ
18Ool values of the entire SMC dataset, four arc-axis CA lavas have an intermediate 

range of δ18Ool values and the 8 back-arc CA lavas have a still smaller range of δ
18Ool 

values. Widely geographically distributed HAOT lavas have olivine with the narrowest 

range of slightly elevated δ
18Ool values. 

Mineral separates from some lavas may contain fragments of olivine precipitated in 

crustal magma chambers in addition to the early-crystallized olivine in SMC little-

evolved mafic magmas. Many of the SMC lava samples with δ
18Ool values > 5.8‰ 

contain multiple olivine populations (see petrography section), higher δ
18Ool values and 

typically have larger average deviations in δ
18Ool values (Table 2.1). Thus, to delineate 

“mantle” and “crustal” olivine in SMC samples, a dividing line at δ
18Ool = ~5.8‰ was 

selected and is shown in Figure 2.7. Note that olivine phenocrysts in little-evolved mafic 

lavas from ocean island volcanic arcs seldom exceed δ
18Ool values of ~5.8‰. (On Figure 

2.3b, samples for which the olivine phenocryst separates potentially included a deep 

crustal olivine component (i.e., δ
18Ool values > 5.8‰) are identified.) In the remainder of 

this section, only mantle source contamination (i.e., that producing δ
18Ool values ≤ 5.8‰) 

is addressed. 

18O-enriched olivine must crystallize from magmas derived from partial melting of 

lithospheric mantle domains affected by subduction zone contamination (Leeman et al., 

2004) and possibly delaminated mafic arc underplate (Harmon & Hoefs, 1995). 

Subduction is the principle means of introducing high δ
18O materials into sub-arc mantle. 
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Candidate subducted materials include: clastic sediments (10-20‰), pelagic clays (15-

25‰), carbonate oozes and argillitic sediments (25-32‰), siliceous oozes including 

opalline silica and cherts (35-42‰), and hydrous fluids (20‰) derived from the upper 

layers of oceanic crust (Eiler et al., 2000; Kolodny & Epstein, 1976; Arthur et al., 1983; 

Eiler, 2001). Over time, however, subducted hydrothermally altered slab components 

with low δ18O values (0-6‰; Gregory & Taylor, 1981) must also have modified the 

composition of the sub-arc mantle. Erratically superposed forearc and subarc lithospheric 

blocks from multiple subduction zones constitute part of the modern SMC lithosphere as 

heterogeneously hydrated mantle domains (cf. “fossil” slab derived enrichment of 

Leeman et al., 1990; 2004). The SMC cross-arc radiogenic isotope trends (Figures 2.5a-

g) may reflect juxtaposition of island arc lithospheric blocks within the many accreted 

terranes mixed with a weak modern subduction signal (cf. Leeman et al., 1990).  

Primary MORB melts mixed with δ
18O = 10-25‰ contaminants are illustrated as 

sets of mixing lines with 2 wt% increments in the lower third of Figure 2.7. Mixing lines 

for δ18O = 15 and 20‰ hydrous fluids added in 1 wt% increments to MORB liquids are 

also illustrated. A 0.4‰ fractionation between primitive mafic liquid and the early olivine 

phenocrysts was applied in the calculations. For SMC CA lavas, δ
18Ool values require 

contamination of MORB mantle with sediments and hydrous, slab-derived fluids, but 

timing cannot be constrained. Thus, a partial melt with 2-3 wt% sediment in the 10-20‰ 

range may result in a 0.1-0.5‰ increase in δ
18Ool, as illustrated in Figure 2.7. Similarly, 

2-3 wt% slab-derived 15‰ hydrous fluid (resulting in 0.4-0.6‰ increase in δ
18Ool value) 

in combination with the sediment components in the partial melt could produce δ
18Omelt 
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values capable of crystallizing liquidus olivine with δ
18Ool values in the range of the 

SMC little-evolved mafic lavas.  

While addition of up to 2.5 wt% hydrous fluids to young OIA lavas is possible (Eiler 

et al., 2000), this is likely the upper limit based on slab-dewatering efficiency estimates 

(Hacker et al., 2003). In fact, the modern Cascades volcanic arc at ~46 oN derives little 

hydrous component from contemporary subduction of the warm Juan de Fuca plate, 

which is slightly older than the North Gorda plate (Leeman et al., 2004). For Quaternary 

SMC basalts and andesites, Guffanti et al. (1996) estimated water contents of ~1 wt% 

based on the absence of hydrous phenocryst phases in the lavas. Because this 

investigation suggests that the SMC little-evolved mafic lavas contain both mantle and 

crustal contaminants, only part of the Borg et al. (1997) contaminant budget (~5 wt% 

sediment and ~6.6 wt% H2O for average CA primitive lavas) is assignable to the mantle, 

with a minority introduced through modern subduction.  

 
Crustal Contamination in  
SMC Little-Evolved Mafic Lavas 

 
The range of calculated δ

18Omelt values for the SMC primary mafic magmas may 

have been 5.7–6.2‰ using measured δ
18Ool values and assuming a fractionation of 

∆
18

Οglass-ol = 0.4‰ (Eiler et al., 2000). In addition, as previously discussed, δ
18OWR 

values determined by resistance heating methods could be up to 0.4‰ too high. 

Corrections to δ18OWR values for individual samples to account for uncertainties in 

analytical method and extent of secondary processes are difficult to constrain. For 

example, the role of melt SiO2 activities on δ18OWR values (Figure 2.3c) are not 
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resolvable because the highest SiO2 content lavas often contain the highest amounts of 

groundmass glass and are geographically restricted to arc-axis and forearc settings. Local 

and extreme variability in annual precipitation from orographic effects place the arc-axis 

and parts of the forearc in wetter areas relative to the more arid back-arc. Quantification 

of the presumably small effect is outside the scope of this study. Given these constraints, 

I address in this section differences between calculated primary mafic magma δ18Omelt 

values and analyzed lava δ
18OWR values (5.6–7.8‰) assuming an adjustment of ~0.4‰ to 

account for secondary processes. 

Regional geophysical, geologic, and tectonic information, as well as petrographic 

textures and O-isotope and whole rock geochemistry in all SMC little-evolved mafic 

lavas support the interpretation that varying amounts and types of crustal contamination 

occurred. Zones of more intensely focused heat flow from the mantle together with 

compressional to extensional crustal stress fields are key controls on the amount and 

degree of crustal contamination (cf. Macpherson et al., 1998). In the SMC, the thermal 

and mass input (as mafic magmas) into the crust from the mantle are high enough to 

produce silicic arc volcanism at Lassen Volcanic Center (LVC) from partial melting of 

lower crust (Guffanti et al., 1996; Bullen & Clynne, 1990; Clynne, 1993; Borg & Clynne, 

1998; Feeley et al., 2008). In addition, given the multi-level subvolcanic plexuses of 

dikes, sills, and magma chambers with cumulate piles along the late Pliocene to modern 

arc-axis, some degree of mixing between little-evolved mafic magmas and more evolved 

magmas and cumulates is probably inevitable. Thus, mafic lavas with populations of 

pyroxene-armored olivine crystals may reflect mixing with stalled, previously 

contaminated mafic magma(s) containing olivine with orthopyroxene coronas crystallized 
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from relatively silicic liquids. Similarly, SMC orthopyroxene-bearing little-evolved mafic 

lavas are restricted to the arc-axis, and the non-equilibrium mineral textures in these 

rocks suggest that orthopyroxene crystals are xenocrysts (Borg, 1995).  

Slight and variable O-isotope disequilibria (Figure 2.6a) between coexisting olivine 

and clinopyroxene crystals, the latter of which are commonly sieved or have cumulate 

textures, imply that the clinopyroxene grains are xenocrysts acquired from cumulate 

mushes or mixing with other mafic magmas. The abundance of skeletal olivine in lavas 

erupted from vents in the northeast region of the SMC coincides with numerous Basin 

and Range normal faults that apparently served as pathways for rapid magma ascent 

(Blakely et al., 1997). In contrast, deep crustal structures that may inhibit or retard melt 

migration could also be partly responsible for the petrologic diversity observed in lavas 

erupted in the southwestern region (Blakely et al., 1997). The more random geographic 

distribution of lavas with plagioclase-olivine δ
18O-disequilibria (Figure 2.6b) may be 

explained by diverse crustal contaminants as sources of xenocrystic plagioclase and 

quartz grains.  

Figure 2.8 illustrates ∆
18OWR-ol values for all SMC little-evolved mafic lavas along 

with a set of curves depicting mixing between five possible crustal contaminants and 

primitive mafic magmas. Fractionations for basaltic lavas, ∆
18Omelt-ol = 0.4‰, and for 

closed-system mafic intrusive rocks, ∆
18Omelt-ol ~0.6‰, are shown in Figure 2.8 (Eiler et 

al., 2000; Kalamarides, 1986). For simplicity and clarity, all mixing and process lines 

extend from a 0.4‰ endpoint, but an infinite set of lines from any origin up to 0.6‰ 

could be drawn, as well. 



58 

 

0

1

2

3

4

5

6

7

8

9

10

11

12

-0.50 0.00 0.50 1.00 1.50 2.00

∆∆∆∆
18O WR-ol ‰

Forearc

Arc-axis

Back-arc

HAOT

20 ‰ 

15 ‰ 

10 ‰ 

8 ‰ 

-4 ‰ 

Degassing

Cold Hydration &
Secondary MineralizationS

ec
on

da
ry

pr
oc

es
se

s
S

M
C

 M
af

ic
 L

av
as

C
ru

st
al

 M
ix

in
g 

S
ce

na
rio

s

5 10

5 10

5

 
 
Figure 2.8. ∆18OWR-ol for SMC little-evolved mafic lavas, and possible crustal contaminants for hypothetical 
primitive mafic melts. SMC lavas with 5-10 vol% groundmass glass are indicated with larger symbols. The 
box is a probable range for olivine in equilibrium with melt (e.g. ∆18OWR-ol = 0.4 – 0.6‰). Simple mixing 
lines between primitive mafic magma and crustal contaminants: δ18O = 10‰, 15‰ and 20‰ for mafic and 
ultramafic crust with low temperature alteration and δ18O = -4‰ for high temperature alteration; δ

18O = 
8‰ for regional granitoids. All tick marks are at 1 wt% increments. Degassing is shown as a short solid 
arrow and is unlikely to exceed 0.2 – 0.3‰. Cold hydration for glassy lavas and secondary mineralization 
for all lavas indicated with short dashed arrow (see text for discussion). Open symbols denote whole rock 
analyses for symbol shapes described in Figure 2.2. 
  
 

The effects of secondary low temperature processes such as degassing and 

rehydration are depicted with arrows indicating the direction and probable maximum 
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extent that δ18OWR values may be modified. Mixing lines with δ
18O = 10-20‰ represent 

contamination (1 wt% increments) by three different mafic to ultramafic crustal 

contaminants modified by low-temperature alteration. Contamination by 18O-elevated 

MgO-rich sections of ophiolites, peridotites, mélanges and variably serpentinized 

analogues to these protoliths has been proposed by Bacon et al. (1997). Indeed, blocks of 

the Feather River ophiolite are likely distributed throughout the SMC crust and Li & Lee 

(2006) report that at least a portion of it was serpentinized at low temperatures by 

seawater. Low δ18O (~8‰) contaminants, such as evolved melts or mushes illustrate the 

small influence of 6-8‰ contaminant on final δ
18OWR values.  

Extremely hydrothermally altered rocks (δ
18O ~ -4‰) are produced by groundwater-

magma body interaction in aureoles surrounding upper level magma chambers beneath 

large stratovolcanoes (Rose et al., 1994; Feeley & Sharp, 1995). The core of Brokeoff 

Volcano is a local exposure of a shallowly eroded, altered zone beneath a stratovolcano 

affected by ancient and present-day hydrothermal activity (Rose et al., 1994). Shallow 

crustal δ18O values of ~-3.3‰ at other Cascade volcanic centers include partially fused 

granodioritic xenoliths expelled during the climactic eruption of Mount Mazama, and 

altered sections in a core extracted beneath Medicine Lake Volcano (Bacon et al., 1989; 

Donnelly-Nolan, 1998). The distribution, frequency and intensity of hydrothermal 

alteration zones in the SMC regional upper crust may be similar to that of the Late 

Eocene to late Miocene Western Cascades where highly 18O-depleted (-5‰) aureoles 

around upper stocks and dikes are exposed by erosion (Taylor, 1971). Several of the 

samples with δ18OWR values depleted relative to δ
18Ool values may reflect contamination 
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by low 18O-altered crust from the modern arc-axis (LF02-013 and LF02-039), or aureoles 

associated with older, buried volcanic centers (LF02-020) when considering sample 

localities.  

Figure 2.8 illustrates, albeit simplistically, the complex array of possible crustal 

contaminants in SMC little-evolved mafic lavas. The importance of subsurface geology, 

heat flux, and faults cannot be overstated in considering the array of possible crustal 

contaminants for each lava. Accordingly, ~10% mafic and ultramafic crustal 

contaminants in the 10-20‰ range may be present in some lavas. In fact, the small 

changes in whole rock composition (especially MgO and FeO*) due to contamination by 

mafic to ultramafic materials can account for slight deviations between actual olivine 

phenocryst and whole rock compositions and equilibrium concentration calculations 

reported by Clynne & Borg (1997). Furthermore, incorporation of 6-8‰ melts and 

cumulates probably also occurred in lavas erupted along or near the arc-axis based on 

petrologic observations and δ
18O disequilibria between co-existing phases.  

Incorporation of these crustal contaminants not only modified δ
18O values, but 

would probably and significantly affect trace element concentrations and radiogenic 

isotope ratios for Pb, Os, Nd, Hf and Sr in SMC little-evolved mafic lavas. A brief 

summary of earlier tectonic and magmatic events instrumental in modifying the 

continental crust in this region follows. Initially, ancient submarine hydrothermal systems 

likely variably mineralized oceanic terranes before and during accretion to western North 

America (Hannington et al., 2005). Deformation of the Northern Sierra terranes during 

the multiphase Nevadan orogeny may have initiated or reactivated conjugate fracture and 

shear networks in the future SMC crust (Schweickert et al., 1984). Subsequent plate 
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tectonic changes and Sierran arc volcanism then drove extensive hydrothermal systems 

and metamorphism that were responsible for formation of Cretaceous age gold-quartz 

veins that are common to the metamorphic belts of the Sierra Nevada foothills (Böhlke, 

1999). Although covered by young Cascade volcanic rocks, hydrothermal vein-bearing 

metamorphic rocks presumably exist in parts of the SMC forearc and arc-axis crust. 

Neogene regional Basin and Range crustal extension, transpressional faulting from the 

Sierra Nevada microplate and termination of the Walker Lane shear zone, and oblique 

convergence of the Gorda and North American plates produce varying crustal stress 

conditions over the SMC region (Miller et al., 2001; Hildreth, 2007). Numerous 

mineralized joints, faults, shear zones and aureoles may have become contaminant-rich 

conduit zones for ascending SMC mafic magmas (Borg, 1995). Thus, δ
18OWR values of 

recently erupted lavas can reflect δ
18Omelt in equilibrium with peridotite only when large 

volumes of magma swiftly ascend through conduits armored by earlier basaltic magmas 

(Myers et al., 1985). The armored conduits, however, are most likely located proximal to 

the arc-axis, and, as previously discussed, arc-axis little-evolved mafic magmas are often 

contaminated by abundant melts, mushes, and cumulates. 

Small but distinctive trace element enrichments are present in the little-evolved 

mafic magmas erupted across the SMC. In Figure 2.9, a hypothetical average SMC 

primitive basaltic magma (see Table 2.2) is contaminated during crustal ascent, and the 

trends in trace element enrichments and radiogenic isotopic ratios in the resultant magma 

are illustrated. Table 2.2 summarizes modeling parameters used to generate the mixing 

curves on the diagrams. In each case, the selected example mineral contaminant is often 

associated with secondary mineralization. 
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Figure 2.9. Mixing examples between a hypothetical primitive mafic magma with SMC mineralized crust. 
Because the mantle source is heterogeneous, the starting primitive melt composition likely has radiogenic 
ratios closest to the ranges shown on Figure 2.5 for the Simcoe mantle or Sonoma-Tolay volcanic field. 
Symbols as in Figure 2.8, and modeling values with references from Table 2.2. (a) Comparison of whole 
rock Sr concentration with 87Sr/86Sr. Mixing trend lines:  Unradiogenic Sr-rich minerals associated with 
mafic and ultramafic rocks, and radiogenic Sr-rich minerals from hydrothermal veins and/or contact 
aureoles and skarns. The tick marks on each line are 0.2 wt% additions of SrCO3. (b) Comparison of whole 
rock Pb concentration with 208Pb/204Pb. Mixing trend lines:  Pb from sulfides in oceanic crustal slices 
(MORB-like Pb) and from S. Oregon Cascades Pb ores that includes hydrothermal vein mineralization in 
more sialic crust. The tick marks on each line are 0.01 wt% additions of Pb-bearing sulfides. (c) 
Comparison of whole rock Os concentration with 187Os/188Os. Mixing trend lines:  Os-Ir nuggets from 
peridotites in 0.01 wt% increments and radiogenic Os in the metalliferous crusts in ophiolites or abyssal 
peridotites in 0.01 wt% increments.  
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Figure 2.9. continued.  (d) Comparison of whole rock Nd concentration with 143Nd/144Nd. Mixing trend 
lines add Nd-rich minerals (e.g. monazite Nd in 0.002 wt% increments) from pegmatites or aureoles around 
plutons with 143Nd/144Nd from modern Cascade silicic volcanic rocks, SMC regional Mesozoic 
granodiorites, and feldspathic Sierra Nevada batholith. (Endmember 143Nd/144Nd values are from igneous 
rock samples, while mineralization in aureoles is actually a mixture with country rock and fluids.)  (e) 
Comparison whole rock Hf concentration with 176Hf/177Hf. Mixing trend lines add Hf-rich minerals (e.g. 
hafnon-rich zircon in 0.005 wt% increments) in hydrothermal veins, or pegmatites or aureoles around 
plutons. The three endmember 176Hf/177Hf values are calculated from the endmember 143Nd/144Nd values for 
the Nd curves using the relationship:  176Hf/177Hf  = 0.36887[143Nd/144Nd] + 0.09388. (See text for further 
discussion.) 
 
 

Some forearc and arc-axis lavas have a very high Sr content (>600 ppm) and 

87Sr/86Sr < 0.7032 (Figure 2.9a). Borg et al. (1997) ascribed this Sr concentration spike in 

primitive mafic lavas to modern fluxing of the mantle wedge by large amounts of Sr-rich, 

Lau Basin-like hydrous fluids (Stolper & Newman, 1994). However, to produce the Sr-

enrichments in the SMC mafic lavas, Borg et al. (1997) concluded that the hydrous fluid 

component must be 75% higher than the 4681 ppm value of Stolper & Newman (1994). 

Assimilation of mafic and ultramafic rocks with ancient MORB-like 87Sr/86Sr ratios is an 

alternative to the highly concentrated brine invoked by Borg et al. (1997). Secondary Sr 

enrichments in these rocks may have occurred either from ancient deep mantle 
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Table 2.2. Summary of endmember trace element compositions and isotopic ratios for modeling crustal contamination. 
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Footnotes for Table 2.2:   
 
a:  Mineral Abbreviations:  Mnz = monazite, Zrc = zircon, SrCO3 = strontianite (plagioclase is actually 

more common but less Sr-rich mineral). 
b:  δ18O values for estimated from averaged lithologies and are mid-range values based upon summaries in 

Eiler (2001) and Taylor & Sheppard (1986); values for contact metamorphic zones/pluton aureoles are 
averages from Baumgartner & Valley (2001). 

c:  The 87Sr/86Sr ratio is based on results of depth profiling from ODP into altered basalts by Staudigel et al. 
(1995).  

d:  143Nd/144Nd ratio is set considering JDF MORB and Simcoe spinel peridotite xenolith data (Brandon et 
al., 1999) with probable minor affects from interaction with sea water (Staudigel et al., 1995). 

e:  Pacific MORB Hf from Chauvel & Blichert-Toft (2001). 
f:  Juan de Fuca Ridge basalts and sulfide Pb from Hegner & Tatsumoto (1987). 
g:  Pacific red pelagic clays from Vervoort et al. (1999). 
h:  Manganese nodule Os content and isotopic ratios from Palmer et al. (1988). 
i:  Average Feather River ophiolitic assemblage from Saleeby et al. (1989). 
j:  Serpentinized peridotite as a high Os reservoir from Agranier et al. (2007). 
k:  87Sr/86Sr value based on mass balance for fluid by Borg et al. (1997), but attributed in this study to 

crustal contamination (~Trinity peridotites; Jacobsen et al., 1984). 
l:  SMC regional Mesozoic granodioritic plutonic rocks from Borg & Clynne (1998). 
m:  High 143Nd/144Nd value reported (Borg & Clynne, 1998) from modern SMC regional silicic volcanic 

rocks. 
n:  Mid-range 143Nd/144Nd value for SMC regional Mesozoic granodiorites (Borg & Clynne, 1998).  
o:  143Nd/144Nd value for mafic feldspathic xenolith from Sierra Nevada batholith (Ducea, 1998). 
p:  No corresponding Hf isotopic data is available for igneous rocks in footnotes m-o. Thus, corresponding 

176Hf/177Hf values are calculated using the relationship:  176Hf/177Hf  = 0.36887[143Nd/144Nd] + 0.09388. 
This line follows a linear regression fit to the 143Nd/144Nd and 176Hf/177Hf values for the SMC little-
evolved mafic lavas.  

q:  Southern Oregon Cascades Pb vein ores (Pb assumed present as galena with accessory sulfides such that 
Pb concentration is 10000 ppm) from Church et al. (1986). 

 
 
metasomatic events, or hydrothermal activity involving meteoric waters (cf. Landes, 

1929). Regionally, the Trinity plagioclase peridotite body was subjected to multiple 

Paleozoic and Mesozoic alteration events in at least three types of geologic settings and 

ratios as low as 0.70249 are reported (Jacobsen et al., 1984; Liakhovitch et al., 2005). 

More radiogenic 87Sr/86Sr in Sr-rich minerals in oceanic crustal slices is indicative of 

seafloor alteration. In sialic crust, hydrothermal veins, aureoles around plutons, and 

especially in skarn zones probably have varying Sr enrichments and more radiogenic Sr 

ratios (Staudigel et al., 1995). 
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SMC mafic magmas may have been variably contaminated by lead ores (Figures 

2.5e-g; 2.9b) similar to Cascade sulfide vein deposits exposed south of the Columbia 

Embayment, where an isotopically homogenized lithospheric reservoir resulted from 

protracted Phanerozoic sediment recycling (Church et al., 1986; Bullen & Clynne, 1990; 

Borg et al., 1997; Bacon et al., 1997). As illustrated on Figure 2.9b, elevated Pb contents 

and 208Pb/204Pb ratios in little-evolved SMC back-arc lavas are consistent with older, 

more sialic crustal contamination, whereas lower ratios in forearc lavas suggest 

contamination in younger, accreted oceanic crust. 

Whole rock Os isotopic values provide another sensitive monitor of crustal 

contamination (Suzuki et al., 2008). Little-evolved SMC mafic lavas were likely 

generated in mantle with 187Os/188Os < 0.15 (Chesley et al., 2004). This assertion is 

supported by the range of 187Os/188Os ratios observed in Simcoe mantle xenoliths 

(Brandon et al., 1999) and Sierra Nevada garnet lherzolite xenoliths (Lee et al., 2000), as 

illustrated in Figure 2.5c. The Os concentrations and isotopic ratios of SMC little-evolved 

mafic magmas are probably modified during ascent through crustal sections of 

dismembered ophiolitic terranes, peridotites, and ultramafic mélanges.  

Figure 2.9c illustrates that Os contents and isotopic ratios of SMC little-evolved 

mafic lavas display two trends. In one case, large ranges in Os contents (4.5 to 370 ppt 

for CA lavas; Borg et al., 2000) over a tight range in 187Os/188Os values may reflect 

assimilation of serpentinized peridotites, a high Os reservoir with low, near primitive 

upper mantle 187Os/188Os values (Figure 2.9c). For example, serpentinized harzburgites 

from the Feather River ophiolite have relatively high concentrations of unradiogenic Os 

(Agranier et al., 2007). In the second case, high 187Os/188Os ratios in Fe-Mn nodules 
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formed on ancient sea floors now part of the SMC continental crust (Palmer et al., 1988; 

Woodhead & Brauns, 2004) may contaminate some of the SMC little-evolved mafic 

magmas. 

Incompatible trace element contents (e.g. La, Ce, Nd, Hf, Ti and P) are often 

elevated in SMC little-evolved mafic lavas relative to MORB. In particular, unmodified 

mafic and ultramafic crustal rocks are insufficiently enriched in both Nd and Hf to 

account for concentrations observed in the lavas (Figures 2.9d-e). To achieve elevations 

in these LREE and HFSE, other workers have invoked an OIB/intraplate mantle source 

component (Bacon et al., 1997; Borg et al., 1997; Schmidt et al., 2008). However, mafic 

magma enrichment in Nd, Hf, and other more incompatible trace elements might occur 

by assimilation of mineralized zones formed during earlier hydrothermal activity, 

pegmatite veins, or thermally metamorphosed aureoles surrounding plutons. The 

paragenetic conditions associated with each type of mineralizing event would have 

concentrated trace elements in minerals such as monazite, zircon, allanite, epidote, 

xenotime, sphene, and anatase.  

Figure 2.9d illustrates three mixing curves that depict contamination of the mafic 

lavas with melts of mineralized rocks associated with silicic volcanic centers (Borg & 

Clynne, 1998), regional Mesozoic granodioritic plutons (Borg & Clynne, 1998), and 

Sierra Nevada batholith (Ducea, 1998). To generate the complementary curves for Hf in 

Figure 2.9e, the endmember Hf isotopic values were estimated following a regression of 

the mafic lava Nd-Hf isotopic data because no Hf isotopic data were reported for the 

plutonic rocks. As illustrated in Figures 2.9d and 2.9e, Nd and Hf elemental and isotopic 

data plot between mixing curves for a mafic parental magma and young silicic volcanic 
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rocks and Sierran basement rocks. Back-arc CA mafic lavas (Figure 2.1b and 2.9d-e) 

appear to be contaminated by crust radiogenically similar to regional granodiorites (Borg 

& Clynne, 1998) and Sierra Nevada continental arc rocks (Ducea, 1998; Borg et al., 

2002). Thus, crustal contamination can account for many of the LILE, LREE, and HFSE 

enrichments previously ascribed to mantle source contamination and some intraplate 

mantle components. 

 
Implications for Mantle and Crustal  
Contamination of Mafic Arc Magmas 
 

The results of this study are consistent with SMC little-evolved mafic lavas 

originating in a heterogeneous mantle source that reflects the complex regional tectonic 

history. Melts generated in the heterogeneous mantle are modified by variable 

assimilation of extended, heterogeneous continental crust. Differences between δ18OWR 

and calculated δ
18Omelt values based on early-crystallized olivine δ

18O values exceed 

reasonable estimates for shifts in 18O/16O ratio produced by processes such as 

fractionation, degassing, secondary mineralization and/or rehydration. Crustal 

contamination accounts for disequilibria in mineral textures and in O-isotopes between 

co-existing phases. Mantle and crustal contamination accounts for EM2-like δ
18Ool values 

in little-evolved SMC lavas, which lack Sr, Nd, and Hf radiogenic isotopic ratios 

associated with EM2 mantle sources (Figure 2.5a,b,d). 

Revisiting petrogenetic models for the SMC little-evolved mafic lavas that 

accurately account for both mantle and crustal contamination may be infeasible. 

However, less modern slab-derived fluid addition to the SMC sub-arc mantle could mean 

that, like the southern Washington Cascades, mafic magmas are the result of 
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decompression melting of peridotites with lower solidi from ancient enrichments, rather 

than minor modern fluid fluxing (cf. Leeman et al., 2005). Αn investigation of  δ18Ool 

values obtained from little-evolved mafic magmas from other Cascade arc segments 

would be very interesting, particularly because of the variation in lithosphere heritage 

along the length of the arc. 

Variable amounts of crustal contamination probably also affects the most primitive 

mafic lavas reported along the other Cascade arc segments, too. For example, a 

purportedly primitive high-Mg andesite from a flank vent of Mount Shasta is actually a 

mixture of >50% dacitic magma, <40% basaltic magma, and <10% ultramafic crustal 

material (Streck et al., 2007). In a global sense, it is likely that very few truly primitive 

mafic magmas erupt at continental volcanic arcs. 

Conclusions 
 

1. Oxygen isotopic values of olivine mineral separates extracted from a group of 

little-evolved SMC mafic lavas are variable and have δ
18Ool values exceeding those for 

melts in equilibrium with MORB depleted mantle. Elevated δ18Ool values result from 

modern selective melting of 18O-enriched mantle domains formed during Phanerozoic 

subduction events. Accumulated 18O-enrichment from slab-derived hydrous fluids (δ
18O 

~ 15‰) and subducted sediments (δ
18O ~ 10-20‰) are significant contaminants (each 2-

3 wt%) to primitive melts originating in the SMC mantle. 

2. SMC primitive mafic liquids (δ18O = 5.7–6.2‰) in equilibrium with mantle 

peridotite may be contaminated during crustal transit and slightly modified by secondary 
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processes such that measured δ
18OWR values are not unmodified primitive melt δ

18O 

values. Oxygen isotopic disequilibria between clinopyroxene and olivine are common in 

samples from the arc-axis or near other large polygenetic volcanic centers where 

multilevel magma bodies, crystal mushes and cumulates are especially abundant. 

Disequilibrium textures in the rocks are consistent with magma mixing. Plagioclase 

xenocrysts are acquired by crustal contamination from the forearc to back-arc, and 

include many crustal sources. Where mafic and ultramafic rocks (e.g. δ
18O = 10-20‰ 

ophiolites, peridotite massifs, and serpentine mélanges) reside in the subsurface, crustal 

contamination of mafic magmas may be up to 10 wt% of the lava. Some mafic magmas 

may have assimilated up to 7 wt% hydrothermally altered crustal rocks (δ18O = -4‰) 

from buried long-lived arc volcanic centers.  

3. Lithosphere composed of diverse accreted terranes affected by multiple ancient 

tectonic, hydrothermal and magmatic events and most recently under extension with high 

mantle heat flux hosts many types of crustal contaminants. Crustal contamination in SMC 

little-evolved mafic lavas probably always overwhelms original mantle radiogenic and 

stable isotopic ratios. 
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CHAPTER 3 

 
 MULTIPLE MAFIC MAGMA INJECTIONS IN SHALLOW SILICIC 

MAGMA CHAMBERS AT LASSEN VOLCANIC CENTER, 
CALIFORNIA: THERMAL INPUT AND VOLATILE LOSS RECORD 

IN AMPHIBOLE AND BIOTITE PHENOCRYSTS  

 

Abstract 
 
 

Periodic mafic magma injections into or underplating silicic magma bodies may 

trigger some volcanic eruptions at selected volcanoes. Changes induced in the silicic 

magmas by heating and volatile addition from pulsed mafic magma recharge before and 

during eruptions influences eruptive style. In this investigation of ~32 ka and younger 

silicic volcanic rocks at the Lassen Volcanic Center (LVC), California, coexisting biotite 

and amphibole phenocrysts were treated as insitu sensors for changing thermal states and 

volatile concentrations in silicic magma bodies. Complete chemical compositional data, 

including water contents, D/H ratios, and Fe3+/Fe2+ ratios of the hydrous minerals were 

collected and correlated to the multiple populations of pristine and reacted biotite and 

amphibole phenocrysts across four eruption sequences. We infer that the volume and flux 

of mafic magma recharge events ranged from small and probably relatively frequent 

doses to large vigorous pulses capable of triggering volcanic eruption based on 

dehydrogenation signatures of the hydrous phenocrysts. Evidence for multiple injections 

of mafic magmas   into variably degassed partially crystalline silicic magma bodies was 

also found in the microphenocryst amphibole of undercooled magmatic inclusions. 
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Each of the three older Eagle Peak eruptive sequences reflects different initial 

conditions in shallow sill-like silicic magma bodies emplaced in extended crust and 

varying intensities of mafic magma invasions. For example, the least crystallized silicic 

magma of the Kings Creek sequence may have acted as a density barrier to all but the 

hottest, most volatile-rich mafic magmas, thereby favoring underplating and limited 

magma mingling. In contrast, the magma body that produced the Lassen Peak sequence 

may represent a situation where numerous small magma injections mostly balanced 

degassing from the shallow magma system and finally culminated in a fairly non-

explosive emplacement of the large dacite dome. The Chaos Crags eruption sequence 

shows evidence of progressive heating and degassing of silicic magma by pulses of mafic 

magmas over the eruptive period. Most recently, the 1915 eruption of the Twin Lakes 

sequence exemplifies rapid and continual injection of volatile-rich mafic magma(s) that 

expended significant amounts of thermal energy to remobilize a small volume of 

degassed silicic crystalline mush.  

Introduction 
 

If mafic magma injections into silicic magma bodies follow the frequency, 

magnitude and intensity relationships for volcanic eruptions, small volume pulses are 

likely far more common than rare large, single pulse injections (Newhall & Hoblitt, 

2002). Small mafic magma pulses that remobilize crystal-rich silicic magmas may be 

insufficient to induce volcanic eruption, but they may supply enough heat and volatiles to 

maintain silicic magmas in eruptible states for larger magmatic recharge events thought 

to trigger volcanic eruptions (Pallister et al., 1992; Coombs et al., 2000). For example, 
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multiple geochemically distinct mafic magma parcels were captured in a silicic magma 

body as petrologically diverse undercooled magmatic inclusions prior to eruption of a 

porphyritic dacite lava dome (Feeley et al., 2008a). Semicontinuous mafic magma input 

into a main silicic magma body actively feeding eruptions is documented for the 1991-

1993 Unzen volcano eruptions (Nakamura, 1995). In volatile-rich arc volcanoes, do 

incremental overpressures accumulate in magma chambers from small recharge events or 

is protracted, very low level magma degassing occurring under seemingly quiescent 

volcanoes?  

Investigations of D/H fractionation behavior from glasses and/or hydrous minerals 

from Quaternary volcanic sequences identified subvolcano magmatic processes such as 

degassing and injections of fresh magmas (Taylor et al., 1983; Newman et al., 1988; 

Hildreth & Drake, 1992; Feeley & Sharp, 1996) and surface degassing, oxidation, 

alteration and/or rehydration of minerals in volcanic rocks (Miyagi et al., 1998; Kusakabe 

et al., 1999; Miyagi & Matsubaya, 2003a; Hibbert, 2003). Hydrogen isotopic studies of 

rocks and phenocrysts from carefully observed volcanic eruption sequences can supply 

time constraints for shallow magmatic processes that are not easily resolved by other 

approaches (Hoblitt & Harmon, 1993; Anderson et al., 1995; Harford & Sparks, 2001).  

In this study, I examine chemical and hydrogen isotopic changes in co-erupted 

biotite and amphibole phenocrysts from silicic magma bodies in response to periodic 

injections of mafic magmas with varying volatile contents. The ~32 ka and younger 

complex of silicic pyroclastic deposits, domes and lava flows at the Lassen Volcanic 

Center (Figure 3.1) is a well-studied mixed silicic-mafic magma system, with a carefully 

documented series of eruptions from 1914-1917 (Clynne, 1999). Changing chemical 
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Figure 3.1. Schematic geologic map of the Lassen Volcanic Center, Shasta County, California, after 
Christiansen et al. (2000). 
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compositions and D/H ratios, and proportions and types of reacted populations of the 

hydrous phenocrysts are strong evidence for pre-eruptive degassing and remobilization of 

variably crystallized silicic magma bodies by mafic magma injections preceding all 

recent eruptions, and during each eruptive period. To correctly identify the driving forces 

for shifts in biotite and amphibole δD values from dehydroxylation reactions, full 

chemical analyses including major element and fluorine and chlorine contents, 

quantitative measurements of the ferric and ferrous iron content, actual water content, and 

D/H ratio determination, were made (e.g. Feldstein et al., 1996; Feeley & Sharp, 1996). 

Despite post-eruption alteration evident in many LVC samples, the geochemistry, 

petrography and geologic relationships for the entire sample suite provides essential 

context for individual samples and insight into subvolcano magma processes that may be 

important to planning for hazards associated with future LVC volcanic activity. 

Geologic Setting and Eruptive Sequences 
 

The southernmost active arc volcanic complex in the Cascade Range is the Lassen 

Volcanic Center of northern California. It has evolved from Pleistocene to Holocene in 

three eruptive stages. The dacite to rhyolite Rockland stage (825 – 610 ka) includes the 

~50 km3 Rockland tephra and ~25 km3 of domes, lava flows and pyroclastic deposits 

(Lanphere et al., 2004). The Brokeoff stage (600 – 385 ka) included construction of a 

~100 km3 stratovolcano, Brokeoff Volcano, from a lower sequence of thin basaltic 

andesite – andesite lava flows, and an upper sequence of thicker andesite to dacite lava 

flows (Clynne & Muffler, 2008). Following extinction of Brokeoff Volcano, the Lassen 

stage (300 – 0 ka) was marked by distinct shifts in characteristics of the volcanism and 
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vent loci. A silicic dome field erupted on the northern flank of eroded Brokeoff Volcano 

and it consists of the 300 – 190 ka Bumpass sequence and 65 – 0 ka Eagle Peak sequence 

(Clynne & Muffler, 2008). Hybrid basaltic andesite and andesite lavas of the Central 

Plateau Twin Lakes sequence within Lassen Volcanic National Park are 

contemporaneous with the more silicic Eagle Peak sequence (Bullen & Clynne, 1990). 

The Twin Lakes sequence transitions between the LVC silicic volcanism and mafic 

regional volcanism that constructed the broad surrounding highland from thousands of 

predominately calc-alkaline and minor tholeiitic mafic lava flows. Geochemically similar 

to Brokeoff Volcano mafic lavas, medium-K basaltic andesitic to andesitic undercooled 

magmatic inclusions are variably present in most LVC silicic volcanic rocks (Clynne, 

1999; Clynne & Muffler, 2008). The Eagle Peak vents form linear, north-south 

alignments roughly parallel to the regional superimposed Basin and Range extensional 

faults (Guffanti et al., 1990). Descriptions of the four most recent LVC eruptive 

sequences, including three Eagle Peak sequences and the 1914-1917 eruption (classified 

as part of the Twin Lakes sequence), follow.  

 
Kings Creek 
 

The oldest units in this study are from the 32 ka Kings Creek (KC) rhyodacite 

eruptions (69-70 wt% SiO2; Turrin et al., 1998). Based on field relationships, the 

presumed rapid sequence of eruptions produced a small tuff cone, followed by events that 

yielded pumiceous and lithic pyroclastic deposits. The vent location shifted for the 

eruption of a voluminous, two-lobed lava flow with mafic undercooled inclusions 

comprising <0.5% of the flow volume. Although much of the pumiceous carapace which 
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presumably mantled the lava flow was removed by glaciation starting in early Tioga time, 

a conservative estimate of volume of only the lava flow is 0.5 – 0.6 km3 (Turrin et al., 

1998). The porphyritic hornblende-biotite rhyodacite lava flow contains 15% plagioclase, 

2% biotite, 1% amphibole (magnesiohornblende) and sparse hypersthene and quartz 

phenocrysts, all together totaling ~20% phenocrysts. The groundmass is glassy, and 

commonly perlitic and the lava is flow-banded with some spherulites (Christiansen et al., 

2002).  

 
Lassen Peak 
   

The 28.3 ka multi-lobed dacite dome of Lassen Peak (LP) was erupted from the same 

vent that fed the earlier Kings Creek lava flow (Turrin et al., 1998). Christiansen et al. 

(2002) state that no tephras associated with this eruption were found and the Lassen Peak 

dome was emplaced as a single unit with a partial dome collapse. Although Tioga 

glaciation created the large NE cirque, and total erupted dome volume exceeded 2 km3 

(Turrin et al., 1998). The porphyritic hornblende-biotite dacite (66-70 wt% SiO2) has 

20% plagioclase, 4% quartz, 3% biotite and 2% magnesiohornblende phenocrysts for a 

total of ~30% phenocrysts and crystal clots in the silicic magma (Christiansen et al., 

2002). Unreacted and reacted populations of host plagioclase, amphibole, biotite, and 

quartz phenocrysts are present, and rare composite augite crystals and sparse olivine from 

the mafic magma(s) are distributed in the dacite. Although minor amounts of glass are 

present in some samples, the groundmass is often microcrystalline and oxidation of the 

gray rock to shades of pink is common. All dacites have copious plagioclase laths and 
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acicular amphibole microphenocrysts in the groundmass and large undercooled mafic 

magmatic inclusions are macroscopically abundant (10-20%).  

 
Chaos Crags 
 

The Chaos Crags (CC) eruptive sequence began from vents 2.6 km north of the 

Lassen Peak/Kings Creek vent (Clynne et al., 2008). Following a vent opening phase, an 

explosive eruption that included some air fallout tephras in 911 ± 27 AD ended with the 

emplacement of porphyritic hornblende-biotite rhyodacitic lower and upper pyroclastic 

flows (A and B, respectively), which cooled as a single unit (Heiken & Eichelberger, 

1980; Clynne et al., 2008). Dome A plugged the vent until an explosive eruption partially 

destroyed dome A and produced a large uppermost pyroclastic flow (C) in 984 ± 15 AD. 

Sometime after pyroclastic flow C was deposited, dome B erupted, but ages are not well 

constrained. These rhyodacitic (69-70 wt% SiO2) eruptions are collectively designated 

Group I. Vent locations for all Group 1 eruptions and domes C and D of Group 2 are 

collinear and align with regional NNW-trending faults. Group 2 includes successively 

younger dacite domes C-F (68.5 - 67 wt% SiO2), and the youngest domes (E and F) 

erupted from vents along a ~1 km segment NE of the dome D vent. Specific details of 

eruption timing are unclear, although evidence for a hiatus of up to 600 years between 

eruptions of Group 1/dome B and younger Group 2/dome C eruptions includes 

radiocarbon dates from charred wood and twigs within a lithic pyroclastic flow from 

dome D (Clynne et al., 2008). Heiken & Eichelberger (1980) estimated the total volume 

of Chaos Crags extrusive products at 1.4 km3, of which 1.25 km3 was dome lavas.  
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Phenocrysts in the host rhyodacite include 25% plagioclase (which includes a 

population of composite crystals up to 1 cm in diameter), 4% biotite, 4% amphibole, and 

2% quartz. Each phase consists of populations of unreacted and reacted phenocrysts, and 

in total, phenocrysts and crystal clots account for 35-40% of the silicic lavas 

(Christiansen et al., 2002).  The Group 1 units generally contain <1% undercooled mafic 

magmatic inclusions whereas conspicuous undercooled magmatic inclusions comprise up 

to 20% of Group 2 domes C, D, E, and F (Christiansen et al., 2002). The lava 

groundmass in domes D and E is microcrystalline. Spherulites are common in domes C, 

E and F, and sparse in dome B. Perlitization of the groundmass glasses is most noticeable 

in dome C, slight in B, and incipient in quenched conduit lining lithics. 

 
1914-1917 Eruptions at Lassen Peak 
 

Clynne (1999) reconstructed the eruption sequence from eyewitness accounts and 

study of B. F. Loomis’ photographs of the eruptions. Precursory phreatic eruptions near 

the summit of the Lassen Peak dome began May 30, 1914. After >180 steam explosions, 

a black dacite dome followed by a black dacite lava flow were emplaced into the summit 

crater between May 14-19, 1915 (Clynne et al., 1999). An explosion on May 19, 1915, 

demolished much of the dome that occluded the vent, and additional blocky dacite lava 

welled into the crater and overflowed a short distance to May 20, 1915. The climatic 

eruption on May 22, 1915, expelled light and banded pumice, and dense glassy black 

dacite lithics of quenched conduit lining (Clynne, 1999). Total DRE volume estimate for 

1915 is 5.6 x 106 m3 (Clynne, 1999). My investigation is limited to juvenile material 

erupted May 14-22, 1915.  
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Both the dome and the lava flow are 64 – 65 wt% SiO2 porphyritic biotite-

hornblende dacite containing 20% plagioclase, 3% hornblende, 3% biotite, and 2% quartz 

phenocrysts; significant populations of resorbed or reacted minerals are present 

(Christiansen et al., 2002). Augite and hypersthene microphenocrysts and phenocrysts are 

abundant, as are composite crystal clots originating from mafic magmas. In total, the 

DRE crystal content of the black dacite dome and lava flow is ~45%. The surviving 

section of dome and the lava flow each contain ~5 vol% undercooled magmatic 

inclusions, and the groundmass contains significant microphenocryst populations of 

augite and hypersthene attributed to disaggregation of undercooled magmatic inclusions. 

The light dacite (64.5 - 68 wt% SiO2) from May 22 forms light unbanded pumice and 

light streamers in banded pumice. The dark pumice bands are andesites (60 – 61 wt% 

SiO2). Clynne (1999) showed that complex mixing between mafic endmembers and 

Chaos Crags-like rhyodacite could produce all 1915 eruption products and mineral 

textures therein. 

 
Undercooled Magmatic Inclusions 
 

Geochemically and petrologically diverse undercooled mafic magmatic inclusions in 

the host silicic lavas are 53.8 – 58.7 wt% SiO2 for KC; 53.9 – 60.1 wt% SiO2 for LP; 52.5 

– 61.4 wt% SiO2 for CC; and 56.7 – 60 wt% SiO2 for 1915 (Clynne published and 

unpublished data; Feeley unpublished data). Undercooled magmatic inclusion textures 

range from fine-grained to coarse-grained, aphyric to porphyritic, and vesicular to dense. 

Phases range from microphenocrysts and microlites of calcic plagioclase, amphibole and 

opaques in glass to calcic plagioclase ± pyroxenes ± olivine and opaques in glass; 
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phenocrysts from host silicic magmas may be entrapped within the undercooled 

magmatic inclusions. Usually <10 vol% acicular amphibole microphenocrysts are present 

in undercooled inclusions in all eruptive phases, with amphibole compositions ranging 

from tschermakite in Eagle Peak sequences to magnesiohastingsite in 1915. In addition to 

visually conspicuous intact undercooled magmatic inclusions, the groundmass of most all 

silicic rocks (with the possible exception of the lower pyroclastic flow of CC Group 1) 

contains abundant dispersed or concentrated bands of microphenocrysts (e.g. calcic 

plagioclase, pyroxenes, amphiboles, and olivine and crystal clots) from mingled mafic 

liquids. 

Analytical Techniques 

 

Fresh rocks were collected from previously sampled locations (Table 3.1). Because 

of the steep and unstable precipices on much of Lassen Peak, and the rough Chaos Crags 

domes, safety considerations required sample procurement from talus aprons nearest each 

dome. The phenocrysts are 0.5-3 mm for biotite and 1-5 mm for magnesiohornblende, 

with occasional blades up to 12-15 mm in length (Christiansen et al., 2002). 

Approximately 0.5 kg of each rock sample was crushed, ground, and sieved for biotite 

and magnesiohornblende mineral separates. After removing magnetic particles, non-

magnetic grains were rinsed with deionized water to reduce fines. During the drying 

process, LP and 1915 samples smelled like hot wet rocks, but the KC lava flow and CC 

dacite samples released acrid halogenic odors with water vapor. 

Rock crushing and grinding typically shattered large amphibole crystals to smaller 

fragments, and this was important to reduce biotite inclusions and to obtain pieces of 
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Table 3.1. Hydrogen isotope ratios (‰ VSMOW), wt% water, and Fe3+/Fe2+ ratios for amphibole and 
biotite separates. 
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multiple crystals in the separates. In contrast, comminution often rounded and deformed 

large biotite phenocrysts. To sample greater numbers of biotite phenocrysts in the 

microanalyses, and avoid dramatic increase in surface area and possible attendant 

modifications of δD value, water content and Fe3+/Fe2+ ratio from reducing larger biotite 

crystals, 0.425-0.6 mm phenocrysts were extracted. The diffusion length ratios of the 

smaller equant biotite relative to prismatic magnesiohornblende are between 1:1 and 1:2. 

The final mineral separates were handpicked with particular attention to mineral 

color and rim from 0.425-0.6 mm particle splits concentrated with a Frantz Isodynamic 

separator. Rims were removed with light crushing and ultrasonic cleaning in deionized 

water followed by drying prior to D/H and H2O analyses. Final mineral separate purity 

was 90-95%. Abundant amphibole microlites from disaggregated undercooled magmatic 

inclusions and extensively dispersed biotite flakes restricted the number of 

groundmass/glass separates for δD values and water content in this investigation.    

Microanalytical mass spectrometry methods were used to measure the D/H ratios and 

water contents in ~4 mg biotite, 7-8 mg amphibole or 8-15 mg glass chips in the stable 

isotope laboratory at the University of New Mexico, Albuquerque, New Mexico (Sharp et 

al., 2001). The samples were loaded into silver foil capsules and dropped into a 1450 oC 

graphite furnace packed with glassy carbon. Helium carrier gas transported the hydrogen 

though the separation from CO and into a Delta Plus XL mass spectrometer. All δD 

values are reported relative to VSMOW (Tables 3.1 and 3.2). Standards run concurrently 

during analyses of the unknowns included NBS-30 biotite (δD = -65‰) and in-house 

standards Water Canyon biotite (δD = -106‰) and Banco Bonito biotite (δD = -76‰). 
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Table 3.2. Hydrogen isotope ratios (‰ VSMOW) and wt% water for glassy groundmass separates. 

    
 

Analytical precision (e.g., 1 standard deviation) of the standards was always better than ± 

3‰ for δD and ≤ 0.1 wt% for water content.   

Electron microprobe analyses of minerals were conducted at the University of 

Lausanne, Switzerland, and Washington State University Geoanalytical Laboratory. 

Major element and fluorine and chlorine contents of biotite and amphibole crystals were 

collected with a 15 nA beam current, a 15 kV acceleration voltage and a focused beam of 

1-2 µm. For Fe-Ti oxide analyses, a 20 nA beam current, a 15 kV acceleration voltage 

and a focused beam of 1-2 µm were used. Three to 5 points on individual oxide grains in 

3 to 5 touching grain pairs of magnetite/ulvöspinel and ilmenite/hematite enveloped in 

glass pools were analyzed per slide. Compositions for each grain pair were required to 

satisfy the Mg/Mn equilibrium partitioning criteria from Bacon & Hirschmann (1988). 

Temperatures and oxygen fugacities (fO
2
) were calculated using the ILMAT mineral 

calculation spreadsheet (Lepage, 2003) from major element compositions of Fe-Ti oxide 

pairs using the method of Andersen & Lindsley (1988) with the solution model of 

Stormer (1983).  

Actual FeO contents of biotite or amphibole separates were determined from ~ 2 to 

10 mg aliquots by a method that combined the standard Pratt (1894) and ferrozine 
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(Stookey, 1970) wet chemical methods (Husler & Ferriss, personal communication). The 

samples were dissolved in H2SO4 and HF rather than HCl (Anastácio et al., 2008), and 

the resulting solution was analyzed using the spectrophotometric agent ferrozine. To 

avoid the potential complication of oxidation of Fe2+ during sample digestion, immediate 

and continuous boiling of the acid mixture during digestion suppressed oxidation for 

these analyses (cf. Pratt, 1894). Total iron was determined by reducing the solution and 

measuring all iron as FeO. The average error for FeO concentration using this modified 

micromethod was ±0.46%, as determined by NIST, USGS, and other Geostandards of the 

International Working Group (IWG) of the Association Nationale de la Recherche 

Technique. Chemical heterogeneities in the unknowns, particularly in the smallest 

samples, can variably exceed the error associated with the method. 

Results 
 
 
Petrography 

 
Each silicic unit contains multiple populations of each phenocryst phase (specifically 

plagioclase, quartz, biotite, and magnesiohornblende) that range from unreacted, euhedral 

crystals to varying types of reacted crystals (Tepley et al., 1999; Clynne, 1999). Figure 

3.2a illustrates host rock wt% SiO2 including the relative abundance microphenocrysts 

from either mingling with a more mafic liquid or disaggregation of undercooled 

magmatic inclusions in the host silicic magma. Reaction rim types for biotite and 

amphibole were noted and qualitative proportions of the populations present in the 

samples are illustrated in eruption order in Figure 3.2b,c. The eruption order from oldest 

to youngest units is used for the known eruption sequences (KC, CC, and 1915). Because
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Figure 3.2. Eruption sequence of samples with: (a) Whole rock SiO2 wt% by eruptive product and with 
relative abundances of microphenocrysts of mafic magmas distributed in silicic magma groundmass. (b) 
Relative proportions (indicated by symbol size) of rim types, predominate pleochroic color(s) and water 
content for biotite phenocrysts. (c) Relative proportions (indicated by symbol size) of rim types, 
predominate pleochroic color(s) and water content for magnesiohornblende phenocrysts. 
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details of emplacement for the multilobed LP dacite dome are unknown, the samples are 

ordered from least reacted hydrous minerals to completely reacted assemblages of 

anhydrous minerals. The greatest abundances of mafic microphenocrysts are found in the 

undercooled magmatic inclusion-rich LP dacite and the 1915 dacitic eruption products. 

Examples of the mineral features described below are provided in Figure 3.3. 

Biotite has 4 occurrences:  (1) mostly equant phenocrysts, (2) crystal clots often with 

plagioclase, (3) an interstitial or secondary phase in plagioclase + amphibole ± pyroxene 

crystal clots, and (4) ubiquitous anhedral inclusions in poikilitic magnesiohornblende 

(Figure 3.3a). Biotite pleochroic color, water content, and rim type trends are presented in 

Figure 3.2b. Unoxidized biotite is brown, and oxy-biotite is rusty to red, and mottled 

brown and red biotite phenocrysts occur in some CC units. Biotite phenocrysts with 

brown to rust bands or striations (Figure 3.3h) oriented parallel to the a-axis occur in 

many silicic lavas, and they are indicative environmental conditions that irreversibly 

changed the octahedral layer through dehydroxylation (Vedder & Wilkins, 1969). 

Rounded biotite phenocrysts are commonly observed in LP, CC Group 2, and 1915 units. 

Extreme perturbations that push biotite well outside its stability field produce coarse-

grained reaction rims (Nakamura, 1995) or complete mineral replacement with euhedral 

to subhedral pyroxenes, titanomagnetite, ilmenite, and feldspar grains (Clynne, 1999). 

Coarse-grained reaction rims (Figure 3.3i) form on fully hydrated to slightly 

dehydroxylated biotite in contact with variably devolatilized melt. Prolonged exposures 

to significantly volatile-depleted melt at high temperature, low pressure and higher fO2
 

conditions (cf. LP dome and 1915 lavas) promotes fine black opacite rim development on 

oxy-biotite (Figure 3.3j), and in some LP dome lobes oxy-biotite is almost completely
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Figure 3.3. Photomicrograph examples of biotite and amphibole in volcanic rocks of Lassen Volcanic 
Center. (a) Green-tan magnesiohornblende with clean rim in LF02-064. Maximum dimension = 1.3 mm, 
and note biotite inclusions in amphibole. (b) Rust-colored magnesiohornblende with clean rim in LF01-041. 
Maximum dimension = 1.8 mm. Groundmass is glassy with spherulites and copious nuclei from silicic 
magma. (c) Brown amphibole with fine-grained corona rim in LF01-037. Maximum dimension (of equant 
crystal) = 0.5 mm. Groundmass is microcrystalline. (d) Rust – straw yellow magnesiohornblende with 
opacite rim in LF02-052. Maximum dimension  = 1.4 mm. (e) Green-tan amphibole with acicular, 
pyroxene-rich dehydration reaction rim (see discussion in text) in LA05-027. Maximum dimension = 1.0 
mm. (f) Remnant euhedral, rust-colored amphibole core (0.36 mm longest dimension) with opacite at 
interface to encompassing pyroxene-rich, dehydration reaction rim = 0.7 mm (outer diameter). Sample is 
LF01-027. (g) Pseudomorphic replacement of magnesiohornblende in LF02-044. Replacement texture of 
acicular pyroxene aligned to amphibole C-axis with fine interstitial oxides and plagioclase. Maximum 
dimension  = 1.3 mm.  
 
opacitized.  Biotite phenocrysts or identifiable pseudomorphic replacements entrapped 

within the undercooled magmatic inclusions are usually rare prior to 1915. As indicated 

in Figure 3.2b, rim-free biotite is common in KC silicic rocks, and in all CC silicic rocks 

except Group 2 domes E and F. 
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Figure 3.3. Continued. (h) Brown biotite with clean rim in LF02-042. Maximum dimension = 1.4 mm. Note 
the faint striations on this basal section. Groundmass is glassy with minute nuclei from silicic magma. (i) 
Brown – straw-yellow biotite with coarse-grained corona in LF02-044. Maximum dimension of biotite core 
= 0.6 mm. (j) Brown – straw-yellow biotite with opacitized rim in LF02-050. Maximum dimension = 0.7 
mm. (k) Acicular amphibole microphenocrysts and extremely reacted, entrapped brown – straw yellow 
amphibole fragment (~1.5 mm long) from silicic host magma in small undercooled magmatic inclusion in 
LF02-050. Opacite rims on all amphibole, and entrapped amphibole has some an acicular pyroxene-rich 
reaction rim with an outer amphibole overgrowth. Note the open crystal mesh of the magmatic inclusion. 
(l) Small, texturally distinct amphibole-rich undercooled magmatic inclusions in LF02-042. Diameter of 
larger, more coarsely-crystalline inclusion = 3.2 mm. In both inclusions, amphibole is greenish-brown with 
clean rims, and amphibole microphenocrysts detached from magmatic inclusions are distributed throughout 
host glassy groundmass. (m) Amphibole-rich undercooled magmatic inclusion in LF02-028. Amphibole is 
greenish-brown with clean rims. Line on photograph is ~2 mm. Note open crystal mesh with thin, glass 
coating and large vesicles and amphibole within cavities in sieved plagioclase. (n) Pseudomorphic 
replacement of amphibole in small undercooled magmatic inclusion in LF02-044. Note glassy, open crystal 
mesh. The image field width is 1.3 mm. All micrographs are ppl, except for partial xp in (n). 

 
 Magnesiohornblende is often present as euhedral prisms (1-5 mm, but up to 15 mm 

occasionally) with optically concentric zoning in CC and 1915. Rim types, pleochroic 

color, and water content for magnesiohornblende are shown in Figure 3.2c. 
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Magnesiohornblende may be green in the presence of brown biotite, but is more 

commonly brown and occasionally orange/rust/red. Mottled amphibole has a distinctive 

two-toned coloration that is greenish and rusty in different parts of the same crystals and 

they are observed in some rock units within the CC sequence. The only significant 

occurrences of rounded magnesiohornblende are in the two youngest CC domes and the 

1915 lava flow and light pumice.  

As with biotite, unreacted, rim-free amphibole is usually found in KC units and in 

Group 1 CC units. Reacted magnesiohornblende rimmed by fine-grained euhedral to 

subhedral plagioclase, pyroxenes, and opaques form coronas outside the amphibole 

stability field where amphibole contacts melt (Rutherford & Hill, 1993). In contrast, a 

high temperature solid-state intratelluric reaction beginning at the surface of 

magnesiohornblende entrapped in mafic solids produces acicular clinopyroxene and 

orthopyroxene grains aligned to the amphibole c-axis with fine-grained interstitial 

feldspars and opaque phases (Mazzone et al., 1987). Partial (i.e., rimmed with remnant 

amphibole core) or complete pseudomorphic replacement of magnesiohornblende is 

prevalent throughout 1915 and in CC Group 2 domes E and F. In addition, amphibole 

microphenocrysts within small undercooled magmatic inclusions occasionally have 

acicular pyroxene-aligned replacement textures, as well. Extended exposure to high 

temperature, low pressure and higher fO2
 conditions in stiff, volatile-poor magmas 

produce amphibole with opacite rims or complete conversion to opacite (Clowe et al., 

1988; Miyagi & Matsubaya, 2003a). Amphibole in many LP dome lobes and 1915 

dacites exists primarily as mostly opacitized pseudomorphic replacement assemblages. 

 



101 

 

Hydrous Mineral Chemistry 
 

Biotite and magnesiohornblende phenocryst compositions generated from electron 

microprobe analyses, wet chemistry and hydrogen isotopic measurements are reported in 

Tables 3.1, 3.3 and 3.4. The Fe3+/Fe2+ ratios measured on mineral separates were used to 

split microprobe FeO totals into FeO and Fe2O3 values for mineral formulae. For biotite 

and amphibole, the structural formulas were calculated based upon 24 anions per formula 

unit. In biotite, I assumed full tetrahedral cation sites (= 8). Although biotite and 

amphibole were present in all silicic rocks, replacement of the original minerals was 

sometimes so advanced that insufficient mineral of good quality was not recovered. In 

these instances, microprobe values are reported in Tables 3.3 and 3.4 with all iron 

reported as FeO, and no entries for water content. 

Figure 3.4 illustrates total Al, Fe, Mg and Ti concentrations for biotite and 

amphibole for silicic host rocks in each of the four eruptive phases. The points plotted are 

averaged total atoms per formula unit (apfu) that include core and rim locations for 

typically 8-12 crystals from each sample, where mode and crystal quality permitted. 

Biotite phenocrysts have octahedral vacancies (Table 3.3) but overall cation 

concentrations are fairly constant, except for slightly higher iron contents of CC domes 

B, D, E and F (e.g. Figure 3.4a), and lower sodium concentrations in units likely affected 

by post-eruption alteration (Rancourt et al., 1993). No systematic core-rim compositional 

variations in magnesiohornblende were apparent across the units, although chemical 

zoning in individual crystals is common. The Al, Fe, Mg, and Ti contents of 

magnesiohornblende phenocrysts in the host lavas show minor variations relative to those 

of the amphiboles from undercooled magmatic inclusions (Figure 3.4b). Similar hydrous 
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Table 3.3. Biotite compositions from electron microprobe analysesa, wet chemistry (ferrous and ferric iron), 
and water from mass spectrometry. 
 

 
 
 
mineral compositions were published by Heiken & Eichelberger (1980) and Tepley et al. 

(1999) for Chaos Crags, and Clynne (1999) for 1915 eruptive units.  

Figure 3.5 shows average anion compositions for biotite and amphibole in eruption 

order. Microprobe detection limits for fluorine are 0.05 – 0.1 wt% and for chlorine are 

about 0.03 wt%. The small amounts of Cl and F are relatively invariant over the eruptions 
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Table 3.3. Continued. 

 
 

and biotite F:Cl ratio follows partitioning for halogens for high Mg biotite in 

experimental rhyolitic melts (Icenhower & London, 1997). However, the F concentration 

in an amphibole corona mantling a reacted olivine in CC dome A rhyodacite (LF02-029) 

was ~2x higher (i.e., ~0.26 apfu) than in magnesiohornblende. 

Mineral OH
-
 content varies as a function of eruption product type (e.g. pumiceous 

pyroclast vs. dense lava dome). In some samples, particularly KC and CC pyroclasts, 

slightly altered biotite and amphibole exceed stoichiometrically allowed OH
-
 levels. The  
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Table 3.4. Amphibole compositions from electron microprobe analysesa, wet chemistry (ferrous and ferric 
iron), and water from mass spectrometry. 
 

 
 
O3 site occupancy by O2- anions is calculated by the formula O2- = 4 - OH

- - F
- - Cl

-
 for 

biotite and O2- = 2 - OH
- - F

- - Cl
-
 for amphibole.  Positive O2- values in biotite inversely 

track Fe3+/Fe2+ ratios determined by wet chemical analyses and independently confirm 

the degree of mineral oxidation.  Negative O2- values are indicative of rehydration in 

biotite, where they coincide with older pumiceous pyroclastic rocks (cf. DeGroat-Nelson 
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Table 3.4. Continued. 

 
 
et al., 2001). The sheet structure of biotite imparts a greater susceptibility to rehydration 

than the chain configuration in amphiboles (Vedder & Wilkins, 1969).  In 

magnesiohornblende, biotite inclusions are responsible for negative O2- values, and H2O 

> 2 wt%.  

Host hydrous phenocryst water content changes with the whole rock SiO2 content, as 

illustrated in Figure 3.6. Unreacted biotite and magnesiohornblende phenocrysts in the 

highest silica lavas are the most hydrated. However, several populations of variably 

hydrated biotite and amphibole often coexist in the domes and lava flows (e.g. CC dome  
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Figure 3.4. Mg apfu versus total Al, Fe, and Ti apfu in (a) biotite and (b) amphibole. Symbol Key:  Kings 
Creek are small and black. Lassen Peak are gray with light outline. Chaos Crags are gray with black 
outline, and 1915 have a black outline and no fill. 
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Figure 3.5. Anions per formula unit and molar Fe3+/Fe2+ wet chemical ratios for (a) biotite and (b) 
magnesiohornblende arranged in eruption order. Symbols:  F

-
 = small open circles, Cl

-
 = small asterisks, 

O2- (calculated, see text) = small plus signs, OH
-
 = shape is keyed to eruption product type and eruptive 

sequence (see Figure 3.2), Fe3+/Fe2+ = open crosses.  
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Figure 3.6. Hydrous mineral H2O content vs. whole rock SiO2 wt% for (a) biotite phenocrysts, and (b) 
magnesiohornblende phenocrysts in silicic host magma and amphibole microphenocrysts from large 
amphibole-rich undercooled basaltic-andesite inclusions within host dacites. Replicate runs were made for 
each sample where sufficient amphibole was extracted, and the result of each run is plotted. Examples of 
coexisting oxy-biotite (a) and oxy-magnesiohornblende (b) from CC dome C are shown (circled). Symbols 
for extrusive product type are described in Figure 3.2a. Symbol code by eruptive sequence:  Kings Creek = 
Small black symbols, Lassen Peak = Medium-size gray fill with light outline, Chaos Crags = Large light 
fill with black outline, and 1915 = Large unfilled with black outline. 
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C in Figure 3.6). In these cases, usually one population is dominant, and it is the one 

plotted in Figure 3.5 for each sample. Amphibole microphenocrysts from intact 

undercooled magmatic inclusions also display a range of hydration/oxidation, as well.  

In Figure 3.7, all biotite and amphibole δD values are shown in eruption order with 

eruption product type indicated by symbol. Most amphibole δD values are for 

magnesiohornblende, with a few tschermakite or magnesiohastingsite δD values from 

large, amphibole-rich undercooled magmatic inclusions. The calculated influence of 
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Figure 3.7. δD values for biotite and magnesiohornblende from silicic host lavas and amphibole 
microphenocrysts from larger undercooled magmatic inclusions in eruption order. Symbols: Biotite δD 
values are small, amphibole δD values are large, and symbol shapes reflect eruption product types 
described in the legend of Figure 3.2a. The solid horizontal line at δD = -46‰ represents estimated 
equilibrium values for hydrous minerals in undegassed magmas. The biotite values for Chaos Crags dome 
C (LF01-041) for two sample sizes are circled (see text). 
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variations in mineral octahedral Fe, Al, and Mg site occupancies on deuterium 

fractionation is below resolution of the D/H measurement methods used (Suzuoki & 

Epstein, 1976). Magma volatile contents control eruption style; each type of erupted 

material has vesicularity, cooling rates and volatile content that regulates susceptibility to 

final degassing or rehydration. The disparities in mineral δD values shown are similar to 

those reported for co-existing biotites and hornblendes from other silicic volcanic rocks 

(Friedman et al., 1964; Miyagi & Matsubaya, 2003b).  

To check whether δD values and H2O content varied by mineral size, two dark 

biotite phenocryst mineral separates were prepared from LF01-041 (CC dome C). The 

smaller (typical) 0.425-0.6 mm crystals and a separate with larger biotite phenocrysts 

(>0.6 and <1 mm) had virtually identical H2O contents and δD values (Table 3.1). 

Bracketing diffusion times by separating biotite by crystal size from samples proved 

impractical. 

Although these silicic volcanic rocks have coexisting hydrous phases, the minerals 

probably did not crystallize in the same part of the silicic magmatic system (Heiken & 

Eichelberger, 1980). Thus, KD value calculations for Fe-Mg and F-OH exchange discern 

original equilibrium between coexisting amphiboles and micas are not applicable for 

LVC samples (Feldstein et al., 1996). Instead, changes in a mutually compatible minor 

element concentration ratio such as MnMHb/MnBt (Figure 3.8), may be sensitive to magma 

chamber perturbations. Mineral Mn ratio declines over the KC, CC and 1915 eruptive 

sequences, and is low in LP rocks. The high MnMHb/MnBt ratios are similar to ratios 

reported for other volcanic rocks where complex silicic and mafic magma interactions are 

reported (Greenland et al., 1968).  
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Figure 3.8. Manganese atomic concentration ratio for magnesiohornblende to biotite in eruption order for 
silicic units. Equilibrium partitioning is not implied. Symbols vary by volcanic product type and are 
described in the legend of Figure 3.2a, and the caption of Figure 3.6. 
 

 
Magma Temperatures and Oxygen Fugacities 

 
Figure 3.9 illustrates temperatures from some units with Fe-Ti oxide 

geothermometry. Each plotted point represents an average of 3-5 analyses on each grain 

for each touching grain pair in a glass pool. Compositional profiling of the oxides was not 

performed, but the temperatures are unusually high and scattered for porphyritic dacites. 

Heiken & Eichelberger (1980) reported two temperatures for Chaos Crags that bracket 

the KC lava flow temperature, with the rim exceeding the core temperature. Oxygen 

fugacity of the magma is expressed as the difference between log fO2 for magnetite-

ilmenite grain pairs in host dacites and log fO2 at the same temperature and P = 1250 bars 

for the nickel – nickel oxide buffer (NNO; Huebner & Sato, 1970). 
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Figure 3.9. Calculated magma temperatures vs. ∆NNO. The range of ∆NNO for central Cascade calc-
alkaline and tholeiitic basalts and basaltic andesites is indicated by double-lined arrow (Rowe et al., 2007), 
and the hotter portion of the field of silicic magmas containing quartz, biotite and hornblende extends to 
~710 oC (Carmichael, 1991). Geothermometry of the single magnetite-ilmenite pair reported by Heiken and 
Eichelberger (1980) for a Chaos Crags dacite using my geothermometry methodology: Core = 840 oC and 
∆NNO at 2.6, and Rim = 870 oC and ∆NNO at 2.2 are shown with nested circle symbols. Other symbols 
are as described in the legend of Figure 3.2a, and the caption of Figure 3.6. 

 

Biotite geothermometry suggests that the initial rhyodacite and dacite magmas of LP, 

CC and 1915 crystallized biotites over a 40-50 oC range (Luhr et al., 1984). Oxygen 

isotope geothermometry yields a crystallization temperature of ~ 755 oC for quartz and 

plagioclase phenocrysts in the KC lava flow, whereas Fe-Ti oxide geothermometry 

returns 855-864 oC temperatures for the KC lava flow (Chiba et al., 1989; Feeley et al., 

2008a). Fe-Ti oxide temperature ranges for the 1915 eruptive sequence contracted over 

one week from early dome (63 oC range) to lava flow (57 oC range), and finally Plinian 

eruption that expelled white pumice (20 oC range) and banded pumices. 
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Discussion 
 

Conceptual Model of Shallow  
Silicic Magma Bodies at LVC  
 

LVC silicic magmas are derived from felsic melts of the lower crust in response to 

the high mantle heat flow (Bullen & Clynne, 1990; Borg & Clynne, 1998). Rising 

magmas likely form sills under extensional stress conditions in the upper crust similar to 

those reported elsewhere in the Basin and Range province (McCarthy & Thompson, 

1988). Thus, LVC silicic magma bodies are probably small (<3 km diameter; Berge & 

Stauber, 1987), shallow (discussed below), and similar to silicic sills described by 

Donnelly-Nolan (1988) for Medicine Lake Volcano. Although the water content of the 

parental felsic melt varied, each silicic sill developed a cooler, volatile-rich upper zone, 

and initial crystallization of the rhyolitic to rhyodacitic magma produced phenocrysts of 

biotite, quartz and plagioclase (cf. CC eruptions; Heiken & Eichelberger, 1980). 

Crystallization was probably interrupted at various stages by mafic magma injections of 

varying volumes and volatile concentrations, either into or immediately under the sill. 

As suggested for the CC eruptions, magnesiohornblende phenocryst formation began 

in thermally and chemically modified horizons in association with intrachamber mafic 

magma vents (Heiken & Eichelberger, 1980). If magnesiohornblende was restricted to 

the lower zones in the silicic magma body, the prismatic habit of large LVC crystals can 

be explained as well as the paucity of entrapped host biotite phenocrysts (or anhydrous 

reaction assemblages of biotite) in undercooled magmatic inclusions and the relative 

abundance of entrapped magnesiohornblende. Any amphibole engulfed in relatively dry 
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mafic magmas injected into the system and held at high temperature in a solid matrix 

formed acicular pyroxene-rich reaction coronas.  

No Al-in-Hb geobarometer is strictly applicable to this non-equilibrium system, but 

the closest fit, the geobarometer prepared for silicic rocks from the Long Valley caldera, 

yields some interesting pressures for magnesiohornblende phenocrysts (Johnson & 

Rutherford, 1989). The low aluminum contents of LVC magnesiohornblendes (Table 3.4) 

typically yield calculated pressures <1250 bars (<4 km), a probable minimum limit of the 

hornblende phase envelope (Hildreth & Drake, 1992). If magnesiohornblende growth is 

restricted to a narrow, often perturbed region at about 3.5 – 4.0 km, then the absence or 

occasional presence of thin (<0.02 mm) fine-grained decompression rims (Figure 3.2c) is 

consistent with shallow depths and fairly rapid transport during eruptions (Rutherford & 

Hill, 1993).  

Hybridization or mingling of mafic and silicic magmas is extremely complex, and is 

a function of factors that control melt viscosities (Sparks & Marshall, 1986). Thermal 

diffusivities are often three to five orders of magnitude larger than chemical diffusivities, 

so local thermal equilibrium is reached well before chemical equilibrium. After 

temperature, key factors that modulate the fluid viscosities are volatile content of the 

magmas and crystallinity of the silicic magmas. At LVC, water contents are not known 

for the magmas, but mafic magmas are probably similar to the ~0-6 wt% H2O range 

reported for basalts to andesites at Mt. Shasta, depending on whether the mafic melt is 

tholeiitic or calc-alkaline (Baker et al., 1994). The common presence of mafic magma 

sourced microphenocryst populations in dacite lava groundmass, obvious undercooled 

magmatic inclusions in silicic lavas, and occasional banded rocks (dark and light 
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pumices) attests to a range of mixing and mingling combinations between silicic magmas 

in varying states of mobility with differing proportions of a variety of mafic liquids 

(Sparks & Marshall, 1986; Feeley et al., 2008a; Clynne & Muffler, 2008). 

Thermal and density instabilities in mostly liquid systems could transport biotite 

downward into dryer, hotter zones possibly supplying the resorbed biotite substrates for 

epitaxial growth of prismatic magnesiohornblende. Generally, the larger proportions of 

rounded biotite and amphibole phenocrysts are present in volcanic rocks with the highest 

vol% of magmatic inclusions. Multiple populations of all phenocrysts and the number 

and complexity of crystal clots (with biotite, amphibole, and plagioclase) develop as 

mafic magma injections destabilize the initial compositional and thermal layering in the 

sills (Figure 3.2). Elevated MnMHb/MnBt ratios (Figure 3.8) that drop over each eruptive 

phase may be symptomatic of initial semi-isolation during crystallization of biotite and 

magnesiohornblende in distinct horizons. Progressive homogenization of a stratified melt 

by convection, mixing, crystallization, and devolatilization may be responsible for 

reducing the MnMHb/MnBt ratio.  

 

Magma Chamber Degassing 
 
Open system degassing depletes deuterium concentrations in silicic melts as 

eruptions progress from opening gas-rich Plinian phases to extrusion of dense lava flows 

and domes (Taylor et al., 1983; Newman et al., 1988). Hydrous phenocrysts in magmas 

undergoing protracted degassing may have time for isotopic exchange with a more 

degassed magma prior to eruption (Hoblitt & Harmon, 1993). Hildreth & Drake (1992) 

interpreted the low D/H ratios of amphibole phenocrysts from the ~5 km3 dacitic to 
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rhyodacitic mafic inclusion-bearing lava flows from the effusive eruptions of 1846-1847 

of Volcán Quizapu as evidence for significant degassing from magma chambers prior to 

eruption. They were unable to uncover any historical evidence and no geologic evidence 

was found for fumaroles or phreatic activity prior to eruptions of the lava flows.  

Determining δD values for LVC hydrous minerals in equilibrium with undegassed 

melt as a point of reference is necessitated by the high probability that chamber-level 

magma degassing occurred. Thus, I need the LVC δDmagmatic H2O value that can be 

calculated from the isotopic ranges of Lassen thermal fluids (Janik et al., 1983) and 

oxygen isotope compositions of quartz phenocrysts from the KC lava flow and 

plagioclase microlites from 1915 undercooled magmatic inclusions (Feeley et al., 2008a).  

Figure 3.10 shows that average δ
18Omagmatic H2O = 7.8‰ based on mineral-water 

fractionations bracketed by 755 oC quartz (Sharp & Kirschner, 1994) and ~950 oC for 

plagioclase microphenocrysts (Zheng, 1993). An average δDmagmatic H2O ~-24‰ 

corresponds to the δD value at the intersection of the hot spring water mixing line and the 

equilibrium δ18Oplag value line. This is well within the δD value range (-40 to -6‰) for 

magmatic water from convergent margin volcanoes (Giggenbach, 1992; Goff & 

McMurtry, 2000; Miyagi & Matsubaya, 2003a).  

High temperature, neutral chloride water at LVC with low tritium content is derived 

from crystallizing shallow, degassed silicic magma bodies (Janik et al., 1983). These 

residual magmatic waters (Taylor, 1992) are channeled into fault zones where extensive 

interaction with hydrothermally altered rocks from fossil and active hydrothermal 

systems in Brokeoff Volcano and modern LVC occurs (Giggenbach, 1992; Rose et al., 
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Figure 3.10. δ18O versus δD of Lassen Volcanic Center hydrothermal and meteoric fluids (after Janik et al., 
1983). Plagioclase separates (equilibrium minerals) define δ18O value window and position of magmatic 
water, and δD value range lies at the intersection of mixing line through hot spring waters from cold 
meteoric waters. Neutral chloride thermal waters are derived from degassed crystallizing plutons that have 
undergone extensive exchange with hydrothermally altered rocks. 
 

1994; Pineau et al., 1999; John et al., 2006). Chlorine fluid/melt partitioning is reduced 

when lavas erupted from the shallow magma storage levels have low vesicularity 

(Villemant & Boudon, 1999; Harford et al., 2003). Retention of the halogens in the melts 

supplies fluorine for hydrothermal topaz formation, and Cl with small amounts of Br and 
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F in the neutral chloride waters from melt crystallization (Thompson, 1983; John et al., 

2006).  

Prior to the opening of each eruptive phase, I assume biotite, quartz and plagioclase 

were crystallizing at ~755 oC in equilibrium with volatile-rich high silica melt. 

Magnesiohornblende phenocrysts formed perhaps at ~800 oC in a lower zone of the 

silicic magma body, applying the ~50 oC differential suggested by Heiken & 

Eichelberger (1980). Pristine hydrous amphibole and biotite in equilibrium with 

undegassed magma had δD = -46‰, assuming αAmph-H2O = 0.977 at 800 oC (Graham et al. 

1984), and αBt-H2O = 0.977 at 755 oC (Suzuoki & Epstein, 1976). 

Extensive air fall-out pumice layers are absent from opening stages of LVC eruptive 

sequences, but protracted precursory phreatic events could be commonplace (e.g. 1915). 

For LVC, no early eruptive phase samples contain either pristine biotite or 

magnesiohornblende with δD = -46‰ suggesting they were in equilibrium with δD = -

24‰ magmatic water immediately before eruption (Figure 3.7). However, reacted biotite 

in 1915 dome lava may have isotopically re-equilibrated with δDmagmatic H2O at -24‰ 

during mafic magma remobilization. Conversely, the May 22, 1915, white air fall-out 

pumice, with  δDBt = δDMHb ~ -65‰ is consistent with hydrogen isotopic exchange in 

silicic magma where prolonged degassing reduced δDmelt values (Newman et al., 1988; 

Pineau et al., 1999).  

The very degassed, probably slightly rehydrated glasses from Chaos Crags 

pyroclastic flows B (LF02-063) and C (LF02-021) contained no more than ~1.1-1.2 wt% 

H2O (Table 3.2) at eruption. In addition, Heiken & Eichelberger (1980) had concluded 
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that magma degassing occurred at shallow levels based on low vesicularity in the 

pyroclasts and the preserved elongate vesicles from shallow pool boiling around 

phenocrysts. Magmas that fed the glassy, minimally perlitized parts of the KC lava flow 

(~0.4 wt% H2O) were substantially degassed, as well. Assessment of water content for 

the finely vesicular 1915 white pumice was inconclusive, but appears to have been very 

low. 

CC dome A dacite (LF02-029) biotite and magnesiohornblende phenocryst δD 

values are consistent with H-isotopic exchange between hydrous phenocrysts and 

degassed silicic magma. However, the more D-enriched amphibole microphenocrysts in 

undercooled magmatic inclusion LF02-028 might support a scenario where inclusion 

formation and subsequent residence time was insufficient to re-establish isotopic 

equilibrium between amphibole and degassed silicic magma. Small acicular amphibole 

crystals might re-equilibrate in 1-2 weeks, but size of the inclusion and hydrogen 

permeability may extend this estimate (cf. Harford & Sparks, 2001).  

 
Heating of Silicic Magmas  
by Pulses of Mafic Magmas 

 
High temperature dehydroxylation of volcanic biotites and iron-rich amphiboles 

occurs via two main reaction mechanisms. Reversible oxidation-dehydrogenation, or 

simply ‘dehydrogenation’:   

(Fe2+ + H+ + O2-)mineral � (Fe3+ + O2- ) oxy-mineral + ½H2, 

produces a D-enriched oxy-mineral with an increased Fe3+/Fe2+ ratio (Vedder & Wilkins, 

1969; Clowe et al., 1988; Rancourt et al., 1993). Dehydrogenation is both kinetically 

favored and very fast at higher temperatures (> 800 oC) for both biotite (Sanz et al., 1983; 
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Rancourt et al., 1993) and amphiboles (Clowe et al., 1988). Mottled hydrous minerals in 

fresh volcanic rocks heterogeneously dehydrogenated because local variations in cation 

occupancies or vacancies in chemically zoned crystals react at slightly different rates. 

Inclusions, fractures or lattice defects also locally facilitate hydrogen diffusion. To detect 

a mafic magmatic injection via hydrous mineral dehydrogenation reactions, not only must 

the thermal pulse be large relative to the size of the silicic magma volume, but an 

eruption within ~1-2 months is necessary before the phenocrysts (of the size and 

chemical composition at LVC) re-equilibrate with δDmelt. At or near surface processes 

that involve sudden exposure and mixing of hot lava with air such as pumiceous 

pyroclastic eruptions, or block and ash flows also produces some dehydrogenation in 

hydrous minerals (Miyagi et al., 1998).  

The dehydration reaction for hydrous minerals,   

(OH- + H+ + O2-) mineral � (O2- + □) oxy-mineral + H2O,  

yields relatively deuterium-rich water and D-depleted oxy-mineral with a vacancy (□).   

Any octahedral sites and in particular, vacancies common in biotite (i.e. LVC 

phenocrysts) participate in mineral dehydration reactions (Rouxhet et al., 1972; Sanz et 

al., 1983). As dehydroxylation of oxy-minerals approaches completion, the 

dehydrogenation ceases and irreversible dehydration accompanies thermal decomposition 

(Miyagi et al., 1998). Physical evidence in some LVC rocks that oxy-minerals had 

undergone irreversible dehydration include easily delaminated oxy-biotite and oxy-

amphiboles with greatly diminished tensile strength (Rouxhet et al., 1972).  
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The halogen contents in biotite and amphibole may play a role in the coexistence of 

multiple, variably reacted crystal populations because biotite and amphibole stability 

fields are likely extended by fluorine and chlorine anions in both minerals (Peterson et 

al., 1991; Cosca et al., 1991). Fe-F avoidance and Mg-Cl avoidance during biotite 

crystallization might influence subsequent dehydroxylation mechanisms most 

significantly at very low OH
-
 levels in oxy-biotite (Speer, 1984). A detailed investigation 

of halogen hydrous mineral-melt partitioning is beyond the scope of this study.  

Assuming a crystallizing silicic magma body can be maintained at a quasi steady-

state degree of degassing with periodic injections of relatively hotter, volatile-enriched 

mafic magma, open system Rayleigh fractionation modeling applies during eruption. For 

mineral dehydrogenation and dehydration reactions, the Rayleigh equation is: 

δDmineral = [δDinitial mineral + 1000]Fα-1 – 1000. 

Example δDinitial mineral values are taken as those for degassed silicic magmas, δD initial Bt = 

δDinitial MHb ~ -65‰. F is fractional mineral water content. Temperature dependent 

fractionation factors, α, would realistically change with system temperature fluctuations, 

but fixed α values adequately illustrate the processes.  

Mineral δD values versus water content and Fe3+/Fe2+ ratios from Table 3.1 are 

presented for biotite (Figures 3.11a and 3.12a) and amphibole (Figures 3.11b and 3.12b). 

All data points are plotted and keyed to eruptive phase and by volcanic product type. 

Example biotite dehydroxylation trajectories at 800oC with αH2-Bt = 0.897 for 

dehydrogenation and αH2O-Bt = 1.023 for dehydration are illustrated in Figure 3.11a from 

δDinitial Bt ~ -65‰ and 3.5 wt% H2O (Hibbert, 2003). Similarly, dehydroxylation 
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Figure 3.11. Mineral separates δD values vs. H2O content for (a) biotite phenocrysts and (b) amphibole as 
magnesiohornblende phenocrysts or acicular amphibole microphenocrysts from undercooled magmatic 
inclusions. Each point in (a) and (b) is an individual run. Dehydrogenation and dehydration Rayleigh model 
curves are described in the text and each tick mark represents F = 0.1 (e.g. 10%). Dashed rehydration 
curves in (a) have crosses at 10% increments and are labeled with end member δD value. Rehydration of 
biotite inclusions in magnesiohornblende is schematically shown by dashed lines (b). Calculated positions 
of minerals in undegassed magmas (at δD = -46‰) is indicated by filled heavy stars. The symbols are as 
described in the legend of Figure 3.2a, and the caption of Figure 3.6. 

 
 
trajectories at 850oC are shown in Figure 3.11b for dehydrogenation with αH2-MHb = 0.82 

(Kuroda et al., 1988) and for dehydration with αH2O-MHb = 1.024 (Graham et al., 1984) for 

magnesiohornblende phenocrysts originating from δDinitial MHb ~ -65‰ and 2.2 wt% H2O 

(with biotite inclusions). 
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Figure 3.12.  Individual δD values of mineral separates vs. single corresponding molar Fe3+/Fe2+ ratio from 
wet chemical analysis for (a) biotite phenocrysts and (b) magnesiohornblende phenocrysts. Schematic 
trajectories on each diagram are:  magma degassing, rehydration (especially for biotite) and D/H exchange, 
mineral dehydrogenation, mineral dehydration, oxidation and alteration. The symbols are as described in 
the legend of Figure 3.2a, and the caption of Figure 3.6. 
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Semi-steady volatile-rich mafic magma recharge into the degassing silicic sill could 

produce the progression of disequilibrium phenocryst populations in Chaos Crags domes 

B-F and account for the absence of tephra eruptions in the Group 2 series. (The inverse 

trends in the CC sequence between water content and Fe3+/Fe2+ ratio and O2- occupancy 

in the O3 site of Figure 3.5 are symptomatic of progressive heating accompanying 

degassing (Popp et al., 2006).)  Dehydrogenation reactions preserved as mottled biotite 

and mottled amphibole phenocrysts in CC dome B dacite (LF01-039) are evidence in 

support of eruption induced by mafic magma recharge. Furthermore, at least one 

coarsely-grained amphibole-rich undercooled magmatic inclusion from dome B (LF01-

040iB) not only has the highest δDamph values of the data set, but all acicular 

microphenocrysts appear mottled. Small homogeneous crystals require less time to fully 

dehydrogenate than larger, chemically heterogeneous phenocrysts. If LF01-040iB 

amphibole microphenocrysts dehydrogenated, then are co-erupted undercooled magmatic 

inclusions like fine-grained LF01-040iA, with more olivine microphenocrysts and no 

amphibole, representative of the type of hotter, more volatile-depleted mafic magma that 

triggered the dome B eruption? 

D-enriched oxy-magnesiohornblende and oxy-biotite in undercooled magmatic 

inclusion-rich CC dome E (LF01-043) is consistent with sizable mafic magma injection 

2-4 weeks before eruption. Two undercooled magmatic inclusions were inspected, and in 

LF01-044iB, one large mottled and reacted magnesiohornblende prism and a mottled 

anhedral biotite core in a coarse amphibole corona were entrapped. Although no chemical 

data are available for this undercooled magmatic inclusion, the microphenocryst 
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amphiboles are uniformly rust-colored. It is possible that post-eruptive hydrothermal 

activity that deposited vapor phase mineralization within the dome reset the small 

crystals, but the alteration temperature was too low and the short duration incapable of 

obscuring the probable dehydrogenation reactions in both biotite and 

magnesiohornblende.  

In lava flows and some domes, mixed populations of more plentiful green-brown 

hydrous minerals of low Fe3+/Fe2+ ratio and minor amounts of rusty oxy-minerals with 

high Fe3+/Fe2+ ratios and higher δD values may represent incorporation of melt clots that 

were subjected to oxidizing conditions earlier in the emplacement (cf. Miyagi & 

Matsubaya, 2003a). Subsequent viscous flow refolded or sheared oxidized lava globules 

back into the lava flow thereby reincorporating oxidized phenocrysts into the flow 

interior. Conversely, young undercooled magmatic inclusions that disaggregate during 

eruption and release variably reacted entrapped host hydrous minerals are another 

probable source of oxidized/dehydrogenated crystals (i.e., LF01-044iB). Thus, rusty 

phenocryst populations with elevated δD values and Fe3+/Fe2+ ratios but low H2O content 

may reflect magma recharge processes like in CC domes C (LF01-041), D, and F, or a 

combination of magmatic processes and surface oxidation with viscous folding for rusty 

crystal populations from the KC lava flow and CC dome B. 

The presence of rounded phenocrysts and spherulites in certain lava domes and flows 

invites further speculation about silicic magma temperature changes and associated melt 

liquidus temperature shifts from volatile gains and losses. Thus, rounded phenocrysts in 

low glass-content, spherulite-free groundmasses loaded with mafic microphenocrysts of 

LP and 1915 lavas with large vol% undercooled mafic magmatic inclusions are consistent 
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with substantial heating and melt degassing. In contrast, large degrees of undercooling of 

rhyolitic glasses are conducive to spherulite formation (Watkins et al., 2009), but these 

conditions exist for short time periods in LVC silicic melts. Specifically, in spherulitic 

CC sequence domes B, C, E, and F, and the KC lava flow, porphyritic glassy dacite 

magma was repeatedly injected by parcels of magma during eruptions that locally heated 

silicic magma before thermal equilibrium was achieved. As with dehydrogenation in 

hydrous minerals, the spherulites reflect a highly transient, non-equilibrium thermal state 

in parts of the most vitreous lavas.  

Magma fO2
 is calculated from magmatic temperatures and equilibrium oxide pair 

compositions, but in LVC volcanic rocks, erupted lavas are non-equilibrium mixtures of 

magmas such that the oxygen fugacity of each mixture must lie between mafic and silicic 

magma endmembers (Figure 3.9). High and erratic oxide temperatures from LP and 1915 

domes and lava flow are consistent with the large amounts of whole and disaggregated 

undercooled magmatic inclusions in the dacites (Clynne, 1999). Oxygen fugacities of 

mafic magmas are likely similar to the mafic, mantle-derived basaltic magmas for the 

central Cascades (Rowe et al., 2007) and fO2
 for silicic magmas are probably similar to 

quartz-biotite-hornblende magmas described by Carmichael (1991). Presumably, 

significant sulfur is lost though magma degassing as the LVC system is periodically 

recharged by mafic liquids and it is possible that the amount and volatile species of sulfur 

lost exercises far greater control on mixed magma system oxygen fugacity than any small 

contributions from hydrous mineral dehydrogenation (Nordstrom & Munoz, 1994; Taran 

et al., 1995). 
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Post Eruptive Alteration 
 

Evidence of either subvolcano magma degassing or dehydroxylation reactions is best 

preserved by rapid lava quenching below 400-500 oC (Vedder & Wilkins, 1969; Miyagi 

et al., 1998; Miyagi & Matsubaya, 2003a). Taran et al. (1997) believe that δDHb values 

from phenocrysts in lava flows may be measurably affected by re-equilibration in the 

final lava degassing. Position in the lava flow or dome and lava vesicularity may also 

influence mineral δD values (Anderson et al., 1995). However, diffusion of gasses away 

from a dehydroxylating phenocryst may be hindered in a comparatively degassed melt by 

slow bulk diffusion in dense glass long enough for substantial self-rehydration as cooling 

proceeds (Kusakabe et al., 1999; Watkins et al., 2009). This may explain why denser 

lavas and minerals therein are more resistant to rehydration and isotopic exchange 

(Taylor, 1986).  

Some LVC dome and lava flow rock samples had protracted cooling histories at near 

surface conditions and with subsequent low pressure alteration. Biotite is more 

susceptible to post-eruption rehydration and alteration, particularly in older pyroclastic 

products (cf. Hibbert, 2003). Vacancy- and Fe-rich biotite is relatively more sensitive to 

high temperature breakdown, and oxidative effects than amphibole, especially in pre-

1915 units, and is responsible for much of the scatter in Figures 3.11a and 3.12a. The 

amphibole alteration behaviors (Figure 3.11b) are probably controlled by biotite 

inclusions that also contribute to the increased Fe3+/Fe2+ in Figure 3.12b.  

Dome lavas that plug their vents may become hydrothermally altered post eruption. 

High temperature alteration in near surface, high fO2 environments can directly oxidize 
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hydrous minerals producing increased Fe3+/Fe2+ (particularly in biotite) with decreasing 

H2O content and δD values (Rancourt et al., 1993; Hibbert, 2003). Extensive high 

temperature vapor phase mineralization (e.g. tridymite) in vesicles and varying levels of 

oxidation in the rocks are consistent with elevated Fe3+/Fe2+ in both oxy-minerals (Figure 

3.12). Hydrothermal alteration strongly affected all LP dome rocks such that increased 

δD values and high Fe3+/Fe2+ for oxy-minerals in LF02-053 are likely from magmatic 

steam over-printing (cf. Hibbert, 2003). Smaller CC domes D and E experienced lesser 

alteration. 

The variably perlitized glassy KC lava flow probably contacted snow or small 

amounts of ice during contemporaneous Tioga glaciation (Turrin et al., 1998). Snow, ice 

and meteoric groundwaters are low δD value surface reservoirs known to modify hydrous 

minerals in volcanic rocks, and especially within the porous, glassy pyroclasts. Glassy 

pumiceous rhyolitic lavas less than 1100 years old at Medicine Lake Volcano (Little 

Glass Mountain and Glass Mountain) are often rehydrated (DeGroat-Nelson et al., 2001). 

At LVC, simple mixing between -65‰ biotite and δD ~-200‰ (Tioga) and δD ~-100‰ 

(more recent) meteoric water reservoir is illustrated in Figure 3.11a (Janik et al., 1983).  

 
Synthesis  
 

The sequence of eruptive events at LVC are controlled by (1) extensional crustal 

stresses, (2) the fluidity/volume of silicic magmas, and (3) volatile content, influx rate, 

and total volume of the invading mafic magma(s). Protracted precursory system 

degassing dissipates explosive energy of silicic magma before eruption, and continues 

temporarily in a complex quasi steady-state condition with the system sporadically open 
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at the top and/or bottom. Magma density differences control whether pulses of mafic 

magma are injected into, around, or beneath shallow, sill-like silicic magma bodies. The 

shallow depth range (~3.5 – 4 km) from Al-in-Hb geothermometry of the sill floors may 

coincide with the pre-Cascade paleosurface (Berge & Stauber, 1987). The slowly 

crystallizing KC sill likely contained the most fluid and buoyant silicic magma when 

reheating by mafic magmas began. A mafic magma injection may have triggered the 

opening brief explosive volcanism that produced a pumiceous tuff cone of dacite with 

abundant mafic microphenocrysts in the groundmass. Once eruption started, perhaps the 

sill was flooded or underplated by high flux rate, relatively voluminous mafic magma that 

rapidly displaced lower density silicic magma. 

Conversely, the Lassen Peak sill captured periodic, small volume parcels of mafic 

magma producing the numerous undercooled magmatic inclusions in the dacite, but 

perhaps low and erratic influxes of mafic magmas did not keep pace with degassing. The 

large endogenous dome was hot, degassed, and too viscous to flow irrespective of the 

eruptive trigger(s). Spatially and temporally separated eruptions of degassed silicic 

magma of the Chaos Crags sequence exemplify complex interaction between regional 

faulting and sill or dike geometry with mafic magma recharge, particularly for domes B - 

F.  

Perhaps the shifting vent locations of Chaos Crags eruptions set the stage for the 

eventual invasion of the remnant dacite magma body by mafic magmas at least a year 

before the 1915 eruption (Clynne, 1999). The remnant dacite magma body was fairly 

degassed until remobilization by mafic magmas with δDmagmatic H2O = -24‰ began. The 

semi-continuous or regular pulsed input of mafic magma(s) ‘dynamically remobilized’ 
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more crystalline silicic magma mush pockets. Hydrous minerals in the hybrid magmas re-

established a new D/H equilibrium as they also reacted with the hotter, more mafic 

magmas. Magnesiohornblende in the magmas was consumed by multiple reactions 

(Figure 3.2c) and probably gone within 2 – 3 months. For biotite, phenocrysts with coarse 

corona rim thicknesses (0.04 – 0.08 mm, and occasional thicknesses ≥ 0.1 mm) were 

present in all 1915 samples. A dynamically mixed system like LVC would easily produce 

the observed corona thickness ranges with accelerated biotite reaction rates in a year (cf. 

Nakamura, 1995). In fact, the surviving hydrous minerals in the 1915 dacite dome 

exhibited small amounts of dehydrogenation attesting to the ongoing heating and mixing 

with mafic magmas. This process of adding and churning incorporated previously 

unblended (light) dacite such that all of the crystal textures, compositions, temperature 

trends and degassing reflect the aggressive homogenization processes in the magma 

chamber.  

The δDmagmatic H2O value is -24‰. Small volume, high temperature brines from 

degassed crystallizing silicic magma bodies that pass through intensely altered rocks will 

likely fade after LVC arc volcanism wanes. Shallow LVC granitoid plutons are expected 

to contain biotite and amphibole that closely match the published δD value range for 

plutonic rocks (-55 to -85‰; Taylor & Sheppard, 1986) based on trends observed in the 

degassed volcanic rocks. Subaerial degassing of some future silicic lava flows and domes 

with relatively low groundmass crystallinity may present acid gas hazards (i.e. HF and 

HCl).  
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Conclusions 
 
 

Regional crustal extension facilitates the rise of magmas to shallow depths where 

volatile exsolution and crystallization begins. Volatile-rich mafic magma parcels either 

injected into the silicic magmas or as underplating can maintain the silicic magmas in an 

eruptable state. The mafic magma pulses may originate from one fractionating deeper 

mafic magma chamber or multiple mafic magma sources. Although the volume and mass 

injection rate is variable, most injections are probably too small to trigger an eruption.  

Detection of mafic-silicic magma system degassing and mafic magma recharge 

cycling is possible using hydrogen isotopes from hydrous phenocrysts in fresh, young 

volcanic rocks. Sometimes small, shallow silicic magma bodies can be simultaneously 

degassed and heated such that the silicic magmas are less explosive, and perhaps the 

halide concentrations are reduced. It would be interesting to investigate other silicic-

mafic volcanoes in similar extensional and transtensional tectonic settings to see if 

similar ranges in shallow degassing and heat transfer are produced. 
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CHAPTER 4 
 
 

TEMPORAL CHANGES IN THE SHALLOW SUBVOLCANO 
PLUMBING SYSTEM AT MOUNT ST. HELENS, WASHINGTON, 

DURING 1980 – 1986 ERUPTIONS 

 

Abstract 
 
 

Shifting configurations of shallow subvolcano plumbing at Mount St. Helens (MSH) 

during 1980 – 1986 produced changes in δD values, water contents, and Fe3+/Fe2+ ratios 

in amphibole mineral separates prepared from eruption products. The shallow magmatic 

conditions that produced these time-varying modifications in amphibole are in accord 

with findings of other studies on matrix glass evolution, magma degassing and 

vesiculation, amphibole rim growth, and seismicity and structural constraints for MSH, 

and experimental amphibole dehydrogenation-oxidation reaction studies. Rapid ascent 

and quench upon eruption of the May 18, 1980, Plinian white air fallout pumice 

preserved pristine phenocryst amphibole (δDVSMOW = -57‰ and 2 wt% H2O) originally 

in equilibrium with a deep source melt (δDmelt = -55‰ and δDmagmatic vapor = -33‰).  

In contrast, changing shallow ascent paths for periodic magma pulses produced 

variably degassed magmas that mixed at differing times and in changing proportion 

during subsequent eruptions. Onset of vapor exsolution in ascending volatile-rich melt is 

~125 MPa/4.7 km, which is likely the highest pressure for amphibole dehydrogenation at 

MSH. Hydrogen diffusivity in amphibole and magma (i.e., foam permeably for open and 

closed system degassing) rate-limits the fast amphibole dehydrogenation reaction. 

Vesiculation at lower pressures retarded amphibole corrosion because bubbles probably 
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nucleated on and enveloped crystal surfaces. Mixtures of variably dehydroxylated 

amphiboles appear when magma supply rates are ‘high enough’ and the timing of 

subsequent eruptions ‘soon enough’ to preserve mixed δDamph values.  Thus, extensive 

amphibole dehydrogenation that likely occurred in the active, shallow dike plexus during 

the 1980 eruptions (δDamph up to 102‰ in July 1980) was measured in degassed 

pyroclastic material. By 1986, magma pulses that produced the crater dome lavas 

probably experienced significant shear degassing (between 2 and 4.7 km depth) in a 

relatively constricted conduit.  

Hydrogen isotope studies of amphibole phenocrysts as insitu sensors of shallow 

magmatic processes may reveal transients in subvolcano plumbing systems at selected 

other active volcanoes, as well. Scoriaceous lava in dome carapaces may cool quickly 

enough to preserve δDamph values representative of magmatic conditions in the least 

dehydroxylated amphibole populations. However, extremely slow emplacement of hot, 

dry fractured dacite whalebacks in 2005 demonstrated the field conditions that limit this 

type of investigation. 

Introduction 
 
 

The ascent path(s) of magmas from source to surface emergence as pyroclasts or 

lavas may be direct and rapid, slower and halting or a combination and often change 

during the eruptive period. Ascent path and rate control degree and mechanisms of 

volatile loss from decompressing magmas. Because shallow magmatic processes such as 

degassing have been shown to fractionate protium and deuterium, a hydrogen isotopic 

investigation of a carefully documented sequence of volcanic eruptions could potentially 
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detect changes in shallow subvolcano plumbing. However, magma devolatilization 

during ascent is typically extensive and once erupted, surface degassing of lava flows and 

domes continues to low volatile concentrations where kinetic enrichments in deuterium 

are observed in some lavas (Taylor et al., 1983; Newman et al., 1988; Anderson & Fink, 

1989; Anderson et al., 1995). 

Therefore, a hydrous phenocrysts phase is needed that can retain D/H ratio 

information from deeper levels as steam exsolves from silicic magma (Hildreth & Drake, 

1992; Hoblitt & Harmon, 1993; Kusakabe et al., 1999; Harford & Sparks, 2001).  

Amphiboles and biotite are the most common hydrous phenocrysts in volcanic rocks that 

are used for H-isotopic work, and rapid quenching in fresh volcanic rocks can, at least 

temporarily, preserve magmatic δD values. While the rate of H-isotopic re-equilibration 

in hydrous minerals is comparatively slow relative to system D/H disequilibrium 

produced during degassing, dehydroxylation reactions in hydrous phenocrysts, which 

also fractionate hydrogen isotopes, can be relatively rapid. Dehydrogenation reactions in 

hydrous phenocrysts in silicic calc-alkaline magmas have been invoked from unspecified 

depths commensurate with amphibole stability fields to surface conditions (Feeley & 

Sharp, 1996; Miyagi et al., 1998). Thus, determining the conditions most conducive to 

amphibole or biotite dehydroxylation reactions is necessary if hydrous crystals are treated 

as insitu sensors for shallow magmatic degassing, and periodic magma recharge. 

The 1980 – 1986 eruptions of Mount St. Helens (MSH) were chosen to evaluate 

amphibole chemical and D/H ratios for evidence of changing subvolcano magmatic 

conditions from the May 18, 1980, blast through intermittent explosive episodes and into 

later dome building events. The extensive documentation for each eruption is essential to 
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this investigation and includes careful eyewitness accounts by trained observers, geodetic 

observations, seismic records, gas emission and monitoring studies, volcanological 

investigations, field studies and mapping, and petrologic descriptions as well as 

experimental petrology studies. At MSH, complex magma mixing with crystal mush 

remobilization is firmly established from many types of geochemical and petrologic 

studies (Pallister et al., 1992; Smith & Leeman, 1993; Gardner et al., 1995; Cooper & 

Reid, 2003; Pallister & Thornber, 2005). Pyroclasts and lavas erupted from 1980 to 1986 

were mixtures of magmas with varying ascent histories (Blundy & Cashman, 2001). 

Magma pulses ascended to shallower levels beneath MSH where variable amounts of 

volatile loss and groundmass crystallization occurred (Blundy & Cashman, 2001). 

Furthermore, changes in lava groundmass crystallinity and composition resulted from 

shallow intrusions (<4.5 km) and extensive degassing, but younger eruptions required 

periodic pulses of deeper magmas (Cashman, 1992).  

In this paper, H-isotopic and chemical changes in amphibole populations track melt 

devolatilization, shallow magma storage conditions, and periodic magma resupply, and 

reflect changing configuration of the shallow MSH subvolcano plumbing system that 

occurred throughout the eruptive period. The rate of rim formation on amphibole from 

melt reactions during magma ascent are also affected by devolatilization (Rutherford & 

Hill, 1993). To discriminate between high temperature dehydroxylation reactions and 

exchange or alteration with oxidation, amphibole major element, fluorine and chlorine 

contents, measured Fe3+/Fe2+ ratios, water contents, and D/H ratios were measured using 

microanalytical techniques on amphibole crystals and separates (Feldstein et al., 1996; 
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Feeley & Sharp, 1996). A brief discussion of the 2004-2008 eruptive phase is also 

included.  

 
Regional Tectonic and Geologic Setting  
 

Mount Saint Helens is an active composite volcano in the Cascade arc positioned 

above a dextral offset in the Saint Helens Seismic Zone (SHZ) that aligns with the 

contemporary regional principle stress direction produced by obliquely converging North 

American (NA) and Juan de Fuca plates (Evarts et al., 1987; Weaver et al., 1987; Weaver 

& Malone, 1987; Musumeci et al., 2002). Silicic volcanism at or near the present location 

of the MSH edifice began as early as 300 ka, and construction of the cone began less than 

4000 years ago at the start of the Spirit Lake stage (Crandell, 1987; Clynne et al., 2008). 

Seven major eruptive periods produced predominately dacitic volcanic rocks, although 

MSH erupted olivine basalts through rhyodacites in these periods and exhibited a 

matching range of eruptive styles (Mullineaux, 1986). 

 
1980-1986 Eruption Chronology 

 
Increased seismic activity beneath MSH began March 16, 1980 (Endo et al., 1981). 

High-frequency seismicity at shallow hypocenters under the north flank of MSH  

probably emanated from rock fracturing and magma injections into the extensional 

opening (Malone et al., 1981). A fresh magma body, whose top depth was at 7-9 km, fed 

a shallow cryptodome ~0.5-1 km under the north flank that grew by local incremental 

inflation over 52 days (Pallister et al., 1992; Lipman et al., 1981a). Protracted degassing 

of the magma in the developing cryptodome and shallow dike plexus occurred as fresh 

magma pulses interacted with the water-saturated edifice and aquifers (Malone et al., 
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1981; Hoblitt & Harmon, 1993; Symonds et al., 2001; Cashman & Hoblitt, 2004; Berlo et 

al., 2004).  

At 1532 UTC on May 18, 1980, one or more M 5+ earthquakes and a catastrophic 

landslide unroofed the cryptodome triggering a lateral blast eruption (Shemeta & Weaver, 

1985). Once the cryptodome was demolished and cleared from the vent, an intense 3-

hour Plinian, vertically directed eruption transitioned to ~ 5 hours of pulsating pyroclastic 

fountains (Criswell, 1987). Blast deposits, debris avalanche admixed with glacial ice and 

snow, ash layers, and pyroclastic flows formed hot, steaming deposits to the north of 

MSH that transitioned to hummocky deposits in the North Fork of the Toutle River 

(Banks & Hoblitt, 1981; Criswell, 1987). 

The high rate of very complex, vigorous seismicity that accompanied the May 18 

eruption included contributions from magma resupply and expansion of the dike network 

in the extended volume under MSH (Shemeta & Weaver, 1985). Formerly isolated 

magma bodies or mushes were invaded and at least partially remobilized by ascending 

magmas, dike emplacement and mixing in active conduits (Raedecke et al., 1980; Melson 

& Hopson, 1981). Seismicity after May 18, was produced by system-wide readjustment 

to the changes in static load, water table (groundwater and hydrothermal systems), and 

deeper mass redistribution (Scandone & Malone, 1985).  

Subsequent subplinian and vulcanian eruptions on May 25, June 12, July 22, August 

7, and October 16-17, 1980, produced air fallout pumices, and pumiceous pyroclastic 

flows containing dense, prismatically-jointed fragments of earlier domes (Waitt et al., 

1981; Rowley et al., 1981). Each eruption produced mixtures of variably degassed 

magmas in pyroclasts (Blundy & Cashman, 2005). Emplacement of small, temporary 
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dacite domes in the vent occurred June 15-29 and August 8-9, and the first permanent 

crater dome appeared October 18, 1980. The erupted magma volumes diminished over 

1980 and repose intervals generally lengthened (Lipman et al., 1981b; Scandone & 

Malone, 1985).  

The crater dome grew in 15 eruptive episodes through 1986. Early growth was 

primarily by exogenous lobes, but eventually emplacement of new lobes transitioned to 

combined endogenous inflation and stubby exogenous flows through October 1986 

(Swanson & Holcomb, 1990). Exogenous dome lava lobes usually erupted a relatively 

more degassed ‘head’ followed by slightly more volatile-rich lava (Anderson & Fink, 

1990). Following an 18-year hiatus in dome growth, renewed extrusive activity beginning 

in September 2004 and ending January 2008 produced a series of spines and whalebacks 

adjacent to the 1980-1986 dome (Scott et al., 2008). 

MSH dacites are porphyritic with 30-35% plagioclase, 5% orthopyroxene, 1-2% 

amphibole, 1-2% Fe-Ti oxides, and <0.5% clinopyroxene (Cashman, 1992). The 

proportion of melt in early 1980 vesicular pyroclasts (65-45 wt%) exceeds the matrix 

glass content (45-35 wt%) in domes and cryptodomes (Melson, 1983; Cashman, 1992). 

Bulk rock SiO2 content generally dropped from ~64 wt% to ~61 wt% during May 18, 

1980, and from 1981 through 1986 slowly, and erratically increased from ~62 wt% to 

~64 wt% (Criswell, 1987; Cashman, 1992).  Xenolith content in erupted products 

following cryptodome destruction on May 18, 1980, was low, but increased in over 

subsequent pyroclastic eruptions to ~3.5 vol% in 1981-1983 dome lavas (Heliker, 1995). 
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Methods 

 
 
Sampling Approach 

 
My sample collection includes rocks erupted on May 18, 1980, through mid-October 

1986, in addition to two samples from 2005 dome eruptions (Table 4.1). The May 18, 

1980, suite includes dense black and more vesicular gray blast dacite clasts from the 

cryptodome, early Plinian white air fallout pumice lapilli, and dense and pumiceous clasts 

from subsequent pyroclastic flows. Samples from June, July, August and October 1980 

eruptions include dense and pumiceous clasts from pyroclastic flows. The crater dome 

lavas sampled were limited to younger flows (since May 1982) not buried by rock debris 

or firn. These include crumbly, rough scoriaceous samples recovered from the top ~20 

cm of the dome lobes. Dense more interior dome lava samples were obtained from 

vertical exposures on spines, and at exposures near the base of some dome lobes. One 

dense dome lava from the flow surface in the October 1986 vent crease structure was 

collected. Some hydrothermally altered dacite samples were collected. The Cascades 

Volcano Observatory provided samples of 2005 dome dacites from their archives. 

In addition to host dacites, we also collected several larger laminated gabbronorite 

inclusions containing <10% modal amphibole. Heliker (1995) surveyed the relative 

abundance and rock type of the inclusions emphasizing 1981 dacite lavas and reported a 

small proportion (~2%) of hornblende norite (up to 30 cm) and olivine-hornblende norite. 

We were unable to procure large hornblende-rich xenolith samples, despite close 

inspection of dome lavas and proximal talus aprons. 
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Table 4.1. Mount St. Helens eruption products 1980 – 1986 and 2005. 
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Table 4.1. Continued. 
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Table 4.1. Continued. 

 

 
Major Element Analyses of  
Amphiboles and Fe-Ti Oxides  

 
Electron microprobe analyses were conducted at Oregon State University, the 

University of Lausanne, Switzerland, and Washington State University. Analytical 

conditions for amphibole analyses included a 15 nA beam current, a 15 kV acceleration 

voltage and a focused beam of 1-2 µm. For the Fe-Ti oxide analyses, a 20 nA beam 

current, a 15 kV acceleration voltage and a focused beam of 1-2 µm was used. 

Three to 5 points on individual oxide grains in 3 to 5 touching grain pairs of 

magnetite/ulvöspinel and ilmenite/hematite enveloped in glass pools were analyzed per 
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slide. The analyses for each grain were averaged and grain pair compositions were 

required to satisfy the Mg/Mn equilibrium partitioning criteria from Bacon & 

Hirschmann (1988).  Following the approach of Rutherford & Hill (1993), I used the 

solution model of Stormer (1983) and magmatic temperatures and oxygen fugacities (fO
2
) 

were calculated using the method of Andersen & Lindsley (1988) in the form of the 

mineral calculator spreadsheet ILMAT (Lepage, 2003). The temperature and fO
2
 reported 

for each sample are the averages of values for the grain pairs. 

  
Preparation of Mineral  
and Groundmass Separates 

 
Between 0.75 and 1.2 kg of dacitic sample was crushed, ground, sieved and 

magnetically processed prior to hand-picking 0.6 to 0.3 mm crystal fragments for the 

preliminary amphibole concentrates. Gabbroic and noritic inclusions larger than ~2 mm 

were removed during comminution of pumice and lava samples to minimize xenocrystic 

amphibole contamination (Anderson, personal communication; Detwiler et al., 2004). 

Each preliminary amphibole concentrate was further refined by rejecting amphibole 

grains from disaggregated plutonic inclusions and sorting remaining amphibole grains by 

color (e.g., dark grains, rusty grains) under binocular microscope. Typically only one 

color population was recovered in sufficient quantity for subsequent analyses. Because 

some amphibole crystal fragments retained reaction rims, refinement by ultrasonic 

cleaning for 5-10 minutes in deionized water was followed by hand-picking to reduce rim 

and glass contamination in the mineral separate. The purity of the final separates was 

typically >95% amphibole.  
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Pure glass concentrates were impossible to prepare owing to the often extensive 

microcrystallinity of the groundmass. Instead, I made groundmass concentrates from the 

glassiest samples and concentrated the glass by excluding as much plagioclase and 

orthopyroxene as possible, usually with 0.425-0.3 mm particles. The resulting 

groundmass separates contained varying amounts of glass, fine opaque minerals, and 

probably submicroscopic plagioclase and quartz fragments. In general, the proportion of 

glass was highest in the early pumiceous and pyroclastic material, and decreased with the 

greater crystallinity of later erupted dense lavas. The groundmass concentrates ranged in 

color from pale tan to pale gray. 

 
δD Values and Water Concentrations 

 

δD values and water contents in both amphibole separates and groundmass 

concentrates (Table 4.2) were obtained by microanalytical mass spectrometry methods 

(Sharp et al., 2001) in the stable isotope laboratory of the Department of Earth and 

Planetary Sciences at the University of New Mexico, Albuquerque, New Mexico.  

Groundmass samples were dried in an oven at 110 oC overnight prior to analysis. Silver 

foil capsules were filled with 7 to 8 mg of amphibole or 5 to 13 mg of groundmass and 

sealed prior to dropping into a 1450 oC graphite furnace packed with glassy carbon. 

Helium carrier gas transported the hydrogen though the separation from CO and into a 

Delta Plus XL mass spectrometer. All results are relative to VSMOW.  Standards run 

concurrently during analyses of the unknowns included NBS-30 biotite (δD = -65‰) and 

in-house standards Water Canyon biotite (δD = -106‰) and Banco Bonito biotite (δD = -

76‰). Analytical precision (e.g., 1 standard deviation) of the standards was always better 
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 Table 4.2. Summary of amphibole and selected groundmass microanalyses. 
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 Table 4.2. Continued. 
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than ± 3‰ for δD and ≤ 0.1 wt% for water content. Variations in the δD values for a 

given separate result from:  (1) inter- and intra-crystal heterogeneities in octahedral cation 

concentrations and site occupancies in each sample, and (2) imperfect separation of 

mixed amphibole populations. For the groundmass samples, the values reported have 

estimated errors of up to ± 6‰ for δD and up to 0.2 wt% water, with the smallest and 

driest samples having the greatest uncertainty. 

 
Analytical Measurement of  
Amphibole FeO and Total Iron 

 
Colorimetric determination of both wt% FeO and total iron (as FeO) were performed 

by two methods in two labs, but under the supervision of the same chemist. In one series, 

amphibole separates ranging between 1.1 and 31 mg were submitted to the analytical 

chemistry laboratory of the Department of Earth and Planetary Sciences at the University 

of New Mexico. To determine separate FeO content, dissolution of the sample in 

hydrofluoric and sulfuric acids preceded titration of the solution with potassium 

dichromate using diphenylamine sulfonate sodium salt indicator (Kolthoff & Sandell, 

1961). The total iron was determined on a split of the same aliquot by ICP-AES.  Several 

iron standards were checked during the titrations including an iron-rich biotite, 

phlogopite, MRG-1 gabbro, and in-house UNM B-1. Depending on sample size, the % 

error in FeO wt% relative to known values of standards was < 4%. 

In the second case, amphibole separates ranging between 1.5 and 11 mg were 

submitted to Sandia National Laboratories in Albuquerque, New Mexico. Actual FeO 

contents were determined using a method that combined the standard Pratt (1894) and 

ferrozine (Stookey, 1970) wet chemical methods (Husler & Ferriss, personal 
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communication). The samples were dissolved in H2SO4 and HF rather than HCl 

(Anastácio et al., 2008), and the resulting solution was analyzed using the 

spectrophotometric agent ferrozine. To avoid the potential complication of oxidation of 

Fe2+ during sample digestion, immediate and continuous boiling of the acid mixture 

during digestion suppressed oxidation for these analyses (cf. Pratt, 1894). Total iron was 

determined by reducing the solution and measuring all iron as FeO. The average error for 

FeO concentration using this modified micromethod was ±0.46%, as determined by 

NIST, USGS, and other Geostandards of the International Working Group (IWG) of the 

Association Nationale de la Recherche Technique. Chemical heterogeneities in the 

unknowns, particularly in the smallest samples, can variably exceed the error associated 

with the method. 

 
Petrologic Evaluation 

 

Amphibole populations were categorized by reaction rim textures. Estimated 

proportions of each amphibole rim type with approximate thickness ranges were made 

from one slide per sample. The pleochroic color ranges of the amphiboles were recorded. 

Relative proportions of amphibole phenocryst habits (i.e., euhedral equant or prismatic, 

subhedral, etc.), embayments and resorption (rounding) were qualitatively estimated from 

each thin section, as well.  
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Results 

 
 
Amphibole Chemistry 

 
Electron microprobe analyses for amphibole are summarized as eruption sequenced 

side-by-side box plots for Al2O3, FeO*, Na2O and K2O in Figure 4.1. Amphibole 

compositions in May 18, 1980, Plinian white air fallout pumice (SC05-762) agree with 

amphibole compositions reported by Rutherford & Devine (1988). Calcic amphibole 

phenocryst compositions for the earliest May 18, 1980, eruption products including the 

blast dacite, Plinian white pumice, and early middle pyroclastic flows are primarily 

magnesiohornblendes and tschermakites (Leake et al., 1997). Amphibole compositional 

variation in dacitic eruption products increased dramatically in the later middle 

pyroclastic flows (SU03-111 and SU03-110) of May 18, 1980, (FeO* in Figure 4.1), and 

remained variable through 1986. Amphibole from all 1980-1986 samples have similar 

compositional ranges as amphiboles in the 2004 – 2005 dacites (Thornber et al., 2005; 

Rowe et al., 2008). Although some samples contain zoned amphiboles, no systematic 

core to rim relationships were found.  

Amphibole from plutonic inclusions has higher potassium and iron and lower sodium 

and aluminum concentrations than amphibole crystallized from dacitic magmas (this 

study; Detwiler et al., 2004). A few small (<1 cm) very amphibole-rich inclusions were 

recovered from SU03-136, SU03-141, SU03-151, and SU03-155 during rock crushing. 

Excluding open crystal clots rich in equant amphibole, semi-granoblastic, poikiloblastic, 

or deuterically altered (i.e., uralitization) textures are present in these medium-grained 

mafic phaneritic xenoliths. The xenoliths were too small for whole rock chemical 
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Figure 4.1. Box plots of amphibole Al2O3, FeO*, Na2O, and K2O wt% from electron microprobe analyses 
using statistical software package Dataplot (Filliben & Heckert, 2006). For each sample, the box encloses 
50% of the data, where the top and the bottom of the box are the estimated 75% and 25% points, 
respectively. The mean value is indicated by the “X”. The lines extending from the box are terminated by 
bars that represent data maximum and minimum; the “O” indicates outliers. The width of the box is 
proportional to the number of probe points. The “+” for two of the plutonic inclusions are the actual values, 
because only 3 sites per sample were probed. 
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analysis, but consist of  amphibole + plagioclase ± opaques ± pyroxene ± olivine. The 

single amphibole composition reported for olivine-hornblende norite by Heliker (1995) 

matches some amphibole compositions from these mafic xenolith fragments. In addition, 

at least some domains within the xenolith amphiboles had elevated Cr and Ti 

concentrations relative to amphibole crystallized from dacite magmas. 

 
Amphibole OH, F and Cl Contents 

 
Figure 4.2a illustrates amphibole anion concentrations of fluorine, chlorine, and 

hydroxyl as water in eruption order. The rock type (e.g., pumiceous pyroclast, dense 

dome lava, etc.) is indicated by the symbol shape of the amphibole water content. 

Fluorine and chlorine concentrations in the amphibole crystals are averages from the 

microprobe analyses. Microprobe detection limits for fluorine are 0.05 – 0.1 wt% and for 

chlorine are about 0.03 wt%. The water content for each sample is the average of usually 

two amphibole analyses for grains from the same aliquot. Water concentrations for two 

distinct amphibole separates from one rock sample are connected by dotted lines.  

In May 18, 1980, samples, blast dacite and blocks of other shallow intrusions contain 

conspicuously dryer oxy-amphiboles (Figure 4.2a). Amphiboles from pyroclasts erupted 

June through October 1980 are increasingly dehydroxylated. For dome lavas erupted 

from May 1982 through January 1984 (especially), two converging linear trends result 

from relatively more hydrated amphibole in scoriaceous carapaces and dryer oxy- 

amphiboles from denser, more interior lavas. By 1986, amphibole phenocrysts are little 

dehydroxylated. Water content (and δD values) in oxy-amphiboles from 2005 dome 4 

sample (SH315-4) is like that found in some 1980 cryptodome samples. The small
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Figure 4.2. Amphibole chemistry and pleochroic colors for 1980, 1982-1984, 1986 and 2005 dacitic 
eruption products and representative plutonic inclusions extracted from dome lavas.  
(a)  Average anion concentrations. Fluorine (diamonds) and chlorine (rectangles) are averages of 
microprobe analyses and water concentrations (triangles) were measured on mineral separates. The EMP 
detection limits are about 0.05-0.10 wt% for F and 0.03 wt% for Cl. Where two water content values are 
reported, the samples represent values for distinctive amphibole populations (connected by dotted line) 
extracted from the same rock sample. The sample type is indicated by the following variations in the water 
content triangle symbols:  White pumice fallout = large, open; cryptodomes = heavy inscribed dot; 
pumiceous pyroclastic flows = medium-sized, filled; scoriaceous dome lavas = inscribed open circle; dense 
dome lavas = inverted heavy inscribed triangle; 2005 dome lava = medium-sized with dark fill; plutonic 
inclusions = inverted, filled. A replicate of the amphibole water content dataset is shown in (b). 
 (b)  Molar Fe3+/Fe2+ ratio (filled circle) with corresponding water content (symbols as in (a)) in eruption 
order. Wet chemistry for iron oxidation state, and water contents and δD values were measured on aliquots 
of the same amphibole separate. Error bars for Fe3+/Fe2+ ratio are ~± 1.5 std. dev., and error bars for water 
content are smaller than the symbol size, except as indicated. 
(c)  Predominant pleochroic color(s) of amphibole in polished thin sections. Dome lavas include both 
scoriaceous carapace and dense interior lavas. The presence of mottled crystals rather than relative 
proportion is indicated, however most all amphibole was mottled in the July 22, 1980, pyroclastic flow 
sample, SU03-112. The mottled crystals are often found with more greenish amphibole and are most 
evident in 1980 and 1986. 
 
 
systematic changes in fluorine and chlorine concentrations (except for the plutonic 

inclusions that have higher chlorine content) result because halogens do not participate in 

amphibole dehydroxylation reactions. 

 
Fe3+/Fe2+ Ratios of Amphibole Separates 

 
Molar Fe3+/Fe2+ ratios for an aliquot of compositionally heterogeneous amphibole 

mineral separate evaluated for water content and D/H ratio (unless otherwise stated) are 

plotted in Figure 4.2b with corresponding water content. A few dacite samples with 

appreciable amounts of oxy-amphibole typically have Fe3+/Fe2+ ratios in excess of 2.5 

(listed in Table 4.2) and not shown in Figure 4.2b. The amphibole Fe3+/Fe2+ ratio for one 

plutonic inclusion sample (SU03-144) is likely representative of amphibole in un-altered 

inclusions. Amphibole in dome lava lobes erupted from May 1982 – September 1984, a 

period of endogenous inflation followed by exogenous extrusion, have noisy and usually 

elevated Fe3+/Fe2+ ratios relative to 1980 pyroclastic samples and 1986 dome lavas.  
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Amphibole Petrology 
 
 

Trends in Pleochroism The predominate pleochroic color range of the amphiboles in 

thin sections (Figure 4.2c) shows a clear progression from the greenest amphiboles in the 

May 18, 1980, pumices and early pyroclastic materials to the rustiest amphiboles in the 

denser lavas of the crater dacite dome lavas. Where ≥2 pleochroic populations exist, 

dotted lines connect coexisting groups. Mottling is a distinctive coloration where bulk 

amphibole is more greenish while cleavage planes and other crystal defects have rust-

colored haloes. Chemical differences between rust and green areas of the same crystal 

were not detectable by microprobe analyses. Amphibole mottling is independent of 

mineral provenance because both isolated ‘phenocrysts’ and euhedral amphiboles in open 

crystals clots were affected. During the summer of 1980, the proportion of mottled 

amphibole crystals reached a maximum in a pyroclastic sample (SU03-112) erupted on 

July 22, with nearly all mottled amphibole.  Conversely, May 1982 – September 1984 

dome lavas have a minor to non-existent proportion of mottled crystals until the October 

1986 extrusion. 

 
Rim Morphology Trends  Although no chemical analyses of the reaction rim phases 

were performed, temporal textural shifts in rim type (Figure 4.3a) and thickness (Figure 

4.3b) on amphibole in contact with melt were tracked to aid in the interpretation of the 

chemical and isotopic changes. Most amphibole surfaces in contact with melt or 

groundmass fall into one of four categories: (1) rim-free or clean, (2) very fine opacite 

rims, (3) fine-grained coronas, and (4) coarse-grained coronas. Example 
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Figure 4.3.  Amphibole rim morphology in dacitic products erupted during 1980, 1982-1984, 1986 and 
2005. (a)  Estimated proportions of amphibole rim types. The symbols are:  Ovals = Fine opacite rims. 
Gray hexagons = Clean, rim-free surfaces. Black stars = Coarse-grained coronas. Open inverted triangles = 
Fine-grained coronas. (b)  Estimated amphibole rim thickness ranges for each morphologic type over time. 
Bar color key:  Fine opacite rims = gray bars. Coarse-grained coronas = black bars. Fine-grained coronas = 
white bars. Hachured bars are overlap range of fine and coarse-grained coronas. 
 
 
photomicrographs of each category type are illustrated in Figure 4.4. Although Figure 4.3 

graphs are intended to cover the principle populations in each thin section, often minor 

populations of other types of reaction rims are present and include compound or double-

layer rims similar to those reported for hornblendes at Redoubt volcano by Browne & 
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(a)  SU03-108 
 

 
 

(b)  SU03-105 

 
 

(c)  SU03-156 
 

 
 

(d)  SU03-141 
 
Figure 4.4. Amphibole surface morphology categories:  (a) Clean, well-defined surfaces of 0.26 mm (left) 
and a 0.34 mm (right) phenocrysts. (b) Extremely fine-grained opacite rimmed amphibole. The largest 
phenocryst is ~0.4 mm. (c) Fine-grained corona rim that is ~0.01 mm thick on a 0.48 mm amphibole. (d) 
Coarse-grained corona rim that is ~0.04 mm thick on a 0.50 mm amphibole. All samples shown under plain 
polarized light. Individual crystals in a thinner, fine-grained corona are < 0.003 mm across whereas, 
coarsely-crystalline coronas have constituent crystals ~0.01 mm in diameter. 

 

Gardner (2006). Corona rim thickness estimates (Figure 4.3b) agree well with the more 

detailed work of Rutherford & Hill (1993) and I also observe that thinner corona rims 

tend to be more finely crystalline, whereas the thickest corona rims are usually very 

coarsely crystalline (cf. Cashman & McConnell, 2005). The gradual decline in the 

proportion of amphibole with fine-grained rims paired with a steady increase in the 
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fraction of coarser-grained rims (Figure 4.3a) started June 12, 1980, and continued 

through the October 1986 dome eruption (cf. Cashman, 1992). Very fine opacite rims 

from amphibole breakdown at high temperature and low pressure were prevalent in both 

the 1980 cryptodome and the 2005 domes, and sporadically appeared across the sample 

suite (Clowe et al., 1988). Each rim type appears to have a characteristic thickness range.  

 
Phenocryst Forms and Shapes  Changing populations of crystal forms were not 

quantified because a more comprehensive, statistical approach beyond the scope of this 

study is required. However, qualitative observations are as follows:  (1) Strongly 

embayed and rounded amphibole identified as a normal growth habit by Rutherford & 

Devine (1988) are most common in May 18, 1980, products through the early middle 

pyroclastic flows. Embayments are common in the summer 1980 subplinian pumices but 

fade to a background presence in younger eruption products (Cashman & McConnell, 

2005). (2) Equant amphibole are present in varying proportions in all samples, but 

prismatic forms are more abundant in the earlier May 18 products. (3) Rounding of 

typical equant and sparse prismatic crystals becomes very prominent and prevalent by the 

July 22, 1980, eruption and persists through 1986. The rounding of amphibole 

phenocrysts roughly follows the drop in amphibole modality over summer 1980 and into 

the dome eruptions reported by Cashman & Taggart (1983). (4)  The 2005 samples have 

primarily euhedral equant crystals with slight rounding and minor embayments. 

 
Amphibole δD Values 

 
All δDamph values for the predominant amphibole population(s) recovered from each 

rock sample are presented in Figure 4.5, and they are from the same amphibole aliquots 
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Figure 4.5. Amphibole δD values in eruption order. Unmodified, deep magmatic source amphibole is 
represented by the horizontal gray band at δD = -57 ± 3‰. Amphibole in May 18, 1980, white air fallout 
pumice are unfilled circles with heavy outline; the predominate green-brown populations in 1980 
cryptodomes and pyroclasts, and 1982-1986 scoriaceous dome lavas are gray hexagons. Amphibole from 
the smooth, dense Oct. 1986 lava surface at the vent region (SU03-145) are gray heavily outlined hexagons. 
Rusty oxy-amphibole crystals separated from pyroclasts (inverted filled triangles) and in dome lavas 
(upright filled triangles) are joined to coexisting populations with dashed lines. Dense dome lavas are 
represented by unfilled diamonds with the heavier outline corresponding to the least vesicular samples.  
Amphibole from visually altered May 1980 pyroclasts are represented by stars and Sept. 1984 dome lava 
sample is a black asterisk. The 2005 dome samples are indicated by gray filled pentagons. Amphibole from 
plutonic inclusions from 1983 and 1986 dome lavas (black crosses) are positioned outside the eruption 
sequence of the dacites (Table 4.1). See text for discussion. The symbols are larger than the error in each 
determination. A box from -54 to -82‰ encompasses the δDamph value range reported by Hoblitt & Harmon 
(1993) in blast dacite. 
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for which water content was determined. Replicate δDamph values with small average 

deviations suggest the amphibole mineral separate was composed of isotopically similar 

fragments and thus are a quality check on my mineral extraction and refinement 

techniques. The effect of inter and intra sample amphibole chemical diversity is expected 

to influence δDamph values by up to ± 3‰. This variability is calculated from 

compositional extremes (specifically in Al, Fe and Mg in six-fold coordination sites) in 

the amphibole over all samples (Suzuoki & Epstein, 1976), and overlaps the range of 

analytical precision of the measurement technique. In addition, at least one rusty 

population is present in many of the samples, but seldom was sufficient intact mineral 

recovered for analysis because of the low tensile strength in very dehydroxylated oxy-

amphiboles (cf. Rouxhet et al., 1972).  

The δDamph values (-82 and -54‰) from blast dacite reported by Hoblitt & Harmon 

(1993) encompass not only the cryptodome dacite δDamph values (-82 to -70‰ in Table 

4.2), but also May 18, 1980, Plinian white pumice δDamph value = -57.2‰.  δDamph values 

from large plutonic inclusions entrained in dome lavas cluster between -63 and -58‰, 

and the lower apparent water content (>1.5 wt%) is from mineral separate contamination 

by varying amounts of pyroxene shrouded by poikilitic amphibole. Amphibole extracted 

from non-altered summer 1980 pyroclastic samples have δDamph values up to +102‰, and 

higher values are often correlated to the presence (5 - 95%) of mottled phenocrysts 

(Figure 4.2c).  
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Groundmass δD Values and Water Content 
 
Large hydrogen isotopic disequilibria between amphibole and groundmass pairs are 

illustrated by a δ-δ plot (Figure 4.6). An equilibrium line is provided for reference with 

the theoretical position for amphibole crystals in undegassed dacite magma indicated.  
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Figure 4.6. Amphibole and groundmass δ-δ plot. The equilibrium line for amphibole and melt uses an 
average fractionation factor at ~900 oC (see text). The highest amphibole δD values are from 
dehydrogenated crystals from 1980 pyroclastic flows whereas deuterium-rich groundmass samples resulted 
from kinetic fractionation of a drying, degassed dome lava. Symbols:  Open circle = May 18, 1980, Plinian 
white air fallout pumice, Light gray filled circle = 5/18/80 pyroclasts, Dark gray filled circle = Summer 
1980 pyroclasts, Open star = Dome lavas 5/82 – 1/84, Gray filled star = Dome lavas 6/84 – 9/84, Darker 
gray filled star with lighter boarder = Dome lava 10/86. Open diamond marks calculated position of 
isotopic equilibrium line for unmodified amphibole and undegassed melt.  
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For individual samples, the difference between amphibole and melt δD values can be 

explained by various combinations of magma degassing, surface alteration and re-

equilibration, and amphibole chemical reactions. For example, tan pumiceous samples 

with vapor-phase mineralization lining vesicles (Table 4.2) are often significantly 

rehydrated and the δDgroundmass value reflects re-equilibration with meteoric water steam 

in thick pyroclastic deposits. In contrast, much slower hydrogen diffusivity in amphibole 

crystals inhibits H-isotopic re-equilibration (King et al., 1999).   

 
Magma Temperature and Oxygen Fugacity 
 

Figure 4.7 illustrates the trends in temperature and ∆NNO from measurements on 

homogeneous (e.g., non-exsolved) oxide phases, and the values are in agreement with 

previous MSH studies (Rutherford & Devine, 1988; Cashman, 1992; Rutherford & Hill, 

1993).  The calculated oxygen fugacity from the Fe-Ti oxide geothermometry less the 

oxygen fugacity of the nickel-nickel oxide buffer at the same temperature is ∆NNO. A 

denser, more interior dome lava (SU03-152) is included in the dome lava trend to 

illustrate the magnitude of the influence of more slowly cooled, probably partially re-

equilibrated oxides on both temperature and ∆NNO.  

Although Fe-Ti oxide temperatures in 1980 are consistently high, ∆NNO varies by 

sample type (i.e., air fallout pumice versus pumiceous or dense blocks and lapilli from 

pyroclastic flows) (Melson & Hopson, 1981). Specifically, air fallout pumices derived 

from the deep source in 1980 tend to have relatively elevated oxygen fugacities (~log fO
2 

= -10.6), whereas various pumiceous pyroclasts or cryptodome blocks may have lower 

oxygen fugacities. Blundy et al. (2006) suggest the June 1981 dome lava fO
2
 levels 
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Figure 4.7. Magma temperature and oxygen fugacity from Fe-Ti oxide geothermometry versus eruption 
order. Averages temperatures (crosses) have error bars equal to one standard deviation of individual 
measurements. Corresponding relative oxygen fugacity (open circles) is expressed as the difference 
between the calculated value from the geothermometer and the oxygen fugacity of the nickel-nickel oxide 
buffer at the same temperature in logarithm (base 10) units. 

 

remained lower, although I do not have 1981 samples for comparison. However, an 

upward shift in ∆NNO occurred sometime after the 1985 dome lava extrusion (Cashman, 

1992), and by the October 1986 dome lava eruption, ∆NNO approached values near that 

of the 1980 deep magma source.  
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Discussion 
 
 
Degassing in a Confined, Damaged Conduit  
Plexus: the MSH Subvolcano Plumbing System 

 
Amphibole compositions from 1980-1986 MSH eruptions and older Spirit Lake 

stage eruptive periods overlap (Smith & Leeman, 1982; 1987; 1993). Contamination of 

new magma by older amphibole-bearing crystal mushes is consistent with diverse crystal 

age ranges reported by Cooper & Reid (2003) and the cyclicity in chemical compositions 

of MSH extrusive products in the last ~500 yrs. (Pallister et al., 1992). Thus, the 

amphibole compositional heterogeneity in every rock (Figure 4.1) is the result of 

blending fresh, deep magmas with new amphibole crystals and older remobilized 

amphibole-bearing magmas (cf. Thornber et al., 2005; Rowe et al., 2008).   

Since MSH cone construction began, all magmas and fluids evolved from them 

ascend up to 20 km in conduits in a dextral offset in the NA plate that coincides with 

probable dilational opening(s) (Weaver & Malone, 1987; Musumeci et al., 2002). 

Extensive magma mixing occurs in the subvolcano plumbing that is restricted to the 

narrow pull-apart under MSH (Smith & Leeman, 1993). Discrete batches of magmas 

(e.g., May 18, 1980, upper pyroclastic flow SU04-101) isolated by screens of laminated 

gabbronorites in the dextral offset may have migrated upward aided by a kind of 

peristaltic motion in part of the conduit network (Smith & Leeman, 1987; Scandone et 

al., 2007). Focused seismic fracturing and magmatic fluid injections shattered the upper 

conduits on May 18, 1980, resulting in numerous plutonic xenoliths incorporated into the 

magmas erupted in younger pyroclastic and dome lava eruptions (Heliker, 1995). The 

low Al2O3 content of the amphibole in plutonic inclusions suggests that some laminated 
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gabbronorites may have crystallized at depths similar to that of the least aluminous 

amphiboles in dacitic magmas (this study; Thornber, personal communication). Frequent 

volatile-rich magma pulses and associated metasomatizing fluids that invaded fractured 

plutonic country rock inevitably uralitized pyroxene grains.  

Mafic magma presence at silicic arc volcanoes is commonly expressed as enclaves 

entrained in more silicic lavas or in compositionally banded erupted materials. While 

recent MSH magmas are notable for the absence of undercooled magmatic inclusions 

(Clynne, personal communication), NE trending subparallel thin basaltic Castle Creek 

dikes cut older dacite lavas exposed in the walls of the MSH breach (Hausbach, 2000). 

The amphibole-rich plutonic inclusions recovered during sample preparation are probably 

related to high K2O North Flank basalts of Castle Creek eruptive period (Smith & 

Leeman, 1993; Pallister et al., 1992; Cooper & Reid, 2003). Elevated Ti and Cr may be 

indicative of amphibole crystallized from more primitive hydrous basaltic magma. 

Severe conduit damage sustained during the May 18, 1980, eruption may have 

provided access to and dismemberment of mafic vein plexuses beneath MSH. Mixing of 

sheared mafic veins into passing dacite magmas could contribute to the depressed SiO2 

content (62-63 wt%) of the 1981 lavas (Clynne, unpublished data). By October 1986, 

dacite lavas were ~64 wt% SiO2 because many mafic contaminants were flushed out or 

inaccessible. Unfortunately, the 1981 dome lobes investigated by (Heliker, 1995) were 

buried by younger lavas and thus precluded checking exposures to determine whether 

abundance, size or both of hornblende-rich plutonic inclusions was indeed lower in 

younger lavas. An interesting investigation would have been to see whether the plutonic 

inclusion rock types and proportions had changed up through the 1986 dome lavas.  



176 

 

 
Amphibole - Melt Reactions  

 
Does any relationship exist between amphibole dissolution in and reactions with, 

dacitic melts and various dehydroxylation reactions discussed below?  The phase 

boundary for amphibole from May 18, 1980, Plinian air fallout pumice occurs at 160 Ma 

(Rutherford & Hill, 1993; Geschwind & Rutherford, 1995). However, the heterogeneous 

amphibole compositions (Figure 4.1) probably broaden phase boundaries for the 

amphibole mixtures in erupted materials. For example, the varying degrees of amphibole 

crystal rounding in the blended dacites from July 22, 1980, onward suggests crystals 

resided just outside their respective amphibole stability fields (e.g., within 10-20 MPa; 

Browne & Gardner, 2006). Thus, a magma accumulation around 160 MPa might be 

responsible for the common appearance of rounded and un-rimmed amphiboles in the 

dacites. In addition, amphibole dissolution may be responsible for the drop in modal 

amphibole percentage in rocks erupted from May 18 through December, 1980 (Cashman 

& Taggart, 1983).  

Rutherford & Hill (1993) investigated the amphibole-melt reactions that formed 

corona rims to establish the relationship between rim thickness and decompression rate 

(160 – 2 MPa) and thus magma ascent velocity from the deep source. Experimental 

studies by Browne & Gardner (2006) using hornblende dacite pumice showed that 

coarse-grained coronas formed on hornblende at higher pressures (~65 MPa) whereas 

finer-grained rims developed at lower pressures (~20 – 50 MPa). Because volatile loss in 

the MSH magmas occurs during ascent, both liquidus and solidus temperatures increase. 

Thus, coarse-grained rims probably formed at higher pressures with fewer amphibole 
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surface nucleation sites and rapid reactant crystal growth rate. At lower pressures, 

increased surface nucleation site density with slower crystal growth rates and increased 

melt viscosity yielded fine-grained rims (cf. groundmass decompression crystallization 

textures; Cashman & Blundy, 2000). Thus, amphibole reaction rims in MSH dacites are 

mostly decompression-induced, and multi-step magma ascent may further modulate final 

rim thickness, phases present and morphology of the phases.  

Magmatic δDamph values are, however, independent of amphibole reaction rim type, 

thickness, or degree of crystal rounding (cf. Feeley & Sharp, 1996). Amphibole δD 

values are governed by factors that modulate hydrogen diffusivities, volatile contents of 

amphibole and melt, and the presence or absence of a co-existing vapor phase (cf. Kuroda 

et al., 1988; Miyagi et al., 1998; King et al., 1999). 

 
Magma Degassing 
 

Plinian eruptions that directly draw from a deep, volatile-rich source magma produce 

tephras containing amphibole with water content and δD value little modified during 

rapid transport and quench upon eruption (Miyagi et al., 1998;  Miyagi & Matsubaya, 

2003). Pristine amphibole from the Plinian white pumice fallout (SC05-762) of the early 

May 18, 1980, eruption and a few of the earliest pyroclastic flows are the most hydrous 

(averages ~2 wt% H2O) and retain δDamph = -57.2‰ in equilibrium magma at 900 oC, and 

160 MPa water pressure at depths greater than 7 km (Geschwind & Rutherford, 1995). 

Adopting the methodology of Kusakabe et al. (1999), δDmelt is determined for the 

undegassed, hydrous melt by expressing the relationship between the equilibrium 

fractionation factors as: 
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α amph-melt = α amph-vap α vap-melt
  = 

 δDamph + 1000                   

                     δDmelt + 1000 

 

Using 1980 crater fumarole δDMagmatic vapor = -33‰ (Evans et al., 1981) and δDamph = -

57.2‰ from SC05-762, the amphibole–magmatic water vapor fractionation factor, αamph-

vap, is 0.975. This value agrees with the experimentally determined fractionation factors 

between iron-rich hornblendes and water by Graham et al. (1984).  

MSH glass compositions are rhyolitic with variable (3.5 – 5.7 wt%) melt H2O 

content (Cashman, 1992; Bundy & Cashman, 2001). Thus, the fractionation factor 

between water vapor and silicic melt, α vap-melt, is ~1.024 from experiments with rhyolitic 

obsidian containing 3 wt% H2O at 500 bars and 950 oC (Taylor & Westrich, 1985). The 

calculated α amph-melt value is 0.998, and the undegassed magma has δDmelt value = -

55.3‰. 

Figure 4.8 illustrates open and closed system degassing of a melt containing 5 wt% 

water and δDmelt = -55‰ using Rayleigh distillation. The curves were generated with a 

speciation model for water (OH
-
 and H2O) in rhyolitic melts (Newman et al., 1988; 

Dobson et al., 1989; Silver et al., 1990). All dacite magmas experienced substantial open 

and closed system degassing. Cryptodomes, Plinian air fallout pumices and pyroclasts 

experienced varying degrees of vesiculation (Hoblitt & Harmon, 1993; Klug & Cashman, 

1994; Cashman & McConnell, 2005). Dome lavas positioned between the open and 

closed system degassing curves were mixtures of older variably degassed and more 

crystalline magmas with multi-step ascent histories (cf. Anderson & Fink, 1989;
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Figure 4.8. Groundmass water content versus δD values from selected dacitic rock samples erupted 
between 1980 – 1986. Because the groundmass separates often included tiny normally anhydrous phases 
(and plagioclase in particular), the actual melt/glass water content is probably slightly higher. The curves 
are for open system (solid dark line) and closed system (dashed line) degassing of rhyolitic melts by 
Newman et al. (1988). The undegassed magma values plot off the graph at δD = -55‰ and 5 wt% water. 
The large symbols are the same as those in Figure 4.6. The small crosses are whole rock dome lava δD 
values and water contents from Anderson & Fink (1989) and Anderson et al. (1995). 
 
 
Anderson et al., 1995). The scoriaceous dome samples with δD values above the closed 

system degassing curve exhibit the kinetic effects previously reported by Anderson & 

Fink (1989) that are only observed at very low water content and especially away from 

the vent. Pumice samples to the right of and below the open system degassing curve in 

Figure 4.8 were rehydrated by contact with meteoric water. Vesicular pumice is easily 

rehydrated and may rapidly re-equilibrate in high-temperature steam (DeGroat-Nelson et 

al., 2001).  
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Calculations using gas compositions of MSH crater fumaroles and springs in the 

breach suggest that during 1980 alone, ~1.4 km3 dacite magma degassed yet only ~0.142 

km3 material erupted (Shevenell & Goff, 1993). Rising magma pulses and volatiles 

exsolved from them maintain an ambient δDMagmatic vapor value (-33‰) at the vent during 

eruption and this “chimney” effect is concentrated around the conduits within the 

extensional volume at least though August 2005 (Montross, personal communication). 

Plutonic inclusions ripped from the subvolcano plumbing have δDamph = -63 to -58‰ and 

the textural relationships for water-rich interstitial glasses in plutonic inclusions suggest 

the igneous country rocks equilibrated with magmatic steam in a hot wet zone adjacent to 

active volcanic conduits (Heliker, 1995). 

During each MSH eruption, proportions of magmas with varying ascent and storage 

histories changed. The timeframes for the ascent of constituent magmas in the eruptions 

estimated by amphibole rim thickness distributions are likely the fastest ascent times 

from the 7 km deep source (Rutherford & Hill, 1993). For example, Rutherford & Hill 

(1993) attributed the thin rims in 1980 cryptodome samples to material that arrived two to 

three weeks before eruption. However, bubble expansion during melt degassing and 

crystallization with continued magma ascent must have drastically reduced original silicic 

melt:amphibole ratios of 30-60:1 thus retarding corrosive attack of dehydrating 

amphibole (Cashman & Taggart, 1983; Hoblitt & Harmon, 1993). Consequently, the 

shallow vesiculation reduced fine-grained corona rim growth rate on amphibole 

significantly below experimentally determined growth rates. 
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Dehydroxylation Reactions in Amphibole 
 
High temperature, low pressure experimental studies of amphiboles have 

demonstrated that initially, oxy-amphibole formation is dominated by the oxidation-

dehydrogenation reaction:  

(Fe2+ + H+ + O2-)amph � (Fe3+ + O2- ) oxy-amph + ½H2 

and hydrogen gas released is protium-enriched (Kuroda et al., 1988; Miyagi et al., 1998; 

Phillips et al., 1988; Popp et al., 2006). ‘Dehydrogenation’ as it is commonly known, is 

reversible and fast above 400-500 oC (Clowe et al., 1988).  Although small 

concentrations of other oxidizable multi-valent octahedral cations are present, Fe2+ 

content in the amphibole at the M(1) or M(3) lattice sites limits the extent of 

dehydrogenation (Kuroda et al., 1988; Miyagi et al., 1998). In addition, the maximum 

possible extent of the dehydrogenation reaction is constrained by the initial mole fraction 

of F- or Cl- in the O(3) lattice site. Ferric iron is strongly ordered at the octahedral M(2) 

amphibole site during crystallization (Ernst & Wai, 1970; Hawthorne, 1981). Thus, 

despite iron content variation in MSH amphibole crystals (Figure 4.1), each fresh dacite 

magma contained amphibole that crystallized with low Fe3+/Fe2+ ratio (e.g., pristine 

amphibole from SC05-762 with Fe3+/Fe2+ ratio = 0.06).  

Iron oxidation state in volcanic amphiboles is directly related to mineral color such 

that dark green indicates ferrous iron-rich hydrated amphibole and red to rust is ferric 

iron-rich oxy-amphibole (Miyagi et al., 1998; Miyagi & Matsubaya, 2003). The mottled 

amphibole in MSH samples are natural examples of arrested dehydrogenation where 

crystal imperfections enhanced surface diffusion of hydrogen, relative to slower bulk 

diffusion in adjacent, unfractured mineral (King et al., 1999). Because each amphibole 
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aliquot prepared from MSH dacite samples was segregated by population color, the 

Fe3+/Fe2+ ratio is a relative measure of the average oxidative state for the compositionally 

heterogeneous amphibole population.  

Amphibole dehydration:  

2(OH-) oxy-amph → O2-
oxy-amph + H2O 

is the dehydroxylation reaction that proceeds concurrently with dehydrogenation but no 

valency change for any cation in the oxy-amphibole crystal lattice occurs with OH- loss, 

and the water product is D-enriched (Miyagi et al., 1998). Although the impact of 

dehydroxylation by dehydration on amphibole δD values and water contents is initially 

subordinate to that of dehydrogenation, protracted periods of lava or shallow magma 

temperatures above 400-500 oC (Miyagi et al., 1998) might produce oxy-amphibole with 

elevated Fe3+/Fe2+ ratio, but lower δD value. 

High temperature dehydroxylation reactions in amphibole crystals are inhibited by 

viscous melt that impedes the loss of volatile reactants (Miyagi et al., 1998; Kusakabe et 

al., 1999). Thus, the onset of vapor-phase exsolution at ~125 MPa/~4.7 km (Klug & 

Cashman, 1994) is perhaps the greatest depth of dehydrogenation in hydrous minerals in 

MSH magmas. Optimal conditions for hydrogen loss from the amphibole would occur 

when permeable foam from vigorously vesiculating magmas contacts the crystal surface. 

The 1980 cryptodome magma at 6 – 25 MPa degassed and vesiculated, and amphibole 

dehydrogenated (Hoblitt & Harmon, 1993; Cashman & McConnell, 2005). 

Fountains that produced middle pyroclastic flows after ~16:00 on May 18, 1980, 

contained variably degassed magma blends based on the significant populations of 

amphibole crystals with thin corona rims (Figure 4.3), varying amphibole H2O contents 
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(Figure 4.2a), presence of incipiently mottled amphibole crystals (Figure 4.2c) and lower 

magma ∆NNO (Figure 4.7). Presumably these magmas began degassing between 25 and 

125 MPa prior to May 18, 1980 (Scandone et al., 2007). Eruptions during the summer 

months of 1980 included melts previously degassed by vesiculation at pressures up to 40 

MPa and occasionally as high as 50 MPa, in part depending on strength of the seals 

established during repose intervals (Cashman & McConnell, 2005).  

Preservation of the hydrogen isotopic disequilibrium between melt and multiple 

amphibole crystal populations (Figure 4.6) in cryptodomes, degassed pyroclastic rocks 

and dome lavas is controlled by (1) ascent history of each magma pulse and permeability 

of magma (i.e. dense silicate liquid or bubbles in dense liquid) to reactant diffusion (cf. 

Kusakabe et al., 1999); (2) amphibole crystal dimensions, compositional heterogeneity, 

and asperity density; (3) time at high temperature. Magma recharge pulse rate and 

eruption frequency must be high enough to exceed H-isotopic exchange rates as the 

system attempts to re-establish new D/H equilibria. Thus, amphibole mottling vanishes 

within a few weeks in sustained high temperature conditions (Miyagi et al., 1998; Miyagi 

& Matsubaya, 2003). 

The highest proportion of mottled amphibole crystals (Figure 4.2c) and most 

pronounced dehydrogenation signals occurred during summer 1980 eruptions (Figure 

4.5) when numerous shallow dikes were frequently recharged by fresher magma pulses 

(Malone et al., 1981; Scandone & Malone, 1985).  The presence or absence of a dome in 

the vent may have modulated magma open-closed system degassing (i.e., part of the 

aforementioned seals) and thus affected amphibole dehydrogenation, as did size and 

frequency of magma recharge pulses. For example, the July 22, 1980, eruption followed a 
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40-day repose interval with the vent occluded by a small June dome. A large 

dehydrogenation signal (δDamph at 83 to 102‰) was generated in some magmas expelled 

in pyroclasts. Similarly, after a ~ 69-day repose interval where the vent was blocked, 

pyroclasts from the October 16-18, 1980 eruption contained dehydrogenated amphiboles 

that were also partially dehydrated. 

From late 1980 (and lasting to September 2004), a combination of factors including 

less frequent magma pulses to a highly shattered subvolcano conduit network may have 

increased the role of shear-induced magma degassing (beginning at ~4.7 km) in rising 

volatile-rich magmas (Anderson & Fink, 1990). The confined extensional offset was 

permeated by hydrous fluids at the shallowest levels, that erratically transitioned to 

magmas and volatiles at depth creating a kind of hydraulic damping system. Small 

pressure fluctuations were absorbed and dissipated but occasionally larger pressure 

transients overpressured a system adapting to changes in crustal thermal and mechanical 

stresses. The ~2 km deep “seismic lid” visible in the time-depth distributions of 

earthquake hypocenters under MSH is probably the overpressure-induced ruptures of the 

damping system (Scandone et al., 2007). Mixed H-isotopic populations of amphiboles 

with few instances of mottling in dome lava lobes suggest that transit time from 4.7 to 2 

km depths was slow enough for most of the magma pulses that amphibole achieved 

nearly complete dehydrogenation, and then began to re-equilibrate with ambient 

magmatic vapor between 1982 and 1984.   

The May 1986 dome lava eruption likely created conditions conducive to the 

generation of the small proportion of mottled amphibole crystals in October 1986 dome 



185 

 

lava eruption. Most mottling probably developed at 2-3 km depth of the MSH plumbing 

system because opacite-rimmed amphibole is sparse.  

 
Dome Lavas:  1982-1986  
Carapace versus Interior Samples  
 

The slow eruption rates and pervasively mixed lavas from small magma batches with 

varying ascent histories at all levels produced multiple amphibole populations with 

different dehydroxylation histories, degrees of re-equilibration, kinetic responses and 

oxidation. Late-stage mixing (dome level, endogenous growth) produced coexisting dark 

and rusty amphibole populations in dome lava samples with disparate δDamph values and 

water contents even in more interior dense lavas. At MSH, the carapace samples, 

particularly for the scoriaceous lava lobes, are probably less modified by amphibole 

dehydration (Figures 4.2a-b) and exchange reactions, hydrothermal alteration, and iron 

oxidation exhibited by more insulated interior samples, but each lobe is heterogeneous in 

all phases to mm scales. Thus, the distance from the vent relationship in δD value and 

H2O content for lavas reported by Anderson et al. (1995), if present in amphibole, is too 

weak to stand out over noisy δDamph values. 

Amphibole from paired scoriaceous carapace and denser more interior parts of dome 

lava flows were compared to evaluate the effect of relatively rapid surface cooling versus 

protracted high temperature (>450 oC) conditions on δDamph values, water contents, and 

Fe3+/Fe2+ ratios (Figure 4.9). Fe-Ti oxide geothermometry temperature results for denser, 

more interior lavas was often widely scattered (non-exsolved pairs), and generally lower 

than surface samples suggesting protracted cooling. This is consistent with greater 

proportions of rusty amphiboles including populations with opacite rims (Figures 4.3a) in 
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Figure 4.9. Comparison of amphibole from the surficial scoriaceous carapace to that in denser, more 
interior parts of the dome lavas from 1983 through 1986. The denser interior lava samples are from varying 
depths and locations including near the flow base or near a basal flow breccia, or down a spine several 
meters below the often more scoriaceous cap. Site selections were made on the basis of personal safety, 
rock freshness (away from fumaroles), and accessibility. (a) Amphibole δD values. (b) Amphibole water 
contents. (c) Molar ferric/ferrous ratios in amphibole. The solid line in each figure is a 1:1 line.  

 

interior dense lava and Cashman’s (1992) observation that groundmass glasses from 

surficial samples are usually more compositionally and texturally homogeneous than the 

blotchy compositional segregations with incipient devitrification in more interior 

specimens.  
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Hydrothermal Alteration  
Effects on Amphibole Crystals 
 

Extended high temperature exposure to meteoric, hydrothermal and/or magmatic 

steam drives H-isotopic re-equilibration in hydrous minerals (Clowe et al., 1988; Miyagi 

et al., 1998; Miyagi & Matsubaya, 2003; Popp et al., 2006). Amphibole recovered from  

some pyroclastic flows of May 18, 1980, and throughout the summer of 1980 have 

δDamph values variably modified through partial re-equilibration with high temperature 

steam. For example, in SU03-111, amphibole recovered from the outer rind of 

hydrothermally altered pumice lapilli originally buried in thick wet May 18, 1980, 

pyroclastic deposits was D-depleted by ~10‰ relative to δDamph values from the less 

altered lapilli interior (Banks & Hoblitt, 1981). Pumiceous pyroclasts from the August 7 

eruption (SU04-100) were pyroclastic debris that choked the upper MSH vent for 16 days 

following the July 22 eruption (Hoblitt, 1986). High-temp D/H re-equilibration in 

magmatic steam produced δDamph values of the deep magmatic source in amphibole 

crystals from clasts that could not possibly be representative of fresh juvenile material. 

Deuterium-depleted oxy-amphibole from very hydrothermally altered scoriaceous 

dome lava (SU03-149) is ~35‰ lower than amphibole from nearby, unaltered SU03-148.  

Prolonged exposure to D-depleted steam from hot meteoric waters at the surface or 

shallow depths (<0.5 km?) produced oxy-amphibole with high Fe3+/Fe2+ ratios, low water 

contents and erratic but generally lower δDamph values.  
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Degassing and Scrubbing Effects  
on Magmatic Oxygen Fugacities 

 
An inverse relationship between Fe3+/Fe2+ ratio (Figure 4.2b) and ∆NNO (Figure 

4.7) is opposite the positive correlation between Fe3+/Fe2+ ratio and oxygen fugacity 

buffer from hydrothermal dehydrogenation reaction experiments on pargasites (Popp et 

al., 2006). In very shallow, actively degassing magma bodies known to develop over 

extended periods at shallow levels (specifically 1980 cryptodome and dome lavas erupted 

in 2004-2006), gas buffering by SO2 and H2S controls local magma redox state (Taran et 

al., 1995). Furthermore, extensive and efficient scrubbing of SO2 from MSH magmas 

occurred in the water-saturated edifice through May 1980, and this variably increased or 

decreased gaseous H2 emission (Symonds et al., 2001). 

Voluminous magma degassing dominated by the SO2-H2S gas buffer overwhelmed 

minor local magma fH
2 increases from dehydrogenation reactions of hydrous minerals 

(Hoblitt & Harmon, 1993; Shevenell & Goff, 1993). Therefore, at MSH, shifts in ∆NNO 

values reflect a relative degree of degassing (and occasional volatile scrubbing) for the 

mixed magmas from each eruption. 

 
Temporal Shifts in Subvolcano  
Plumbing System at Mt. St. Helens 

 
The template for the schematic cross-sections in Figure 4.10 is based on the p-wave 

tomography model of Lees (1992) with consideration of the pressures/depths of 

vesiculation for 1980 pyroclastic materials (Cashman & McConnell, 2005). Drawings are 

limited to the region between the vent and the top of the deep magma chamber for the 

1980-1986 eruptive period. The MSH cone caps a chimney zone for magmatic fluids 
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Figure 4.10. Cartoon model of the evolution of shallow subvolcano plumbing at Mt. St. Helens from late 1970’s to late 1986. (a)  Edifice constructed of domes, 
lava flows and interbedded tephras. A “conduit” is frozen but fractured at shallow depths from tectonic movement in right step-over. Deep intrusions are intended 
to imply a complexly constructed, variably crystallized plutonic zone that is variably remobilized and partially remelted/mixed into younger intrusions. Thin 
Castle Creek mafic dikes are shown schematically in this panel, as well. The “faults” or ruptures are schematic and are not intended to represent specific brittle 
failure events. (b)  The darkest features are active magma reservoirs or zones drawn in the locations after Cashman & McConnell (2005) using the p-wave 
tomography of Lees (1992) as an overall template. The cryptodome is sketched in the edifice, and developing shallower holding areas are outlined. (c) The 
shallow dike plexus shown for late June remained active through at least mid-October 1980, but faded with decreasing magma supply. (d) By late 1983 when the 
year long period of endogenous/exogenous dome growth was winding up, the shallow dikes had mostly frozen, and only a few of the larger shallow zones were 
viable. (e) Finally, in 1986, the deeper magma has a more direct access to the dome so contamination by magmas held at shallower levels is reduced. [Note:  
Absent from these cartoons is the groundwater and hydrothermal system blanket.] 
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rising from the lower crust. Before March 16, 1980, the MSH subvolcano plumbing in 

the extended volume broadly consisted of overlapping plutons and dikes from earlier 

eruptive periods (Weaver et al., 1987). Older intrusives shallower than 5 km were 

probably solidified, but small remnant pockets of hot, pliable crystal mushes or fresher 

stalled intrusions probably existed at deeper levels (Figure 4.10a).  

The May 18, 1980, eruption interrupted ongoing pulsed inflation of subvolcano 

plumbing (Figure 4.10b) by variably devolatilized magmas (Hoblitt & Harmon, 1993; 

Klug & Cashman, 1994; Cashman & Hoblitt, 2004; Berlo et al., 2004). The explosive 

eruption produced catastrophic multilevel failures in the extensively fractured country-

rock under MSH and syn-eruption conduit reconfiguration produced observed changes in 

eruption behavior (Criswell, 1987; Scandone & Malone, 1985). Now, hydraulically 

fractured shallow zones in the subvolcano plumbing accommodated pulsed 

emplacements of magmas or magmatic fluids in multi-level dike plexus(es) (Figure 

4.10c) and probably included several horizons where small amounts of ‘headroom’ may 

have temporarily existed. Variably degassed magmas batches with differing ascent 

histories blended and erupted from May though mid-October 1980 as indicated by D/H 

ratios, water contents and rim textures in amphibole, groundmass textures, and melt 

inclusion volatile contents (this study; Blundy & Cashman, 2005; Cashman & 

McConnell, 2005). As the volume and pulse rate of magma recharge dropped, the 

shallowest feeder dikes crystallized, and fewer zones retained sufficient thermal energy to 

remain molten and partially vesiculated.  

The magma supply rate to the dome dropped from 1981 through 1986 by at least 

50% (Swanson & Holcomb, 1990). Infrequent, small-volume magma pulses were 
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significantly degassed by shearing during transit through constricted deeper conduits thus 

facilitating the transition in eruptive style to dome lava eruptions. By 1983 (Figure 

4.10d), eruptions of mingled magmas from older mushes or degassed magmas under and 

pliable material within the crater dome variably contaminated fresher magmas in the 

exogenous portions of dome lava lobes resulting in mixed amphibole δD values, water 

contents, and Fe3+/Fe2+ ratios and rim populations.  

The latent heat of crystallization sustained magma temperatures temporarily as 

replenishment waned further (Blundy et al., 2006).  Erupted magma temperature dropped 

in 1986, and subvolcano conduit magma storage capacity was reduced to a central feeder 

(cf. narrowed conduit diameter of Rutherford & Hill, 1993). By October 1986 (Figure 

4.10e), δDamph values approached deep source values (Figure 4.5) as reduced amounts of 

older magma(s) stalled at shallower depths were incorporated into magmas that had 

relatively swiftly ascended from >7 km  (i.e. changes in corona rims in Figure 4.3) (Fink 

et al., 1990).   

 
2004 – 2005 Eruptions with  
Renewed Dome Emplacement  
 

Two dense amphibole-rich dacite lava samples obtained from CVO were from 2005 

whalebacks and spines (domes 4 and 5). The ascent velocity of the magma was so low 

that the magma solidified at ~0.5 km and consequently a hot, dry dacite piston emerged 

from the vent (Cashman et al., 2006). The hot domes had foliated interiors and were 

mantled with fault-gouge; dacite dome 5 had numerous pink domains (that were avoided 

in mineral separation). Consistent with the shallow depths of solidification and degassing, 
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amphibole had well-developed fine opaque rims in an almost exclusively microcrystalline 

groundmass (Pallister & Thornber, 2005).  

Although the growth rates of both domes 4 and 5 were about 1.5 m3/sec (Schilling et 

al., 2008), δDamph value and water content differences illustrate the dramatic effects of 

shallow, high temperature dehydroxylation with alteration in dome 5. The May 2005 

dome (SH-319-1) has oxy-amphibole with δD values (-122 to -188‰) and low water 

contents (~0.4 wt% H2O) from protracted dehydration in a hot, solid lava plug. Pervasive 

shearing during high temperature dome emplacement created extensive permeable paths 

for atmospheric oxygen penetration and produced oxy-amphibole dehydroxylation by all 

mechanisms (Cashman et al., 2006). Dehydroxylation reactions and degassing signals 

were overprinted by protracted high temperature, near surface conditions more extreme 

than in dense 1982-1986 dome lavas.  

Conclusions 
 
 

This study suggests that confinement of the upper crustal subvolcano plumbing 

system to the narrow dextral offset in the Saint Helens Seismic Zone inhibits ascent and 

degassing of volatile-rich magmas, particularly after long repose periods. Small magma 

pulses inflate conduits, and at shallow levels, volatile exsolution and expansion from 

magmas accompanies decompression. Structural weakening of the MSH cone and deeper 

country rocks in the extended volume containing the subvolcano feeder network occurs. 

A catastrophic eruption that removes the confining load over the vent can be averted only 

if magma pulse frequency and volume diminish before crossing a tripping point. The 

violent explosive volcanic eruption produces significant, downward-propagating 
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disruption of the subvolcano magma feeder network. A new structural and thermal 

configuration in the conduit zone is encountered by each new magma pulse, while older 

magmas crystallize, and hydrothermal fluids encroach into different zones. Hence, 

changes in magma degassing reflect not only supply and eruption rate, but also evolution 

in conduit configuration. 

Although changes in the entire magma plumbing system beneath MSH preclude 

more precise time constraints related to shallow magmatic processes, identification of the 

depth range and degassing conditions where amphibole dehydrogenation is most 

favorable is an important outcome not previously identified in other hydrogen isotope 

studies of volcanic amphiboles.  

1. This study of amphibole hydrogen isotopes and chemistry illuminated changes in 

the subvolcano plumbing system (<~5 km deep) at MSH from 1980-1986. Chemical 

variation of MSH amphibole results from complex mixtures of fresher magmas, 

remobilized mushes from earlier eruptive periods and deeper crustal magma chamber 

processes. All amphiboles respond to shallow volcanic processes (i.e. dehydroxylation, 

oxidation, and re-equilibration). 

2. The deep (> 7 km) source magma hosts amphibole phenocrysts with δDAmph  = -

57‰ and 2 wt% H2O, in May 18, 1980, Plinian white air fallout pumice. The amphibole 

is in equilibrium undegassed (5 wt% H2O) dacite melt, where δDmelt = -55‰, and 

δDMagmatic vapor = -33‰. 

3. Temporal shifts in the proportions of amphibole phenocryst forms, colors, rim 

morphologies and rim thicknesses are consistent with changing magma ascent paths 
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accompanied by shallow magma degassing. Amphibole reactions with melt may be 

inhibited by vapor bubble nucleation and expansion. 

4. Open system degassing in permeable magma foam provides the optimal 

conditions for amphibole dehydroxylation reactions. The time interval between shallow 

magma recharge and eruption determines whether the transient early amphibole 

dehydrogenation signal (i.e. D/H ratio, water content, and Fe3+/Fe2+ ratio) will be 

preserved in rapidly quenched erupted volcanic rocks. The magnitude of the amphibole 

dehydrogenation signal depends on crystal size, fracture density, and permeability of 

magma to reactant diffusion.   

5. Frequent pyroclastic eruptions from May to October 1980, contained diverse 

populations of amphibole that were both H-isotopically and texturally consistent with 

extensive shallow magma degassing and monotonically fading recharge pulses within 

cryptodomes and the active dike network (shallower than 4.7 km) feeding the volcano. 

Mechanical and thermal changes in the subvolcano plumbing enhanced deep shear-

induced devolatilization in rising smaller magma pulses, and consequently shifted 

eruptive style to dome lava lobe extrusion. 

6. The freshest scoriaceous dome lava surfaces are relatively less modified by 

oxidation and prolonged high temperature conditions than are denser, more interior dome 

lavas. The H-isotopic diversity of amphiboles present in surface lava samples of the 

1982-1986 dome reflects various endogenous and exogenous dome growth spurts. 

Although more interior samples are increasingly overprinted by dehydroxylation and re-

equilibration at high temperatures, δDamph values from recently erupted surface lava 
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samples may preserve near magmatic values that require the context of known dome lava 

eruption sequences for interpretation. 

7. The 2004-2008 eruptions may be symptomatic of a larger magma pulse that 

overpressured the system and provided more efficient degassing via many unsealed 

shallow fractures below MSH. Amphibole extensively dehydroxylated and oxidized by 

near surface processes. While H-isotopes are a poor choice for documenting the 2004-

2008 eruptive phase, they suggest that the reconfiguration and evolution of the MSH 

subvolcano plumbing continues. 
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CHAPTER 5 
 

CONCLUDING REMARKS 
 

Each of these investigations demonstrates open-system magmatic processes that 

reflect tectonic controls of magma ascent paths. The SMC little-evolved mafic magmas 

are melts of contaminated mantle that acquired crustal contamination in a segment of 

continental volcanic arc under extension.  

At silicic volcanic centers that form where the lower crust is melted by high heat 

flow associated with voluminous mafic magma input, the depth and mechanics of 

devolatilization or re-volatilization of the shallow silicic magma bodies is dictated by 

extensional or compressional tectonics. The subvolcano plumbing systems dissipate the 

energy increase from periodic pulses of fresh magmas of differing compositions by 

distributed devolatilization of large, shallow sills (LVC) or by variably degassing small 

magma pulses ascending in a confined zone (MSH). 

Lassen Volcanic Center and Mount St. Helens, the two Cascade silicic arc volcanoes 

in this study, demonstrate extreme examples of regional accommodation of volatile-rich 

magmas into the shallow crust, and a tightly constrained opening for volatile-rich magma 

movement and expansion in shallow, subvolcano plumbing systems, respectively. Table 

5.1 summarizes the differences, and the shaded cells in the lower half of the table are the 

areas either directly addressed or supplemented by the results of my studies. 
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Table 5.1. Lassen Volcanic Center versus Mount Saint Helens 
 

 Lassen Volcanic Center 
32 ka - present 

Mount St. Helens 
1980 - 1986 

Compositions erupted Dacite – rhyolite; common 
undercooled inclusions of basaltic-
andesite to andesite  

Dacite, with periods of andesite 
and basalt in the past ~4 ka; rare 
cases of banded pyroclastic rocks 

Plutonic xenoliths Extremely rare Abundant 

Eruptive styles  
 

Commonly effusive; some 
explosive events 

Very common explosive events, 
subordinate effusion 

Volcanic deposits Lava flows and domes common; 
some tephras 

Common voluminous tephras; 
flows and domes  

Tectonic stresses Regional extension; multiple 
fracture controlled vent locations  

Restricted extension in dextral 
offset of Saint Helens Seismic 
zone; single vent 

Probable silicic chamber 
configuration 

Shallow sill @ 3-4 km?  Deep, up-right prolate ellipsoid; ~7 
km tall x ~1 km wide; center @ 
~10.5 km 

Volatile loss Shallow silicic magma body in 
extensively faulted region is 
efficiently degassed 

Deep magma body looses volatiles 
slowly, and those volatiles are 
mostly restricted to narrow 
extended volume. Ascending 
magma pulses are individually 
degassed in subvolcano plumbing 
system 

Thermal input Mingling of mafic magmas into 
shallow, silicic magma bodies 
produced undercooled magmatic 
inclusions, and non-equilibrium 
mineral textures, compositions and 
D/H ratios in hydrous phenocrysts 

Any heating due to dissimilar 
magmas occurred at a depth (> 7 
km) or under conditions outside 
the sensitivity of the H-isotope 
measurement methods employed 

Magma recharge Pulsed mafic magmas from deeper 
crust into or under sill of silicic 
magma 

Pulses of dacitic magma into upper 
conduits and cryptodomes 

Conduit damage during 
explosive eruptions 

Probably < 1km deep Extensive damage from surface to 
perhaps 7 km? 
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ROCK SAMPLE LOCATIONS 
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A.1. Southernmost Cascades Rock Sample Locations 

 
 

Sample 
Number 

Location* 

LF02-014 10 T 613185 4509097 
LF02-015 10 T 611392 4507859 
LF02-017 10 T 607883 4506367 
LF02-019 10 T 603926 4501971 
LF02-020 10 T 605571 4502642 
LC86-1009 10 T 598333 4509651 
LC88-1308 10 T 575861 4456065 
LF02-031 10 T 583079 4468939 
LF02-032 10 T 580631 4465887 
LF02-033 10 T 576929 4459050 
LF02-034 10 T 588737 4463846 
LF02-035 10 T 596462 4459076 
LF02-036 10 T 601846 4460395 
LF02-037 10 T 604567 4456121 
LF02-030 10 T 586081 4475108 
LF02-001 10 T 621762 4493006 
LF02-012 10 T 618681 4491936 
LF02-038 10 T 615196 4466737 
LF02-039 10 T 621074 4458561 
LF02-013 10 T 616402 4496161 
LF02-004 10 T 649975 4500220 
LF02-005 10 T 649924 4501353 
LF02-006 10 T 649969 4498641 
LF02-007 10 T 655096 4500963 
LF02-008 10 T 653689 4492855 
LF02-009 10 T 655662 4489203 
LF02-010 10 T 652743 4488667 
LF02-011 10 T 648828 4495566 
LF02-002 10 T 640632 4500593 

  
   * UTM coordinates; NAD27 CONUS datum. 
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A.2. Lassen Volcanic Center Rock Sample Locations  

 

Sequence 
Sample 
Number 

Location1 Comments2 

Kings Creek LC02-2397 10 T 627052 4481348  
 LF02-064 10 T 630117 4485716 Both pumice (P) & lithic (L) samples  
 LF02-042 10 T 629135 4481529  
 LF02-042iA 10 T 629193 4482145 UMI in KC lava flow 
 LF02-042iB 10 T 629171 4481906 UMI in KC lava flow 
 LF02-042iC 10 T 627195 4481349 UMI in KC lava flow 
Lassen Peak LF02-043 10 T 628201 4483435  
 LF02-040 10 T 629104 4486153  
 LF02-050 10 T 626365 4481553  
 LF02-053 10 T 626115 4483795  
 LF02-052 10 T 627387 4482915  
 LF02-052iA 10 T 627405 4482930 UMI in LP dome, NE ridge 
 LF02-051 10 T 626744 4482249  
 LF02-049 10 T 625885 4482221  
 LF02-049iA 10 T 625862 4482192 UMI in LP dome, west spur talus pile 

Chaos Crags LF02-062 10 T 628330 4487264  
 LF02-063 10 T 628337 4487260  
 LF02-029 10 T 625834 4485503  
 LF02-028 10 T 626055 4485342 UMI in CC dome A 
 LF02-027 10 T 626059 4485334  
 LF02-021 10 T 623132 4485779  
 LF01-039 10 T 624435 4486830  
 LF01-040 10 T 624436 4486829 UMI in CC dome B 
 LF01-041 10 T 624565 4487326  
 LF01-042 10 T 624565 4487325 UMI in CC dome C 
 LF01-037 10 T 624084 4487261  
 LF01-038 10 T 624087 4487260 UMI in CC dome D 
 LF01-043 10 T 625314 4488026  
 LF01-044 10 T 625315 4488025 UMI in CC dome E 
 LF01-045 10 T 626056 4487991  
 LF01-046 10 T 626056 4487992 UMI in CC dome F 

1915 Eruption LF01-027 10 T 626509 4483042  
 LF01-029 10 T 626501 4482808  
 LF01-030 10 T 626501 4482808 UMI in 1915 lava flow 
 LF02-044 10 T 628196 4483432  

 
 1 UTM coordinates; NAD27 CONUS datum.  
 2 UMI = undercooled magmatic inclusion 
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A.3. Mount Saint Helens Rock Sample Locations 

 
Sample 
Number 

Date Collected General Sample Locality Locationa 

SH319-1b 07/13/05 New dome in crater 10 T 0562604 5115834 

SH315-4 b 04/19/05 New dome in crater 10 T 0562847 5116003 

SU03-140 07/27/03 Dome in MSH crater 10 T 0562636 5116406 

SU03-139 07/27/03 Dome in MSH crater 10 T 0562620 5116428 

SU03-143 07/27/03 Dome in MSH crater 10 T 0562603 5116344 

SU03-144 07/27/03 Dome in MSH crater 10 T 0562607 5116344 

SU03-141 07/27/03 Dome in MSH crater 10 T 0562626 5116433 

SU03-142 07/27/03 Dome in MSH crater 10 T 0562626 5116433 

SU03-145 07/27/03 Dome in MSH crater 10 T 0562638 5116346 

SU03-135 07/26/03 Dome in MSH crater 10 T 0562794 5116374 

SU03-136 07/26/03 Dome in MSH crater 10 T 0562790 5116354 

SU03-148 07/27/03 Dome in MSH crater 10 T 0562484 5116412 

SU03-149 07/27/03 Dome in MSH crater 10 T 0562530 5116407 

SU03-147 07/27/03 Dome in MSH crater 10 T 0562488 5116389 

SU03-151 07/27/03 Dome in MSH crater 10 T 0562576 5116486 

SU03-150 07/27/03 Dome in MSH crater 10 T 0562576 5116486 

SU03-152 07/27/03 Dome in MSH crater 10 T 0562479 5116296 

SU03-154 07/27/03 Dome in MSH crater 10 T 0562507 5116249 

SU03-153 07/27/03 Dome in MSH crater 10 T 0562507 5116249 

SU03-137 07/26/03 Dome in MSH crater 10 T 0562898 5116294 

SU03-157 07/28/03 Dome in MSH crater 10 T 0562942 5116489 

SU03-158 07/28/03 Dome in MSH crater 10 T 0562947 5116525 

SU03-159 07/28/03 Dome in MSH crater 10 T 0562965 5116532 

SU03-138 07/26/03 Dome in MSH crater 10 T 0562904 5116550 

SU03-155 07/28/03 Dome in MSH crater 10 T 0562968 5116333 

SU03-156 07/28/03 Dome in MSH crater 10 T 0562981 5116359 
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Sample 
Number 

Date Collected General Sample Locality Locationa 

SU03-146 07/27/03 Dome in MSH crater 10 T 0562484 5116181 

SU03-134 07/26/03 Dome in MSH crater 10 T 0562726 5116661 

SU03-160 07/28/03 Breach in MSH 10 T 0562675 5117544 

SU04-100 07/18/04 Pumice Plain 10 T 0562940 5121540 

SU03-113 07/20/03 Pumice Plain 10 T 0562999 5121991 

SU03-112 07/20/03 Pumice Plain 10 T 0562780 5122452 

SU03-117 07/21/03 Pumice Plain 10 T 0563079 5122316 

SU03-114 07/20/03 Pumice Plain 10 T 0563079 5122316 

SU04-101 07/20/04 Pumice Plain 10 T 0561128 5121943 

SU03-111 07/20/03 Pumice Plain 10 T 0563902 5122210 

SU03-110 07/20/03 Pumice Plain 10 T 0563931 5122195 

SU03-108 7/20/03 Pumice Plain 10 T 0564537 5121437 

SU03-109 07/20/03 Pumice Plain 10 T 0564265 5121675 

SC05-762 c 08/05/09 Just off Windy Ridge Road 
10 T 0566615  5121432  

+13 

SU03-105 07/19/03 Windy Ridge 10 T 0565599 5120278 

SU03-107 07/19/03 Windy Ridge 10 T 0565599 5120278 

 
 a UTM coordinates; NAD27 CONUS datum.  
 b CVO Samples by helicopter dredge. 
 c Sample from M.A. Clynne. 
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APPENDIX B 
 

PROBABLE SMC REGIONAL BEDROCK GEOLOGY UNDER PLIOCENE AND  

YOUNGER VOLCANIC ROCKS  
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Probable SMC Regional Bedrock Geology under Pliocene and  

Younger Volcanic Rocks  
 
 
 

Most of the SMC region is mantled by 7 Ma and younger Cascade arc volcanic rocks 

(Guffanti et al., 1990) including the Pliocene Tuscan Formation. The Tuscan Formation 

is a sequence of volcaniclastic units including mudflows, lahars, debris flows, breccias, 

and tuffs produced from older Cascade arc volcanoes. The 1.4-2.3 Ma Ditmar and 1.1-2.4 

Ma Maidu volcanic centers were probable sources of the 1.2 – 4 km thickness of Tuscan 

units in the south and the Pliocene Latour volcanic center generated the 1.2 – 2 km 

thickness of Tuscan Formation in the northwest (Berge & Stauber, 1987; Clynne personal 

communication). To the southwest, less than 500 m of Tuscan units may overlie Chico 

Formation rocks that are described below (Haggart & Ward, 1984).  

 Geologic relations beneath the young volcanic cover are inferred from seismic 

refraction work (Berge & Stauber, 1987), distal outcrops in the Sierra Nevada and 

Klamath Mountains, Great Valley sedimentary rocks, and occasional crustal xenoliths in 

young mafic rocks. The Klamath Mountains to the northwest are amalgamated Paleozoic 

and Mesozoic island arc terranes (Hacker et al., 1993). The Klamath Mountain terranes 

are variably metamorphosed, including the large Trinity peridotite massif in the eastern 

Klamath belt and all are intruded by felsic Mesozoic plutons as young as Early 

Cretaceous (Hacker et al., 1993).  

Key lithospheric terrane components in the regional tectonic collage are described 

from east-northeast to west-southwest, assuming the NW-striking trend observed in 

exposures to the southeast is continuous. The northern Sierra terrane is an amalgamation 
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of a basement pre-Late Devonian subduction complex (Shoo Fly) capped by three distinct 

island arc systems of Late Devonian-Early Mississippian, Permian, and Late Triassic-

Jurassic ages (Hanson et al., 2000). The northern Sierra terrane also hosts the western 

flank of Cretaceous Sierra Nevada arc plutons (Hanson et al., 2000). The inboard 

northern Sierra terranes are fault bounded on the west by the Feather River Belt of 

Paleozoic metaperidotite and mafic units with an interleaving of possibly Jurassic-aged 

blueschists (Day & Bickford, 2004). 

Outboard subparallel terranes may include the northernmost Calaveras complex 

toward the east, and the Central and Western belts of the Sierra Nevada Mountains (Day 

& Bickford, 2004). The disrupted Calaveras sedimentary rocks are most likely an early 

Mesozoic subduction complex (Day & Bickford, 2004). The Central belt is a Middle 

Triassic to Middle Jurassic disrupted ophiolite overlain by volcanic arc fragments, and 

the Western belt is Middle to Late Jurassic volcanic and intrusive rocks of the Smartville 

complex that are either an ophiolite or a rifted volcanic arc (Day & Bickford, 2004). Both 

belts are underlain by disrupted ophiolitic rocks of the Fiddle Creek complex (Early 

Jurassic or older) and intruded by Middle Jurassic through Early Cretaceous plutons (Day 

& Bickford, 2004).  

The Western and Central belts are unconformably mantled by the Late Cretaceous 

marine transgressive units of the Chico Formation. Basal Chico Formation beds of 

conglomerates grade upward to sandstones and uppermost siltstones with horizons 

containing calcareous concretions (~20 cm in diameter) around shell lag deposits. The 

Chico Formation is part of the Great Valley forearc basin sedimentary sequence and is 
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present to the southwest and west in drainages deeply incised into the Cascade foothills 

(Haggart & Ward, 1984).  
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APPENDIX C 
 

PLEOCHROIC COLOR EXAMPLES IN MOUNT ST. HELENS AMPHIBOLES 
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Pleochroic Color Examples in Mount St. Helens Amphiboles 

 
 

 
 

(a)  SU03-109 
 

 
 

(b)  SH319-1 
 

   
 

(c)  SU03-112 
 
 

(a) Green(ish) amphibole with rounding, embayments and clean crystal surfaces from May 18, 1980 early 
middle pf. The length of the prismatic, broken crystal is ~1.2 mm. (b) Rusty euhedral amphibole erupted 
~5/15/05 in a dacite dome. The longest dimension of the larger crystal is 0.5 mm, and the “double” crystal 
is about 0.4 mm total. All crystals have extremely fine opacite rim. (c) Mottled amphibole from July 22, 
1980, sub-pumiceous block from a pyroclastic deposit. The large rounded inclusion-rich amphibole is 1.2 
mm in the longest dimension, and the amphibole to the right is 0.46 mm. Plain polarized light illumination 
in all photomicrographs. (The black lines of varying density in the photomicrographs are ink.)  
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APPENDIX D 
 
 

ABBREVIATED DESCRIPTIONS OF PLUTONIC XENOLITHS AND  
AMPHIBOLE-RICH CRYSTAL CLOTS IN MSH DACITES 
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Abbreviated Descriptions of Plutonic Xenoliths and Amphibole-Rich 

Crystal Clots in MSH Dacites 
 
 

Sample Description Comments 

SU03-
144 Plutonic xenolith 

Gabbronorite. Foliated. Much biotite (brown) and amphibole 
(green); both tend to be overgrowths on pyroxenes or in 
interstices. Amphibole is clear with few inclusions. 

SU03-
142 

Plutonic xenolith Gabbronorite. Foliated. Little biotite; amphibole present only as 
overgrowths on pyroxenes--some are quite stunning.  

SU03-
159 Plutonic xenolith 

Gabbronorite. Very fractured. Opx is very fractured and reacted. 
Much melt invasion into numerous fractures. Small amount of 
amphibole in rock is present in interstices and is very heavily 
rimmed by coronas. Very large irregular opaques in interstices 
could be biotite breakdown products. 

SU03-
138 Plutonic xenolith Gabbronorite. Foliated; melt-invasion. Bitotie-rich; little amphibole. 

SU03-
145c 

Amph-rich xenolith 
(see 136i?) 

Probe Site #10 is a xenolith fragment of mostly amphibole, which 
is clear except for distinctive numerous very rounded, reasonably 
large plagioclase regions. The amphibole shows some low level of 
internal mottling. 

SU03-
141i1 

Glomerocrystic 
mass Small euhedral, ~pristine greenish amphibole. Slight mottling.  

SU03-
141i23 

2 Amph-rich 
xenoliths   

SU03-
136i 

4 Amph-rich 
xenoliths 

Each has varying modal amounts of opx, cpx, plag, amph, bt & 
opaques. Many rounded opx or plag are encased in amph. The 
amphibole itself is clear and with "black" edges. Sometimes 
isolated irregular regions of a pyx all go extinct simultaneously 
within amphibole "oikocryst". With the abundance of subgrains 
and undulatory extinctions in parts of this fragment, amphibole is 
potentially a replacement porphyroblast. Significantly higher Ti 
and Cr level of the amphiboles in this sample. 

SU03-
151i 

3 plutonic xenolith 
fragments 

Plag + amph + opaques. Amphibole grain boundaries separated 
by thin reaction coronas(?) possibly from brown glass visible in 
some plagioclase. Some larger crystals appear to have been 
crushed early and perhaps subsequently annealed. Rusty 
amphibole cleavages → dehydrogenation is likely.  

SU03-
155i 

Mafic plutonic 
xenolith fragments 

Plag + amph + ol. Amphibole growth may represent 2 stages. 
Metamorphic textures (early onset granoblastic and metasomatic 
fluids around grain boundaries). Break-up of this type of material 
can be seen in dacite host.  

SU03-
109b 

Dismembered mafic 
xenolith fragments? 

Amphibole overgrowths on cpx and opx, and has some small 
opaque inclusions. Sometimes there are a few more crystalline 
plag inclusions and small internal opaques. Perhaps it was a little 
cumulate that was sheared-out? 

 


