
AN ABSTRACT OF THE DISSERTATION OF

Mariek E. Schmidt for the degree of Doctor of Philosophy in Geology presented on
November 11, 2005
Title: Deep Crustal and Mantle Inputs to North Sister Volcano, Oregon High Cascade
Range

The Central Oregon High Cascade Range is an anomalously mafic segment of the

Cascade Arc due to ongoing intra-arc extension, which allows most magmas to traverse

the crust without stalling and evolving to more evolved compositions. North Sister, a

composite volcano in this arc segment, has produced a seemingly monotonous basaltic

andesite (52.5-54.0% Si02) that is depleted in incompatible elements from 320 ka until

15 ka. This dissertation addresses the volcanic development of North Sister Volcano and

deep crustal processes that produced its basaltic andesite.

Stratigraphic variation signaling changes in eruptive style, unconformable

contacts, 40Ar/39Ar dating, and geochemical correlations divide North Sister's eruptive

history into four stages: (1) the early shield, (2) the subglacial stage, (3) the upper shield

stage, and (4) the stratocone stage. Lastly, the north-striking, >1 1-km Matthieu Lakes

Fissure (MLF) transected North Sister in three splays. North Sister's eruptive stages

correspond to four compositional groups that record a general decrease in compatible

elements such as Ni (112 to 35 ppm), while incompatible elements are constant or

generally decrease (e.g. Ba 302 to 247 ppm) through time. Isotopic variations at North
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Sister are small, but systematic; Sr and Nd isotopic ratios become more mantle-like with

time.

Petrologic modeling places the generation of North Sister's basaltic andesite in

the deep crust by a) deciphering upper crustal re-equilibration; b) mixing a primitive, low

K tholeiite (LKT) with a silicic, Al-rich partial melt of 5-30 million year old crust; and c)

high recharge rates by mantle-derived LKTs and interaction with a refractory crust.

The Sr and Nd isotopic ratios of primitive basalts from the Cascade Range define

four segments of the arc that reflect separate isotopic reservoirs and mantle melting

regimes and correlate with major crustal domains. These segments are 1) north, Mt.

Meager to Glacier Peak; 2) Columbia, Mt. Rainier to Mt. Jefferson; 3) central, the North

Sister to Medicine Lake, and 4) south, Mt. Shasta to Mt. Lassen. The central segment has

Basin and Range in the backarc and is the most restricted in bulk and isotopic

composition.
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DEEP CRUSTAL AND MANTLE INPUTS TO NORTH SISTER VOLCANO,
CENTRAL OREGON HIGH CASCADE RANGE

Introduction

Long-lived mafic composite volcanoes require high rates of recharge of basalt and

efficient conduits to maintain their mafic character. If recharge rates are too low,

magmas cool, fractionally crystallize minerals and evolve to silicic compositions.

Likewise, if conduits are constricted by regional compressive stresses, or are plugged by

viscous magma, mafic inputs and the heat they contain stall in the crust, where they

partially melt crust and evolve to silicic compositions (Hildreth, 1981). Basaltic

andesites are mixtures of a mantle-derived basalt and a partial melt of the crust, but in

order to keep a constant mafic composition, magmas must maintain equilibrium heat and

mass fluxes as well as stable mineral phases.

Evidence for mixing between mantle and crust is ubiquitous in arc magmas (e.g.

Davidson, 1996), and is reflected in igneous textures, such as mafic enclaves in silicic

magmas, zoned minerals, major and trace element variations, and in isotopic ratios, such

as 87Sr/86Sr that are intermediate between a mantle and an older crust component. The

inherent variability of the mantle-derived basalts as well as variability produced by

processes that occur at shallow levels in the crust obscure the relative proportions of

inputs from the mantle and the crust.

Mixing between magmas from the mantle and crust first occurs at the base of the

crust as basaltic magmas reach neutral buoyancy and pond as a mafic underplate.

Tectonically exhumed sections of arc lower crust, such as the Talkeetna Arc in southeast

Alaska consist of thick assemblages of ultramafic to mafic cumulates (DeBari and

Coleman, 1990, DeBari and Sleep, 1991). The dominant conceptual model for the

generation of intermediate magmas in the lower crust, the MASH hypothesis (Hildreth

and Moorbath, 1988) holds that melting, assimilation, storage, and homogenization occur

in silicic magma pods beneath stratovolcanoes. The precise processes, compositions that

are produced, and extent of assimilation within the lower crust are relatively

unconstrained.



Deep crustal processes like the assimilation of an ultramafic underplate and the

fractional crystallization of minerals with similar composition to the magma are cryptic.

In order to address what takes place in the deep crust, I chose to investigate North Sister

Volcano, a basaltic andesite composite volcano from the Central Oregon Cascade Range.

The Central Oregon Cascades are an anomalously mafic segment of the arc with thin,

actively extending crust, where the mantle inputs have been well characterized.

The element of time by relative stratigraphy correlated with radiometric ages is

important for the understanding of the evolution of a magmatic system. Time yields

information about mass fluxes and rates of compositional changes. By studying one

long-lived volcanic center, eruptive stages can be defined based on stratigraphy and

radiometric dating, as well as changes in eruptive style, compositional clustering, and are

generally bounded by unconformities.

Mafic Volcanism in the Cascade Arc

Quaternary volcanism in the Central Oregon Cascade Range has mainly erupted

within a north-south trending graben structure (Hughes and Taylor, 1986, Figure 2-1).

The Central Oregon Cascade Range between Mount Jefferson and Crater Lake is

consequently an anomalously mafic segment of the arc, having erupted -6O0 to -l200

km3 mafic magma relative to 180 km3 silicic magma over the past 2 m.y. (Sherrod and

Smith, 1990). Mafic magmas have erupted mainly as overlapping shield volcanoes and

aligned cinder cones that parallel regional fault structures (figure 2-2). Intra-arc

extension rates are less than 1 mm/year (Wells et al, 1998), but are significant enough to

allow the passage of abundant mafic magmas as dikes along fault structures with little

interaction with the crust (Hildreth, 1981).

The Brother's Fault Zone, a NW-trending shear zone of en echelon faults at the

northern margin of the extensional Basin and Range Province (Lawrence, 1976)

intersects the Cascade Arc at the latitude of the Three Sisters Volcanic Complex (figure

1-1). Bimodal Quaternary High Lava Plains volcanism in Central Oregon largely

coincides with the Brother's Fault Zone. The high density of volcanic vents in the
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region of the Three Sisters is probably due to intra-arc extensional faults coupled with

Brother's oblique faults impinging on the Cascade Arc (Guffanti and Weaver, 1988).

Diverse primitive basalts that have erupted from fault parallel, aligned vents in the

Central Oregon Cascade Range yield important clues to mantle melting regimes and

intrinsic source heterogeneities. Having low Si02 concentrations and Mg#s greater than

65 (defined as mole percent MgO/(MgO+FeO*) * 100), primitive basalts have

experienced little differentiation and represent near direct mantle melts. The range of

primitive basalts in the Cascade Range includes depleted low potassium tholeiites (LKTs,

also called high aluminum olivine tho!eiites or HAOT; Hart et a!, 1984) and arc-typical

caic-alkaline basalts (CABs; Bacon et a!, 1997; Conrey eta!, 1997; Leeman et a!, 1990).

The dominant erupted composition in the Central Oregon High Cascade Range

has been basaltic andesite. This implies that in spite of the Oregon Cascades mafic

character, crustal processing in the form of contamination, mixing, fractionation, and

recharge remain important processes. Basaltic andesites, defined has having 52-56

weight % SiO2 (LeBas et a!, 1986), from an arc suite can have very different

concentrations of incompatible elements. For example, the difference between 1.0 and

0.6 wt % K2O for two rocks with 53 wt % Si02 cannot be linked by normal assimilation

and fractional crystallization unless different parental magmas, crustal contaminant

compositions, or fractionating assemblages were involved in their evolution. This

difference in K2O concentration is found in the two main basaltic andesite types in the

Central Oregon Cascades, the Mount Washington-type that is enriched in incompatible

elements and the North Sister-type that is depleted in incompatible elements. North

Sister-type basaltic andesite is remarkably uniform in composition at North Sister

Volcano and is the subject of this investigation.

North Sister Volcano

The High Cascade Graben is widest at the Three Sisters and is where extension

seems to have initiated (Conrey et a!, 2003). Also, the density of vents is greatest at the

Three Sisters, including at least five composite volcanoes (Guffanti and Weaver, 1988).

North Sister Volcano, the oldest and most mafic of the Three Sisters Volcanoes, has
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Figure 1-1. A summary of Si02 through time for the Three Sisters volcanoes and
surrounding vents, Central Oregon High Cascades. Dates of volcanic centers are based
on radiometric dating (as available) and approximate stratigraphic positions from maps
and literature (Hughes, 1983; Black et al., 1987; Priest et al., 1987; Taylor, 1987; Taylor
et al., 1987; Hill and Duncan, 1990; Scott, 1990; and others listed below). Since about 2
Ma, the suite has been dominated by basaltic andesite (Hughes and Taylor, 1986;
Hughes, 1983; and Sherrod and Smith, 1990). A scarcity of older preserved rocks (>100
ka) favors younger dates in this diagram, however there is no evidence of a change in
extrusion rate during the time shown (Sherrod and Smith, 1990, and Priest, 1990). Silicic
magmatism is centered at the major cones, while abundant mafic magmatism has been
scattered at monogenetic centers. Middle and South Sister overlap in time and
composition (Taylor et al., 1987; Hill, 1992; Brophy and Dreher, 2000; Calvert and
Hildreth, 2002; Calvert et al, 2005). North Sister Volcano's composition encompasses a
narrow range Si02 that was active at least since 320 ka until -P50 ka (Chapter 2).
Abbreviations for mafic volcanic centers or drill cores are as follows: AB Abot Bt drill
core (Conrey et al., 2002); BB Bluegrass Butte (Conrey et al., 2000); BC Black Crater
(Conrey et al, 2002); BNC Belknap Crater (Licciardi et al., 1999); CC Cayuse Crater
(Hill, 1992); CMC Cache Mountain Cone (Conrey et al, 2002); COC Collier Cone (Scott,
1990 and Schick, 1994); DL Devils Lake Unocal 82-3 drill core (Conrey et al., 2001); FC
Four-in-One Cone (Scott, 1990); HDB Hoodoo Butte (Conrey et al, 2001); HRB Hayrick
Butte (Conrey, 2002); ML Mattheieu Lake Fissure (Conrey et al, 2002); PH Potato Hill
(Armstrong et al., 1975); SB Sims Butte (WE Scott in Sherrrod et al, in press);SM Scott
Mountain (Conrey et al., 2000); SNC Sand Mountain/Nash Crater Chain (Benson, 1965;
Taylor, 1968; Licciardi et al., 1999); SP Santiam Pass drill core (Conrey et al., 2000); YC
Yapoah Crater (Conrey et al., 2000). Rock nomenclature is from LeBas et al. (1986).
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produced 40 km3 magma since at least 300 ka. Over North Sister's eruptive history, it

has produced a narrow compositional range, consisting of incompatible element-depleted

NS-type basaltic andesite (53.0-54.9% Si02). North Sister is laced by hundreds of dikes

that align both radially with the edifice and parallel to regional structures that fed

eruptions of scoria and agglutinated lava flows. Occasionally, glacial ice has covered

North Sister and palagonitic tuff and thick vesicle-free lavas were produced during

subglacial eruptions.

The Matthieu Lakes Fissure (MLF, 53 to 60% Si02) is a >11 km-long, N-trending

series of thick, dike-fed lavas and scoria cones that transected North Sister at the end of

its long life. MLF is both spatially and compositionally related to North Sister Volcano's

basaltic andesite. Its compositional diversity is due to both recharge by a high Ti02

basaltic andeiste and dike injection that causes shallow fractional crystallization and

assimilation.

The persistence of North Sister Volcano and its basaltic andesite composition is

portrayed in a plot of time versus SiO2 (Figure 1-1). Sporadic, monogenetic volcanoes

and mafic shields with eruptions that lasted years to thousands of years has erupted

sporadically in the Central Oregon Cascades. The background mafic volcanism

represents steady injection of basalt into the crust. North Sister Volcano has been

remarkably persistent, erupting a narrow compositional range for -30O ka. North Sister's

lifespan is nearly three times those of Middle and South Sisters whose compositions

range from basalt to rhyolite.

Purpose of This Work

The goal of this dissertation is to describe the history and petrology of North

Sister Volcano in order to understand its generation in the deep crust by differentiating

eruptive stages, the relative roles of mantle source heterogeneity and of re-equilibration

in the upper crust. North Sister, a long-lived basaltic andesite volcano in the Central

Oregon Cascade Range has a seemingly monotonous basaltic andesite composition that

has systematic variations with time. North Sister's basaltic andesite must be produced



under equilibrium heat and mass fluxes. The collection of manuscripts contained work

towards this goal in detail by:

Describing the volcanic history and defining stratigraphic compositional groups

at North. Sister Volcano to understand how it has been influenced by intra-arc

extension and the presence of glacial ice during its construction (chapter 2).

Characterizing the Sr, Nd (chapters 3 and 4), Pb, Os, and 0 (chapter 4) isotopic

variability of primitive mantle inputs to the Central Oregon Cascade Range and

how they correlate with other primitive basalts and correlate with regional

structure in the Cascade Range (chapter 3).

Characterizing isotopic and major and trace element variability through time at

seemingly monotonous North Sister Volcano in order to model the transition of

basalt to basaltic andesite in the deep crust by a combination processes, including

recharge, assimilation, and fractional crystallization (chapter 4).

These chapters are being prepared for submittal to the Journal of Volcanology and

Geothermal Reserarch (Chapter 2), Geology (Chapter 3), and the Journal of Petrology

(Chapter 4).
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THE EVOLUTION OF NORTH SISTER: A VOLCANO SHAPED BY
EXTENSION AND ICE IN THE CENTRAL OREGON CASCADE RANGE,

Abstract

North Sister Volcano, the highest, most voluminous, longest-lived Quaternary

basaltic andesite volcano along the arc crest in the Oregon Cascade has produced a

homogeneous basaltic andesite with low incompatible trace element concentrations for

over 300 ka. Its remarkable persistence has recorded three major glaciations in the

Cascades by the occurrence of subglacial eruptions roducing both palagonitic tuff and

flow dominated tuyas) and unconformities. We have defined four eruptive stages based

on geologic relationships, geochemical stratigraphy, and 40Ar/39Ar dating: the early shield

stage, the glacial stage, the upper shield, and the stratocone stage. Finally, the >11 km,

N-trending Matthieu Lakes Fissure (MLF) cut through the North Sister edificeas three

separate magma pulses. North Sister Volcano is cut by hundreds of dikes that change

from radially oriented to trending more N-S through time, culminate in MLF, and reflect

ongoing E-W extension in the Central Oregon Cascades.

Introduction

Volcanism, periodic glacial ice, and extensional tectonics have shaped the Oregon

High Cascade Range. Situated within an intra-arc graben, Quaternary volcanism has

been largely mafic in character (Hughes and Taylor, 1986; Sherrod and Smith, 1990).

Most mafic centers in the Central Oregon Cascades, such as shield volcanoes and cinder

cones are typically short-lived with life spans ranging from >1 to less than 100 years

(Conrey et al, 2004). North Sister Volcano (Figure 2-1), in contrast is remarkably

persistent, having erupted over the last 300 ka and is the highest, most voluminous,

longest-lived Quaternary basaltic andesite volcano along the arc crest in the Oregon

Cascade Range. The variable climate and tectonic regimes of the Central Oregon

9
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Cascades are recorded in North Sister's eruptive sequence, making it an exceptional

locality to study the response of volcanic style to glaciation and to extension.

North Sister Volcano is the oldest and most mafic of the Three Sisters Volcanic

Complex. Its 300 ka stratigraphy exhibits evidence for at least 3 major glaciations in the

Oregon Cascades, apparent as both erosional unconformities and constructive, subglacial

eruptions that produced thick lavas and palagonitic tuff. The nature of glaciers that were

present on North Sister can be characterized based on eruptive style (Smellie and

Skilling, 1994 and Smellie, 2000). Interglacial periods are represented by thick

accumulations of thin lava flows.

Figure 2-1. Map of Oregon with tectonic regions and faults. Quatemary volcanism in the
Oregon Cascade Range is mostly found within the N-S trending High Cascades Graben
structure. The High Lava Plains, coincident with the Brother's Fault Zone is the
northernmost extent of the Basin and Range Province in central OR is region of bimodal
volcanism. High Lava Plains' Quatemary basalts are shown as light gray. The Three
Sisters (including North Sister) are located in the intersection of the Brother's Fault Zone
and the High Cascades Graben.
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Diking compensates for the east-west extension in the Central Oregon Cascades,

and alignments of small mafic cinder cones parallel regional fault structures (Figure 2-2).

North Sister is laced by hundreds of dikes that fed lava flows. Through time, the

orientations of dikes at North Sister record increasing tensile stress by a transition from

early radial dikes to a more N-S alignment.

This paper presents the results of field mapping, 40Ar/39Ar dating, and chemical

analyses to reconstruct the evolution of North Sister Volcano. Compositional groups

were broken out in order to correlate eruptive packages and stages and were important

tools to understand the glacial and tectonic history of North Sister as well as for Central

Oregon. Four overlapping stages or cones that built North Sister's edifice were identified

where each stage is separated by an unconformable contact, a change in eruptive style,

and may also include a slight, but notable change in composition. Stages include I) the

early shield, 2) the glacial stage, 3) the upper shield, and 4) the stratocone. Lastly, the

through going >11 km-long Matthieu Lakes Fissure or MLF erupted.

Geologic Setting of the Oregon Cascade Range

Tectonic Setting

The Oregon Cascade Range is a "hot" subduction zone due to the subduction of

the young, hot Juan de Fuca Plate (11 Ma at trench, Weaver and Baker, 1988) and active

rifting within the arc. The dip of the downgoing plate is as shallow as 10 to 15° (Trehu et

a!, 1994) beneath the forearc, but high heat flow (>105 mW m2, Blackwefl eta!, 1990)

and a paucity of seismicity in the Oregon Cascades (Weaver and Baker, 1988) have

resulted in a limited ability to image the downgoing plate beneath the arc. Tomographic

studies indicate that the slab steepens to 60 to 800 beneath the arc (Rasmussen and

Humphries, 1988) and appears to be steepening with time (Priest, 1990).

Rifling of the High Cascade graben initiated about 8 m.y. ago in the Oregon

Cascades at the latitude of the Three Sisters. A "flare up" of mafic volcanism followed

from 5 to 8 Ma (Conrey et al, 2004) as overlapping mafic shield volcanoes, forming a

mafic platform that continued to build until -2 Ma (Hughes and Taylor, 1986).
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Extension-related, depleted low K tholeiites (LKT) volcanism, indicating dry

decompression mantle melting, has migrated north from the Three Sisters region (8-6

Ma) to Mount Adams (1 to 0 Ma) in southern Washington. This northward progression

of LKTs has been interpreted to indicate a northward propagation of the intra-arc graben

(Conrey et al, 2004).

Volcanism since Ma in the Central Oregon Cascade Range has been

predominantly mafic and confined within the N-S trending High Cascades graben that

parallels faults within the Basin and Range Province (Figures 2-1 and 2-2) (Sherrod and

Smith, 1990; Taylor, 1990; and Hughes and Taylor, 1986). The 50 km-wide High

Cascades Graben begins at the latitude of the Three Sisters, but changes to a half graben

and narrows to 20 km across at Mount Hood in northern Oregon (Figure 2-1), where the

structure continues on the east side of the arc to Mount Adams in southern Washington

(Conrey et a!, 2004). Graben margins are not continuous faults, instead they are regions

made up of many discontinuous faults that strike N0 and N30°W and range from 30 km

(Green Ridge) to less than 1 km in length, and typically are less than 10 km (Figure 2).

Faults have approximately 3 km total down drop displacement. Overall extension has

been estimated as 2-3 km at the latitude of Green Ridge since 8 Ma (Conrey et al,

2002).

Since 2 Ma, abundant basalt to basaltic andesite activity has occurred between

the major volcanic centers that produce andesite to rhyolite compositions. Mafic

volcanism has erupted at an estimated rate of 5 km3/ km arc/I m.y., contrasting with 1.5

km3/km arc/I m.y. silicic volcanism (Sherrod and Smith, 1990). Lineaments of small

basalt to basaltic andesite cinder cones mimic faults in both length and in orientation,

indicating a relationship between faulting and diking (Figure 2-2)

The Brother's Fault Zone, a shear zone at the northernmost margin of the Basin

and Range in Central Oregon merges with graben faults in a diffuse zone 120 km long

that extends from spread Newberry Caldera to Mount Jefferson (Figure 2-1). Basin and

Range extension of 4 ± 2 mm/yr (Pezzopane and Weldon, 1993) impinges on the Cascade

Arc south of the Three Sisters, its eastern margin defined by normal faults that down drop

blocks to the east. The Brother's Fault Zone broadly coincides with a bimodal volcanic
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Figure 2-2. The distribution of volcanic vents, faults, and basaltic andesite types in the
Central Oregon Cascade Range. Monogenetic mafic vents tend to be found along
lineaments that mimic exposed faults both in length and in orientation. The two main
basaltic andesite types erupted from shield and stratovolcanoes, the incompatible element
enriched Mount Washington type (MW) and the incompatible element depleted North
Sister type (NS) are indicated. Map was compiled from Sherrod et al, 2003; and Conrey
et al, 2003. Abbreviations are OB=011alie Butte; TJF=Three Fingered Jack; MW=Mount
Washington; LB=Little Brother; MLF=Matthieu Lakes Fissure; BT=Broken Top;
BB=Bachelor Butte.
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province, the High Lava Plains that lies at the northwestern margin of the Basin and

Range Province. The High Lava Plains also underwent increased mafic volcanism at 8

Ma, largely producing crystal-poor LKT (Jordan, et al, 2002) similar to the Central

Oregon Cascades.

The forearc of the Oregon Cascades is made up of the Siletz Terrane, a section of

altered oceanic crust that was accreted onto the North American Plate in the Eocene. The

Siletz Terrane forms a rigid block that is rotating clockwise at a rate of 9 to 12 ± I

mm/year with its Euler pole in Eastern Washington (Wells et a!, 1998). Rotation of the

forearc block as well as Basin and Range extension in the backarc contribute to the

opening of the High Cascade graben at a rate of 1 mm/yr (Wells et al, 1998).

Petrologic Setting

A range of primitive basalts with greater than 8% MgO have erupted from small

volume cinder cones in the Central Oregon Cascade Range, including LKTs, and more

arc-typical caic-alkaline basalts (Conrey et al, 1997). During the passage of primitive

basalts along dikes to the Earth's surface, crustal melts have not been large contributors.

While the presence of primitive basalts is noteworthy, basaltic andesite (52 to 56 wt%

SiO2) is the most common composition in the Oregon Cascades (Hughes and Taylor,

1986). A combination of crustal contamination and fractional crystallization is

responsible for the transition from basalt to basaltic andesite while en route from the

mantle to the Earth's surface.

Central Oregon Cascade basaltic andesites are largely of two types, distinguished

by their incompatible trace element concentrations. The more common is the

incompatible element-enriched Mount Washington type (MW-type, -4 wt% K20)

basaltic andesite. The other, North Sister-type basaltic andesite (NS-type, -P0.6 wt% K20)

is more depleted in incompatible elements than most Cascade basalts, excepting some

LKTs (Hughes and Taylor, 1986). North Sister is the largest, most voluminous, and

longest-lived volcano that is made exclusively of North Sister-type basaltic andesite.

North Sister-type basaltic andesite is parental to more evolved compositions erupted from

the Matthjeu Lakes Fissure (MLF) and the Holocene cinder cones.



Glacial History

Glaciers are by far the most powerful erosive force in the Cascade Range. Four

glaciations have been identified in the Oregon Cascades: Neoglacial, Last glacial

maximum (LGM, -48-22 ka), early Wisconsin (40-70 ka) or Penultimate (-150 ka), and

earlier. The last two glaciations are constrained by tephra chronology (Scott et al, 1990)

while the two older glaciations are distinguished by weathering characteristics of moraine

remnants and buried glacial sediment (Scott, 1977). During the last glacial maximum,

glaciers covered the Cascade Range from 011alie Butte, north of Mt. Jefferson to Mt.

McLaughlin in southern Oregon (Crandell, 1965). A small ice cap covered the Three

Sisters region and fed several ice lobes that extended to the east and west (also called the

Suttle Lake advance, Scott et al, 1990). The Neoglacial period ended in early 1700 AD,

when small alpine glaciers began to retreat (Scott et al, 1990). Today, Oregon's glaciers

are shrinking rapidly, leaving behind sharp Neoglacial moraines (Clark, 1992).

Analytical Techniques

Field Work - Sampling and Mapping

Fourteen weeks of fieldwork at North Sister Volcano were conducted during

2000-2004 using topographic map base at 1:14,000 and air photos at 1:12,750 and

1:48,000. Detailed sampling and mapping of North Sister, MLF, and Little Brother

resulted in the collection of 195 samples.

40ArA9Ar age determination

A total of 16 samples were selected for 40Ar/39Ar age determination (Table 2-3).

Of these, 14 were performed on whole rock samples and two were on groundmass

separates wrapped in Cu foil. All samples were analyzed using a MAP 215-50 rare gas

mass spectrometer at the Noble Gas Laboratory, College of Oceanographic and

16
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Atmospheric Sciences, Oregon State University. Argon gas was released over 5 or 6

steps using incremental heating methods from Duncan and Hogan (1994) in a resistance

furnace. Given the low K20 and low radiogenic argon of the samples, fewer heating

steps were desirable in order to increase the amount of argon released with each step,

decreasing the error. Temperatures were monitored and controlled with a programmable

power supply thermocouple system. Masses 3 5-40 and intervening baselines were

measured during 10 sweeps with <10% peak decay per analysis. After the isotopic

measurements were made, ages were calculated using ArArCalc V2.2 (Koppers, 2002),

correcting for blanks. Plateaus were defined by four or more incremental heating steps

that yielded ages within error of one another and reduced the overall error, typically

contributing over 90% of the cumulative released 39Ar (Appendix 3).

The oldest analyzed lava sample, NS-02-87 (Table 2-3), yielded a recoil sloped

plateau, common for whole rock 40Ar/39Ar analyses of fine-grained rocks (Appendix 3).

A recoil plateau reflects 39Ar that is knocked out of fine grains with high surface area to

volume ratios such as plagioclase microlites during neutron bombardment. The first

heating steps release argon in the grain boundaries have higher 40Ar/39Ar and older

apparent ages, while the later steps either show the true or lower apparent ages (Faure,

1986). We therefore chose to use the normal isochron age (328.1 ± 158.1 ka) for that

sample with a younger age, but greater error. Lava NS-02-85, two flows above NS-02-87

yielded a weighted plateau age similar to the normal isochron age of NS-02-87.

Sample characterization

Mineral point counts were performed on representative petrographic thin sections

for 500 to 700 points at 1 mm grid spacing. A total of 174 samples were analyzed by X-

ray fluorescence (XRF). Samples were prepared using methods from Johnson et al.

(1999). They were chipped using an alumina jaw crusher and then powdered using a

tungsten carbide shatterbox. Powders of each sample were mixed with Li-tetraborate

flux in a 1:2 ratio and fused. Analyses were performed in the GeoAnalytical Lab at

Washington State University-Pullman. XRF analyses were done on a Rigaku 3370
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Spectrometer. The fused beads were used for major and trace element analyses at a

constant voltage of 50kV (50 mA) on a Rh target for all elements.

Palagonitic tuff at North Sister was characterized at Oregon State University.

Clay size fractions (2 and 10 .tm) were separated and analyzed on a Phillips 3100 x-ray

generator for clay and zeolite mineralogy. Textural analysis and imaging was preformed

on a Philips CM-12 scanning transmission electron microscope, equipped with an x-ray

energy spectrometer to analyze hydrated glasses for elements heavier than beryllium.

North Sister Volcano

At 10,063 ft (3067 m) elevation, North Sister is one of three volcanoes over

10,000 feet in elevation called the Three Sisters in the central Oregon Cascades (Figure

2-1). It has long been interpreted as the oldest because North Sister is the most rugged,

with exceedingly steep glacial scarps and talus slopes on all sides (N, E, 5, and W). The

edifice is roughly shaped like a sea star whose 5 arms, separated by cirques are steep-

sided ridges of lava and/or palagonitic tuff (Figure 2-3). Ridges will be referred to as the

SW, NW, NE, E, and SE ridges. Nearly half of North Sister's volume has been eroded

by glaciers and dispersed as moraines and till in the lodgepole pine forest surrounding the

cone.

North Sister is a composite volcano that was built during four eruptive stages

(Figures 2-3 and 2-4 and Tables 2-1 and 2-3). Its composition is remarkably

homogenous as the depleted North Sister basaltic andesite (Table 2-1). The stages were

1) early shield, 2) glacial stage, 3) upper shield stage, and 4) stratocone stage. A final,

through-going fissure produced of the Matthieu Lakes Fissure (MLF). The early shield

stage (stage 1) is made up of compositionally distinct thin lavas, found at the base of the

NE ridge of North Sister. The glacial stage (stage 2) consists of proximal, inter-layered

pyroclastic facies of yellow palagonitized tuff of apparent sub-glacial eruptive origin and

scoria and a distal thin lavas facies. The upper shield stage (stage 3) consists of dozens of

thin lavas (0.5 to Sm. thick) that unconformably overlie stage 2. The stratocone stage

(stage 4) produced high-angle, layers of alternating scoria and agglutinated lavas as well

as very thick flows that make up North Sister's three-pinnacle summit. The Matthieu
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Lakes Fissure (MLF) is made up of> 1 1 km of aligned cinder cones, agglutinate vents,

agglutinate lavas, and dikes to the north, and an agglutinate flow to the south. The

alignment of MLF vents parallels other vent alignments and structural features (e.g.

Green Ridge) in the region (Figures 2-2 and 2-3). MLF's composition ranges from North

Sister basaltic andesite, 53 to more evolved 59.7 wt% Si02.

North Sister's lavas are overlain by lavas of nearby vents, including Middle

Sister, a major basaltic andesite to dacite stratocone 2 km to the south and the "Black

Hump," a Middle Sister satellite, dacitic vent between North and Middle Sisters. Little

Brother, a small, heavily glaciated shield volcano 2 km west of North Sister consists of

stacks of thin lavas of MW-type basaltic andesite. Little Brother was contemporaneous

with North Sister and flowed down its broad west flank is a tilted cone.

Glaciers and glacial deposits around North Sister

While its largest present day glacier, Collier, lies west of North Sister, the north

and east flanks of North Sister are more eroded with exposures of the volcano's interior.

Collier Glacier is a broad snowfield with a blue and crevassed terminus west of North

Sister and north of Middle Sister. Its large (120 m tall), steep, lateral moraines lie

between Little Brother and North Sister. Collier Glacier and its west moraine have

extended to Collier Cone at various times since the cone's formation 1600 '4C yrs ago

(Scott, 1977). Periodically, melt water has breached the moraine as small outburst floods

that deposited large, rounded boulders, known as Sawyer Bar in White Branch Creek, the

most recent large flood occurred in July, 1942, and a second, smaller flood occurred in

October, 1956 (O'Conner et al, 2001). No significant outflow creek originates from

Collier Glacier. Instead, glacial melt water feeds large cold springs down slope because

the ground is too permeable (Jefferson et al, 2004). Collier Glacier is shrinking rapidly;

in 1930 its terminus was in contact with Collier Cone (3.3 km-long) and has retreated

over 50% (1.8 km, Clark, 1992).

Thayer Glacier lies on the east side of North Sister as a thin, steep, rock-covered

glacier, with a small 0.5 km-long terminal moraine with 180 m relief. Villard Glacier is

small and high on the NE flank of North Sister and lacks a moraine. The upper half of
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Linn Glacier is blue and crevassed high on North Sister's north flank, while its lower half

is rock-covered and has steep, -1 km-long lateral moraines.

A series of moraines extend 12-km from North Sister recording the Last Glacial

Maximum (18 to 22 ka, Scott, 1977) to Neoglacial advance (-4700 AD). With

increasing age, moraine deposits evolve from unconsolidated and steep-sided to broader

and vegetated. Young ash deposits and small, monogenetic volcanoes cover glacial

deposits north of North Sister, including Holocene Yapoah Crater, Collier Cone and the

Ahalapam Cinder Field.

Stage Descriptions and Field Relations

North Sister is primarily composed of dike-fed, agglutinated basaltic andesite lava

flows that contain plagioclase and olivine (± pyroxene) phenocrysts with opaque

microphenocrysts. Thick sequences of pyroclastic material, including scoria and

palagonitic tuff, are typically found close to North Sister's edifice, although rafted scoria

are common between lava flows. Flows are generally 0.5 to 5 m thick proximal to North

Sister and thicken substantially (>10 m) down slope where lava ponded. Thicker lava

flows (>5 m) sometimes have glassy jointed to pillowed margins, reflecting

impoundment against ice.

Stage 1 Early shield

The deepest and oldest lavas at North Sister Volcano are exposed at the base of

the N-NE ridge, the N flank, and one outcrop north of the volcano (Figure 2-3 and 2-4) as

the products of the early shield stage. We use the term shield here to reflect modestly

dipping lava flows and fewer scoria accumulations, although North Sister's lavas are

pyroclastic in origin.

At the N-NE ridge, the lower shield stage is a stack of at least 8 agglutinated, 0.5

to 4 m-thick lavas that are chemically similar (see North Sister chemistry section). Lavas

dip I O-20' away from North Sister and vary from red scoriaceous aggregate flows to
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Figure 2-3. (a) Geologic map of North Sister Volcano, Matthieu Lake Fissure, and Little
Brother Volcano, Central Oregon High Cascades Range. North Sister, a basaltic andesite
to andesite composite volcano was constructed during 5 stages over 300 ka. The NS-
trending Matthieu Lakes Fissure was built during 3 magmatic pulses. Little Brother, a
small, heavily glaciated shield volcano was active during the construction of North
Sister's stage 2. Based on fieldwork for this study as well as previous work by Taylor
(1980) and Conrey (written communication, 2001) (b) Key for geologicmap.
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Figure 2-4. (a) Cross section of North Sister Volcano with eruptive stages based on (b)
photo of North Sister from the north. Rock units, excepting dikes are the same as in
geologic map (Figure 2-3). Red dikes represent earlier radial dikes. The black dikes
always cross cut radial dikes and trend N5 to 1 5°E, parallel with regional structures
including vent alignments and fauk scarps (e.g. Green Ridge, Figure 2-2).
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gray, vesicular flows with rubbly tops and bottoms. Flows thicken downslope, indicating

that their source was near where North Sister is now. Ice quench features are limited to

flow margins as irregular jointing patterns typical of flows that banked against ice

(Smellie, 2000).

At the base of North Sister's northern flank, thin 0.5 to 2 m-thick early shield

lavas dip 30° to the north and are overlain by a thicker 4.5 rn-thick blocky agglutinated

lava of the same stage. The only known early shield dike trends N30°E and intruded

between the thinner lavas and the thicker agglutinated lava.

Stage 2 Glacial stage

The stage I lavas are overlain by a package of lavas interfingered with proximal,

alternating layers of yellow palagonitic tuff and red scoria deposits (Figures 2-3, 2-4, 2-6)

This interfingering relationship between pyroclastic facies and a lava facies is also well-

exposed on the deeply eroded E-SE flank of North Sister above the remnants of Thayer

Glacier. The pyroclastic facies is exposed on the also exposed on the E, N, and W flanks

of North Sister while the lavas make up the SE, NE, and lower NW ridges. A major

unconformity marks the upper boundary of stage 2, indicating that the youngest 40Ar/39Ar

date (105.2 ± 38.6, Table 2-3, see later discussion) does not reflect the end of stage 2.

This unconformity is overlain by the stage 3 upper shield on the north flank and the stage

4 stratocone on the SW ridge.

The interbedded red scoriá and yellow palagonitic tuff of the pyroclastic facies are

the most striking unit on North Sister. Scoria units are not consolidated, but the

palagonitic tuff is a well-cemented and forms cliffs. Layers within the pyroclastic facies

dip 20 to 40° (Figure 2-6a), greater than or equal to that of the lava facies. Erosional

contacts between units are present as angular unconfonnities between scoria and lava

units visible on the north flank of North Sister (Figure 2-4) and as cryptic unconformities

revealed by slight changes in dip direction for lavas and pyroclastic layers.

Exposures of palagonitic tuff occur on the east face, NE ridge, the north flank,

and unapproachable west flank (Figure 2-3). The palagonitic tuff unit is composed of

yellow matrix that supports both black vesicular scoria (1 to 30 cm), and minor, massive,
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pillowed clasts (up to 2 m diameter) that presumably formed underwater. Clasts are

rounded with minor alteration on the exterior, while the matrix and ubiquitously altered.

Where dikes have cut through the tuff, it is typically has an orange halo of alteration.

Scanning electron microscope (SEM) imaging (Figure 2-6b) of the matrix

revealed euhedral plagioclase and olivine crystals surrounded by palagonite, a mixture of

nontranitic smectite, chabazite (a zeolite) and hydrated Ti-Fe-Si glass. Synemplacement

ice-induced brecciation of lava produces hyaloclastite glass that then altered readily to

palagonite while warm water was still present (Smellie, 1994).

The red scoria layers within the pyroclastic facies of stage 2 must have formed

subaerially since they have not suffered palagonization. This argues for intermittent ice

during stage 2, but we cannot differentiate between the yellow/red bands being the result

of one or multiple eruptions. If a yellow/red band was from one eruption, then it began

by erupting beneath a thin ice sheet, producing the palagonitic tuff; the scoria must have

followed once the eruption melted though the ice. If it was due to multiple eruptions,

then a yellow/red band could represent seasonal fluctuations in the ice.

While the transition between the pyroclastic clastic facies and the lava facies is

gradational, most distal lavas have little evidence of interaction with ice. Where pillowed

lavas exist, they are associated with thin, basal palagonitic tuff layers, generally above

minor unconformities of stage 2. The S-SE face of North Sister is made up of a thick

stack of over 100 lavas, with minor to cryptic unconformities. No palagonitic tuff or

scoria layers are present in the stack of lavas that make up the S flank, constraining the

maximum extent of ice-induced brecciation and the pyroclastic facies.

Stage 3 upper shield

The upper shield stage unconformably overlies stage 2, exposed in glacially cut

ridges, and forms high elevation cliffs above pyroclastic deposits. The unconformity is

well-exposed on the N and E flanks of North Sister (Figures 2-3 and 2-4), where lower

lavas of the upper shield followed weakly developed channels that cut across scoria

layers. The upper shield stage is made up of more than 20 low angle (10 to 30°), thin,

agglutinated lava flows (0.5-5m thick) that thicken down slope. Because there are no
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conspicuous unconformities and only one layer of palagonitic tuff (Figure 2-4), the upper

shield is interpreted to have formed during a time of little to no glacial ice on North

Sister.

Stage 4 stratocone

Stage 4 agglutinated lavas flowed unconformably over stages 2 and 3. Thick

lavas (2 to 10 m) formed the NW ridges, and thin, red agglutinate lavas flowed down 40

to 50° slopes and are inter-layered with cinders near the summit on the SW ridge and high

on the N flank. To the west, a narrow (0.1 to 0.2 km wide), steep (40-50) lava flowed

unconformably over stage 2 pyroclastics. Most exposures of stage 4 are mainly atop

fairly high ridges, but the lowest exposures are found within the glacial valley to the

north and northwest.

The summit of North Sister has 3 steep pinnacles, the northern Glisan Peak and 2

southern Prouty Pinnacles, each consisting of shallowly dipping, very thick lava flows

that overlap to the south. The Glisan flow, for example is about 30 m thick, the bottom

half is made up of gray to yellow palagonitic tuff and may have either ponded in a crater

lake or been held in by glacial ice. Underlying the thick pinnacle flows are exceedingly

steep slopes of semi-consolidated, (i.e. frightening) subaerial, red spatter and scoria

flows.

Matthieu Lakes Fissure (MLF)

The MLF (53.0 to 59.7 wt % Si02, Table 2-1) is a greater than 11 km-long series

of vents that generally trend NI 0E. MLF transects North Sister as it is found both to the

north and to the south of the edifice (Figure 2-3). Although MLF activity largely

postdates North Sister, it may have overlapped with later stage 4 (see below, Table 2-3).

The north arm of MLF consists of 3 splays, discernable by their composition and

alignment of vents (Figure 2-3). The north arm begins high on the NW ridge of North

Sister (at least 8440 ft or 2570 m elevation). The east and central splays are elongate, 8.5

km-long platforms of massive, thick lavas (5 to 20 m). Small, oxidized scoria cones and
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spatter ramparts top the lava platform close to North Sister. Farther north, there are true

scoria cones on top of the steep-sided lava platform. The 4-km-long east splay underlies

later MLF products and has been glaciated with a well-defined cirque separating it from

the central splay (Figure 2-3). The central splay accounts for the majority of MLF's

volume (see later section), extending 8.5 km to its north terminus where it culminated at

Black Crater (Bacon, 1996).

We interpret that the platform lavas were confined by ice and unable to flow

laterally because the massive platform lavas are particularly thick and flat. In contrast

lavas with similar compositions (and viscosities) from North Sister's earlier stages are

quite thin (0.5-2 m). MLF lacks pillowed lavas and palagonitic tuff, but the lavas are

very glassy (usually <5% crystals), have planar flow bases, and exhibit irregular jointing.

The west splay trends Ni 0°W, but its extent is unknown because it is covered by

late Holocene Yapoah Crater lavas. This splay was dominantly pyroclastic, comprising

oxidized scoria, spindle bombs (up to 2 m), and spatter that variably formed viscous

agglutinate flows. The west splay formed a ridgeline with slopes near the angle of repose

(near 30°), having not been glaciated.

The east splay is crystal-rich relative to the other splays containing 10 to 60%

plagioclase, olivine, two pyroxenes, groundmass magnetite, and rare dehydrated

amphibole that has broken down to Fe-Ti oxides, clinopyroxene, and mica (Table 2-i).

Ejecta of the central splay are crystal poor (<5%), yet are characterized by the presence of

Fe-Ti oxide phenocrysts up to 1 mm as well as plagioclase, two pyroxenes, ± olivine, and

no amphibole. The west splay produced oxidized vesicular spatter with up to 10%

plagioclase, olivine, two pyroxenes, and groundmass magnetite.

The part of MLF that erupted south of North Sister will be referred to as the south

agglutinate (Figure 2-3) where it is an elongate pile of agglutinated lava that erupted from

9140 ft (2785 m) elevation. The south agglutinate flowed unconformably over the steep,

glacially cut, south face of North Sister made up of stage 2 and 4 lavas and fed a -10 m-

thick lava flow that ponded or banked up against ice in the Hayden Glacial Valley

(Figure 2-3). This south agglutinate is chemically (Figure 2-5), modally (cpx is present,

Table 2-1), and temporally (see later section, Table 2-3) the same as the MLF. Young



Table 2-1. Representative chemical and modal analyses of North Sister, Little Brother, and Matthieu Lakes Fissure
Sample # NS-02-87 NS-02-76 NS-02-36 NS-03-164 NS-01-16 NS-03-165 NS-02-1 11 NS-03-140 NS-03-132 NS-02-46Stage Stage 1 L Stage 2 L Stage 2 U Stage 2 U Stage 2 U Stage 2 Stage 3 Stage 4 Stage 4 Dike
Chem. Group 1 2a 2a 2b 2b 2b 3-4 3-4 3-4Description

Normalized resubs

Low NE ridge
lava

Middle NE
ridge lava

Upper NE
ridge lava

Lower SE
ridge lava

Upper SE
ridge lava

Pillow in tuff Lava Draping lava,
SW ridge

NW ridge lava NE ridge dike

Sic)2 54.4 53.0 53.9 54.7 53.4 54.5 54.7 53.6 54.1 53.8Al203 18.7 18.4 18.2 18.9 19.0 18.3 18.7 19.1 19.0 19.7Ti02 0.99 1.21 1.09 0.99 1.06 1.09 1.03 1.05 1.14 1.16FeO* 7.2 8.0 7.8 7.0 7.6 7.4 7.1 7.1 7.4 7.4MnO 0.12 0.14 0.14 0.12 0.13 0.13 0.13 0.13 0.13 0.13CaO 8.6 9.0 8.94 8.6 9.1 8.7 8.5 9.2 9.0 9.1MgO 5.4 5.7 5.3 5.2 5.2 5.2 5.1 5.3 4.6 4.0KO 0.74 0.65 0.75 0.69 0.66 0.77 0.78 0.63 0.70 0.70Na20 3.7 . 3.6 3.6 3.7 3.7 3.7 3.8 3.7 3.8 4.0P205 0.21 0.27 0.21 0.19 0.19 0.23 0.21 0.18 0.20 0.20UnaormaJize.flotal 96.5 96.7 93.3 99.6 98.7 99.3 97.8 99.3 98.9 98.3

Ni 93 90 64 89 74 64 83 87 51 35Cr 78 49 88 62 57 82 71 54 41 30Sc 22 23 22 22 22 24 21 21 28 23V 166 196 193 165 181 181 167 178 190 199Ba 270 266 284 257 253 310 299 235 272 263Rb 9 10 10 8 7 10 9 7 8 9Sr 600 558 540 577 580 551 596 572 567 600Zr 108 115 106 102 97 120 III 94 103 100V 18 21 21 18 19 21 18 19 19 19Nb 6 8 7 6 6 7 6 6 7 6

Modal %
Plogioclase 45.7 42.6 40.1 39.9Olivine 3.6 2.4 3.8 7.5Op 1.5 1.8 8.7 0.5Cpx
Amphibole

0.3
-

-
- 0.7

Opaques
Volume %

3.5 0.1

Phenocrysis 39.3 46.8 47.8 34.7Glomerocrysis 12.8 5.4 7.3 14.0Groundmass 42.9 42.9 43.7 47 6



Table 2-1. Representative chemical and modal analyses of North Sister, Little Brother, and Matthieu Lakes Fissure, continued
Sample # NS-02-49 NS-02-29 NS-02-66 NS-02-72 LB-02-2 3S-OO-5 NS-02-92 NS-02-93 NS-02-1O1 NS-02-107A NS-03-168
Stage NS dike NS dike Distal lava N glom-rich Little Little MLF-East MLF-East MLF - MLF-West South

lava Brother Brother splay splay Main splay splay Fissure
Chem. Group Mod K ba MW type ba MW type ba MLF MLF MLF MLF MLF
Description Dike, NE Dike, SE Lava Lava Lava Lava Lava, South

ridge ridge flank of NS
Normalized results

SiO 53.3 53.4 52.5 53.5 52.8 53.7 53.3 54.9 59.7 57.6 58.2
AlO3 18.8 18.8 18.4 18.1 17.7 17.4 20.0 17.8 17.0 17.9 17.0
Ti02 1.01 1.08 1.20 1.34 1.41 1.35 1.16 1,57 1.33 1.05 1.44FeO* 7.3 7.6 8.1 7.8 8.5 8.7 7.5 8.9 7.0 7.1 6.9
MnO 0.13 0.13 0.14 0.14 0.15 0.15 0.13 0.15 0.14 0.12 0.15
CaO 9.2 9.1 9.1 8.9 8.7 8.2 8.0 7.5 5.5 7.1 6.2
MgO 5.9 5.4 5.9 5.3 5.6 5.1 4.1 3.7 2.5 3.7 3.0
K20 0.63 0.66 0.66 0.86 0.98 1.01 0.69 0.85 1.4 0.97 1.25
Na20 3.6 3.7 3.7 3,7 3.7 4.0 4.0 4.5 5.1 4.3 4.7
P205 0.18 0.19 0.26 0.31 0.47 0.39 0.22 0.27 0.37 0.14 0.34
iiunormalized total 98.0 98.8 98.2 97.6 97.7 98.6 98.8 97.0 97.9 98.7 98.4

Ni 109 75 98 74 71 53 45 10 6 23 4
Cr 98 56 54 109 97 83 18 7 9 35 8
Sc 19 28 23 25 21 25 15 19 25 28 28
V 178 186 179 188 195 194 179 262 121 177 191
Ba 257 246 274 333 415 389 262 305 479 310 430
Rb 8 8 8 11 13 15 7 7 22 15 18
Sr 562 569 566 540 653 606 625 546 484 504 502Zr 92 98 114 140 163 147 104 124 186 lOt 166
V Il 19 21 24 26 25 21 24 30 18 27
Nb 6 7 10 11 13 11 6 7 Il 6 89

Modal %
Plagioclase 21.5 16.7 25.8 34.2 14.1 2.6 58.9 7.2 2.6 6.6 2.8
Olivine 3.9 3.5 5.1 11.6 5.4 0.4 6.2 0.9 - 0.7
Opx 0.1 - - 0.1 - 0.1 0.2 0.1 0.2
Cpx - - - - - 0.6 - 0.6 0.3 0.3
Amphibole - 5.0 - - -
Opaques - 0.2 3.4 - 0.1 3.4 1.0 0.9 0.8
Volume %
Phenocrysts 19.0 11.3 29.0 26.8 6.9 1.5 44.3 10.1 2.9 6.1 2.0
Glomerocrysts 6.6 8.7 2.5 22.7 13.8 2.5 18.5 4.2 1.3 1.7 1.9
Groundmass 74.3 71.5 63.9 54.3 79.0 95.6 44.2 85.7 95.8 80.7 96.1



31

Figure 2-5. Major element variation diagrams to illustrate important chemical differences
between North Sister, Little Brother, MLF, and the north glomerocrystic (N gi.) basement
lava. The S arm of MLF is an agglutinated lava of similarage and chemistry to the longer
N arm of MLF. (a) MgO vs. Si02 demonstrates the intermediate nature of North Sister
and Little Brother's basaltic andesites. MLF consistently follows a direct fractionation
trend from North Sister. (b) K20 vs. Si02: North Sister basaltic andesite is more depleted
in incompatible elements, such as K20, than Little Brother (MW-type) basaltic andesite.
(c) CaO/Al203 vs. MgO breaks North Sister chemistry into coherent chemical and
stratigraphic groups, shown in (d), a close up of CaO/Al203 vs. MgO. Chemical groups
1-5 roughly follow with the 5 eruptive stages, except that stage 2 is broken up into 2a and
2b because clusters follow with stratigraphy. Also stages 3 and 4 are lumped into one
chemical group. Groups 1 and 2b are most similar, with lower CaO/Al203 and higher Ni
at a given Si02 (e) than group's 2a and 3-4. c1) Ti02 vs. MgO illustrates the differences
between the east, central, and main splays of MLF. The east splay has rapidly increasing
Ti02 with decreasing MgO, consistent with magnetite absent fractionation. Once
magnetite reaches the solidus and is present as a phenocrystic phase in more evolved east
splay lavas and in the central splay, TiO2 decreases with decreasing MgO. The west
splay does not follow the same trend.
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Figure 2-6. a) Field photo of NE ridge o f North Sister Volcano with exposures of
eruptive stage 2's interfingering palagonitic tuff (clastic facies) and lava facies.
Numerous dikes cross cut the ridge. Lithologies in the clastic facies are pt = palagonitic
tuff, lighter colored units and sc = scoria, darker colored units. The distance from the top
of the moraine to the ridge top is 130 m. b) SEM image of palagonitic tuff. The
mineralogy of the tuff is primary euhedral plagioclase and olivine (not shown), Fe-Ti-Si
glass, the zeolite chabazite and nontranitic smectite. c) XRD pattern of palagonitic tuff
<2 .tm clay fraction under Mg-saturated with 54% humidity and dried, Mg-glycol
saturated conditions. The identified mineral peaks include smectite, plagioclase,
hematite, and chabazite. The smectite was identified by the appearance of 001, 002, and
003 peaks after the sample was dried and saturated with Mg-glycol.
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moraine deposits of Hayden Glacier cover the southernmost MLF boundary, obscuring its

total length.

Other mafic vents and lavas

Little Brother

Little Brother is a small shield volcano that lies west of Collier Glacier and 2 km

west of North Sister Volcano. Little Brother is made of MW-type basaltic andesite and is

more glomerocrystic than North Sister (Table 2-1). Little Brother overlaps in age with

North Sister, its lavas ramp up against North Sister's western flank, and to the northwest

of North Sister, Little Brother lavas are glacially striated and underlie Matthieu Lakes

Fissure lavas (Figure 2-3).

Glaciers covered Little Brother during its early history as evident by yellow

palagonitic tuff that makes up the lower NE flank and that underlie thin lavas in the

shallow upper canyon of White Branch. Most of Little Brother is made of thin (0.25-3

m) lavas with low dip of 5-10°. These thin lavas are generally not agglutinated, like those

found at North Sister, making Little Brother more akin to typical shield volcanoes. An

upper sequence of thicker (5 to 15 m) agglutinated flows flowed unconformably over the

lower thin, shallowly dipping lavas. Little Brother is capped by red agglutinate and

spatter and is cut by a volcanic plug exposed on the NE flank. A large dike (-1 0 m

across) and small lava flow, situated north of Little Brother (Figure 2-3) trends N10°E,

oriented parallel with MLF.

Northern glomerocrystic lava

A glomerocrystic basaltic andesite lava is exposed in the forested glaciated flats

north of North Sister and beneath MLF lavas. It covers roughly 2 km2 and originated

from an unknown vent. Its stratigraphic relationship with North Sister is also unknown

because no clear contact was observed. The glomerocrystic lava's composition is



transitional between Little Brother's MW type basaltic andesite and North Sister's

basaltic andesite, but has higher wt% MgO than both types (Figure 2-5 a).

Island Fissure

A series of four north-trending cinder cones and two palagonitic tuff cones west

of MLF, that we call the Island Fissure for the position of two vents within a kipuka of

Yapaoh Crater's lava flow. The products of the Island Fissure appear to be pyroclastic or

hyaloclastic and no associated lavas have been observed. The southernmost cone of the

Island Fissure is a flattened, red cinder cone. The top is scattered with massive glacially

polished boulders. To the north of and underlying the southernmost cone are two eroded

cones consisting of reworked, bedded orangey yellow palagonitic tuff. These palagonitic

tuff cones probably erupted hydrovolcanically beneath a thin glacier that allowed melt

water to drain away (Smellie and Skilling, 1994 and Smellie, 2000) and was followed by

subaerially erupted cinder cones.

Holocene cinder cones

Holocene cinder cones north of North Sister include Collier Cone, Yapoah Crater,

and the Ahalapam cinder field, along MLF's west splay axis that are chemically related

to North Sister-type basaltic andesite. The Four-in-One Cone, west of MLF is dissimilar

to North Sister, being made up of both MW-type basaltic andesite and a Sr-rich basaltic

andesite erupted from 4 closely spaced vents (Conrey, 2000). Yapoah Crater's lava flow

(54 to 57% Si02) is more vegetated and thus older than Collier Cone's flow (55 to 65%

Si02, Schick, 1994), which has been dated as 1600 '4C years old (Scott, 1977).

The Ahalapam cinder field is made up of unconsolidated spindle and ribbon

bombs to ash-sized clasts and piles of agglutinated spatter that did not produce lava

flows. The unvegetated cinder field broadly overlies MLF's red agglutinate west splay.

Numerous vents are discernable as piles of spindle bombs, but they do not follow a linear

vent pattern like MLF.
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Figure 2-7. Si02 of MLF plotted against N-S distance. The general trend exhibits
increasing Si02 as the fissure approaches North Sister in the east and main splays. The
near linear array of the east splay is inferred to be the result of recharge and fractionation
caused by dike injection (Chapter 4). A tie line connects three lavas that are in
stratigraphic sequence from the east splay. A young radial dike (NS-02-13 1) and
associated lava of similar age to MLF are included also. The later west splay forms a less
coherent trend than the earlier splay that we interpret to result from tapping magmas with
the similar parental composition but that followed a separate liquid line of descent.
Ranges in Collier Cone and Yapoah Crater are shown for comparison (Conrey,
unpublished data).
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Figure 2-8. Crystal content of selected MLF samples vs. Si02. With increasing Si02,
crystal content decreases for the east and central splay, supporting direct crystal
fractionation to produce MLF chemical variations. The west splay does not f011ow this
trend.
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Typical cinder

cone

Lava Butte,
Newberry vicinity
Typical

stratocones

Mount Hood
Mount Shasta

Error estimates are qualitative.
Volume of a cone = 1/3irr2h

40ArI39Ar Dates

Field data were correlated to 40Ar/39Ar dates (Table 2-3, Appendix 3) to further

constrain eruptive stages at North Sister. The early shield stage was defined by chemistry

and by two dates from the base of the N-NE ridge that are much older than the rest of

North Sister. Two samples of early shield yield ages of 324 ± 88 ka (normal isochron, see

previous section) and 318.9 ± 106.2 ka (weighted plateau age, Table 2-3) for a weighted

mean of 324 ± S8ka.

The glacial stage contrasts with the early shield because it is exposed all around

the volcano, except the NW ridge. Different ridges on North Sister yielded different age

ranges, indicating that North Sister was build in sections whereby the NE ridge is older

than the SW ridge, which is older than the SE ridge. The upper lava of the NE ridge and

a dike that cuts it yielded 40Arf39Ar ages within error of one another of 160.7 ± 70.0 ka

0.02 (Giles, et al., 2003)

50 (Sherrod and Smith, 1990)
350 (Sherrod and Smith, 1990)

39

Table 2-2. Volume Calculations

Height Notes on calculations
(km)
1.55 Calculated as a cone with apron with

present height and full reach of lavas.
Angle of cone is 23' and apron is 9.5'.
Sum of cinder cones and lava platform
volumes, as calculated from topographic
sheet

0.28 Calculated as a tilted cone (base
elevation I = 2190 m; base elevation 2
1710 m)

Volume Est. Radius
(km3) Error (km)

Total North Sister 40 ± 50% 6.0

Matthieu Lakes 0.4 ± 20%
Fissure (MLF)

Little Brother 0.8 ±50% 1.8
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and 191.2 28.7 ka respectively. A dike on the SW ridge near the summit, but underlain

by later scoria and agglutinated lavas yielded an age 147.3 ± 73.7 ka. The thick stack of

lavas that makes up the SE ridge yielded bottom and top ages of 123.3 ± 50.9 ka and

118.0 ± 58.3 ka respectively. A pillowed clast from an upper palagonitic tuff layer

yielded an age of 105.2 ± 38.6 ka (Table 2-3). A major unconformity marks the upper

boundary of stage 2 between the stage 3 upper shield on the north flank and the stage 4

stratocone on the SW ridge, indicating that the youngest 40Ar/39Ar date may not reflect

the end of stage 2.

The upper shield stage was not dated, but its position between stages 2 and 4

constrains its age range. The lowest of 4 steeply-dipping agglutinate lavas of the

stratocone stage on the SW Ridge yielded an 40Ar/39Ar age of 71.7 ± 39.6 ka. Low on the

NW ridge, below stage 5 MLF lavas, a stack of stratocone lavas are found that yielded an

age of 57.2 ± 38.6 ka (Table 2-3).

The east splay of MLF is older than the central and west splays. A small east

splay vent yielded a 40Ar/39Ar age of 75.8 ± 31.0 ka and may have been concurrent with

stratocone eruptions. The most voluminous central splay (Figure 2-3) has a 40Ar/39Ar

date of 15.1 ± 11.5 ka. A radial dike 8340 on North Sister with chemistry akin to MLF

yielded an age of 16.6 ± 10.3 ka. The south agglutinate lava yielded a similar age of

20.2 ± 11.6 ka. The west splay is unglaciated and more vegetated than Yapoah,

constraining its formation to between 13 -14 ka and -2 ka (Scott, 1977). Yapoah Crater's

lava flow (54 to 57% Si02) is more vegetatedlolder than Collier Cone's flow (55 to 65%

Si02, Schick, 1994), dated as 1600 '4C years (Scott, 1977).

Little Brother 40Ar/39Ar dates (Table 2-3) of upper and lower yielded 93.3 ± 75.0

and 156.9 ± 27.1 ka, respectively confirm the stratigraphy. The younger N10°E dike that

cuts Little Brother yielded an 40Ar/39Ar date of 47.4 ± 23.7 ka (Table 2-3), significantly

younger than the rest of Little Brother. A groundmass separate from the northern

glomerocrystic lava yielded an 40Ar/39Ar age of 175.4 ± 101.9 ka.



Table 2-3. 40Ar/39Ar dates for North Sister, Little Brother and Matthieu Lakes Fissure

Notes. 40Ar/39Ar ages presented with ± 2a error. Preferred dates in bold. MLF Matthieu Lakes Fissure; LB = Little Brother; WR whole rock analysis; GM = groundmass
separate; PLplagioclase separate. * Group l's preferred date is a weighted mean of samples NS-02-87 and NS-02-85, 322.0 ± 88.2 ka. The weighted mean i' was calculated as

2 1
,where cs is the weight or 2a error and x, is the preferred 40Ar/39Ar date. The weighted mean error a, was calculated as = 2

(Bevington, 1969).
>(1Ic-) Xcr,)

Sample 4 Eruptive
Stage

Total Fusion
Age (ka)

Normal Isochron
Age (ka) (40Ar/Ar)

Points
fitted

Plateau Age
(ka)

Plateau
MSWD

Plateau %
39Ar

North Sister
NS-02-87 Lowest basaltic andesite lava ofNE Ridge I WR 574.3 ± 117.2 328.8 ± 158.1* 300 ± 4 6 of6 507.8 ± 117.2 2.07 100.0
NS-02-85 Basaltic andesite lava of NE Ridge, 2

lavas above 88
I WR 245.1 ± 130.3 296.4 ± 194.5 296 + 6 5 of 6 318.9 ± 106.2* 033 75,5

NS-02-78 Basaltic andesite lava 2 lavas above 85. 1 FL 989.5 ±1329.7 340.5 ± 8490.9 296 ± 6 5 of 7 555.6 ±1373.9 0.01 87.5

NS-02-58 Upperlavaofhill79s2 2 WR 206.2± 107.6 156.4±111.1 296±7 5of6 160.7±70.0 0.79 96.3
NS-02-44 Dikecuttinghighhill7952 2 WR 207.5± 40.1 191.8+ 28.7 295+6 6of6 191.2± 28.7 0.67 100.0
NS-03-164 FlowatbaseofSEridge 2 WR 180.0± 67.7 152.2± 89.8 290±15 3 of5 123.3±50.9 0.29 89.2
NS-01-16 Upper pillowed lava on SE ridge 2 WR 158.8 ± 83.8 90.6 ± 70.6 300 ± 6 5 of 5 118.0 ± 58.3 0.61 100.0
NS-03-165 Pillowedclastfrompalagonitictuff, 2 WR 105.2± 38.6 78.9 ± 44.5 299±4 5of6 105.2± 38.6 1.46 90.0

East flank
NS-03-141 Dike near summit on SW ridge 2 GM 183.1 ± 78.6 21.1 ± 203.1 306 + 16 5 of6 1473 ± 73.7 0.63 96.2

NS-O2-102 ThinNSt]owunconforinablybelow 4 WTR 124.9+ 62.1 55.9± 43.9 296±8 5of6 57.2+36.8 0.06 87.5
MLF, NW ridge

NS-03-140 Lowestof4steeply-dipping
agglutinate lavas, SW Ridge

4 WR 151.7± 64.0 65.5± 42.0 297±7 4of6 71.7±39.6 0.53 90.1

Matthieu Lakes Fissure (MLF)
NS-03-131 NS radial dike of MLF chemistry MLF WR 24.9± 18.5 4.3± 31.1 316±16 5of5 16.6± 103 0.62 100.0
NS-02-101 Thick lava, close to North Sister's

north flank
MLF WR 26.7± 14.9 12.3± 14.4 300±14 Sof6 15.1± 113 0.17 95.0

NS-03-169 South agglutinate lava MLF WR 22.9± 16.1 19,1± 12.9 297± 7 5of6 20.2+ 11.6 0.09 97.7
NS-02-95A Small tuya on NE spur of MLF MLF WR 95.0±42.2 67.6± 34.2 299±10 6of6 75.8± 31.0 0.70 100.0

Little Brother
LB-02-5 LB lava LB WR 259.7 ± 34.4 128.2 ± 57.6 199 ± 6 4 of6 156.9 ± 27.1 0.68 88.6
LB-03-22 LB lava LB WR 75.4±72.8 68.6± 165.3 297±7 5 of6 933± 75.0 0.23 86.6
LB-03-21 Large N10°E dike on NE side of LB GM 87.2 ± 34.8 28.3 ± 47.1 303 ± 10 4 of 6 47.4 ± 23.7 0.34 86.8

North Glomerocrystic basement lava
NS-02-72 basement GM 172.2± 123.6 135.3± 158.6 297 +2 5 of5 175.4± 101.9 0.36 100.0
NS-02-72 Basement FL 2058.1±18329 -2688.0±16448 297±7 6of6 4121±7917 0.50 100.0



Volume Estimates

Assuming a footprint of 7.14 km2 from its ridges and a relief of 880 m yields an

estimated volume of 3.7 km3 for North Sister's cone (Table 2-2). Lavas extend another 4

km from the summit as a 36.3 km3 apron with an assumed footprint of 113.1 km2. The

amount of erosion during the construction of North Sister is unknown and likely to be

large. The last glacial maximum (18-22 ka) has removed roughly half North Sister's total

volume. The total volume of MLF was calculated as 0.4 km3 by summing cones and lava

platform shapes based on its topography. Little Brother's lavas flowed down North

Sisters west flank as a tilted cone (east base 2195 m and west base 1700 m). Based on an

estimated footprint of 10.6 km2 and pre-erosion relief of 240 m, Little Brother had a

volume of 0.8 km3 (Table 2-2).

Compositional Characteristics.

The eruptive composition during North Sister's first 4 stages is monotonous

basaltic andesite (53 to 55 wt% Si02, Table 2-1, Figure 2-5) with low concentrations of

incompatible elements, such as K20 (Figure 2-5b), Ba, Nb, and Y. Nonetheless,

compositional and age groups can be defined based on stratigraphic relations, 40Ar/39Ar

dates, as well as clustering within compositional data (e.g. CaO/Al203 vs. MgO and Ni

vs. Si02, Figure 2-5d). The groups generally coincide with North Sister's stages I

thiough 4, but stage 2 lavas defme two compositional groups (2a and 2b) and uppermost

stage 2 lavas belong to compositional group 3-4. In summary, the groups include group 1

(stage 1, 300 ka), group 2a (stage 2 NE Ridge, dated as 200 ka), group 2b (stage 2 SE

ridge, dated as -1 20 ka), group 3-4 (uppermost stage 2 -400 ka, and stages 3 and 4, 70

ka), and MLF (--75-15 ka, Figure 2-5). The upper shield and stratocone stages are very

similar in chemistry and in time and were therefore combined to one compositional group

3-4.

Groups I and 2b are the most similar (Figure 2-Sd) in spite of having occurred

about 200 ka apart with systematically lower CaO/Al203 (0.45 to 0.46) than groups 2a
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and 3-4 (0.49 to 0.46). Groups 1 and 2b also have systematically higher Si02 than groups

2a and 3-4 while having similar ranges in Ni (and MgO) concentrations (Figure 2-5d).

For example, at 100 ppm Ni, group I has 1 weight percent more Si02 than group 2a

(54.3 vs. 53.5% Si02). Groups 2a and 3-4 have more variable compositions (53.0-54.6%

and 53.5-56.4% Si02) and both groups increase in Si02 with time (stratigraphic position).

North Sister's compositional groups contain similar mineral phases, including

normally zoned plagioclase, olivine, and groundmass magnetite. At Si02 greater than

about 54%, samples may also contain up to 1% orthopyroxene and <0.5% clinopyroxene.

Thus, groups 1, 2b, and later 3-4 tend to have more pyroxene than group 2a and early 3-4.

Eruptive products of Matthieu Lakes Fissure range from 53.1 to 59.7 wt% Si02

and its composition is linked by geographic position relative to North Sister (Figure 2-8).

The most silicic lavas are found closest to North Sister and become less silicic and more

like primitive North Sister-type basaltic andesite, such as at Black Crater with distance

(Figure 2-6). Crystal content of MLF lavas also decreases with increasing proximity to

North Sister and with increasing Si02. The MLF lavas tend to form coherent

compositional trends In variation diagrams with increasing Si02 with incompatible

elements such as K20, Ba, or P205 increasing and compatible elements such as MgO,

CaO and Ni decreasing (Figures 5a-d) consistent with a simple crystal fractionation

model starting with a North Sister parent. The MLF's east splay is less silicic (53.1 to

54.9% SiO), the main splay is more evolved (55.1 to 59.8% Si02), while the west splay

is the most variable (53.3 to 57.6% Si02). The compositional differences between MLF's

splays is most apparent in Ti02 (and FeO*) which increases in east splay lavas with

decreasing MgO (1.1 to 1.6 wt% Ti02, Figure 2-Se) and then main splay Ti02 decreases

(to 1.3%) with decreasing MgO consistent with the sudden appearance of magnetite as a

liquidus phase. Phenocrystic Fe-Ti oxides (0.2 to 0.5 mm) occur only in most silicic east

splay and in main splay lavas at 1.6 wt% Ti02 and 3.6% MgO. The west splay does not

have the same coherence of a single liquid line of descent; its lavas instead define a field

of related data.

The wider range in composition of MLF ejecta compared to North Sister is

mirrored in mineralogic variability. In contrast to the mainly olivine-plagioclase

assemblage of North Sister, MLF includes zoned plagioclase, olivine, clinopyroxene,
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orthopyroxene, phenocrystic magnetite, and rare reacted amphibole. The reacted

amphibole, where present in MLF lavas, can be as large as 1.5 cm, but is commonly 0.01

cm, and has completely converted to orthopyroxene, clinopyroxene, plagioclase, mica,

and oxides.

Little Brother's lavas are more crystal-poor and glomerocrystic

(glomerocrystiphenocryst ratios of about 2) than North Sister's rocks (Table 2-1). Modal

analysis revealed restricted mineralogy of plagioclase and olivine. Chemically, Little

Brother is made up of MW-type basaltic andesite, which is systematically more enriched

in all incompatible trace elements (e.g. K, Ba, Nb, and Y) than North Sister in spite of

having very similar major element chemistry (Figure 2-Sb). Little Brother also has

higher in Sr and FeO*, but lower Al203 and Ni.

Dikes

Dozens of radial, near vertical dikes cut through all units on North Sister and

usually stand in positive relief to the surrounding units. Dikes associated with North

Sister's first 4 stages are located within its '-2.5 km diameter. The dikes have quenched

margins and vesicular interiors, indicating concurrent intrusion and vesiculation.

Dikes sampled at the surface are generally more compositionally similar to later

North Sister groups (Figures 2-5c-e). For example, only one group 1 dike has been

sampled. Also, dikes tend to occur near lavas with similar compositions. The SE ridge,

for example is mainly made of the compositionally restricted group 2b lavas and almost

all the SE ridge dikes have 2b-like compositions, indicating that they probably fed the

flows.

Although the exposure is limited, the earliest dikes, stages 1 and 2a are oriented

between N 10 °E and NN6O °E. Dikes associated with stages 2b and 3 trend between

S30°E and S90°E. Dikes of stage 4, the stratocone stage exhibit an hourglass pattern (see

later discussion) with the most prominent, through-going dikes oriented roughly N5-

1 0E, paralleling MLF vent alignments and dikes. A noticeable gap in E-W oriented

dikes is found on North Sister's east flank, within a thick tongue of100 ka palagonitic

tuff (Figure 2-3).
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The most prominent of MLF feeder dike is 15 rn-thick and trends N25 °E. The

related MLF flow caps North Sister's NW ridge and yielded an 40Ar/39Ar date of 15.1 ±

11.5 ka. High on the NW ridge at 8340 ft, a dark colored, 1.5 rn-thick dike (NS-03-131)

of MLF chemistry trends radially from North Sister (N35°W) and yielded a young age of

16.6 ± 10.3 ka, contemporaneous with the MLF's main splay. Dike NS-03- 131 reached

the surface and fed nearby lava flows.

A large, N10E-trending dike (10 rn-thick) north of Little Brother is s a wall

protruding from young moraine deposits of Collier Glacier. It produced a small lava flow

and is aligned with the Island Fissure. The dike's composition is similar to Little

Brother's MW-type basaltic andesite.

Discussion

The changes in eruptive style at North Sister Volcano through its long history are

linked to the presence of glacial ice as well as to the extensional tectonics in the Central

Oregon Cascades. Slight differences in composition break out stratigraphic packages of

lava flows, but do not reflect its eruptive style. The interaction of ice with lava has

caused explosive eruptions that altered to form palagonitic tuff and at other times, thick

lavas banked up against a thick glacier, causing pillowed or jointed margins. Extension

of the Oregon Cascade Arc controls dike propagation and plumbing systems, influencing

regional vent alignment patterns as well as dike orientations within the edifice.

The persistence ofNorth Sister Volcano

North Sister Volcano consists of stacked cones that make up the four eruptive

stages and the MLF that have been active for at least the past 324 ky (Figure 2-9 a and b).

These stages have 40Ar!39Ar ages of(1) 324 ± 88 ka, (2) 191.2 ± 28.7 to 105.2 ± 38.6 ka,

(4) 71.7± 39.6 ka to 57.2 ± 38.6 ka (Table 2-3). Stage 3 was not dated, but it was likely

erupted just prior to stage 4 because their compositional characteristics are

indistinguishable. The North Sister's youngest 40Ar/39Ar age probably does not represent

the last of North Sister's stage 4 volcanism because it was sampled below MLF lavas,
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fairly low on the northwest ridge, lavas nearer to the summit may be younger. The

through-going MLF has an 40Ar/39Ar age range of 75.8 ± 31.0 ka to 15.1 ± 11.6 ka and

represents a change from central vent to fissure eruption. The 40Ar/39Ar ages suggest that

North Sister's stage 4 and early MLF eruptions may have been contemporaneous.

Volcano-ice interactions

Periodic glacial ice on North Sister has caused significant erosion as well as

influenced its eruptive style. Over North Sister's -324 ky history, three major global

glaciations have occurred that can be correlated with both erosional and constructional

glacial features on North Sister. Unconformities and subglacial eruptions hint to the

nature of North Sister's past glaciers, such as their thicknesses or whether the volcano sat

beneath an ice cap or valley-confined alpine glaciers.

Erosionalfeatures

Ice has shaped nearly everything on North Sister, the MLF, and Little Brother.

Cirque glaciers have scraped exceedingly steep slopes, leaving behind resistant cliffs and

talus. In the valley north of North Sister, glacially scoured and polished lava points

north-northeast, the direction the ice flowed. Rounded, erratic gray boulders on top of

red scoria cones of the Island Fissure also indicate that glaciers sculpted their slopes.

Unconformities do not necessarily reflect hiatuses in volcanism, instead

unconformities reflect periods when erosion rates were greater than eruption rates. Three

types of buttress unconformities occur throughout North Sister's sequence of lava and

pyroclastic material. The first type occurs when lava fills U-shaped channels that have

been carved by ice. One such channel unconformity is found on the SE ridge where stage

3-4 lavas flowed south and filled in a channel in SE-dipping stage 2 lavas. A thin layer

(<20 cm) of palagonitic tuff is present at the unconformable contact. The second type of

unconformity occurs when lavas flow down steep slopes or cirques carved by ice. A

good example of this type of unconformity is present on North Sister's south flank, where

the south aim of MLF flowed over a 40° erosional slope constructed of 30° S-dipping
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stage 2 lavas. The third type of unconformity is cryptic and is recognized by slight

changes in dip. Cryptic unconformities are found in all of North Sister's eruptive stages.

Major unconformities define breaks between eruptive stages and are expressed by

significant changes in eruptive style, composition, and/or in the dips of lavas or

pyroclastic material. The largest time gap occurs between the early shield and stage 2,

representing over 100 ky (between 324 ± 88ka and 191.2 ± 28.7, Table 2-3). The early

shield-stage 2 unconformity is marked by a change in compositional groups from 1 to 2a

and in parental magma compositions (Figure 2-5d and e). Another major unconformity

occurs high on North Sister's north flank, where a band of stage 3 (upper shield) lavas

overlie and fill channels in stage 2 scoria and palagonitic tuff deposits. The transition to

the upper shield to stratocone stages was marked a clear change from effusive, gray lavas

to more explosive spatter, scoria and red agglutinate lava that tumbled down steep eroded

slopes. Because MLF mainly erupted in the glacial valleys to the north and south of

North Sister, it erupted unconformably atop glacially polished stage 1, 2, and 3-4 North

Sister lavas as well as Little Brother lava.

Minor unconformities occur in each the eruptive stages. For example, low on the

north flank of North Sister (Figure 2-4), a package of early shield lavas is cross cut by a

dike of similar group 1 composition. A chunky red agglutinate early shield (group 1)

lava then unconformably overlies the cross-cutting dike. This field observation indicates

that 324 ka, the early shield was not a simple shield, but instead included erosional

periods and variable eruptive styles.

Moraine, lahar, or outburst flood deposits have not been found within North

Sister's eruptive products. Older glacier-related volcaniclastic sediments may be covered

by and/or difficult to differentiate from the large, young glacial deposits that surround the

volcano. Fieldwork for this study was focused near the volcanic edifice and glacier or

flood deposits may not have been recognized.

Constructional glacial features

Significant sections of North Sister, MLF, and Little Brother have been

constructed beneath ice during subglacial eruptions. Ice can act as a passive barrier to
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lava flows, causing ice quench margins or holding lavas in to form flow-dominated tuyas.

Ice can also play an active role in explosive eruptions, aiding to fragment the magma to

hyaloclastite glass shard, and altering the glass to palagonite, producing palagonitic tuff.

Ice quench flow margins are glassy, contain highly irregular columnar joints, and

indicate that lava banked up against ice. The thickness of the lava flow can indicate

whether thick or thin ice was present. During the early shield stage, ice quench margins

occur in flows up to 2 m thick that lack palagonization on North Sister's N-NE ridge. For

example, is difficult to envision a thick ice cap producing the quench, instead it is more

likely that valley-confined alpine glaciers were present during that time.

Ice quench margins on thick west and central MLF flows (up to 120 m) indicates

that similarly thick ice was present in the valleys north of North Sister during its

formation. Many of MLF's flow margins have not been preserved, but its subglacial

history as a flow dominated tuya is evident by planar flow bottoms and tops and very

thick lava flows that reflect their inability to flow laterally. Flow dominated tuyas

(Kelman et al, 2002) have been recognized to be the result of intermediate composition

lavas erupted beneath an ice sheet. Well-documented basalt tuyas in British Columbia,

Iceland and Antarctica (Matthews, 1947, Smellie and Skilling, 1994) consist of steep-

sided, flat-topped piles of pillows and hyaloclastites that formed within a lake melted by

the eruptions. In contrast, more intermediate lavas erupt at a lower temperature than

basalt, closer to its glass transition temperature, and consequently melt less ice (10-20%

less, Kelman et al, 2002). MLF likely melted its way through and impounded against a

glacier, making thick flows with irregular columnar joints. Subaerial cinder cones sit

atop a steep-sided lava platform farther north, indicating that a lava platform built up

higher than the ice.

Palagonitic tuff was particularly common during North Sister's stage 2, which

erupted beneath a glacier to produce both a proximal pyroclastic facies that interfingers

with a distal lava facies (Figures 2-4, 2-6, and 2-9). Palagonitic tuff consists of scoria and

pillowed clasts, supported by a yellow matrix of palagonite, an alteration assemblage.

Pillowed clasts formed during the initial eruption, close to the vent. Layers of red,

subaerial scoria are also present within the pyroclastic facies at North Sister.
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Hyaloclastite was produced by the interaction of magma and ice, whereby lava

shatters violently into hydrated glass shards. The palagonite alteration is produced by

post-emplacement alteration of hyaloclastite while lots of warm water was still present

(Smellie, 1994). The main reactions during palagonization of hyaloclastites include the

formation of zeolite and nontranitic smectite. Fluid soluble elements, such as K and Na

are leached from the hydrated glass, leaving behind Si, Al, Fe, and Ti-rich shards

(Gottardi and Galli, 1985). The presence of two zeolite phases within the palagonitic tuff

constrains a minimum temperature for the alteration. Chabazite (most abundant phase)

grows in temperatures less than 75°C with a maximum temperature of 190°C (Bargar and

Oscarson, 1997), while phillipsite forms between 60 and 85°C with a maximum

temperature of 200°C (Gottardi and Galli, 1985). The minimum temperature of

palagonization is therefore limited to between 60 and 75°C. The hyaloclastite probably

formed a buffer zone above and below lava flows where they came into contact with ice.

Because stage 2 lavas are quite thin (0.5 to 5 m), we conclude that they were not

held in by thick ice. Instead, a thin (<50 m) ice cap with a permeable base is more likely

(as per Smellie and Skilling, 1994) to have sat on North Sister during stage 2 between

-2O0 and 100 ka. Scoria layers, bounded above and below by palagonitic tuff, indicate

that subaerial eruptions also occurred during this time, due either to seasonal changes in

ice thickness, or eruptions periodically melted through the thin ice cap. Some larger

sequences within stage 2 were erupted subaerially. For example, the north face of North

Sister (Figures 2-3, 2-4, and 2-9) has an over 70 rn-thick section of scoria and thick lava

flows, unconformably above lower stage 2 deposits. Ice and snow thickness fluctuated

during stage 2, from seasonal to longer period variations (lOs, lOOs, or l000s of years).

The steep, thick lavas of the MLF contrast with the stage 2 palagonitic tuff,

although North Sister has produced nearly the same composition basaltic andesite for a

long period of time. MLF has a more evolved composition (53 to 59 Si02) than earlier

North Sister stages, but even MLF's lower Si02 lavas (east splay) formed thick, glassy

flows instead of explosively interacting with ice. While stage 2 is the product ofmany

eruptions from a single vent, MLF consists of aligned monogenetic vents. Also, stage 2

erupted over a steeper slope, up to 30° than MLF which erupted at North Sister's break in

slope and onto a glacial valley. Stage 2 probably erupted through thin ice high on North
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Figure 2-9. Summary of field and chemical data presented in this paper as a schematic
stratigraphic section for North Sister and Little Brother, OR Cascades. a) 40Ar/39Ar dates
with 2c error for North Sister Volcano. b) Field relations for North Sister's 5 eruptive
stages: the early shield stage, the glacial stage, the upper shield stage, the stratocone
stage, and MLF stage. See text for discussion. Dike crosscutting the sections represent
dated samples. Subglacial eruptive sequences of palagonitic tuff and thick MLF lavas are
correlated in light blue and unconformities are correlated in light gray to c) the global
6180 of seawater record (Mix, 2000). Higher 6180 values indicate times of more ice and
lower 6180 values indicate less ice worldwide. Major glaciations of the Oregon
Cascades, defined by Scott (1977) correlate with subglacial eruptions and unconformities.
d) North Sister's Si02 and compositional groups of through time. Variations within the
2a group are based on stratigraphy within the N-NE ridge. See Figure 2-5 and text for
further discussion of compositional groups. e) Schematic stratigraphic section of Little
Brother, see text for discussion. f) Little Brother 40Ar/39Ar dates with 2 error. An
arrow connects a young date with a large, Nl0°E trending Little Brother dike found on its
north flank.
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Sister that fluctuated in thickness. In contrast, MLF erupted through thick alpine glaciers

that streamed north of North Sister.

10.2.3 Correlation with global glaciations

Glacial periods at North Sister correlate with the global climate as recorded by the

18O of seawater (Figures 2-9a-c, Mix 2000). The of seawater increases when more

ice is present on Earth because glaciers reserve the lighter, meteoric water. Major glacial

periods in the past 350 ka occurred at around 350 ka, between 300 and 230 ka, between

180 and 125 ka (the Penultimate Glaciation), between 40 and 80 ka (called the Early

Wisconsin Glaciation), and the Last Glacial Maximum (LGM) or Suttle Lake advance

between 18 and 22 ka in the Oregon Cascades (Scott et al, 1990).

Early shield stage lavas (324 ka) were followed by an erosive period that is

contemporaneous with a global glacial period 300-230 ka (Figure 2-9c, Mix, 2000).

Eruptions from North Sister did not necessarily cease during this time. Instead, evidence

of these eruptions may have been removed or covered by later eruptions andlor

glaciations.

North Sister's stage 2, when a persistent, thin ice cap sat on North Sister is

associated with the Penultimate Glaciation - 180-125 ka. It is likely that glaciers

persisted between 200 and 100 ka because stage 2's eruptive style was continual through

that time. Little Brother Volcano (-450 ka, Table 2-3, Figure 2-9) has exposures of

palagonitic tuff proximal to its vent low on its northeast side, indicating that it also

erupted through an ice sheet during the Penultimate Glaciation.

40Ar/39Ar dates for the Stratocone stage (57.2 ± 36.8 and 71.7 ± 39.6, Table 2-3)

are consistent with the Early Wisconsin Glaciation of 40-80 ka (Figure 2-9). On North

Sister, alpine glaciers that scraped the volcano's flanks and formed rivers of ice down

slope characterized the Early Wisconsin Glaciation. The east splay of MLF, with an

40Ar/39Ar age of 75.8 ± 31.0 is a flow-dominated tuya that erupted during this time in the

glacial valley north of North Sister.

A time of erosion followed the east splay. The central splay erupted during the

Last Glacial Maximum, or Suttle Lake advance in the Cascades 15-20 ka (Figure 2-9,
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Table 2-3). The south agglutinated flow of MLF with an 40Ar/39Ar age of 20.2 ± 11.6 ka

unconformably erupted over the North Sister's south flank. This constrains the erosion of

North Sister's steep south flank to between the stratocone stage and the eruption of the

central splay of MLF, between 60 to 15-20 ka). Minimum ice thicknesses during the

Early Wisconsin Glaciation and Last Glacial Maximum can be deduced, based on

morphology and the lowest occurrence of red subaerial spatter and red agglutinated lavas

in MLF's east and central splays. The east splay erupted beneath ice between 160 and

120 rn-thick, decreasing from south to north. The main splay erupted higher on North

Sister's edifice, where MLF erupted as subaerial spatter and ice was probably not a

factor. Just north of North Sister, the ice was 50 rn-thick and increased to 120 m at its

northern end.

MLF's west splay erupted subaerially, producing red spatter and agglutinated

lavas, although ice quench margins are present in lower lavas. The lack of significant ice

during its formation constrains the age of the east splay to between 2 and 13-14 ka (Scott,

1977). Cirques are present on the southwestern side of the west splay. The erosion

probably occurred during minor Neoglacial advances of Collier Glacier before the

construction of Collier Cone (1600 ±100 '4C years, Scott, 1977).

North Sister's dikes

Dike-fed eruptions have produced scoria, spatter, and generally thin, agglutinated

lava flows throughout North Sister's >300 ka history. Variations in dike orientations

through time at a volcano reflect changes in the region's least principal stress (Nakamura,

1977). Because spatially associated dikes and flows at North Sister have similar

compositions, it follows that dikes and associated flows occurred at similar times.

Although the oldest dikes at North Sister are sparse, in general dike orientations change

from more radial during the early shield to upper shield stages (ito 3) to trending more

N-S during stage 4 and MLF.

Radial dikes at a volcano occur near its center and are caused by the load of a

volcano bending the underlying rigid crust (ten Brink, 1991 and Muller et al, 2001).

Farther away, dikes orient themselves normal to the regional principal stress (e.g. van
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Wyk de Vries and Merle, 1996). For example, MLF vents and dikes are strongly oriented

NlO°E, but at 8300 ft on North Sister's NW ridge, a MLF dike trends N35°E (Figure 2-

3), indicating that MLF responded to North Sister's load during injection. Dikes at

volcanoes in extensional tectonic regimes thus tend to form an hourglass pattern; dikes

align parallel to normal faults and bend towards the volcano as it approaches the center of

the load (van Wyk de Vries and Merle, 1996).

Large, through-going dikes only occurred late in North Sister's history. Although

the exposure of the earliest dikes is limited, there is a transition from trending NE during

stages 1 and 2a (-324 to 150 ka), to trending more SE during stages 2a and 3 (-j 100 ka).

Stage 4 dikes (-70-50 ka) form an hourglass pattern with the most prominent, through

going dikes aligned N5-lO°E, parallel with MLF vents and dikes, which in turn, parallel

regional structures such as the Green Ridge Fault and alignment of cinder cones.

The transition in dike orientation though time at North Sister reflects a build up of

regional E-W tensile stress within the High Cascade Graben. The crust may have

reached a breaking point between 70 and 15 ka, causing enhanced N-S dike injection.

The torn crust has been thermally altered by the passage of dikes, contributing to the

diversity of magmas from basalt to dacite produced from the Holocene Collier Cone and

Yapoah Crater along the MLF.

Comparison with other Cascade basaltic andesite volcanoes

In the Oregon Cascade Range, a volcanic arc notable for its abundant mafic

volcanism, extension has been ongoing for the past 8 Ma (Conrey et al, 2003 and Sherrod

and Smith, 1990). During the opening of the High Cascade Graben and LKT volcanism,

between 8 and 2 Ma, numerous overlapping shields built up a mafic platform, upon

which, the modern Oregon Cascade volcanoes have formed (Hughes and Taylor, 1986).

Since 2 Ma voluminous mafic volcanism has continued and most mafic volcanoes are

small shields and cinder cones thought to erupt for relatively short periods of time. In

contrast, North Sister Volcano is the highest, most voluminous, longest-lived Quaternary

basaltic andesite volcano along the arc crest in the Oregon Cascade Range. North Sister
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is also located where the vent density is the greatest and the High Cascade Graben is the

widest (Guffanti and Weaver, 1988 and Conrey et al, 2003).

Major Quaternary basaltic andesite volcanoes in the Central Oregon Cascades

includes Mount Washington, Black Butte, Three Fingered Jack, Belknap Crater, the main

cone of Middle Sister, The Husband, Broken Top, and Mt. Bachelor and its associated

chain of cinder cones and shield volcanoes (Figure 2-2). It should be noted that Newberry

Caldera is longer lived (600 ka to near present, Sherrod et al, 1997) and has produced

more voluminous basaltic andesite (450 km3, Sherrod and Smith, 1990) than North Sister

as a broad shield with over 400 flank cinder cones before switching to silicic volcanism

and caldera collapse (Sherrod et al, 1997). Newberry Caldera will not be discussed here,

however because it's tectonic setting is ambiguous (Cascades backarc, Basin and Range,

or High Lava Plains) and its scale is much greater than anything else in the Oregon

Cascades. Instead, the lifespan, eruptive style, and tectonic controls of different Cascade

basaltic andesite volcanoes will be compared with North Sister Volcano.

L(fe spans of Cascade Volcanoes

The 300 ka history and persistence of North Sister Volcano contrasts with the

inferred life spans for other basaltic andesite volcanoes in the Oregon Cascade Range,

where small, shield volcanoes and cinder cones aligned with regional structures are

considered ephemeral features (1 000s years), relative to large andesitic and dacitic

volcanoes (1 OOs ky, Conrey et al 2003). The term shield volcano has been applied

loosely in the Oregon Cascades and includes volcanic centers with large palagonitic tuff

units (e.g. Mount Washington) or thick sequences of scoria (e.g. Broken Top).

Some basaltic andesite volcanic centers have demonstrated short periods of

activity, such as Middle Sister's main cone (Calvert et a!, 2005) and Mt. Bachelor

(Gardner, 1994). With limited to no radiometric dates for most basaltic andesite centers,

however, their full age range is unknown and may not be limited to I 000s years as

previously thought, particularly for complex composite centers such as the Husband or

Broken Top. The full life spans of volcanoes are resolvable only by detailed mapping,
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radiometric dating (e.g. Mount Baker, I-Iildreth et al, 2003), and/or paleomagnetic studies

(e.g. Mt. Bachelor chain, Gardner, 1994).

Little Brother, a shield volcano with a palagonitic tuff core may have only lasted

1 000s of years because 40Ar/39Ar ages presented here are within error of one another

(Table 2-3), but a young dike on its north flank tapped a compositionally equivalent

magma supply >50 ka later (Figures 2-3 and 2-9). This brings up the question of when is

a volcano considered extinct, or "dead?" In interpreting the longevity of a volcanic

complex, one can be either a lumper or a splitter. The lumpers are those who believe that

any eruption that contributes compositionally related magma to the volcanic edifice is the

same volcanic system, while splitters suggest that significant breaks in time and changes

in eruptive style represent different volcanoes. It is simpler to define the later Little

Brother dike as part of Little Brother because compositionally and spatially, they are

equivalent. Also, there is nothing else the Little Brother dike could be, although it is in

line with the Island Fissure that begins 2 km to the north (Figure 2-3).

The MLF may also be considered to be another stage of North Sister's long

history, because it cuts through the North Sister edifice and has compositionally related

lavas. We chose to split MLF from North Sister's earlier stages because it is a chain of

monogenetic vents whose central vent, Black Crater is located 8 km north of North Sister.

Also, the stratocone stage and early east MLF splay may have been contemporaneous.

North Sister is composed of four overlapping cones as a composite volcano with stages

that may be up to 100 ky apart (stages 1 and 2a) that were lumped due to compositional

similarities and because they erupted from the same edifice. Each stage within North

Sister's history may have erupted as fits and starts with thick stacks of lavas building up

over short periods of time. Paleomagnetic studies (such as Gardner, 1994) are necessary

to resolve time scales smaller than the ±30% 2 error in 40Ar/39Ar dating.

Eruptive style and subglacial eruptions

Mafic shield volcanoes in the Oregon Cascades are not true shields as they may

have pyroclastic cores as an overgrown cinder cone (e.g. Black Butte), an armored cinder

cone (e.g. Broken Top, Taylor, 1978) or with significant sections of palagonitic tuff(e.g.
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Mt. Washington). The pyroclastic cores cause the dips of lava flows to be greater than

10°, greater than a true shield. These volcanoes have complex histories, their products

changing from dominantly scoria to agglutinated a'a lavas as well as subglacially erupted

material. North Sister is much larger than the other Cascade basaltic andesite volcanoes

as it is made up of several mafic shields stacked atop one another.

Volcano-ice interactions have occurred at other Quaternary basaltic andesite

volcanoes in the Cascade Range. Evidence for past glaciations includes steep cirques, U-

shaped valleys, unconformities within sequences of lava, ice quench flow margins,

palagonitic tuff, and flow-dominated tuyas.

Palagonitic tuff is a common rock type in Pleistocene Central Oregon Cascades

rocks, found on the ENE ridge of Mount Washington, the north wall of Three Fingered

Jack and Union Peak near Crater Lake as well as many other localities (Ed Taylor,

written communication, 2004). Within the Three Sisters region, palagonitic tuff is found

at North Sister, Little Brother, the Island Fissure west of MLF, as well as several vents

farther west, including a 10 m-thick section of palagonitic tuff, capped by basaltic

andesite, and sandwiched between glacial drift in Frog Camp Creek Canyon. Flow-

dominated tuyas are less common and include Hayrick Butte and Katsuk Butte. By

tracking the timing and location of palagonitic tuff as well as other subglacial eruptive

products within the Central Cascades, it would be possible to constrain the nature and

extent of ice through time.

Dikes and plugs

The authors are not aware of another volcano in the Cascade Range where dikes

are as abundant as at North Sister Volcano, where hundreds of dikes stand in positive

relief on its flanks. North Sister has one small volcanic neck at its summit, but the

majority of its flows were dike-fed. North Sister's many exposed dikes may reflect its

long eruptive history, significant erosion, and the extension of the High Cascade graben

coupled with the impingement of the Brother's Fault Zone. Dikes may be prevalent in

some volcanic centers that have not been glaciated, such as Black Butte and Mount

Bachelor. Mount Washington, The Husband, and Broken Top have been significantly



eroded, but have large volcanic plugs as well as minor radial dikes (Taylor et al, 1987,

Scott and Gardner, 1992, Sherrod et al, 2004).

Tectonism and Volcanism

Extension and mafic magmatism in the Cascades are linked as seen in the

orientations of vents and dikes. Alignments of cinder cones, like MLF in the Oregon

Cascades generally trend N-S, mimicking fault structures that make up the High Cascade

Graben in both length and in orientation (Figure 2-2). Dike injection as well as faulting

thus compensates for extension as well as a shear component associated with the

Brother's Fault Zone and rotating forearc block. At depths greater than 10 km (Stanley et

al, 1990), the intra-arc graben extends ductiley. At shallower levels in the Cascades,

extension is compensated by dike injection rather than by faulting, where tensile stress

must increase upward in order for dikes to propagate upward (Takada, 1993).

Extension rates in the Oregon Cascades are slow, about 1 mmlyear (Well, et al,

1998), but are great enough to allow the passage of magma. Dike injection has been

observed to trigger normal faulting in rift zones around the world, including Kilauea and

Iceland, where little to no deformation occurs between intrusions (Rubin and Pollard,

1988). Dikes intersect fault planes to trigger ground movement. Several young, large (3-

5 rn-wide) dikes, including the MLF-feeder dike and the late Little Brother dike that trend

N-S, are exposed in region of the Three Sisters. Subsidence and extension of the intra-

arc graben probably occurs in fits, triggered by diking.

Holocene vents in the Three Sisters 100 km-long arc segment include the Mount

Bachelor chain to the South and Sand Mountain Chain, Four-In-One Cone, Yapoah

Crater, and Collier Cone. Vents north of the Three Sisters form a pattern of right-

stepping echelon N-S alignments to the south until it merges with the Newberry Caldera

and the Brother's Fault Zone, mirrored by vents to the south that step right to the north

(Bacon, 1985). The right step may reflect deep crustal strike slip motion, but it is clear

that the regional stress field that governs I-Iolocene vent lineaments involves both the

intra-arc graben and the Brother's Fault Zone andlor the rotating forearc block (Wells et

al, 1998).
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The occurrence of basaltic andesite types

The two main basaltic andesite types in the Oregon Cascades include the

incompatible element-depleted North Sister-type and the incompatible element-enriched

MW-type. Their occurrence appears to be controlled by their position relative to the

Cascade crest (Figure 2-2). The North Sister-type is particularly common along the arc

crest and around the Three Sisters Volcanic Complex. The more voluminous MW-type

tends to erupt more west as well as along of the Cascade crest, including at Mt.

Washington, Little Brother, and the dominant basaltic andesite in the Mt. Bachelor chain.

In the region of the Three Sisters, there are a large number of North Sister-type

basaltic andesite vents that have erupted over a long period of time, including composite

Broken Top Volcano (estimated age 600-700 ka, Hill, 1991) and the Husband, a

composite North Sister-type basaltic andesite to andesite volcano with an 40Ar/39Ar age of

150 ka (Calvert et al, 2002). The upper cone of Middle Sister (-40-20 ka, Calvert et al,

2005) and the Holocene cinder cones Collier Cone (1600 ± 100 '4C years, Scott, 1977)

and Yapoah Crater that erupted along MLF were derived from similar North Sister-type

basaltic andesite parental magmas (Schick, 1994, Conrey et al, 2000, and Calvert et al,

2005). The North Sister's parental basaltic andesite magmas (groups 1 and primitive 2a,

Figure 2-5) are nearly indistinguishable from one another, varying by 1.5 wt% Si02, but

with similar incompatible element concentrations (Figure 2-5 and 2-9e). The persistence

of North Sister-type basaltic andesite may be related to ongoing dike-induced extension

in the Cascades that taps the same magma-producing conditions in the lower crust

(Chapter 4).

North Sister-type basaltic andesite often caps earlier MW-type basaltic andesite at

mafic shield volcanoes (Conrey et al, 2002 and 2003). At Three Fingered Jack, for

example the transition from MW-type basaltic andesite is sudden with no unconformable

contact or apparent shift in eruptive style (Conrey et al, 2002). The rapid transition may

indicate that the incompatible-element enriched MW-type source that was tapped initially

got used up or was depleted in incompatible elements to produce North Sister-type

basaltic andesite.
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The occurrence of North Sister-type basaltic andesite along the Cascade crest may

reflect an axis of extension. The High Cascades is widest (and most extended?) and has

the greatest vent density (Guffanti and Weaver, 1988) around the Three Sisters, where

North Sister-type basaltic andesite is most common. It also appears that extension of the

High Cascades initiated at the Three Sisters, with voluminous LKT volcanism (Conrey et

al, 2003). The influx of LKT incompatible-element poor mafic magma was incorporated

into the crust, priming a source region along the crest where North Sister-type basaltic

andesite could be produced (Chapter 4).

Conclusions

North Sister, a composite basaltic andesite volcano has been active for at least

300 ka over four eruptive stages, (1) the early shield (320 ± 66 ka), (2) the

glacial stage (191.2 ± 28.7 ka to 105.2 ± 38,6 ka), (3) the upper shield stage,

and (4) the stratocone stage (71.7 ± 39.6 ka to 57.2 ± 36.8 ka), and the MLF

(75.8 ± 31.0 tol5l.l ± 11.5), a >11 km-long through-going fissure. North

Sister is made up of a distinctive, depleted basaltic andesite that persists as an

important parental and primary magma in the Central Oregon High Cascades

to the present.

Glacial ice was an important influence on the eruptive style at North Sister

Volcano. Palagonitic tuff, the result of the explosive interaction between

magma and ice was particularly common at North Sister during its second

eruptive stage (-.200 to -100 ka). Glacial ice also prevented the east and main

MLF splays from flowing laterally, instead steep-sided platform formed as a

flow-dominated tuya.

Active E-W intra-arc extension is compensated by dike injection, producing

vent aligimients that parallel faults in High Cascade Graben faults. Dozens of

dikes at North Sister Volcano transition in orientation from more radial to N-S

through its long history.
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4. Trace element-depleted North Sister-type basaltic andesite is particularly

common at the Three Sisters Volcanic Complex and along the Cascade crest

and may reflect a depleted axis of extension.
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SEGMENTATION OF SR AND ND ISOTOPES ALONG THE CASCADE ARC

Abstract

The Cascade Arc was divided into 4 segments based on 87Sr/86Sr and '43Nd/'44Nd of

primitive basalts: 1) the north segment from Mt. Meager to Glacier Peak; 2) the

Columbia segment from Mt. Rainier to Mt. Jefferson; 3) the central, segment from the

Three Sisters to Medicine Lake, and 4) the south segment from Mt. Shasta to Mt. Lassen.

Isotopic segmentation is correlated with structural domains such as the Basin and Range

and the Columbia Embayment. Caic-alkaline basalts (CAB) and low K tholeiite (LKT)

basaltic magma types were found to have systematically different Sr and Nd isotopic

ratios from north to south due to the addition of an enriched, accreted mantle component

in the Columbia segment and hydrous flux melting in the southernmost Cascades.

Introduction

Variation in the composition of volcanoes along arcs has been correlated to

crustal composition and thickness (e.g. Southern Andes; Hildreth and Moorbath, 1988),

the age of the down going slab (e.g. Garibaldi Belt; Green and Harry, 1999) and slab

fluid and sediment contributions (e.g. the Aleutian Arc; Jicha et a!, 2004). The Cascade

Arc is unique because the subducting Juan de Fuca slab is young and warni, and

convergence is oblique. Also, the Basin and Range is present in the southern half of the

Cascades backarc while active extension is occurring within the central part of the arc

(Figure 3-la).

Six physical segments of the Cascade Arc have been defined based on changes in

the density of volcanic vents (Guffanti and Weaver, 1988) and are mirrored by changes in

mafic and silicic relative extrusion rates (Sherrod and Smith, 1990). These physical

segments are: 1) Mt. Meager to Glacier Peak; 2) Mt. Rainier to Mt. Hood; 3) vents just to

the south of Mt. Hood to Oregon's border with California; 4) Mt. Shasta and Medicine

Lake; 5) Mt. Lassen; and 6) Newberry and the High Lava Plains in Central Oregon. The

striking physical segmentation of the Cascade Arc invites comparison with the

distribution of magma compositions and isotopic tracers (Sr and Nd) of source reservoirs.
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To evaluate these along arc variations in the Cascades, we compare radiogenic isotopic

data from the Central Oregon Cascades to isotopic data available for all Cascade Arc

volcanoes to define 4 isotopic segments (Figure 3-la).

Magma types

We grouped analyses of Cascade Arc volcanic rock into 5 types of basalt and 4

types of basaltic andesites (Table 3-4). Basalts include analyses with less than 52% Si02

and were categorized as primitive (MgO>7%) and nonprimitive. Primitive basalts have

experienced the least amount of differentiation and are inferred to be near-direct mantle

melts.

Low K tholeiites, or LKT (also called high alumina olivine tholeiite, HAOT by

some workers, e.g. Hart et a!, 1984; Bacon et al, 1997) have high concentrations of

aluminum (greater than 16 % at 8 % MgO, Hart et a!, 1984). The character of LKTs is

consistent with melting of mantle that has been modified by subduction fluids as LKTs

are depleted in high field strength elements (e.g. Nb, Ta), enriched in Ba, Sr, and Pb, but

have low K20 (0.4%) and other incompatible elements. LKTs have flat chondrite-

normalized rare earth elements (REE) patterns, implying dry, decompression-induced

melting (Bacon eta!, 1997, Conrey et a!, 1997, and Sisson and Bronto, 1998).

Ocean island-like (01-like) basalts lack the arc-typical negative Nb anomaly

(Bacon et al, 1997, Conrey et al, 1997, Leeman et a!, 2005) and are thus considered to be

an extreme endmember in the Cascade Arc, representing dry melts of an enriched mantle

source (Leeman et al, 2005). Primitive 01-like basalts are rare and Simcoe Volcanic

Field basalts contain less than 6.5 % MgO (Leeman et a!, 1990); we nevertheless group

these basalts with the primitive compositions in order to include this basalt type, as it is

cited as a distinct "primitive" basalt type by Bacon and others (1997), Conrey and others

(1997), Leeman and others (1990), and Leeman and others (2005).

Calc-alkaline basalts (CAB) are have lower FeO*IMgO than tholeiites

(Miyashiro, 1974) and have higher CaO concentrations. CAB are also enriched in fluid

mobile elements (e.g. K, Sr, and Ba) and depleted in fluid immobile elements (e.g. Nb

and Ta). We also define high K calc-alkaline basalts (HKCA, as per Conrey et al, 1997
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and Leeman et al, 2005), which are more enriched in fluid mobile elements (e.g. Sr>1000

ppm). Extreme enrichment of incompatible elements are manifested in absarokites

(ABS, Ewart, 1982), found as small-volume, forearc flows that are super enriched in P,

LILE, and LREE in the Cascades.

High-Mg andesites and basaltic andesites are caic-alkaline, but cover a large

range in compositions (Table 3-1). In the Cascades, high Mg andesites and basaltic

andesites have been interpreted as primary hydrous mantle melts (Baker et al, 1994,

Grove et a!, 2002), but they may also result from mixing primitive basalt with dacite

magma (Leeman et al, 2005).

Basaltic andesites were divided into low K (LKBA), medium K (MKBA) and Sr-

rich varieties that correspond to definitions for North Sister-type, Mt. Washington-type

(Hughes and Taylor, 1986, Conrey et al, 2003, Chapters 1 and 2), and shoshonitic

basaltic andesite (Bacon, 1990) respectively (Table 3-1). Andesites have 57-63 % Si02

(after LeBas et al, 1986) and were classified as andesite and Mg-rich andesite (>7.5 %).

With more silicic compositions, it becomes more difficult to differentiate arc-wide

magma types because various crustal processes mask initial source heterogeneities.

Hence, we do not include isotopic variations in dacite to rhyolite compositions.

Table 3-1. Basalt and basaltic andesite characterization scheme

'Mg# is 100MgI(MgO+FeOT0t). 201B lacks aNb anomaly, (KJNbIN 0.5 to 0.2 (Cl
chondrite normalized ratio, Sun and MacDonough, 1988). 3Sr and MgO trump other
elements (excepting Si02) to define Sr-rich and high-Mg basaltic andesites respectively.

MgO Mg#' K20 Sr P Ce Ce/Sm Ce/Yb
Basalts: wt% wt% ppm ppm ppm
<52% Si02
LKT 6.5- 11.1 50-73 <0.4 180-520 215-830 3-28 3.0-7.5 2-13
CAB 6.5 - 11.1 50-72 0.5 - 1.5 405-980 1525-3920 25-82 5.5.10.0 9-33
IIKCA 8.0-10.0 65-72 1.5-2.2 1100-1350 1400-2500
01B2 5.5-10.0 48-65 0.6 -2.2 490-995 430-2930 35-90 6.0-10.5 17-45
ABS >8.0 60-75 >2.0 >2500 >4500 >160 >11 >150
Basaltic andesites:
52-57% Si02
LKBA 4-7.5 49-66 0.5-0.8 500-600 480-1150 12-25 6.0-6.5 10-13
MKBA 4-7.5 50-65 0.8-1.0 525-635 560-1060 19-42 7.5-8.5 16-21
Sr-rich BA 4-7.5 50-66 0.6-2.2 1175-1920 1000-2800 20-145 10.0-13.0 38-70
High-Mg BA >754 60-72 0,3-1.2 350-1220 480-1360 10-42 5.5-9.5 8-95
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Figure 3-la. Map of Cascadia subduction zone with important terranes, tectonic
provinces and faults (modified after Bacon et al, 1997 and Trehu et al, 1994). Contours
for the depths of the slab are km (Weaver and Baker, 1988) and dashed lines on oceanic
plates are magnetic anomalies (Wilson, 1988). Important volcanic centers are shown as
stars. Their abbreviations correlate with tie lines to Ib, except MM Mt. Meager, MC Mt.
Cayley, and MG Mt. Garibaldi. b. 87Sr/86Sr histogram by stratovolcano along the Cascade
Arc for all available isotopic data for Quatemary volcanic centers. Criteria for basalt and
basaltic andesite characterization are given in Table 3-1. Nonprimitive basalts (<7.0%
MgO and >50% Si02) are shown by a white 'x' in black basalt symbol. Thick black lines
mark the lower limit for LKT. Data are from Bacon et al, 1997; Bacon et al, 1994, Borg
et al, 1997; Baker et al, 1991; Bullen and Clynne, 1990; Cohen and O'Nions, 1982,
Conrey et al, 2001; DeBari, unpublished data; Goles and Lambert, 1990; Green and
Harry, 1999; Green and Singh, 2005; Green, written communication; Grove et al, 1986;
Grove et al, 2002; Gunn et al, 1996; Leeman et a!, 1990; Mertzman and Savin, 1985; and
Mertzman and Gooding, 1988; and Chapter 3.



Tectonic Controls Along the Cascade Arc

The Cascade volcanic arc is the result of the young microplates, the Gorda (10-26 Ma

at trench), Juan de Fuca (4-28 Ma), and Explorer (2-6 Ma) subducting beneath North

America at a rate of 45 mm/yr (Wilson, 1988). The youthfulness of the down-going

plates and ongoing extension within the central part of the arc has led to the

characterization of Cascadia as a hot subduction zone. The amount of sediment

subduction varies along the arc and has likely varied through time from 0% at

Vancouver Island to 50% in central Oregon (McKay et al., 1992; Fleuh et al, 1998).

Slab seismicity occurs mainly in the northern and southern parts of the arc, tracking the

depth of the down going slab to 60 km. In contrast, the slab under central and southern

Oregon is largely aseismic (Weaver and Baker, 1988).

The northernmost Cascade volcanoes (Glacier Peak to Mt. Meager) erupted

through 50 km thick (Miller et al, 1997) metamorphosed Paleozoic and Mesozoic

oceanic rocks that were accreted to North America during the Middle Cretaceous

(Whitney and McGroder, 1989; Brown, 1985). Volcanism in the northernmost Cascades

is mainly restricted to the major centers (Guffanti and Weaver, 1988; Sherrod and Smith,

1990). At the northern margin, waning volcanic vigor has been correlated with the

younging of the downgoing Explorer Plate to the north (Green and Harry, 1999; Green

and Singh, 2005).

The active arc in southern Washington is separated from the northern segment by

a 90 km gap, a westward shift in the arc front and a widening of the arc to 150 km

across, including backarc volcanism at the Simcoe Volcanic Field. The arc there is built

on the crust of the Columbia Embayment (Couch and Riddihough, 1989), made up of

Early Paleogene Siletz Terrane. The Siletz Terrane varies from deformed, underthrusted

beneath North America, and 10 to 15 km-thick in southern Washington to 30 km-thick

with a simpler structure in Oregon (Stanley et al, 1990; Trehu et al, 1994; and Parsons et

a!, 1999).

Most Quaternary Cascade Arc volcanism in Oregon lies within a discontinuous

N-S graben structure (Hughes and Taylor, 1986). In addition to the normal

stratovolcanoes, the Oregon Cascades has produced more basaltic andesite and basalt

than other parts of the arc, mainly as monogenetic vents aligned parallel to the graben
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(Sherrod and Smith, 1990). A northward progression of LKT from the latitude of Three

Sisters to Mt. Adams between 8 Ma and 0 Ma has been interpreted as inception and

northward propagation of the intra-arc rift (Conrey et al, 2003). Paleomagnetic and

geodetic surveys indicate that the Siletz forearc block is rotating counter-clock-wise,

consistent with opening the intra-arc rift in Oregon (Wells et a!, 1998). The intersection

of the Cascade Arc in Central Oregon and Brother's Fault Zone, a dextral fault zone at

the northern margin of the Basin and Range, is diffuse in the area of the Three Sisters,

where vent density is the greatest (Guffanti and Weaver, 1988) and the graben is the

widest (Conrey et a!, 2003). Tertiary to Quaternary volcanism of the High Lava Plains is

bimodal, with rhyolite centers younging to the west, and broadly coincides with the

Brother's Fault Zone (MacLeod et a!, 1975; Jordan et al, 2002).

In southern Oregon and northern California the arc lies on Klamath Terrane crust

that was accreted to North America by the Late Triassic. The Klamath Terrane includes

the Paleozoic Trinity ultramafic sheet and Paleozoic to Mesozoic marine arc-related

volcanic and sedimentary rocks (Irwin, 1981).

Along Arc Occurrence of Magma Types

The occurrence of different basalt magma types along the Cascades is indicative

of varying mantle melting regimes. For example, arc-typical CABs are found along the

full length of the Cascade Arc, but their relative abundance and enrichment in fluid-

mobile elements vary. In the northernmost Cascades, CAB is the only basalt type to have

erupted, except a single LKT example south of Glacier Peak (DeBari, unpublished data).

Around the Three Sisters and Crater Lake, LKTs dominate and CABs are not strongly

calc-alkaline, having 0.5-0.7 wt% K2O and plotting close to the calc-alkaline-tholeiitic

line in a plot of FeO*/MgO vs. Si02 (Miyashiro, 1974).

Mantle melting in southern Washington and northern Oregon occurs without

significant addition of modern subduction fluids, as very low B concentrations are found

in all but small volume forearc volcanic rocks (Leeman et al, 2004). 01-like basalts,

probably derived from an enriched mantle are particularly common at Simcoe Volcanic
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Field, but are also found at arc volcanoes within the Columbia Embayment (Leeman et al,

1990; Conrey et al, 1997) and at Newberry Caldera (Sherrod et a!, 1997).

The southern Cascade Volcanoes have the greatest diversity in magma

compositions, including high Mg andesite and basaltic andesite (MgO>7%). Mt. Shasta,

the largest composite volcano in the Cascades, also has the highest recorded H20 content

in any Cascade magma (Baker et al, 1994). While Mt. Shasta and Mt. Lassen have

produced variable compositions, the off-axis Medicine Lake Volcano, located within the

Basin and Range Province, has produced mainly LKTs (Bacon et a!, 1997).

Variations in Sr and Nd Isotopes

Along arc histograms for Sr (Figure 3-ib) isotopic ratios exhibit a step-wise

distribution for lowest 87Sr/86Sr of LKTs and CABs between Mt. Jefferson and the Three

Sisters where the lowest (most primitive) 87Sr/86Sr is 0.7028 to the north and 0.7034 in

central to southern Oregon. Based on these isotopic variations, the arc was divided into 4

segments (Figures 3-1, 3-2, 3-3): 1) the north segment from Mt. Meager to Glacier Peak;

2) the Columbia segment from Mt. Rainier to Mt. Jefferson; 3) the central segment from

the Three Sisters to Mt. McLaughlin (and Medicine Lake), and 4) the south segment from

Mt. Shasta to Mt. Lassen.

The LKTs and CABs of the north and Columbia segments range to lower 87Sr/86Sr

than the southern part of the arc. Primitive enriched 01-like basalts are common in the

Columbia segment, with the southernmost 01-like basalt defining the southern end of the

segment, midway between Mt. Jefferson and the Three Sisters.

The central segment's range in 87Sr/86Sr is conspicuously narrow with LKT being

the more common basalt type than depleted CABs. Medicine Lake was included in the

central segment because its primitive LKTs have restricted 87Sr/86Sr (-.M.7034, Bacon et

a!, 1997) and are more similar to Crater Lake and the Three Sisters than to volcanoes in

the South segment. Newberry Caldera has produced LKT, CAB, and 01-like basalts.

Isotopic data for Newberry are limited and were not linked with major and trace element
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analyses, yet the data are similar to other central segment basalts (Goles and Lambert,

1990).

The south segment displays the greatest diversity in 87Sr/86Sr, containing both the

highest and lowest values in basalts and andesites of the Cascade Arc at Mt. Shasta. Mt.

Shasta is also anomalous for having abundant high Mg andesite and for having produced

significantly more silicic material than other Cascade arc volcanoes (395 km3 vs. 210 km3

at Mt. Adams, Sherrod and Smith, 1990).

Crater Lake, Mt. McLaughlin, Mt. Shasta, and Mt. Lassen have basaltic andesites

(including Sr-rich) and andesites with lower 87Sr/86Sr than nearby basalts (Figures 3-lb

and 3-2b). The basalts erupted at the surface may be contaminated and primitive inputs

may exist with similar 87Sr/86Sr to the more evolved compositions that have not erupted at

the surface (Bacon et al, 1994).

When '43Nd/'44Nd is considered against 87Sr/86Sr, primitive CABs have generally

higher 87Sr/86Sr and lower '43Nd/'Nd than LKTs for any arc segment (Figures 3-2a and

b). In the north and Columbia segments, primitive LKTs form a positive array.

Columbia 01-like basalts have similar 87Sr/86Sr, but lower '43Nd/'44Nd than LKTs,

consistent with being derived from a more enriched mantle domain that has more

unradiogenic Nd. In contrast, north and Columbia CABs form a negative array where

their Sr ranges to more radiogenic ratios (up to 0.7037) than LKTs (0.7028 to 0.7032).

The central segment's data are closely clustered, where CABs have slightly higher

87Sr/86Sr and lower 143NdI'44Nd than LKTs. The south segment has the greatest range in

87Sr/86Sr and '43Nd/'44Nd and its CABs have systematically lower '43Nd/'44Nd than the

LKTs.

Primitive LKTs and CABs from the central segment define a narrow positive array in

87Sr/86Sr vs. Sr concentration, where CABs have higher 87Sr/86Sr and Sr than LKTs

(Figure 3-3a). LKTs in the south segment have higher 87Sr/86Sr than the central segment.

The Mt. Lassen data form a "v" shape, indicating 3-component mixing with a normal

high 87Sr/86Sr CAB component and a low 87Sr/86Sr CAB component, depleted in HFSE

(Figure 3-3b; Borg et al, 1997).
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Figure 3-3. a) 87Sr!86Sr vs. Sr concentration with colored fields corresponding to isotopic
segments of the Cascades. Dark dashed lines separate the main basalt types, LKT, CAB,
and 01-like. The south segment consists of Shasta LKTs (indicated) and Lassen CABs
and LKTs that make a three component mix array. b) 87Sr/86Sr vs. Sr/P. Data are from
Bacon et al, 1997; Bacon et a!, 1994, Borg et al, 1997; Baker et a!, 1991; Bullen and
Clynne, 1990; Conrey et a!, 2001; Green and Harry, 1999; Green and Sinha, 2005; Green,
written communication; Grove et al, 2002; Leeman et al, 1990 and Chapter 3.
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Tectonic Implications

The striking stepwise offset in Sr and Nd isotopic ratios between the Three Sisters

and Mt. Jefferson coincides with the arc's intersection with both the margin of the

Columbia Embayment and with the Brother's Fault Zone Previous workers have

recognized a general decrease in 87Sr/86Sr from south to north along the arc (Bacon et al,

1997 and Green and Harry, 1999), but the new Central OR data resolves a distinct offset

midway between Mt Jefferson and the Three Sisters. The age of the slab (-11 Ma at

trench; Wilson, 1988) is constant through this isotopic shift and the High Cascade Graben

is uninterrupted through the transition. 01-like basalts are characteristic of the Columbia

segment and may be derived from accreted, enriched lithospheric mantle that also

influences the isotopic ratios of its CABs and LKTs. Central segment volcanic centers sit

within a graben structure and have the Basin and Range in the back-arc (Figure 3-1).

This implies that melting associated with intra-arc rifting in central Cascades taps an

isotopically restricted source. Hydrous flux melting andlor mixing in the southern

Cascades causes Sr and Nd isotopic ratios to be more variable than elsewhere along the

arc.

At the latitude of Mt. Lassen, Borg et al (1997) found that Sr/P decreases with

distance away from the trench and suggested that it is a good proxy for slab fluid

enrichment (Figure 3-3b). Similar correlations do not exist in the other parts of the arc.

The enriched mantle component in the Columbia segment has lower 87Sr/86Sr and higher

high field strength elements, resulting in low Sr/P (Figure 3-3b). The north segment of

the Cascades also has low Sr/P and 87Sr/86Sr primitive basalts; the enriched mantle

domain may extend along the entire northern half of the Cascade Arc, but subduction is

sufficiently shallow and hot that the deep mantle melts (LKTs and 01-like basalts) are not

commonly produced (Green and Singh, 2005).

The CAB Component
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The spectrum of LKT and CAB Sr between an unradiogenic Sr-poor component

to a radiogenic Sr-rich component is consistent with mixing with the depleted mantle that
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melts to form LKTs (Figure 3-3a). The radiogenic Sr-rich CAB component also has

unradiogenic Nd, but variable Nd concentrations (8 to 45 ppm), covering the full range of

Cascades basalts with no systematic along-arc variations. The CAB component in the

Columbia and central segments was probably not driven off the slab in the recent past

because sediment is not currently being subducted into the mantle wedge beneath

Washington (Fleuh et al, 1998) and fluid is driven off beneath the forearc before reaching

the volcanic arc in Oregon and Southern Washington (Hurwitz et al, 2005; Leeman et al,

2004). The radiogenic Sr is probably old, derived from sediment subduction or the

lithospheric mantle metasomatism that occurred during early Cascades history.

The southern segment differs from the other segments, having very high water

contents, high MgO silicic rocks, and the most variable isotopic ratios (Baker et al, 1994).

Mt. Shasta overlies a fracture zone in the subducted slab that may be serpentinized and

contribute additional fluid. The Josephine Ophiolite within the Kiamath-Sierra Nevada

crustal block may also be a source of fluids. Hydrous flux melting (Grove et al, 2002) of

the mantle wedge beneath the south segment is plainly different from the central and

north segments of the Cascade Arc.

Conclusions

Segmentation in 87Sr/86Sr and t43NdJtwNd of primitive basalts along the Cascade

Arc coincides with the occurrence of different magma types and with major structural

domains. Isotopic segmentation of the Cascade Arc does not correlate with physical

segmentation based on volcanic vent density (Guffanti and Weaver, 1988) and relative

rates of silicic and mafic magmatism (Sherrod and Smith, 1990). The Columbia segment

has systematically lower 87Sr/86Sr and is marked by the presence of 01-like basalts that

we suggest are derived from accreted enriched lithospheric mantle of the Siletz Terrane.

The central segment has erupted LKTs and depleted CABs that tap a depleted,

isotopically restricted source and were produced by relatively dry melting influenced by

Basin and Range extension.

Primitive LKTs have lower Sr and 87Sr/86Sr than CABs that are generated by

mixing a depleted mantle with a high Sr and 87Sr/86Sr fluid component. The source of the



76

CAB fluid component varies along the arc, where the Columbia and central CAB

component are likely derived from old metasomatized lithospheric mantle. The south

segment with much more variable magma compositions and Sr and Nd isotopic ratios and

CABs appear to result from hydrous melts arising from the dewatering of serpentinite in

the slab, the lithospheric mantle, or crust.
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EVIDENCE FOR RECHARGE AND INTERACTION WITH REFRACTORY
DEEP CRUST TO PRODUCE BASALTIC ANDESITE BENEATH NORTH

SISTER VOLCANO, OREGRON CASCADE RANGE, USA

Abstract

Deep crustal processes are difficult to fingerprint because diverse mantle inputs

and upper crustal re-equilibration of magmas can jumble the signal. In order to address

deep crustal processes in an arc, we chose to look at an extensional mafic arc, where

primitive basalts have been well described and magma ascend along faults, forming well-

defined dikes and generating little crustal melt. North Sister Volcano, the most mafic and

longest-lived of the Three Sisters Volcanoes in the Central Oregon Cascade Range has

been active since 32O ka. It erupted in over 4 eruptive stages and finally in a through-

going fissure, the Matthieu Lakes Fissure (MLF). Although the basaltic andesite

produced by North Sister appears monotonous, groups of data cluster in major and trace

element and isotopic compositions and correlate with eruptive stages. Compositional

groups (1, 2a, 2b, 3-4) and MLF in general evolve toward higher Al203, Ti02, and lower

Ni as well as toward lower 87Sr/86Sr and higher 143NdJ144Nd.

Petrologic modeling to replicate North Sister's variations removes the upper crust

fractional crystallization signal and indicates that the important signal that differentiates

between compositional groups comes from the deep crust. Earliest, primitive North

Sister basaltic andesite results from mixing ambient primitive low potassium tholeiite

(LKT) with a crustal contaminant because it contains the highest 87Sr/86Sr and lowest

143NdJ'44
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Nd. The crustal contaminant is likely to be mainly a plagioclase component-rich

melt with high Si02 and Al203. Energy-constrained petrologic models suggest high

recharge rates and little crustal melting occurs after the primitive North Sister basaltic

andesite forms, shifting Sr and Nd isotopes toward more mantle-like compositions. A

high recharge rate with little melting of the crust indicates that the crust is refractory once

the plagioclase fraction has melted out to generate primitive North Sister basaltic

andesite.



Introduction

Although intermediate magmas, the dominant form of arc volcanism, are

commonly ascribed to mixing of mantle- and crustal-derived material, the sources,

processes and contaminants to generate diverse magmas remain a source of debate.

Relatively primitive intermediate rocks, basaltic andesites, can have wildly different

concentrations of incompatible elements over relatively narrow major and compatible

trace element concentrations. For example, the difference between 0.6 and 1.0 wt% K20

for two rocks with 53% Si02 cannot be linked by normal assimilation and fractional

crystallization processes unless different parental magma, crustal assimilant

compositions, or fractionating assemblages are involved in their evolution.

The deep crust is a likely place for variable intermediate magmas such as basaltic

andesite to be generated because it is envisioned to be a zone where mantle-derived

basalts pond and stew, acquiring crustal affinities such as increased Si02 and increased

&8o The leading paradigm for the deep crust of arcs is the MASH zone hypothesis, for

melting, assimilation, storage, and homogenization, where mushy pods of magma

beneath stratovolcanoes develop diverse intermediate compositions (Hildreth and

Moorbath, 1988). According to the hypothesis, diversity in arc magmas is due to the age,

composition, and thickness of the crust, which control isotopic compositions and the

stability of minerals such garnet, amphibole, pyroxene, or plagioclase feldspar. The

MASH hypothesis was a conceptual breakthrough, but what exactly occurs in the deep

crust is unknown. Also, the MASH model normalized erupted magmas to an andesitic

composition (56 % Si02), not the basaltic andesite found at North Sister. Fundamental

questions remain about the parental basalts as well as the lithology and composition of

the deep crust and its associated partial melts. In essence, can the deep crust be exhumed,

fingerprinted, tried, and convicted?

In order to understand processes that occur in the lower crust, two complications

arise: first, the assoitinent of primitive mantle melts injected into the lower crust, and

second, overprinting by upper crustal processes. Deep crustal processes are cryptic, such

as the assimilation of mafic to ultramafic lithologies or the fractional crystallization of a

mineral like clinopyroxene that has a Si02 concentration similar to that of the magma. It
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is therefore best to look at a mafic arc with thin crust, where basalts have been well

characterized.

Mafic arcs include Kamchatka, the Aleutians, the Marianas and the Southern

Andes. The Central Oregon Cascades Range is also anomalously mafic (Sherrod and

Smith, 1990) and is undergoing east-west extension. Mafic dikes align parallel to normal

fault structures and magmas tend not to stall within upper crustal reservoirs to generate

partial melts. Primitive arc basalts are rare in the Cascades, but have been well studied

because they yield important information about mantle melting regimes and mass fluxes

from the subducted slab and mantle wedge (Bacon, 1990, Bacon et al, 1997, Borg et a!,

1997, Conrey et al, 1997, Grove et al, 2002, Leeman et al, 1990, Leeman et al, 2005,

Schmidt et al, in prep, Reiners, 2000, and Rowe et al, in prep). More common than

basalts in the Central Oregon Cascades are basaltic andesites of two main types, the

North Sister-type, depleted in incompatible elements (0.6% K20) and the more enriched

Mount Washington-type ('-1% K20, Hughes and Taylor, 1986; Conrey et al, 2002).

This paper is an in depth study of North Sister Volcano and its nearly constant

basaltic andesite composition, the low incompatible element concentrations of which

indicate little enrichment by fractional crystallization and assimilation in the upper crust.

The goal of this paper is to address what processes turn basalt to basaltic andesite in the

deep crust. Particularly, what is the lithology of the contaminant and what is the

composition of its partial melt? What minerals are fractionated, preferentially melted or

left behind and in what proportions? We argue that North Sister's basaltic andesite was

produced in the deep crust based on modeling of temporal variations in trace and major

element compositions as well as isotopic indicators such as Sr, Nd, Pb, and Os over its

320 ka history.

The Central Oregon Cascade Arc

Volcanism along the Cascade Arc is the result of the Juan de Fuca Plate

subducting beneath North America at a rate of 45 mm/yr. The youthfulness of the down-

going plate (Wilson, 1988), a paucity of seismicity in the slab (Weaver and Baker, 1988),

and extension within the arc (Hughes and Taylor, 1986) has led to the characterization of



the Oregon Cascades as a hot subduction zone. Cascadia's large accretionary wedge

indicates that little to no sediment is being subducted to depth (Fleuh et a!, 1998).
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Figure 4-1. Tectonic map of Oregon. Quaternary volcanism of the High Cascades (dark

gray) has been restricted to an intra-arc graben. The Three Sisters Volcanoes lie at the

intersection of the High Cascade Graben and the Brother's Fault Zone, a shear zone at the

northern margin of the Basin and Range. Quaternary bimodal volcanism of the High

Lava Plains (light gray) largely coincides with the Brother's Fault Zone.

The Central Oregon Cascade Arc has been built upon the Siletz Terrane, an

Eocene-age accreted oceanic plateau made up of altered basalts and minor marine

sediments (Stanley et al, 1990, Trehu et al, 1994, and Parsons et al, 1999). The eastern
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boundary between Tertiary and Mesozoic to Paleozoic age crust is called the Columbia

Embayment and has been drawn through the Cascades between Middle and South Sisters

(Couch and Riddihough, 1989). Quaternary and Tertiary volcanic and volcaniclastic

rocks make up the upper 2 to 4 km of the High Cascades crust. The lower crust between

30 and 40 km depth comprises mafic granulites and underplated mafic to ultramafic

intrusions as inferred from seismic refraction and magnetotelluric studies (Stanley et al,

1990).

A discontinuous N-S graben structure bounds most Quaternary Cascade

volcanoes in Oregon (Figure 4-1). Extension rates are less than 1mm/year (Wells eta!,

1998), but are significant enough to allow the passage of abundant mafic magmas as

dikes along fault structures. Consequently, the Oregon Cascades is the most mafic

segment of the Cascade Arc, having produced voluminous basaltic andesite and basalt,

mainly as small and composite shield volcanoes and as monogenetic vents aligned

parallel to the graben. More normal arc stratovolcanoes, such as Mount Jefferson are also

found in the Cascade Range, but their extrusion rate is small relative to the mafic

extrusion rate (Sherrod and Smith, 1990).

At the Three Sisters, the High Cascade Graben is the widest and has the greatest

density of vents, including at least five composite volcanoes (Guffanti and Weaver,

1988). A northward progression of low K tholeiites (LKTs, also called high alumina

olivine tholeiites or HAOTs by some worker) from the latitude of Three Sisters to Mt.

Adams in southern Washington, between 8 Ma to 0 Ma has been interpreted as the

northward propagation of the intra-arc rift beginning 8 Ma (Conrey et al, 2003). The

Brother's Fault Zone, a shear zone in eastern Oregon at the northern margin of the Basin

and Range Province (Lawrence, 1976) merges with High Cascade Graben faults over a

diffuse area east of the arc, between the Three Sisters and Mount Jefferson (Figure 4-1).

Late Tertiary and Quaternary bimodal volcanism of the High Lava Plains broadly

coincides with Brother's Fault Zone. Ongoing LKT-dominated basaltic volcanism and

westward-younging rhyolitic centers (MacLeod et al, 1975) have been produced in the

High Lava Plains since -12 Ma with widespread basaltic volcanism between 7.5 to 7.8

Ma, 5.3-5.9 Ma and 2-3 Ma (Jordan et al, 2004 and Jordan, 2002), concurrent with the

initiation of intra-arc extension around 8 Ma and the 2 Ma LKT flare up in the Cascades.
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Newberry Volcano, a large backarc volcano, southeast of the Three Sisters has produced

voluminous basalts and basaltic andesites since 600 ka and is considered to be the

youngest rhyolitic manifestation of the High Lava Plains (Sherrod, 1997, Jordan et al,

2004).

Also contributing to the Cascade intra-arc extension is the rotation of the Siletz

forearc crustal block. Paleomagnetic and geodetic surveys indicate that the Siletz forearc

block is rotating clock-wise at a rate of 9 to 12 mm/yr with its Euler Pole in northeastern

Washington (Wells et a!, 1998).

Basaltic Inputs to the Cascade Arc

Rare, yet diverse, primitive basalts that are crystal-poor with Mg#>60 where Mg#

= 100 * mol% MgO/(mol% MgO + mol% FeO*) are found in the Cascades and

presumably have experienced little differentiation in the crust. Primitive basalts have

been well studied in order to better understand mantle melting beneath volcanic arcs,

particularly the relative contributions of slab fluid and decompression (e.g. Bacon, 1994,

Bacon et al, 1997, Borg et a!, 1997, Conrey et al, 1997, Leeman et a!, 2005, Reiners et a!,

2000, Grove, 2002). In order to understand the crustal history of North Sister basaltic

andesite, the diverse "flavors" of mantle inputs that might be parental to North Sister

need to be understood. Although the impetus to group and classify endmember magma

types is strong, these primitive magma types represent a continuum of compositions,

rather than neat clusters of rock types.

Endmember mantle inputs to the Central Oregon Cascade Arc are differentiated

by rare earth elements (Figure 4-2a) and concentrations of other incompatible elements.

Incompatible element depleted low K tholeiite (LKT) are also called high alumina olivine

tho!eiite (HAOT, e.g. Bacon et al, 1997 and Grove, 2002). Uniformly enriched ocean

island-like basalt (01-like) has also been called within plate basalt (WIP, e.g. Conrey et

al, 1997?). Fluid mobile element enriched calc-alkaline basalt (CAB) is typical of arc
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settings, but alkali super-enriched absarokite (ABS, Figure 4-2a) is also found in the

forearc of the Cascade Range. Because LKT and 01-like basalts similarly lack fluid

mobile element enrichment, they have been categorized together as group I basalts; CAB

and ABS share enrichment in fluid mobile elements and are classified group II basalts

(Leeman et al, 2005). The clearest distinction between the two basalt groups is in major

elements. LKTs and 01-like basalt tend to increase in Fe with differentiation, while

CABs and ABS increase in Ca and alkali elements with differentiation (Miyashiro, 1974).

Arc-typical CABs are enriched in fluid mobile large ion lithophile elements

(LILEs) such as Ba and Sr and depleted in high field strength elements (HFSE) such as

Nb, Ta. The CABs also have steep REE (rare earth element) patterns, being enriched in

LREE (light rare earth elements) and depleted in HREE (heavy rare earth elements)

possibly due to the increased fluid mobility of REE with larger ionic radii (Tatsumi et al,

1986). Because these trace element characteristics are ubiquitous for all CABs in arcs

worldwide, the addition of a fluid subduction component (SC) has been argued to flux

melt the mantle and generate CABs (e.g. Borg Ct al, 1997). The important correlation

between water content and degree of melt supports this assertion (Stolper and Newman,

1994). The extreme endmember of CABs, the ABSs have extreme enrichments in LILEs

(exceeding 3% K20) and LREE. In the Cascade Range, ABSs are volumetrically minor

and tend to erupt in the forearc (Rowe et al, in prep).

LKTs have flat rare earth element patterns (Figure 4-2) and have higher Al203

and the lowest concentrations of incompatible elements of the Cascades primitive basalts.

LKTs differ from MORBs however, as they have slight enrichments in LILEs and have

the negative Nb and Ta anomalies that typify most arc basalts. Most notable for this

work, LKTs are the only basalt group with lower incompatible elements than North

Sister's basaltic andesite, but does have higher concentrations of heavy rare earth

elements (I-TREEs) than North Sister. UI-like basalts are similar to LKTs by lacking

LILE enrichment, but UI-like basalts also lack the depletion in HFSE (no negative Nb

anomaly).

In the Oregon Cascade Range, CABs have erupted throughout its history, while

LKTs tend to erupt as flare-ups or pulses of concentrated volcanism (Conrey et al, 2004).
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LKTs are found today as thick flows that came from the margins of the High Cascade

Graben and filled the subsiding graben and canyons to the east and west of the arc. The

first LKTs were erupted around 8 Ma at the latitude of the Three Sisters and then

progressed slowly northward until today, where young LKTs are found near Mount

Adams in southern Washington. This northward progression of LKTs has been attributed

to the northward propagation of the intra-arc rift and upwelling mantle. Around 2 Ma, a

second flare-up of LKTs occurred around the Three Sisters and subsequently more CAB

magmas have erupted in the Central Oregon Cascades (Conrey et al, 2004).

Central Oregon's Quaternary High Lava Plains, LKTs with similar chemical

characteristics to those erupted along the Cascade Arc, have been the predominant basalt

type. Minor caic-alkaline basalts are found in the western High Lava Plains while alkali

basalts tend to be found in the east. The presence of high Ba, Sr, and Pb in High Lava

Plains LKTs implies an ancient, prevalent subduction component in the mantle beneath

western North America (Hart et al, 1983).

A striking shift in Sr and Nd isotopic ratios of primitive CABs and LKTs exists

along the Cascades between the Three Sister and Mount Jefferson. LKTs near Mount

Jefferson and to the north tend to have lower 87Sr/86Sr and higher '43Nd/144Nd than LKTs

erupted from the Three Sisters and to the south. This shift indicates that different source

mantle domains are tapped to the north than to the south, possibly due to the presence of

Basin and Range extension in the backarc south of the Three Sisters (Chapter 3).

The following discussion briefly summarizes contrasting ideas for mantle melting

regimes to generate end member basalts in the Oregon Cascades. The first model

(Conrey et al, 1997 and Bacon et al, 1997) for LKTs and 01-like basalts holds that they

are generated deep in the subarc mantle by hot, dry decompression melting of depleted

and enriched mantle, respectively, reconciled by the observation of rifting within the arc

and the backarc. The addition of fluid fluxes the mantle to produce CAB and ABS melts.

The source of the fluid is debated; it is either predominantly modern (Bacon et al, 1997,

Borg et al, 1997) or from old, metasomatised lithospheric mantle (Leeman et al, 2004 and

Leeman et al, 2005). The presence of a modern subduction component is based on phase

equilibria studies on water-saturated basalts and primitive andesites that suggest CABs

are a mixture between ABS-like melts produced as cold, wet, deep melts near the slab
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that mix with shallower mantle melts (e.g. Grove et al, 2002, Grove et al, 2003). The

absence of cosmogenic berrylium and low boron concentrations in arc volcanoes,

excepting extreme forearc volcanoes in southern Washington and northern Oregon,

however indicates that the "arc signature" must be derived from older, metasomatized

mantle (Leeman, 2004). The second model, proposed by Reiners and others (2000) holds

that all end member basalts are produced by fluid flux melting, but with variable

contributions of subduction component and degree partial melt. CABs and ABS are wet,

high degree melts of depleted mantle, while LKTs and 01-like basalts are less wet, low

degree melting of depleted and enriched mantle, respectively.

The Nature of Arc Lower Crust

Magmatic processes that occur within the arc lower crust are enigmatic because

they caimot be directly observed. The arc lower crust is a dynamic environment, where

continual replenishments of new material and heat from the mantle are stored and

processed. Basalts that pond there react with their surroundings, crystallizing to form

deep crustal cumulates and assimilating mafic to ultramafic rocks.

The dominant paradigm, the MASH hypothesis (Hildreth and Moorbath, 1988)

explains how magmas evolve in the lower crust by mixing, assimilation, storage, and

homogenization. In the southern Andes, Hildreth and Moorbath (1988) observed

systematic variations in the base-level isotopic (increasing 87Sr/86Sr, decreasing

'43N&14d) and chemical compositions (increasing K20, Ba, Ce, Ce/Yb) from south to

north that correlate with increasing crustal thickness and consequently, the stability of

garnet.

Geophysical studies of arc lower crust usually locate the Moho at the depth where

seismic velocities slow to -.7 km/s, where the stability of plagioclase increases. In the

Cascades, the Moho has been located at about 40 km depth (Stanley et al, 1990 and Trehu

et al, 1994, Parsons et al, 1999). The petrologic Moho however occurs at the depth where

there is a transition from highly refractory residual phases to accumulated phases.

Ultramafic cumulates that crystallized from basalts ponded at the base of the crust may

have higher densities than the underlying mantle. This density inversion may cause
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delamination of the lowermost crust into the mantle (Kay and Kay, 1993). Intra-arc

extension, widespread mafic centers, and high heat flow (100-120 mW/rn2, Blackwell et

al, 1990) in the Oregon Cascades indicates cumulate zones underplate the length of the

arc.

Tectonically exhumed sections of arc-related lower crust consist of thick

sequences of ultramafic and gabbroic cumulates. For example, a section of lower crust of

the Jurassic Talkeetna Arc above the petrologic Moho exposed in southern Alaska

formed at 9.5 to 11 kbar (28-33 km; DeBari and Coleman, 1991). The Talkeetna section

consists of 2 km of ultramafic cumulates (dunite, harzburgite, wehrlite, clinopyroxenite,

and websterite), 0.2 km of garnet gabbro, and 2 km of gabbronorite and amphibole

gabbro (DeBari and Coleman, 1989; DeBari and Sleep, 1991). Amphibole increases up

section at the expense of pyroxene within the series of gabbros (DeBari and Sleep, 1991).

The lower crustal units extend the full length of the 800 km-long section of arc crust and

there is no regular spacing of lithologic units that would link to the typical regular

spacing of large stratovolcanoes in arcs (DeBari and Coleman, 1989 and DeBari and

Sleep, 1991).

North Sister Volcano

North Sister Volcano, the oldest and most mafic of the Three Sisters Volcanoes,

has produced 40 km3 magma since at least 300 ka (Chapter 2). Over North Sister's

eruptive history, it has produced a narrow compositional range, consisting of

incompatible element-depleted NS-type basaltic andesite (52.5 --54.9 % SiO). Most

North Sister eruptions have been dike-fed, producing scoria and agglutinated lava flows.

Occasionally, glacial ice has covered North Sister and palagonitic tuff was produced

during subglacial eruptions.

A composite volcano, North Sister consists of overlapping cones and was

constructed over 4 eruptive stages: 1) the early shield (weighted mean 40Ar/39Ar age of

320 ± 66 ka), 2) the subglacial stage of subglacial origin (40Ar/39Ar age range 191.2 ±

28.7 ka and 105.2 ± 38.6 ka), 3) the upper shield stage, and 4) the stratocone stage

(40Ar/39Ar age range 71.7 ± 39.6 ka and 57.2 ± 36.8 ka). Significant erosion during 3
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major glaciations has eroded roughly half of North Sister's total volume, leaving steep

talus slopes and cliff faces (Chapter 2).

The Matthieu Lakes Fissure (MLF, 53 to 60% Si02) is a >11 km-long, N-trending

series of thick, dike-fed lavas and scoria cones that transects North Sister and has an

40Ar/39Ar age range 75.8 ± 31.0 ka and 15.1 ± 11.5 ka. MLF is made up of three splays

(east, central, and west) that are compositionally distinct and young to the west.

Little Brother, a small shield volcano (<1 km3), lies 2 km west of North Sister's

summit. Little Brother's thin lavas overlie a small palagonitic tuff cone.

Contemporaneous with North Sister (40Ar/39Ar age range 157 ± 27 ka to 47 ± 23 ka;

Chapter 2), Little Brother consists of Mount Washington type basaltic andesite (52.7 to

53.9% SiO) that is genetically unrelated to North Sister (see later sections).

Analytical Techniques

A total of 171 samples were analyzed by X-ray fluorescence (XRF) for maj or

elements and ten trace elements in order to break out chemical groups and eruptive

stages, including one hundred twenty samples from North Sister, twenty-eight from

Matthieu Lakes Fissure, and twenty-three from Little Brother. They were chipped using

an alumina jaw crusher and then powdered using a tungsten carbide shatterbox. Powders

of each sample were mixed 1:2 (rock:flux) Li-tetraborate flux, fused in a carbon crucible,

reground and fused again. Analyses were performed in the GeoAnalytical Lab at

Washington State University-Pullman. XRF analyses were done on a Rigaku 3370

Spectrometer according to the conditions presented by Johnson and others (1999). The

fused beads were used for major and trace element analyses at a constant voltage of 50

kV (50 mA) on an Rh target for all elements.

Sixteen representative samples were analyzed for rare earth elements using

inductively coupled plasma mass spectrometry (ICP-MS) analyses, performed at

Washington State University. Samples were first chipped in an alumina jaw crusher and

then powdered in a Fe shatterbox swing mill. The powders were then digested using

methods modified from Crock and Lichte (1982) and 2 g of the minder is mixed with an

equal amount of Li-tetraborate flux and fused in a carbon crucible. Samples were



Table 4-1. Representative analyses of North Sister, Little Brother, and Matthieu Lakes Fissure, continued

Trace element compositions are unnormalized. All Ni, Cr, an V analyses were performed by XRF as well as Sc, Rb, Sr, Ba, Pb, La, Ce, Zr, Nb, and Th for samples denoted by an "p". XRF precision is
for major elements (weight percent) and trace elements (ppm) are from Johnson et al (1999). Elements analyzed by ICP-MS include Ba, Th, Nb, Y, Hf, Ta, U, Pb, Rb, Cs, Sr, Sc, and the rare earth
elements La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu. Standard deviations in ICP-MS data are from the WSU GeoAnalytical Lab (Knaap, written communication).

Sample # NS-02-92
MLF-East

NSO293*
MLF-East

NS-02-IO1
MLF -Main

NS-02-115
MLF-Main

NS-02-120
MLF-Main

NSO21O7*
MLF-West

NS-02-169
South MLF

LB.02-2
Little Bro

LB-02-22
Little Bro

LB-02-23
Little Bro

Normalized XRF rezulls XRFsId dev.

S02 53.3 54.9 59.7 55.2 53.6 57.6 58.0 52.8 53.0 53.2 0.09
AIO3 20.0 17.8 17.0 17.3 18.2 17.9 16.9 17.7 17.8 17.8 0.07
Tb2 1.16 1.57 1.33 1.53 1.46 l.05 1.43 1.41 1.44 1.43 0.004
FeOz 7.5 8.9 7.0 8.9 9.0 7.1 8.0 8.5 8.3 8.2 0,01

MaO 0.13 0.15 0.14 0.16 0.16 0.12 0.15 0.15 0.16 0.15 0.001
CaO 8.0 7.5 5.5 7,7 7.8 7.1 6.2 8.7 8.7 8.7 0.01
MgO 4.1 3.7 2.5 4.0 4.9 3.7 3.0 5.6 5.4 5.3 0.10
K20 0.69 0.85 1.41 0.93 0.68 0.97 1.24 0.98 0.98 0.96 0.07
Na20 4.0 4.5 5.1 4.1 3.9 4.3 4.8 3.7 3.7 3.8 0.05
P200 0.22 0.27 0.37 0.28 0.26 0.14 0.34 0.47 0.48 0.48 0,002
Unnormalized
1*1*1 98.8 97.0 97.9 98.6 99.0 98.7 98.4 98.7 98.8 99.3

ICP.MS std.

Ni 45 10 6 11 56 23 3 71 59 58 1

Cr 18 7 9 23 13 35 6 97 91 93 2
V 179 262 121 287 228 177 185 195 202 192 5

Sc 22 19 23 30 25 28 23 25 27 28 2 1.61
Rb 6.6 7 20.1 13.0 4.8 15 17.1 12.8 12.9 13.1 1 0.28
Cs 0.13 0.52 0.46 0.09 0.33 0.30 0.38 0.41 0.01

Sr 638 546 489 552 605 504 503 647 681 669 I 3.24
Ba 258 305 480 349 305 310 430 410 429 429 9 1.76
Pb 3.10 - 5.36 4.23 3.25 - 5.18 4.23 4.34 4.66 2 0.09
La 10.1 9 18.9 14.4 10.8 26 16.7 20.1 20.9 21.4 10 0.10
Ce 22.2 16 40.0 30.3 24.3 32 35.4 42.3 44.1 45.1 10 0.14
Pr 3.0 5.1 3,9 3.40 4.6 5,4 5.7 5.7 0.03
Nd 14.0 23.0 17.6 16.1 20.5 23.7 24.7 25.3 0.12
Sm 3.7 5.9 4.6 4.4 5.3 5.8 5.9 6.1 0.06
Eu 1.40 1.90 1,58 1.61 1.74 1.85 1.92 1.97 0.02
Gd 3.8 5.8 4.7 4.5 5.3 5.5 5.8 5.9 0.06
Tb 0.62 0.94 0.75 0.74 0.84 0.86 0.90 0.94 0.01
Dy 3.8 5.7 4.6 4.5 5.1 5.1 5.3 5.5 0.07
Ho 0.78 1.17 0.93 0.90 1.04 1.04 1.05 1.12 0,01
Er 2.1 3.1 2.5 2.4 2.8 2.8 2.9 3.0 0.05
Tm 0.29 0.45 0.36 0.34 0.40 0.39 0.40 0.42 0.01
Yb 1.82 2.78 2.17 2.05 2.51 2.39 2.47 2.59 0.03
Lu 0.28 0.44 0.34 0.32 0.39 0,37 0,39 0.40 0.01
V 20.7 24 31.2 24.5 23.7 18 27.7 27.1 28.1 29.3 1 0.5
Zr 99 124 183 129 94 101 157 155 161 167 1

Hf 2.63 4.70 3.42 2.66 4.12 3.84 3.90 4.09 0.04
Nb 5.3 7 9.9 7.9 5.2 6 8.4 13.1 13.9 14.5 0.5 0.13
Ta 0.32 0.63 0.51 0.33 0.54 0.79 0.85 0.88 0,02
Tb 0.85 2.32 I.57 0.63 2 1.99 1.71 1.76 1.76 2 0.03
U 0.33 0.84 0.58 0.31 0,73 0.58 0.59 0.60 0.01



Table 4-1. Representative analyses for North Sister, Little Brother, and Matthieu Lakes Fissure
Sample # NS0287* NS-03-141 NS-02-29 NS-02-46 NSO247* NS-03-164 NSO2111* NS-03-165 NS-03-132 NS-03-135 NS-02-66

Stage 1 Stage 2 NS dike Dike Dike U Stage 2 Stage 2 Stage 3 Stage 4 Stage 4 Distal lava
Group 1 2ap 2ap 2ap 2ae 2b 2b 3-4 3-4 3-4 3-4

Normalized XRF results;
Si02 54.4 53.6 53.4 53.8 54.1 54.6 54.7 54.5 54.1 53.7 52.5
AI203 18.7 l9.l 18.8 19.7 18.3 18.9 18.7 18.3 19.0 19.2 18.4
Ti02 0.99 1.05 1.08 1.16 1.08 0.99 1.03 1.09 1.14 1.07 1.20
FeO* 7.2 7.2 7.6 7.4 7.5 7.0 7.1 7.4 7.4 7.1 8.1
MaO 0.12 0,13 0.13 0.13 0.13 0.12 0.13 0.13 0.13 0.13 0.14
CaO 8.6 9.3 9.1 9.1 8.9 8.6 8.5 8.7 9,0 9.! 9.1
MgO 5.4 5.2 5.4 4.0 5.3 5.2 5.1 5.2 4.6 5.1 5.9
1(20 0.74 0,62 0.66 0.70 0.74 0,69 0.78 0.77 0.70 0.65 0.66
Na20 3.7 3.7 3.7 4.0 3.7 3.7 3.8 3.7 3.8 3.8 3.7
P205 0.20 0.19 0.19 0.20 0.21 0.19 0.21 0.23 0.20 0.19 0.26
Ljnnormalized
total 95.8 99.4 99.8 99.2 97.4 99.6 97.8 99.3 99.9 99.7 98.2

Ni 93 82 75 35 64 89 83 64 51 78 98
Cr 78 56 56 30 86 62 71 82 41 43 54
V 160 198 186 199 186 165 167 181 28 25 179
Sc 23 25 27 26 21 23 21 25 26 25 27
Rb II 7 7 7 9 8 9 10 8 7 9
Cs 0.21 0.24 0.25 0.13 0.28 0,26 0.22 0,30
Sr 593 591 582 609 539 590 596 553 600 595 579
Ba 275 24! 248 250 287 251 299 294 265 247 274
Pb 4 2.91 3.03 3.05 2 2.77 I 3.54 3,24 3.10 3.20
La 31 9.3 9.7 9.7 15 10.4 17 12.1 10.4 9.6 11.6
Ce 27 20 21 21 16 22 14 26 23 21 25
Pr 2.7 2.7 2.8 2.8 3.3 3.0 2.8 3.2
Nd 12.4 12.6 13.4 13.1 14.9 13.9 12,9 14.6
Sm 3.4 3,6 37 3,4 4,0 3.8 3.5 4.0
Eu 1.22 1.29 1.33 1.24 1.35 1.38 1.26 1.42
Cd 3.5 3.7 3.9 3.5 3.9 3.9 3.7 4.0
Tb 0.58 0.61 0.64 0.56 0.64 0.65 0.60 0.66
Dy 3.6 3.7 3.8 3.4 3,8 3.9 3.6 4.1
Ho 0.72 0.74 0.79 0.69 0.77 0.80 0.73 0.85
Er 1.9 2.0 2.1 1.8 2.1 2.1 2.0 2.2
Tm 0.27 0.28 0.30 0.26 0.30 0,30 0.28 0.32
Yb 1.65 1.72 1.80 1.57 1.82 1.85 1.74 1.88
Lu 0.26 0.27 0.29 0.25 0.28 0.29 0.27 0.30
Y 17 18.8 20.0 20.6 20 18.0 18 20.5 20.9 19.4 22.1
Zr 106 87 93 95 107 95 III 110 98 90 111
Hf 2.34 2.50 2.57 2.55 2.87 2.69 2.48 2.82
Nb 6,
Ta

4.9
0.30

5.0
0.31

5,0
0.31

6 5.4
0,34

6 6.7
0.42

5.5
0.33

5.0
0,3!

7.1
0.44

Tb 2 0.82 0.87 0.86 0.97 3 1.12 0.92 0.88 1.00
U 0.31 0.33 0.34 0.35 0.39 0.35 0.32 0.39
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repowdered and 250 mg of this powder are dissolved using HF (6 ml), I-fl'O3 (2 ml) and

HC1O4 (2 ml) in a teflon vial. Then the sample was dried, followed by an additional

evaporation using HCIO4 (2 ml). HNO3 (3 ml), H202 (8 drops) and HF (5 drops) were

added to the sample and the internal standard of In, Re and Ru. The sample is then

diluted to a final volume of 60 ml (1:240 final dilution). Analyses were run on a Sciex

Elan 250 ICP-MS with a Babington nebulizer, H20-cooled spray chamber and Brooks

mass flow controllers. One acid blank and 3 standard (BCR-P, GMP-0 1 and MON-0 I)

were run with each set of unknowns.

Selected North Sister and MLF samples were analyzed by electron microprobe for

mineral composition. Analyses were run on Oregon State University's CAMECA SX-50

electron microprobe equipped with 4 WDS spectrometers and an accelerating voltage of

15.1 kV. Phenocryst phases analyzed include olivine, plagioclase feldspar, pyroxene, and

spinel. In order to prevent Na loss, the beam width was increased for feldspar analyses

from 1 m to 3 tm and beam current was decreased from 48.96-48.97 nA to 30.140 nA.

Seven plagioclase separates were analyzed for oxygen isotopes: four from North

Sister, two from the Matthieu Lakes Fissure, one from Little Brother, and one olivine

separate of a primitive CAB from Cayuse Crater, a cinder cone and flow on the south

flank of Broken Top, 13 km southeast of North Sister. Mineral oxygen isotope analyses,

reported in the familiar 6 notation relative to VSMOW, were conducted at Washington

State University using a laser fluorination system (Sharp, 1990, 1992) with BrF5

(Borthwick and Harmon, 1982) as an oxidizing agent. Raw data were corrected to a

NBS-28 (African glass sand) value of 9.59 per mu, using the garnet standard UWG-2

(Valley et al., 1995), with a value of 5.8 per mu, as an in-house standard. Replicate

analyses of UWG-2 analyzed with the samples typically show a daily standard deviation

of 0.05 per mu. 02 liberated during fluorination of the 2 to 3 milligram samples is

analyzed directly as oxygen gas without conversion to CO2.

Analyses of fourteen whole rock powders were conducted at the University of

Colorado at Boulder for Sr, Nd isotopic ratios and eleven samples were analyzed for Pb

isotope ratios. Sr, Nd and Pb were separated using conventional techniques (Sr separated

using SrSpec resin). 87Sr!86Sr ratios were analyzed using four-collector static mode

measurements. Thirty measurements of SRM-987 during the study period yielded mean
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87Sr/86Sr0.71032±2 (2cr). Measured 87Sr/86Sr were corrected to SRM-987 0.71028.

Measured 143Nd/'44Nd normalized to t46NdJt44Nd=0.72 19. Analyses were dynamic mode,

three-collector measurements. Thirty-three measurements of the La Jolla Nd standard

during the study period yielded a mean '43NdI'44Nd=0.51 1838±8 (2cr). Pb isotopic

analyses were four-collector static mode measurements. Sixteen measurements of SRM-

981 during the study period yielded 208Pb/204Pb=36.56±0.03, 207PbI204Pb=15.449±0.008,

206Pb/204Pb=16.905±0.007 (2cr). Measured Pb isotope ratios were corrected to SRM-981

values (208Pb/204Pb==36. 721, 207Pb/204Pb= 15.491, 206Pb/204Pb= 16.937). Total procedural

blanks averaged I ng for Pb and Sr, and 100 pg for Nd, during the analytical period.

Four samples from North Sister, one Little Brother sample, and four primitive

basalt endmembers from the Oregon Cascades were analyzed for osmium and rhenium

isotopes at the University of Arizona, using the technique presented in Chesley and others

(2002). Whole rock samples were wrapped in newspaper during hammering and chips

were taken from the center of the rock to avoid metal contamination by the sledge and

metal plate. Hammered chips were then jaw crushed and shattered in alumina. Between

2-15 g of powdered sample were dissolved and spiked with '85Re and '900s.

Equilibration with the spike was achieved by using a modified Carius tube technique

(Shirey and Walker, 1995). Using a modified organic separation method (Cohen and

Waters, 1996 and Chesley and Ruiz, 1998), Os was separated and purified with 90%

recovery. Measured Os total process blanks range from 0.5 to 1.2 pg with measured

'87Os/'88 Os=0. 175±0.015, over the course of the analysis. Two sigma errors and percent

blank corrections are presented in Table 4-3. Re was purified using two successive anion

exchange columns with resin volumes of 0.3 and 0.1 ml, respectively. Samplers were

loaded and diluted in 0.8 M HNO3 and Re was recovered in 8 M HNO3.

Results

Rock Description

North Sister lavas are typically dike-fed and agglutinated, indicating the lavas

erupted as explosive spatter. The basaltic andesite is plagioclase and olivine-phyric,

usually only containing a few to twenty percent crystals. Representative mineral



94

compositions that were used for petrologic modeling in later sections are in Table 4-5.

Plagioclase phenocrysts are the major phase, outnumbenng olivine greater than ten to

one. The plagioclase is normally zoned, ranging from An74 at the center of large

phenocrysts to An50-22 at the rims. Olivine phenocrysts, ranging from Fo84 to Fo54 are

quite small, ranging from about 0.25 to 1.5 mm. Orthopyroxene phenocrysts are minor,

late phases in samples with greater than 54% Si02. Clinopyroxene is an occasional

accessory phase, making up less than 1% of the rock. Primitive North Sister samples

may contain up to 1% Mg-Al chromite present as inclusions within olivine phenocrysts

and as a minor phenocryst phase. Glomerocrysts of plagioclase ± olivine make up 0-15%

of the rock, but are usually outnumbered by phenocrysts. Groundmass varies from

glassy to hollocrystalline with plagioclase, olivine, and magnetite and other opaque

microphenocrysts. Finely holocrystailine lavas are diktytaxitic, meaning that plagioclase

laths bound or project into vesicle cavities.

The MLF is mineralogically diverse, having plagioclase, olivine, clinopyroxene,

orthopyroxene, phenocrystic titano-magnetite, and rare reacted amphibole, contrasting

with earlier activity at North Sister. Plagioclase feldspars are normally zoned and range

from An85 in most primitive MLF to An 42 in most evolved MLF (Table 4-1). The

reacted amphibole, where present in MLF lavas, can be quite large (up to 1.5 cm, but is

commonly 0.01 cm) and has completely broken down to orthopyroxene, clinopyroxene,

plagioclase, and oxides. Crystal content of MLF lavas decreases with increasing Si02.

Linear arrays in variation diagrams as well as strong links between whole rock

composition and observed phenocryst assemblages and crystal contents argue for nearly

closed system fractionation to produce MLF's diversity.

Little Brother has similar mineralogy to North Sister, containing plagioclase and

olivine phenocrysts. Little Brother is distinguished from North Sister in hand sample by

its conspicuous glomerocrysts of olivine and plagioclase that outnumber phenocrysts by

-2 to 1.



Major and trace element characterization

North Sister has produced seemingly monotonous basaltic andesite for the past

300 ka. Selected representative sample from the North Sister suite are presented in Table

4-1. In general, North Sister ranges from 52.5 to 55% Si02 and 4 to 6% MgO (Figure 4-

3a) and never approaches primitive compositions. But, in spite of intermediate Si02 and

MgO concentrations, North Sister basaltic andesite has fairly high Ni (up to 112 ppm,

Figure 4-3b) and Mg# (49.0-59.1, where Mg# 100 * mol% MgO/(mol% MgO + mol%

FeO*). Little Brother, indicative of MW-type basaltic andesite has similar to lower Si02

(52.65-53.9%) than North Sister, but has lower Ni (53-75 ppm) and Al203 concentrations

(17.4 to 18.2% vs. 18.0 to 19.7%, Figure 4-4a). North Sister basaltic andesite extends to

the highest Al2 03 concentrations of any mafic magma type in the Cascade Arc. North

Sister also has lower incompatible element concentrations than Little Brother (e.g. K20:

0.6 to 0.8% vs. 0.9 to 1.0%, Figure 4.3g), including Ba, Sr, Zr, Ti, and REE (figures 2, 3,

and 4). A positive Eu anomaly for most North Sister samples is similar to primitive

basalts in the region (Figure 4-2a) and indicates that there has only been nominal

plagioclase removal, significant plagioclase addition, or exclusion of Eu3 by

clinopyroxene (Figure 4-2b; Bacon et a!, 1997).

Subtle, yet systematic variations in major and minor element compositions (e.g.

CaO/Al203 vs. MgO, Figure 4-3e) break North Sister into compositional groups of

stratigraphically related lavas that roughly correlate with eruptive stages 1 through 4

(chapter 1). The four groups will be referred to as 1, 2a, 2b, 3-4; stage 2 lavas were

broken into 2 groups and stages 3 and 4 have over-lapping compositions. A significant

unconformity, representing -1 00 ka, separates stages 1 and 2 (chemical groups 1 and 2a),

corresponding to a major glacial event 300 to 250 ka (Mix, 2000 and chapter 1). Stage 2

was the most voluminous, longest-lived stage in North Sister's history, from -200 to 100

ka. North Sister's stage 2 consists of a proximal pyroclastic facies (subglacially erupted

palagonitic tuff and scoria) that inter-fingers with or envelopes distal lavas. Stage 2

comprises 2 main chemical groups, 2a and 2b. Group 2a was further broken down into

two clusters, 2ae (evolved) and 2ap (primitive), where 2ae has less than 70 ppm Ni.

While packages of flows of either Group 2ae or 2ap were found, the groups interlayer

95
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Figure 4-3. Si02 and MgO variation diagrams for North Sister and MLF. Little Brother
is denoted by a field in all diagrams. North Sister groups are based on stratigraphic and
compositional similarities discussed in the text. Note that while dike and distal lavas
overlap with some North Sister groups, they were not to assigned chemical groups
because specific stratigraphic relationships are unknown. a) MgO vs. Si02 and b) Ni vs.
Si02 illustrate that group 2ap and some group 3-4 samples have lower Si02 for a given
MgO and Ni. Note horizontal trajectories in Ni for groups 1, 2ae, 2b, and 3-4. c) Ba vs.
Si02. d) Sr vs. Si02. e) CaO/Al203 vs. MgO demonstrates how groups 1 and 2b have
lower CaO/Al203 than groups 2ap and 3-4. MLF forms tight, near linear arrays in MgO
diagrams and its turns and wiggles represent changes in the fractionating assemblage.
For example, in f) hO2 vs. MgO and in h) V vs. MgO, once magnetite joins the liquidus,
both Ti02 and V concentrations sharply decrease. Note also that groups 1 and 2b have
lower concentrations of Ti02 and V than the other North Sister groups. g) K20 vs. MgO
exemplifies a key observation: over a 2% change in MgO, there is only a slight increase
in K20 as well as with other incompatible elements (also seen with minor excursions in
c) in groups 2ap, 2b, and most 3-4.
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with one another (Figure 4-6a) and are genetically related. Group 2b lavas make up

North Sister's SE ridge and are the last (-.l20 ka) lavas of stage 2.

Elemental analyses for Matthieu Lakes Fissure (MLF) form tight arrays that trend

away from a composition similar to North Sister to higher Si02 (60%) and higher

incompatible elements. MLF's mafic end is variable in high field strength elements

(HFSE) such as Ti02 (Figure 4-30, indicating that while North Sister basaltic andesite is

the primary parent, its origin is more complex. The Si02 concentration of MLF is

strongly controlled by its position relative to the North Sister edifice from south to north,

over 8 kin, and ranging from 59.7 wt% to 53.1 wt% (Chapter 2, figure 2-7).

Although differences among North Sister's compositional groups are small in

many elements, clusters of data correlate with stratigraphic packages of lavas. This

indicates that the different groupings of the data represent real temporal trends. In

general, North Sister has produced more evolved compositions with time, increasing in

Si02 and decreasing in MgO and Ni with time. Figure 4-6 illustrates Ni, Cr, and V

variations through time with compositional groups. Through the following discussion, it

will be made clear that groups 1 and 2b have similar differentiation histories in spite of

occurring -200 ky apart. For example, groups 1 and 2b range to lower V concentrations

than groups 2ap, 2ae, and 3-4 (Figure 4-Sb). Also, North Sister alternates between

compositionally restricted (groups 1 and 2b) to compositionally more diverse (2a and 3-

4). Characteristics of North Sister's chemical groups are summarized below.

Primitive basal North Sister. A single sample (NS-02-66, Table 4-1 and indicated

in figures 3, 4, and 5) represents the earliest primitive North Sister. This sample has the

lowest Si02 and highest MgO concentrations, although its Ni and Cr concentrations (98

and 54 ppm, respectively) are not particularly high. Similar to the rest of North Sister in

most incompatible elements (e.g. 3c and g), the basal North Sister composition has higher

Ti02 and FeO* (Figure 4-30.

Groupi. Group 1 encompasses the oldest lavas sampled on North Sister, found

low in its north flank and northeast ridge with a weighted mean 40Ar/39Ar age of 320 ± 66
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Figure 4-4. Ni variation diagrams spread out the North Sister data and reveal its mafic
character. a) Al203 vs. Ni. b) Ba vs. Ni illustrates how over a -6O ppm decrease in Ni,
Ba only slightly changes (243 to 236 ppm) for groups 2ap, 2b, 3-4, and many dike
samples. Note that group 1 is more enriched in Ba at the primitive (high Ni) end, while
group 2ae increases in Ba with decreasing Ni. c) MLF and Groups 2ap and 2ae diverge in
Cr vs. Ni. Note that many 2ap samples that were defined as having high Ni, have lower
concentrations of Cr than 2ae samples with lower Ni. d) P and Zr are similarly
compatible during mantle melting and apatite-absent crystal fractionation. Variations in
P/Zr indicate slightly different magma sources for 2ap, 2ae, and 3-4. A few outliers that
are enriched in P may indicate mixing with a different, high hO2, high P205 magma.
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ka (Chapter 2, Table 4-2-3). Distal lavas with compositions similar to group I were

sampled. Only a single group 1 dike was sampled because it is the oldest group and is

covered by later deposits. Group 1 's composition varies to North Sister's higher range in

Si02 (figures 3a-d) but its Ni and MgO (87-107 ppm and 5.07-5.75% respectively) are

relatively high, indicating that group 1 is fairly mafic. Group 1 lavas have lower HFSE,

such as V and Ti02 (figures 3f and h) and slightly higher concentrations of large ion

lithophile elements (LILE), such as Ba, Sr, and K20 (figures 3c, d, and g) than later

North Sister groups. Up section, group 1 decreases simultaneously in Si02 and K20

(54.6 to 53.9% and 0.75 to 0.70%, respectively) and increases in Ni (Figure 4-6a) as well

as slight increases in HFSE such as V (160 to 171 ppm, Figure 4-6c).

Group 2ap. Erupted 140 ky after group 1, group 2ap is the most mafic group in

Si02, MgO, and Ni (figures 3 and 4). Stage 2a lavas were mainly sampled from North

Sister's north east ridge, where a large number of NE-trending dikes have similar

compositions to nearby lavas, indicating that they probably fed the lavas. These dikes

include the most primitive North Sister compositions with up to 112 ppm Ni and are

considered parental to 2ap and 2ae. Because group 2ap and 2ae are intercalated and have

similar ranges in HFSE (e.g. V, figures 3h, 5, 6b), we conclude that they are genetically

related. In group 2ap, the concentration of Cr, is generally lower than that of 2ae that has

lower Ni concentrations (60 vs. 80-90 ppm Cr, Figure 4-4c). The primitive dikes that

appear parental to 2ap have elevated Cr abundances similar to most group 2ae and this

may indicate two distinct crustal reservoirs where fractional crystallization, assimilation,

and recharge processes may occur.

Group 2ap contrasts with group 1, the other mafic North Sister group by having

higher and CaO/Al203, and lower Si02. Group 2ap also has lower LILE (e.g. Ba figures

3c, 4b), and higher HFSE (e.g. Ti02 and V, figures 3f, h, 5, and 6b) than group 1. The

trends of the two groups parallel one another in major and compatible elements (figures

3a, b, e, f and 4a, c, and d), indicating similar process have affected both groups.

Group 2ae. Group 2ae was defined as having less than 70 ppm Ni and is one of

the more evolved groups at North Sister (53.8-54.3 Si02). With increasing Si02, Ni
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remains constant (-63 ppm, Figure 4-3b). In major elements, group 2ae ranges to lower

concentrations of Al203 and CaO (figures 3e and 4a) than group 2ap, likely reflecting the

removal of plagioclase.

Group 2ae has two main evolutionary paths, one toward decreasing Sr and one

with constant Sr with increasing Si02 (Figure 4-3d). The trajectory of decreasing Sr

(<560 ppm) has higher MgO (5 .2-5 .4%) than the constant Sr trend (4.9-5.1 wt% MgO).

These two evolutionary paths may reflect either fractional crystallization of different

proportions of plagioclase, olivine, and pyroxene, or that they have mixed with different

upper crustal assimilants.

Group 2b. Group 2b is intermediate in Si02 and Ni concentrations (figures 3a-d

and 4). Group 2b is compositionally restricted and has more in common with group 1 in

spite of having erupted 22O ky later, than with other groups. With respect to CaO/Al203

vs. MgO for example (Figure 4-3e), group 2b appears to continue group 1 's liquid line of

descent. Group 2b has similar horizontal trajectories in Ni vs. Si02 to groups 1 and 2ae

(figures 3b). Groups 1 and 2b also have similar V and P/Zr (Figure 4-3h, 5, and 4c); P

and Zr are not easily fractionated from one another during mantle melting and fractional

crystallization, indicating a similar parent or initial melting process Group 2b, however,

has conspicuously lower concentrations of incompatible elements (e.g. Ba, Sr, figures 3c,

d, 4b) than group 1, while P/Zr remains constant (Figure 4-4d) and Ti02 is slightly

elevated (Figure 4-3f).

Group 3-4. Group 3-4 is the youngest, most evolved, and most variable North

Sister group, ranging to the highest Si02 (53 .4-54.8%) and lowest Ni (87-47 ppm)

(figures 3a-d and 4). In contrast to 2ae, group 3-4 generally decreases in MgO and Ni

with increasing Si02, appearing to continue the liquid line of descent of group 2ap

(Figure 4-3a and b). Group 3-4 has higher V concentrations similar to groups 2ap and

2ae and increases steadily in Ti02 with time. For these reasons, we interpret that the

processes that created group 2ap are parental to continued to create group 3-4.

In major elements, both CaO and Al203 remain fairly constant through group 3-

4's evolution. Most 3-4 samples also retain their positive Eu anomaly (Figure 4-7a),
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implying minimal plagioclase fractionation. Group 3-4 follows both of group 2ae's

evolutionary paths of constant Sr and decreasing Sr trend (Figure 4-3d). The K20

concentration of Group 3-4 covers a North Sister's full range (0.59 to 0.79%).

Concentrations of most incompatible element are relatively flat for group 3-4 with some

excursions to higher values (e.g. Ba, figures 3c and 4b).

Dikes. Dozens of dikes lace North Sister and cover most of North Sister's

compositional spectrum from close to the most primitive (NS-02-33) to the most evolved

(sample # NS-02-46, 4.0% MgO). The most evolved sample has elevated Al203 and CaO

and lacks the enrichment of incompatible elements (e.g. Ba, K20 figures 3c and g) and

maintains North Sister's typical positive Eu anomaly, indicating that plagioclase

fractionation was minimal. Dikes tend to be (but not always) found near lavas of similar

compositions, indicating that the dikes likely fed lava flows.

In summary, North Sister's basaltic andesite can be broken into five

compositional groups (1, 2ap, 2ae, 2b, and 3-4) based on field, 40Ar/39Ar dating (chapter

1) and compositional variations. In spite of occurring 220 ky apart, groups 1 and 2b are

most similar in CaO, Al203 and in HFSE, while groups 2ap, 2ae, and 3-4 are similar.

Groups 1 and 2b are also compositionally restricted, while groups 2ap, 2ae, and 3-4 are

quite variable, encompassing large ranges in Ni and Cr concentrations.

As mentioned above, an important difference lies in V concentrations where

groups 1+2b have lower concentrations on V (153-178 ppm) and 2ap+2ae+3-4 have

higher concentrations (170-201 ppm, Figure 4-5). Vanadium is an incompatible element

at upper crustal conditions if plagioclase and olivine are liquidus phases and magnetite is

absent. At higher pressures however, with amphibole, clinopyroxene, and orthopyroxene

on the liquidus, V behaves more compatibly (Dostal et al, 1983; Dunn and Sen, 1994;

Ewart et al, 1973; Esperanca et al, 1997). Groups 1 and 2b have consistently lower

concentrations of V than the other groups, implying the differences in amphibole and

pyroxene stability may account for variations in North Sister's chemical groups.
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Figure 4-5. V variation diagrams illustrate demonstrate further differences among North
Sister groups and MLF. a) Ti02 vs. V. North Sister groups 1, 2ap, and 2ab have
variable V, while Ti02 remain constant. In contrast, the more evolved groups 2ae, 3-4,
and MLF are increasingly variable in both V and Ti02 with time. b) Sr vs. V separates
North Sisters groups. Low V groups, groups 1 and 2b also have higher Sr than 2ap, 2ae,
and 3-4. c) Ba vs. V. d) Cr vs. V.
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Figure 4-6a) Ni, b) Cr, and c) V variations through North Sister's nearly 350 ky history
based on d) 40Ar/39Ar dating and field observations presented in Chapter 1. Absolute age
constraints are indicated by a daisy symbol. The exact timing of undated dikes is
unknown, except that the dikes were emplaced after the lavas they cross cut and at a
similar time to lavas with similar compositions. a) Groups 1 and 2ap range to the highest
Ni concentrations. Flow packages of 2ap and 2ae interlayer with one another, but were
split into two groups based on a compositional separation such that 2ap has Ni>80 ppm.
The separation between 2ae and 2ap may indicate separate crustal reservoirs that allowed
2ae to fractionate plagioclase. The last flows of group 3-4 decrease in Ni with time,
indicating increased fractionation. MLF has been broken into three magmatic pulses, the
east (E), central or main (C), and west (W) splays (Chapter 2). North Sister's Ni and c)
Cr do not directly correlate with one another, but both demonstrate alternating times of
restricted compositions (groups 1 and 2b) and more variable compositions (groups 2a (p
and e) and 3-4. c) Groups 1 and 2b range to lower V concentrations in spite of occurring
nearly 200 ky apart. Groups 2ap and 2ae overlap in V as well as sin time. c) 40Ar/39Ar
ages with 2 error bars. A weighted mean age of 320 ± 66 ka for group 1 is indicated by

A complete discussion of these dates is presented in Chapter 2.
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MLF. MLF ranges frozm 53-60% Si02 with incompatible elements, such as Ba

and K20 generally increasing (Figure 4-3b and g). Crystal content of MLF lavas

decreases from -1 0% to 1-2% with increasing Si02. While North Sister is caic-alkaline,

the MLF is tholeiitic and evolved toward high FeO*, Ti02, and V. At -55% Si02,

titanomagnetite joined the liquidus are present as phenocrysts are up to 1 mm in size.

The concentration of FeO*, Ti, and V increase steadily in MLF until the titano-magnetite

appears seen on a Ti02 or V vs. MgO plot (figure 4-3f and h) as a rapid decrease in hO2

and V in MLF. As a group, the concentration of rare earth elements (REE) increases

with increasing Si02 as indicated by the arrow in figure 4-7b and the positive Eu

anomaly, common in North Sister compositions, smoothes with the removal of

plagioclase.

In detail, MLF's Si02 increases with proximity to North Sister (chapter 1, Figure

4-7) along all three of the MLF splays; each aligned north south, paralleling regional

aligned cinder cones. The east splay has a 40Ar/39Ar age of 75.8 ± 31.0 ka and the main

splay has a 40Ar/39Ar age of 15.1 ± 11.5 ka (chapter 1, Table 4-3). The west splay is

unglaciated, restricting its age to <12 ka. The east splay is the most mafic (53 to 55%

Si02) and contains reacted amphibole phenocrysts. The east splay underlies the main

splay, which extends to the highest Si02 compositions (55 to 60%) and contains titano-

magnetite phenocrysts (Table 4-5). The west splay is compositionally the variable with

high Ti02 lavas (Figure 4-31) and higher Cr (Figure 4-4c) than most east splay lavas.

The striking correlation between geography, crystal content and Si02 can be

attributed to dike injection and the systematic removal of crystals at shallow depths,

particularly in MLF '5 Main splay. But a presence of upper crustal xenoliths, variable

P/Zr and BafNb, and isotopic evidence (see later section) indicates that fractional

crystallization is only partly responsible for MLF's variations.

MLF's most mafic compositions are quite variable, ranging from 1) North Sister

2ap-like to 2) high Sr and more like North Sister's most evolved dike samples (Figure 4-

4-3d) to 3) high Ti02 (1.48% hO2, figure 4-31). All three of these mafic MLF varieties

are found in the east splay, indicating that there are three potential mafic parents to MLF.

The variable mafic input to the MLF east splay may explain its other irregular behavior,
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Figure 4-7. a) Chondrite normalized REE abundance diagram for North Sister's basaltic
andesite, showing its characteristic concave up pattern and positive Eu anomaly. The
"primitive" North Sister (sample #NS-02-66 used for isotopic analyses) has slightly
higher abundances of heavy and mid-REE than other North Sister samples that were
analyzed, but mimics the shallow set. The shallow set consists of 2ap, 2ae, and 3-4
samples, while the steep set consists of 2b and an early 3-4 sample. b) Chondrite
normalized REE abundance diagram for MLF. Arrow points to increasing Si02. With
increasing Si02, MLF increases in REE and the positive Eu anomaly subdues and
disappears, consistent with fractional crystallization of plagioclase-bearing assemblage.
NMORB is shown for reference (Sun and McDonough, 1989).
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such as its sharp increase in Ti02 and decrease in 1(20 with decreasing MgO (figures 4-3f

and g).

Little Brother. A field in Figures 4-3 and 4-4 indicates the range in Little Brother,

a small shield volcano west of North Sister. Little Brother is made up of Mt Washington-

type basaltic andesite that is consistently more enriched in incompatible elements (e.g.

Ti02, K20, P205) than North Sister. In major elements, Little Brother extends to lower

Si02 than North Sister and has lower Al203 (17.4 to 18.2% vs. 18.0-19.9%) and has

similar CaO and FeO*. North Sister and Little Brother appear to be genetically unrelated

in spite of their close proximity and overlapping age ranges.

Sr, Nd, Pb, and 0 isotopes

North Sister's Sr, Nd, and Pb isotopic variations (Table 4-2) are similar to basalts

and basaltic andesites erupted within the central, graben-bounded, Cascade Range

(Chapter 3). Figure 4-8 presents isotopic results for North Sister, Little Brother, and four

primitive basalt endmembers (large symbols) from the Central OR Cascades that

represent likely mantle inputs to the region. We also present isotopic results from the

most studied graben-hosted center in Oregon, Crater Lake (CL, Bacon et al, 1997 and

Bacon et a!, 1994) as small symbols.

Although North Sister's variations in Sr and Nd isotopic ratios are small, they are

systematic with time (figures 4-8a, b, and c). The compositional groups described above

form tight clusters in a Sr-Nd isotope plot (figure 4-8a), in spite of ranges in major and

trace element compositions within each group. For example, compositional groups 2ap

and 2ae that represent primitive and evolved data sets within the stratigraphically

constrained group 2a plot nearly on top of one another. This indicates that the processes

that led to diversity within group 2a did not alter isotopic ratios. It is important to note

that with time, North Sister's '43NdJ'44Nd increases (0.5 1285 to 0.5 1292) and 87Sr/86Sr

decreases (0.70369 to 0.70357). As noted previously, the Ni concentration of the most

primitive sample from each compositional group decreases with time, correlating with the



Table 4-2. Sr, Nd, Pb, and 0 Isotopic analyses for North Sister, MLF, and Little
Brother
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Refer to standard deviations Sr, Nd, and Pb in Table 4-1 *North Sister samples NS-02-
38, NS-02-75, NS-02-1 11, and NS-03-153 Sr, Nd, and Pb concentrations were measured
by XRF, rather than by ICP-MS.
** CC-02-1 is a primitive caic-alkaline basalt from Cayuse Crater, a cinder cone on the
south flank of Broken Top. FLRO3-0l is a low K tholeiite from a canyon-filling flow
that now forms Foley Ridge. QVO3-1 is an absarokite from a small volume flow in the
western Cascades near Quartzville. WFO2-1 is an enriched ocean island-like basalt
erupted from a cinder cone at the base of the Green Ridge Fault escarpment (Rowe et al,
in prep).

general decrease in 87Sr/86Sr and increase in '43NdJ'44Nd. This variation in Sr and Nd

isotopic ratios is opposite to what is expected by the assimilation of old continental crust

(e.g. dePaolo, 1981). Although there are only two points, MLF's '43NdJ"Nd decreases

(0.5 1290 to 0.5 1288) and 87Sr/86Sr increases (0.70354 to 0.70365), possibly indicating

assimilation of more evolved, upper crust.

When compared with regional primitive basalt endmembers, the North Sister

sample with the lowest MgO and Ni concentrations from group 3-4 (NS-02-46) has Sr

and Nd isotopic ratios most similar to those of regional LKT and CAB (Figure 4-8a) that

are in turn similar to primitive basalts from Crater Lake. Incompatible element-enriched

01-like basalt and absarokite are isotopically dissimilar to North Sister (and other LKT

Sample # Comp MgO Sr Nd Pb 87Sr/ 1Nd/ 206Pb/ 207Pb/ 208Pb/ ö180
Group 86Sr 143Nd 204Pb 204Pb 204Pb

North Sister
NS-02-29 2ap 5.37 540 13.2 3.03 0.70357 0.51290 18.868 15.596 38.506 5.6
NSO238* 2ap 5.89 561 12.9 2.0 0.70356 0.512888
NS-02-46 3-4 3.99 579 13.9 3.05 0.70356 0.51292 18.826 15.585 38.451 6.0
NS-02-66 Distal 5.93 532 15.2 3.20 0.70369 0.51285 18.913 15.597 38.569 5.5

NS.O275* 1 5.82 580 14.9 4.0 0.70360 0.512876
NSO2.111* 1 5.14 584 16.0 - 0.70358 0.51287 18.878 15.604 38.580 5.6
NSO3153* 2ae 4.94 571 14.3 1.0 0.70356 0.512894

MLF + Little Brother
NS-02-92 MLF 4.14 610 14.3 3.10 0.70354 0.51290 18.801 15.568 38.411 5.9
NS-02-1O1 MLF 2.53 489 23.0 5.36 0.70365 0.51288 18.913 15.616 38.587 6.0
LB-02-2 LB 5.59 635 23.7 4.23 0.70376 0.51287 18.940 15.604 38.589 5.7

Primitive basalts**
CCO2-1 CAB 8.62 677 21.8 2.76 0.70354 0.51294 18.949 15.623 38.623 5.4

FLRO3-01 LKT 9.03 329 15.9 2.27 0.70356 0.512922 18.926 15.591 38.559
QVO3-1 ABS 9.86 2690 98.6 13.63 0.70382 0.512902 18.884 15.552 38.428
WFO2-1 01-like 10.00 540 21.4 2.06 0.70317 0.512960 18.873 15.595 38.530
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Figure 4-8. Isotopic variations. North Sister basaltic andesite is symbolized by black to
light gray stars, corresponding to 2% decrease in MgO. Crater Lake (CL) basalts and
basaltic andesites (Bacon et al, 1994) are represented by smaller symbols to demonstrate
regional variability, a) North Sister basaltic andesite increases in'43Nd/'44Nd and
decreases in 87Sr/865r with a 2% decrease in MgO, toward regional CAB and LKT and
opposite of what is normally attributed to crustal contamination. MLF, in contrast
evolves to higher 87Sr/86Sr and lower '43Nd/'44Nd. The OIB-like and ABS basalts are
outliers to the regional data and are unlikely parents to North Sister basaltic andesite. b)
A plot of Sr/P vs. 87Sr/86Sr illustrates that the Sr enrichment at North Sister is less
radiogenic. Medicine Lake (ML) LKTs reveal little variability in 87Sr/86Sr and are
unlikely to have interacted with old, high 87Sr/86Sr crust (Bacon et al, 1997). ML may
indicate the mantle input to the rifled segment of the Cascade Arc (Schmidt et al, in
prep). Crater Lake LKT basalts decrease in Sr/P with increasing 87Sr/86Sr, away from
ML, consistent with fractional crystallization of plagioclase and contamination by upper
crustal radiogenic Sr. c) 208Pb/204Pb vs. 206Pb/204Pb illustrates that North Sister's Pb
evolves away from regional LKT and CAB toward lower 208Pb/204Pb and 206Pb/204Pb.
Also, the 2b sample is displaced toward higher 206Pb/204Pb, indicatinga slightly different
magmatic history. Dashed boxes indicate ranges in Central and Southern Cascades Pb
ore deposits; the offset follows changes in the crustal make up and age between the Three
Sisters and Crater Lake (Church et al, 1986). d) North Sister evolves from low to high
6180 with decreasing MgO, consistent with crustal contamination. Range in MORB is
from Harmon and Hoefs (1995). Plots of e) 1870s/'880s vs. Ni and off) '870s/'880s vs.
87Sr/86Sr illustrate how North Sister is enriched in '870s/'880s relative to regional CAB
and LKT. The 2b sample is an outlier, having high '870s/'880s (and Ni) relative to the
other chemical groups analyzed. The range in MORB mantle is from Snow and Reisberg
(1995) and Brandon (2000).
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and CABs from the central OR Cascades and Crater Lake). The 01-like and absarokite

probably do not contribute to North Sister's basaltic andesite.

Some workers (Borg et a!, 1997) have interpreted a systematic decrease in the

ratio Sr/P across the arc in the southernmost Cascades as the diminishing involvement of

fluids with high Sr/P away from the trench. Fractional crystallization of plagioclase also

decreases Sr/P, represented by a vertical array in Sr/P vs. 87Sr/86Sr (e.g. Medicine Lake,

ML, LKTs in Figure 4-8b). The assimilation of a primitive crust or continuous recharge

of mafic material with elevated Sr/P should also be considered. North Sister increases in

Sr/P with decreasing 87Sr/86Sr, in contrast with Crater Lake LKTs that decrease in

87Sr/86Sr with decreasing Sr/P.

In Pb isotopes (e.g. Figure 4-8c, 208Pb/204Pb vs. 206Pb/204Pb), North Sister becomes

less radiogenic with decreasing MgO, indicating that assimilation does not involve old

continental upper crust. North Sister's most primitive sample has Pb isotopic ratios

similar to the regional LKT and CAB, differing from Sr and Nd isotopes, where the most

evolved sample is similar to regional LKT and CAB. In Pb-Pb plots, the North Sister

sample from group 1 (NS-02-1 11) has higher 208Pb/204Pb and 207Pb/204Pb and is a

consistent outlier from a line defined by samples from basal North Sister and gioups 2ap,

2ae, and 3-4. MLF's Pb isotopes become more radiogenic with decreasing MgO,

consistent with upper crustal assimilation.

While Sr, Nd, and Pb isotopic ratios for North Sister are opposite of normal

crustal contamination trends, oxygen (Figure 4-8d) becomes heavier (&80 5.5 to 6.0

permil) with decreasing MgO, consistent with fractional crystallization and assimilation

of crust that has not experienced hydrothermal alteration. 51 of the MLF also increases

slightly with decreasing MgO.

Os isotopes

The 1870s/'880s ratio is used with increasing frequency as evidence for the

interaction of magmas with mafic lower crust (e.g. Chesley et al, 2002 and Hart et al,

2003). Os is a strongly compatible element and its concentration typically correlates with
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similarly compatible elements such as Ni. Because Re is significantly more incompatible

than Os during mantle melting, resultant magmas have elevated Re/Os. As Re becomes

more concentrated in the crust, '87Re decays to resulting in a crust with elevated

'87Os/'88Os. Metasomatism can somewhat perturb the Re-Os system in the mantle

('87Os/'88Os from -0.125 to 0.13-1.5, e.g. Widom eta!, 2003). Significant elevation of

187OS/'88Os in mantle xenoliths (>0.15) by metasomatism is unlikely because the fluid

must have higher concentrations of Os (two to four order of magnitude greater) than the

subduction component in order to alter '870s/'880s (Chesley et al, 2004).

North Sister has higher '87Os/'880s than the regional LKT and CAB (Table 4-3

and figures 8e and f, 0.17 to 0.19 vs. 0.14-0.15). The group 1 sample (NS-02-1 11)

mentioned above as an outlier in Pb-Pb also has the highest 7Os/'85Os, consistent with

the major and minor element evidence that groups 1 result from a different source or

process than the other groups.

Table 4-3. Os isotopic analyses for North Sister, Little Brother, and regional
primitive basalts

Discussion

The genesis of basaltic andesites in arc settings has received little attention in

spite of being the most common composition erupted in mafic arcs, such as the Oregon

Cascades, Kamchatka, and the Aleutians. In the Oregon Cascades, primitive arc basalts

also occur and serve to understand the mantle reservoirs that may contribute to arc

magmatism. Basaltic andesite, while similar in hand sample to basalt, both often being

olivine and plagioclase-phyric, encompasses more variable concentrations of

incompatible elements and more widely ranging isotopic ratios than basalts, such as

Sample # Chem Re Os 81Re/ '870s/ 2ci % Blank
Group (ppb) (ppb) 1880$ '880s error correction

NS-02-29 Dike-2ap 0.138 0.0114 59.01 0.1732 0.0005 1.03%
NS-02-46 Dike-3-4 0.206 0.0038 262.66 0.1822 0.0036 2.46%
NS-02-66 Distal-2ap 0.186 0.0096 94.752 Overspiked 1.85%
NS-02-111 Dike-2b 0.145 0.0127 55.513 0.1858 0.0007 1.16%
LB-02-2 LB 0.255 0.0128 96.41 0.1662 0.0013 0.89%
CCO21* CAB 0.074 0.1131 3.147 0.1414 0.0008 0.17%
FLRO3-01 LKT 0.259 0.0553 22.67 0.1459 0.0003 0.31%
QVO3-1 ABS 0.007 0.0465 0.750 0.1588 0.0013 0.34%
WFO2-1 01-like 0.125 0.1311 4.628 0.1590 0.0004 0.11%
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previously noted with North Sister and Mount Washington basaltic andesites.

Compositional and isotopic variations among mafic magmas may be subtle, but even

cryptic variations may reflect substantial differentiation in an environment where mantle-

derived basalts interact with a mafic crust.

In the following discussion we use petrologic constraints to model the different

processes that generated variability at North Sister at three levels: the mid to upper crust;

the deep crust; and the mantle. Although the range in North Sister's basaltic andesite

composition is narrow, many elements vary systematically and with time, and allowing

us to construct petrologic models. Figure 4-9 summarizes different trends and sources

within the North Sister data as a "road map" to guide petrologic in-depth modeling to

address the questions: 1) what processes are responsible for the intra-group

compositional variations of North Sister's compositional groups and the MLF? 2) How

is primitive North Sister basaltic andesite initially generated from mantle-derived basalt?

3) How are the compositional differences between North Sister's groups generated? How

do Sr and Nd isotopic compositions become more mantle-like through time? 4) What

mass and heat fluxes are required to for North Sister Volcano to produce nearly

homogeneous basaltic andesite for at least 320 ky?

Compositional groups (1, 2a, 2b, and 3-4) form arrays in major and trace

elements, but form tight clusters in Sr and Nd isotopes. This implies that the variations

within groups are due to separate processes from those that create the differences

between groups. For example, North Sister's group 2a's Ni concentration ranges 4O

ppm, while its 143NdJ'44Nd isotopic ratios forms a conspicuous cluster (Figure 4-9). The

process that contributes North Sister's Sr and Nd isotopic ratios and systematic trend

towards more mantle-like character must occur before and deeper than the processes that

created the intra-group variations that are likely caused by crystal-liquid fractionation

processes

Two separate processes have occurred within the deep crust beneath North Sister

(Figure 4-9) that created the differences between groups as well as that generated the

earliest, most isotopically evolved, yet most mafic composition, basal North Sister (NS-

02-66, Table 4-1). While other processes probably contributed to make the earliest

primitive North Sister, its Sr and Nd isotopic ratios are the result of mixing between
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mantle and crustal components (Figure 4-9). Through time, however North Sister's

compositional groups evolve away from mixing trends in isotope-element diagrams such

as '43Nd/'44Nd/ vs. Al203 (Figure 4-9). This implies that more complex models involving

fractional crystallization, assimilation, and recharge contributed to North Sister's

temporal trend.

Exposed sections of arc lower crust, such as the Jurassic Talkeetna Arc (DeBari

and Coleman, 1989, DeBari and Sleep, 1991, and Greene et al, in review) comprise thick

assemblages of pyroxene and amphibole-bearing cumulate rocks. Phase equilibria

experiments run at lower crustal pressures (8-12 kbar) under hydrous conditions have

resulted in clinopyroxene and orthopyroxene as near liquidus phases with garnet,

amphibole, and spinel present at lower temperatures (Müntener et al, 2001). Under dry

conditions, plagioclase and clinopyroxene are the predominant phases, while water-

saturated experiments suppress plagioclase and increase amphibole stability with

increasing pressure (3 to 7 kbar) at the expense of pyroxene (e.g. Beard and Lofgren,

1991). If North Sister basaltic andesite is generated in the lower crust, it must have trace

element variations that reflect the importance of clinopyroxene ± amphibole. Garnet is

stable becomes stable at pressures greater than 10-12 kbar (Mtintener et al, 2001), but is

probably not important because North Sister's REE patterns are too shallow and its Al203

is elevated relative to other Cascade magmas. It is important to note that North Sister's

mineral assemblage has most likely re-equilibrated to shallow pressures, consisting of

plagioclase, olivine, ± orthopyroxene, ± clinopyroxene, ± magnetite.

The range in likely mantle inputs is limited to LKTs and CABs from Central

Oregon and from other volcanic centers that make up the central segment of the Cascade

Arc that includes Crater Lake and Medicine Lake (Chapter 3). LKTs are the likely

basaltic input because they are more depleted than North Sister in all incompatible

elements, particularly LILE and LREE. If CABs were the mantle input, then the crustal

partial melt would have to be very depleted in incompatible elements. This is unlikely

because it implies high assimilation rates in order to affect Sr and Nd isotopic ratios.
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Figure 4-9. Outline of approach used to model North Sister's basaltic andesite by
linking important trends to different processes and where they occur within the crust.
The crustal section with geothermal gradient is modified after Stanley et al (1990).
The mantle input at North Sister must be an LKT (black circles) because it is the only
primitive basalt composition more depleted in North Sister in all incompatible elements
(Nd vs. Ni) while CABs (black triangles) are too enriched in LREE (Nd) and LILEs (e.g.
Sr and Ba). In the deep crust, separate processes generated the starting composition
(North Sister's primitive base) and North Sister's temporal trend (differences between
North Sister's groups). Early frimitive North Sister has the most "crust-like" isotopic
compositions (lowest '43Nd/'4 Nd) and was modeled as a mixture between an LKT and a
partial melt of the crust. Through time, North Sister trends towards more mantle-like
isotopic ratios (higher '43NdI'44Nd), but with more evolved major and trace element
compositions (higher Al203 and lower Ni), away from the mixing trend to make early
primitive North Sister. This implies more complex processes generated North Sister
temporal trend and were modeled using EC-ERAFC, Energy Constrained-Eruption,
Recharge, with variable Assimilation, and Fractional Crystallization (Spera and Bohrson,
2001, 2002, and 2004 ; Bohrson and Spera, 2001 and 2003). Variations within
compositional groups are credited to mid to upper crustal processes such as
decompression fractional crystallization of olivine and plagioclase, recharge of fresh
primitive North Sister basaltic andesite, or upper crustal assimilation. Such mid to upper
crustal processes contributed to the range in MLF composition as well as the 40 ppm Ni
variation found in North Sister's group 2a.
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Modeling North Sister and MLF intra-group trends

In order to understand the processes that produce diversity within the data from

North Sister and the MLF, compositional groups (described above) and important trends

within each group need to be defined. These processes may include fractional

crystallization of different minerals, recharge by fresh basalt or basaltic andesite, and (or)

the assimilation of deep to upper crustal lithologies. North Sister's groups 2ap, 2ae, and

3-4 were chosen for modeling because they encompass the range of North Sister's

variability and groups 1 and 2b have parallel trends in major element diagrams, indicating

similar processes (figures 3a, b, e, 4a, c). The differences between groups 2ap-2ae-3-4

and I -2b occurred during the creation of the primitive endmembers. In other words, once

the two types of more mafic North Sister form, group I or 2ap, they follow similar

differentiation paths in the mid- to upper crust.

North Sister's groups are isotopically restricted and therefore are not changed by

the processes that cause diversity within the groups. For example, in a plot of 87Sr/865r

vs. '43NdJ'44Nd (Figure 4-8a), compositionally diverse group 2a (p and e), ranges from 54

to 112 ppm Ni, but have Sr and Nd isotopic compositions within error of one another.

Significant assimilation of mature upper crust and/or recharge by new mantle-derived

basalts are not important processes for North Sister's intra-groups trends. The isotopic

differences between groups and systematic variation through time toward more mantle-

like compositions will be discussed in a later section in order to model primitive North

Sister. The intra-group trends presented here are due to the upper crustal processes that

have occurred since North Sister's primary magma was produced in the deep crust.

Processes modeled to fit intra-group trends

The processes that were modeled to fit the North Sister and MLF trends

include fractional crystallization, assimilation, and recharge. Fractional crystallization is

an efficient way to systematically change major and trace element compositions without

altering radiogenic isotope ratios. The stability of different minerals reflects chemical
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Distribution coefficients (except Os) after compilation by Claeson and Meurer, 2004 and
the GERM website (http://earthref.org/GERMJindex.html) whose sources include Beaflie,
1993; Bédard, 1994, 2001; Blundy and Shimizu, 1991; Canil and Fedortchouk, 2001;
Chazot et a!, 1996; Dostal et al, 1983; Dunn and Sen, 1994; Esperança et al, 1997; Ewart
et al, 1973; Hart and Dunn, 1993; Hauri et a!, 1994; Kennedy et a!, 1993; Matsui eta!,
1977; Meurer and C!aeson, 2002; Nielsen et al, 1992; Nikogosian and Sobo!ov, 1997;
Philpotts and Schnetzler, 1970; Sisson, 1994; and Watson et al, 1987. 'Spinel
compositions vary between chromite-dominated North Sister and titano-magnetite-
dominated MLF. North Sister typically has late magnetite microlites that probably were
not important fractionating phases. 2 The Do for individual minerals is poorly known.
The bulk Do is from Saal et a!, 1998.

Table 4-5. North Sister and MLF mineral compositions used for models

Mineral compositional data from electron microprobe analysis of' North Sister and 2

MLF samples. The amphibole analysis is from Claeson and Meurer (2004) because
amphibole present in east splay lavas reacted to form opaque minerals and pyroxene
during eruption.

North Sister:
opx' plag' chrom'

MLF:
cpx2 amph3 plag2 Ti-

mag2
ol' cpx2 o12

Si02 39.0 51.3 53.6 45.0 1.5 39.7 51.3 45.9 47.6 0.1

Al203 0.1 3.0 1.8 33.5 17.4 0.02 3.0 13.2 32.6 4.1

Ti02 0.03 0.96 0.36 2.44 0.01 0.96 0.83 11.37

FeO* 16.9 8.9 16.6 0.6 33.5 16.7 8.9 6.9 0.7 72.9

CaO 0.2 19.8 1.54 17.0 0.2 0.1 19.8 12.4 15.5

MgO 43.9 15.5 26.1 0.1 13.2 44.8 15.5 17.3 0.1 3.0

K20 0.02 0.33 0.08

Na20 1.8 0.2 2.0 2.6

Cr20, 26.9

Table 4-4. Distribution coefficients

F2 1

amph p1 ol cpx opx spinet'
DBa 0.43 0.46 0.00 0.00 0.00 0.00
Dsr 0.49 1.83 0.01 0.13 0.00 0.02
Dy 3 0.02 0.2 1 0.5 19

DNd 1.23 0.07 0.00 0.19 0.01 0.25
Dy 2.58 0.03 0.01 0.41 0.10 0.00
DN 6.8 0.06 15 5 7.3 15

Dr 4.20 0.08 0.73 3.80 4.22 153

Do2 Bu1k7



Table 4-6. North Sister model comnositions

Start, crustal partial melt (A), and recharge (R) compositions to model three 2a and two 3-4 trends with the North Sister compositional
trends. 'START and R were modeled as equivalent compositions for the 2a high Cr lineage. 2 The theoretical A major element
composition is glass 196 from Beard and Lofgren (1991)'s hydrous partial melting experiments of an LKT-like greenstone at 6.9 kbar,
950CC and 60% partial melting. Trace element concentrations of A were calculated as a 10% incremental partial melt with residual
clinopyroxene > plagioclase > amphibole. The 2a low Cr lineage START-2 composition was calculated from a 3% FC of the best fit
assemblage of 50 plag. 28 ol, 20 cpx, and 2 chrom of the START-I (NS-0l-i) composition.

2a high Cr 2a low Cr 3-4
lineage lineage

START1 A2 START-i START-23 R STARTa STARTb R A2
Sample
no.

NS-02-33 NS-01-1 NS-02-33 NS-03-140 NS-03-138 NS-02-33

Sb2 53.2 64.2 53.1 53.4 53.2 53.6 53.6 53.2 64.2
Al203 18.6 21.2 19.0 19.0 18.6 19.1 19.2 18.6 21.2
Ti02 1.01 1.07 1.03 1.05 1.01 1.05 1.06 1.01 1.07
FeO* 7.6 2.1 7.5 7.5 7.6 7.1 7.1 7.6 2.1
CaO 9.2 7.5 9.2 9.1 9.2 9.2 9.2 9.2 7.5
MgO 5.9 0.2 5.7 5.4 5.9 5.3 5.3 5.9 0.2
K20 0.64 0.28 0.62 0.64 0.64 0.63 0.65 0.64 0.28
Na20 3.5 3.0 3.7 3.7 3.5 3.7 3.7 3.5 3.0

Ni 112 70 104 91 112 235 85 112 70
Cr 97 113 55 50 97 578 58 97 113
V 172 196 172 173 172 1312 189 172 196
Ba 243 597 234 240 243 178 254 243 597
Sr 561 221 580 581 561 14 571 561 221



and physical conditions, such as water content, f02, or pressure. Fractional

crystallization paths were calculated according to trace element distribution coefficients

(Ds) in Table 4-4 and mineral compositions in Table 4-5.

Major element compositions for the assimilant (A), a theoretical crustal partial

melt (tables 6 and 7) are from hydrous partial melting experiments of an LKT-like

greenstone composition at I to 6.9 kbar (Beard and Lofgren, 1991). Trace element

compositions were calculated as incremental partial melts of the depleted CAB from the

Central Oregon Cascade Range, Cayuse Crater that was also analyzed for Sr, Nd, Pb, 0,

and Os isotopic compositions. The incremental partial melt was calculated as

theoretically "shallow," containing residual plagioclase > olivine> clinopyroxene>

magnetite, or as "deep," containing residual clinopyroxene > plagioclase > amphibole.

The model was calculated as assimilation plus fractional crystallization (A+FC)

by incrementally summing a contaminant composition (A) with the composition of the

liquid, Cijq derived from the Rayleigh fractional crystallization equation:

Cijq = C x FDI
inif

where is the composition of the magma, F is the fraction of melt remaining, and D is

the trace element bulk mineral-melt distribution coefficient. At increments of 1% of F,

the theoretical contaminant (Ca) was added at a defined ratio ra (mass assimilatedlmass

crystallized) and then normalized to 100% as in the trace element formulation

Eq.1

123

Eq.2 (CixF'xF)+(raCax1_F)
1:q

1 +((ra - l) * (1 F))

Major element concentrations were calculated by incrementally subtracting bulk mineral

compositions (assumed no solid solution) and adding a theoretical contaminant

composition.

The process modeled here of trace element assimilation and fractional

crystallization (A+FC) differs from DePaolo (1981)'s AFC equations which cannot be

applied for ra near or greater than 1. Several workers have demonstrated diverse cases
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where assimilation rates (ra) must have been greater than 1 (e.g. Grove et a!, 1988;

Reiners et al, 1995; Fowler et al, 2004). The A+FC formulation also allows for the

substitution of a recharge magma (R) for the variable A as R+FC, where the ratio of mass

recharge to mass crystallized (rr) may very well be greater than 1.

The continual supply of new magma and heat as recharge (R) maintains North

Sister's composition near steady state. The composition of this recharge magma is

probably not new mantle-derived basalt because each North Sister group has constant Sr

and Nd isotopic compositions (Figure 4-8a). More likely, the recharge magmas are North

Sister's most mafic compositions, the primitive dikes and the primitive group 1 sample,

both having greater than 100 ppm Ni, but differing by nearly 2 weight % Si02 (Figure 4-

3b). Because MLF has three primitive end members, the recharge magma may be North

Sister-like, elevated in Ti02 and FeO*, or elevated in Sr. On the other hand, MLF's

varying Sr, Nd, Pb, and 0 isotopic ratios do indicate that mixing an upper crustal partial

melt or different recharge magma contributed to its evolution.

Modeling groups 2ap and 2ae

Groups 2ap (primitive) and 2ae (evolved) overlap in time (Figure 4-6) and are

defined by differences in Ni concentration, whereby 2ap has greater than 70 ppm Ni.

Along with stage 2a lavas, dikes sampled nearby of similar compositions and that likely

fed stage 2a flows were included in the data suite to model. These dikes include the

primitive dike samples (#NS-02-33, tables 1 and 2) that appear to be parental to groups

2ap and 2ae and were used as recharge magma composition in these models. While 2ap

lavas have higher Ni than 2ae, most 2ae lavas have higher Cr than 2ap (Figure 4-4c).

This discrepancy in Cr and Ni concentrations has helped to define three trends within 2a

and similar dikes: 1) the 2a high Cr lineage, 2) the 2a low Cr-I lineage, and 3) the 2a low

Cr-2 lineage that includes dikes and 2ae lavas transitional between the high Cr and low

Cr-i lineages. End member compositions for each 2a lineage, as well as recharge and

assimilant compositions are presented in Table 4-6. The results of best fit models for the

three 2a lineages were plotted in representative major and trace element variation

diagrams in Figure 4-10 and listed in Table 4-8.
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The fractional crystallization of only 1-2% chromite is an effective way to

separate the high Cr and low Cr 2a lineages (Figure 4-lOc). The chromite composition

used for this model (Table 4-5) was an inclusion within an olivine, indicating that it was

an early mineral phase. Interaction with a chromite-bearing country rock may also cause

Cr to diffuse out of the magma to form the high and low Cr 2a lineages.

Simple fractional crystallization models, with or without a small amount of

assimilation, fit the 2a high Cr and low Cr-I lineages. The 2a high Cr lineage was

modeled by 10-15% FC of plagioclase, olivine, clinopyroxene and chromite at 55:30:14:1

proportions (figures 9a-d). By adding a recharge magma (R), the compatible elements,

such as Ni are buffered, while 5i02 increases (Figure 4-1 Oa). The addition of assimilation

causes incompatible elements such as Ba to increase (Figure 4-lOd). The assimilation of

a small amount of crustal partial melt (ra<O.25) cannot be ruled out entirely in order to

account for slight enrichment of incompatible elements. The 2a low Cr-i lineage was

modeled as following a similar differentiation path to the high Cr, by fractionating up to

5% plagioclase, olivine, clinopyroxene, and chromite at 50:28:20:2 proportions (figures

9e-h).

The 2a low Cr-2 trend forms a broad swath, connecting the high Cr and low Cr-i

lineages (Figure 4-lOg). The 2ae samples with the highest Si02 fall on the low Cr-2

lineage and cannot be explained by straight mixing between the two other lineages. As

noted above, recharge buffers compatible element concentrations. Most 2ae lavas have

between 60 and 65 ppm Ni concentrations and were probably buffered by recharge. The

low Cr-2 lineage was modeled as resulting from the fractional crystallization of

plagioclase, olivine, and clinopyroxene (60:20:20) with recharge by the high Cr primitive

dike magma at r1. The start composition for the low Cr-2 model (Table 4-6) was taken

from 3% (up to 5%) crystallization of the successful FC model of the low Cr-i lineage.
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Figure 4-10. North Sister's group 2a was divided into two lineages, the high Cr and low
Cr lineages and fractional crystallization (FC), recharge (R), and assimilation (A)
differentiation paths were calculated to describe its evolution. Best fit fractionation,
recharge, and assimilation assemblages are presented in Table 4-8. Calculated paths for
the high Cr lineage are presented in plots a) Ni vs. Si02, b) CaO/Al203, c) Cr vs. Ni, and
d) Ba vs. Ni. Single mineral fractional crystallization paths (cpx, ol, p1, chrom, amph)
were calculated based on tables 4 and 5 and also presented in plots a, b, c, and d. Tick
marks represent 5% crystallization increments. Best fit FC is 55 plagioclase: 3 olivine:
14 clinopyroxene: 1 chromite. The calculated line R+FC is a normalized mixture
between FC and a recharge magma (start composition, Table 4-6), where rr = mass
recharge/mass crystallized = 1. A+FC is a mixture between FC and a theoretical
assimilant (A), glass 196 from Beard and Lofgren (1991)'s hydrous partial melting
experiments of an LKT-like greenstone at 6.9 kbar and 950°C. Trace element
concentrations of A were calculated as a 10% incremental partial melt with residual
clinopyroxene > plagioclase > amphibole. Differentiation paths for 2a low Cr lineages
are presented in e) Ni vs. Si02, 1) CaO/Al203, g) Cr vs. Ni, and h) Ba vs. Ni. The A+FC
from plot a, b, c, and d is shown for comparison. FC was calculated as the fractional
crystallization of 50 plagioclase: 28 olivine: 20 clinopyroxene: 2 chromite. The low Cr
2ae group was calculated as PC of low Cr group and recharge by the high Cr start
(primitive) magma, where rr = 1.
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Modeling group 3-4

North Sister's group 3-4 is more differentiated (47 to 87 ppm Ni) than groups 2ap

and 2ae, but has similar trends. Group 3-4 forms a horizontal array in CaO/Al203 vs.

MgO (Figure 4-3e) indicating that clinopyroxene was not an important mineral during its

evolution and that most processing occurred within the upper crust. Notably, group 3-4

also has two semi-parallel low and high Cr trends when plotted against Ni (Figure 4-4c)

that were defined as 3-4a and 3-4b lineages respectively. The two group 3-4 lineages

overlap in time (Figure 4-6b) and probably represent two reservoirs where magma stalled

in the upper crust. The two 3-4 lineages were modeled by two fractional crystallization

trajectories (Figure 4-10), where FCa is due to removal of plagioclase > olivine>

clinopyroxene > magnetite and FCb is due to olivine > plagioclase.

The low Cr 3-4 trend was fit by FCa (Table 4-8 and Figure 4-1 1) with mineral

compositions in Table 4-5 and distribution coefficients in Table 4-4. The start model

composition for FCa is a primitive 3-4 sample, while the recharge composition (R) was

chosen to be the primitive dike R composition used to model groups 2ap and 2ae (Table

4-6). The simple FCa model best fits the low Cr 3-4 trend by up to 10% fractional

crystallization of plagioclase, olivine, and minor clinopyroxene and magnetite

(56:39:5:1). The addition of recharge (R+FCa) increases Cr and Ni concentrations and

does not fit the trend. Recharge also cannot connect the low Cr and high Cr 3-4 lineages

because it increases Si02 concentration and 5i02 does not correlate with Cr

concentration. Instead the two groups probably originate from a similar parental

composition similar to low Cr group 2ap.

Group 3-4's high Cr trend is negatively correlated with Ni (Figure 4-lOc),

indicating that neither magnetite nor chromite were important fractionating phases. The

best fit FCb (Figure 4-11) was calculated from a primitive composition on the high Cr

lineage by fractionating 5-7% olivine and plagioclase (80:20). The relative high

proportion of olivine fractionation indicates that either water concentration was high

1.28
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Figure 4-11. Modeled differentiation paths fit to North Sister's most evolved group,
group 3-4 (triangles) according to tables 4, 5, and 6 are presented in plots a) Ni vs. Si02,
b) CaO/Al203, c) Cr vs. Ni, and d) Ba vs. Ni. c) Group 3-4 is represented by two sub
parallel trends in Cr vs. Ni, similar to 2a (Figure 4-lOc and g), fit by FCa (low Cr) and
FCb (high Cr) that overlap in time. The best fit FC and R+FC for 2a's low Cr lineages are
shown for comparison. Best fit FCa is 55 plagioclase: 39 olivine: 1 magnetite (Table 4-
8). Recharge with fractional crystallization (R+FCb), shown here with rr5 increases Cr,
Ni, and Si02 concentrations and was probably not an important process during the
evolution of the low Cr 3-4 trend. The high Cr trend was fit by FCb, with 80 ol and 20
p1 Minor R or A with FCb (rr up to 3 and ra0.25) may occur during the progression of
group 3-4's low Cr trend. Tick marks represent 5% fractional crystallization.

3-4FCb
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enough to suppress plagioclase or fractional crystallization was driven by differences in

density. Higher water content in 3-4 lavas may be mirrored by a transition to a more

explosive eruptive style during stages 3 and 4 (chapter 1). A small amount of recharge or

assimilation may have contributed to this lineage, as these calculations cannot rule out

these processes.

Modeling the MLF

The east splay of the MLF has several mafic inputs and preceded the main MLF

splay. The main splay, in contrast forms straight, simple trends in variation diagrams

(figures 3, 4, 5). The east and main splays of MLF were modeled separately (figures 11

and 12, tables 7 and 8), but are genetically related to one another and followed the same

regional fabric.

The systematic variations of MLF's main splay's Si02 with distance from North

Sister's edifice over 8 km was interpreted to result from fractional crystallization during

dike injection. The fractional crystallization was calculated following MLF mineral

(Table 4-5) and endmember compositions (Table 4-7). The spine! composition in MLF is

titano-magnetite and contrasts with the chromite found in older North Sister. The titano-

magnetite occurs as phenocryst up to 1 mm in main splay lavas. The best fit FC was

found to be up to 40% fractional crystallization of plagioclase, clinopyroxene, titano-

magnetite, and olivine (58:20:14:8). The high proportion of titano-magnetite (14%) is

necessary to account for the main splay's sharp decrease in hO2 (and FeO*, Figure 4-

1 3b). Because 87Sr/86Sr varies in MLF (0.70354 to 0.70356, Figure 4-8a), it is necessary

to mix a small amount of assimilation (up to ra0.25) of an upper crust with isotopic

compositions similar to Little Brother (Table 4-2). Only two outliers from the main splay

have low concentrations of Sr (Figure 4-1 3c) and are probably due to the fractionation of

plagioclase feldspar.

MLF's east splay is more complex than the main splay, having three possible

mafic inputs. These possible mafic inputs include a North Sister 2ap-like magma, a high

Ti02 magma (Figure 4-3f, 1.46% Ti02) and a high Sr and Al2O3 magma with similar

compositions to North Sister's most evolved dikes (e.g. Figure 4-4a). The origin of the
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Figure 4-12. Modeled magma differentiation paths to fit the MLF Main trend in CaO vs.
MgO as the resuk of fractional crystallization (FC) and upper crustal assimilation (A).
Single mineral FC paths were calculated according to mineral compositions in Table 4-5
and are shown in CaO vs. MgO inset plot. Tick marks represent 5% fractional
crystallization. The best fit FC is 58 plagioclase: 20 dlinopyroxene: 14 titanomagnetite: 8
olivine.
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Table 7. MLF model compositions
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'Assimilant major element composition is from Beard and Lofgren (1991) 1 kbar, 1000°C
6.1% partial melt of an LKT-like basalt composition. Assimilant trace element
composition calculated as partial melt of plag>cpx>ol>mag-bearing basalt.

Figure 4-13. Modeled magma differentiation paths for the MLF Main (a-d) and MLF
East (e-h) trends based on fractional crystallization (FC), recharge (R), and assimilation
(A). Single mineral fractional crystallization paths were calculated according the mineral
distribution coefficients and compositions in tables 4 and 5 and are presented in a) K20
vs MgO, b) Ti02 vs. MgO, c) Sr vs. V, and d) Ba vs. V. Tick marks represent 5%
crystallization. The Main MLF trend best fit FC is 58 plagioclase: 20 clinopyroxene: 14
titano-magnetite: 8 olivine. The large amount of titanomagnetite fractional crystallization
is required for Ti02 and V to decrease rapidly and is reconciled by the presence of
titanomagnetite phenocrysts. The A+FC line is a normalized mixture of PC and a
theoretical upper crustal contaminant (A), glass 256 from Beard and Lofgren (1991) 's
hydrous partial melting experiments at I kbar and 900°C of an LKT-like greenstone.
Trace element concentrations of A were calculated at a 10% partial melt of a plagioclase
> olivine > clinopyroxene> magnetite CAB. The MLF East trend is modeled in e) K20
vs. MgO, f) Ti02 vs. MgO, g) Sr vs. V, and h) Ba vs. V. In order to fit the East trend's
decreasing K20 with decreasing MgO (e) and sharply increasing Ti02 with decreasing
MgO (f), a significant amount of recharge (R) by a high Ti02, low K20 magma (red star)
is necessary at rr=6 (mass recharge/mass crystallized) along with FC of 10 amphibole: 25
olivine: 65 plagioclase. Amphibole is present as a phenocryst in East MLF lavas. FC,
A+FC (same theoretical contaminant as in a-d), and R+FC with rr=3 are also presented in
plots e-h.

Main trend East trend

START FINISH A1 START FINISH R(high
1102)

Samp'e
no.

NS-03-115 NS-02-1O1 NS-02-94 NS-02-93 NS-02-120

S102 55.2 59.7 79.7 54.8 54.9 53.6
Al203 17.3 17.0 12.8 18.5 17.8 18.2
Ti02 1.53 1.331 0.32 1.37 1.569 1.463
FeO* 8.9 7.0 1.0 8,3 8.9 9.0
CaO 7.7 5.5 2.0 7.4 7.5 7.8
MgO 4.0 2.5 0.5 3.8 3.7 4.9
1(20 0.93 1.41 1.43 0.89 0.85 0.68
Na20 4.1 5.1 2.1 4.4 4.5 3.9

Ni 11 6 10 32 10 56
V 287 121 196 178 262 228
Ba 339 479 612 308 305 294
Sr 518 484 223 561 546 571
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Table 4-8. Best fit magma differentiation models for North Sister and MLF
Fractionation assemblage:

134

high Sr mafic input can be resolved by simple accumulation of plagioclase feldspar into

the North Sister 2ap-like magma. The origin of the high Ti02 is more speculative, but is

important because the composition is repeated in the west splay. The east splay's more

evolved samples always form linear arrays and increase rapidly in Ti02 (from 1.37 to

1.57% from 3.5 to 3.8% MgO) and decrease slightly in K20, indicating that a high Ti02,

low K20 component is an important player (#NS-03-120, Table 4-7). This high Ti02

mafic magma may have evolved from a tholeiitic basalt that has undergone the Fe-

enrichment typical of its fractional crystallization.

The steep Ti02 enrichment and slight decrease in K20 of MLF's east splay was

modeled as the fractional crystallization of plagioclase, olivine, and amphibole (65 :25:10)

along with significant recharge by the high hO2 mafic magma (r,6, figures 1 2e-h, Table

4-8). Amphibole was used to model the MLF's east splay instead of clinopyroxene

because amphibole phenocrysts are present in some east splay lavas. Smaller amounts of

recharge do not successfully mimic the decrease in K20, but do require 15-20%

crystallization to account for only a 0.3 wt% change in MgO.

Mixing to model primitive North Sister

North Sister has Sr, Nd, Os, and Pb isotopic ratios that indicate mixing between a

mantle-derived basalt and a crustal contaminant (Figure 4-8). The Central Cascades

basaltic input's Sr isotopic range including Medicine Lake, Crater Lake, and the Three

Sisters Volcanoes is remarkably restricted between 0.7034 and 0.7036 (Chapter 2).

ol cpx plag chrom Ti-
mag

amph ra rr

NS 2a high Cr 30 14 55 1 0-0.25
NS 2a low Cr- 28 20 50 2

1

NS 2a low Cr- 20 20 60 2
2
NS3-4a 39 5 55 1

NS 3-4b 80 - 20 0-0.25 0-3

MLF Main 8 20 58 14 0-0.25
MLF East 25 65 10



North Sister overlaps this restricted range in 87Sr/86Sr, but its basal and primitive

composition (NS-02-66, Table 4-2) extends to higher 87Sr/86Sr. This primitive basal

composition is the oldest and most primitive, yet most isotopically "crust"-like end in

North Sister's isotopic mix trends in 87Sr/86Sr, '43Nd/'44Nd, and Pb isotopes (Figure 4-8a

and c). A mixing trend was fit to this primitive North Sister composition between a

primitive LKT from Crater Lake (Bacon et al, 1997) and a theoretical crustal contaminant

to understand the nature of this contaminant.

The LKT composition for the mafic mix endmember was chosen because it has a

primitive (47.4% Si02 and Mg#=65. 1) composition that is more depleted in incompatible

elements than North Sister basaltic andesite. Even depleted CABs, such as Cayuse Crater

(Table 4-2) have higher concentrations of LREE than North Sister and similar K20

concentrations. North Sister basaltic andesite is calc-alkaline, however and has lower

FeO* concentrations than regional basalts (7.5-8 vs. 9-10% FeO*). By mixing a crustal

contaminant with an LKT, North Sister appears to acquire its caic-alkaline "arc

signature." High Ti02 and FeO* and low K20 magmas are present in the area and

contributed to the tholeiitic MLF's diversity (Figure 4-13), indicating that magmas in the

region are experiencing Fe-enrichment, typical of tholeiitic magmas.

The theoretical crustal contaminant was constrained by assuming it is a partial

melt with 70% Si02. North Sister's basal composition with 52.52% Si02 is a 70%

LKT and 30% contaminant mixture. Other chemical components, including Al203, K2O,

Nd, Sr, '43NdI'44Nd, and 875r/86Sr were then fit to the 70:30 mix proportions (Figure 4-

14). The contaminant produced by this exercise has high Si02 and high Al203 (22%)

and therefore is largely a melt containing plagioclase, quartz, and alkalis High Al203

crustal melts occur under deep, hydrous conditions due to the reduced stability of

plagioclase, (e.g. Beard and Lofgren, 1991; MUntener et al, 2002).

This simple model glosses over upper crustal equilibration of mineral and AFC

processes that are significant in explaining trends within each group as discussed above.

In spite of this, a couple important observations can still be made. First, this mix does not

fit the mix curve defined by North Sister in 87Sr/86Sr vs '43Nd/'44Nd (Figure 4-14b).

Second, North Sister's groups progress away from the modeled mix through time in
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Figure 4-14 a) Simple mix model to make North Sister's basal composition from an LKT
from Crater Lake (Bacon, 1997) and a theoretical crustal contaminant. The theoretical
crustal contaminant was calculated assuming 70% Si02 and was fit to mixing line such
that the basal North Sister always fell at 70% LKT and 30% contaminant. b) 875r/86Sr vs.
'43NdI'44Nd mix model. Tick marks represent 5% mix. Representative Central Oregon
basalts, Crater Lake basalts (small symbols), MLF, and North Sister with compositional
groups indicated are plotted. North Sister evolves away from the mixing trend in c)
'43NdJ'44Nd vs. Nd (ppm) and d) 87Sr/86Sr vs. Sr (ppm). The Central Cascades Sr mantle
array as defined by basalts from Medicine Lake (not shown), Crater Lake, and Central
Oregon basalts (chapter 2, Figure 4-3a). Plotted against Al203 are e) 143NdJ'44Nd and I)
87Sr/86Sr, where North Sister systematically evolves away from the mix line through time.
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isotope vs. element diagrams. For example, in a plot of 143Nd/'44Nd vs. Nd (Figure 4-

14c), Nd concentration remains constant while 143Nd/'44Nd increases steadily with time.

And third, the evolved end, group 3-4 sometimes plots with regional basalts, such as in

Nd and '43Nd!'44Nd (Figure 4-14c), and other times, such as in 87Sr/86Sr vs. Sr or in

87Sr/865r vs. Al203 (figures 1 3d and fj, it does not. Isotopically, the 3-4 group is more

like regional basalts, while most major and trace element compositions are more unlike

regional basalts than the primitive North Sister composition.

While this mix model does not fit the later North Sister data, it does produce the

early, primitive North Sister composition and gives important clues to the nature of the

contaminant. More complex processes involving recharge, assimilation, and fractional

crystallization must be involved in the evolution of North Sister's compositional groups

through time.

Modeling North Sister's variations through time

North Sister's groups vary systematically through its -320 ka history in Sr, Nd,

and Pb isotopes, as well as increasing Al203 and Sr. Simple models of mixing, fractional

crystallization, assimilation andlor recharge cannot fully account for these variations

because they are linked energetically. For example, by increasing the recharge input, the

amount of walirock that is affected or partially melted increases as well. The mass and

energetics of the magma, crystals, wallrock, and recharge basalt need to be incorporated,

while keeping track of changes in trace element and isotopic compositions as well as

assimilation and crystallization rates. The EC-E'RAFC model, standing for Energy-

Constrained Eruption, Recharge, with variably efficient (x) Assimilation and Fractional

Crystallization does this elegantly (Bohrson and Spera, 2001, 2003 and Spera and

Bohrson, 2001, 2002, and 2004). This model mimics magma differentiation and

calculates the assimilant's mass and composition by requiring that energy be conserved

between the magma, country rock, assimilant, and crystals formed and accumulated. The

goal of these models is to fit the general North Sister trend in major, trace, and isotopic

compositions through time to learn how groups are related to one another, rather than to

explain trends within individual group.



The EC-ERAFC model

EC-E'RAFC models a composite magma system made up of four sub-systems:

the magma body, the country rock, a reservoir of recharge magma that adds into the

system, as well as an eruptive reservoir of material removed. In the North Sister

application, the sub-systems were conceptualized as a North Sister basaltic andesite

magma chamber (as dikes or sills), as refractory mafic cumulates, as mantle-derived

LKT, and the erupted basaltic andesite, respectively. The boundaries between the sub-

systems may be open, closed, or diffuse, allowing heat and/or matter to move between

them. The boundary between the magma and the wallrock is semi-permeable and

diathermal, such that heat can move freely across it, and it is permeable to a fraction (x)

of melt produced in the walirock. During recharge or eruption episodes, the boundary

between the magma chamber and the recharge or eruption reservoirs are completely open

to heat and mass transport. Each sub-system has its own mass (Mm, Ma, M, Me) and

thermal properties, including temperature (Tm, Ta, Tr, TeTm at the eruption event), heat

capacity (Cp,m, Cp,a, Cpr, Cp,e'Cp,m), isotopic (87Sr/86Sr and '43NdJ'44Nd) and trace

element (Sr, Nd, Ba, Ni, and Cr) compositions, and trace element distribution

coefficients for each of the elements (Dm,r, Da,sr, Dr, Si, De,srDm,r, and so on; (Bohrson

and Spera, 2001, 2003 and Spera and Bohrson, 2001, 2002, 2004).

EC-E'RAFC is a set of 4+t+i+s coupled nonlinear differential equations, where

the number of trace elements, radiogenic and stable isotopic ratios modeled are t, i and s,

respectively. These equations are a function of magma temperature and end at a user-

defined equilibrium temperature (Teq), when the temperature of the magma equals that of

a calculated mass of wallrock. Processes that occur within the magma system cause

changes in enthalpy (Ah, Table 4-9) and depending on how energy and mass are

transported, change the total enthalpy. These user-defined enthalpies include the

crystallization enthalpy of the magma (Lhm, J/kg), the fusion enthalpy of the ass imilant

(LTha, J/kg), and the crystallization enthalpy of the recharge magma (Ah, i/kg; Bohrson

and Spera, 2001, 2003 and Spera and Bohrson, 2001, 2002, 2004).
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Table 4-9. EC-E'RAFC parameters
Thermal parameters

Magma liquidus temperature, Tim

Magma initial temperature, T°

Assimilant liquidus temperature, Tia

Assimilant initial temperature, Ta°

Recharge magma liquidus

emperature, T1,,

Recharge magma initial

temperature, Tr°

Soil dus temperature, T

Equilibration temperature, T,

Compositional parameters

Sr (ppm)

isotopic ratio, Cm° (87Sr/6Sr)

Nd (ppm)

isotopic ratio, Em ('43N&'44Nd)

DNd

Ba (ppm)

DB,

Ni (ppm)

DNI

Cr (ppm)

Dr

Initial Magma Assimilant Recharge magma

560

0.70369

600

0.7038

350

0.70346 Mass cha,'acierisiics Ta<Ts Ta'=Is
I I Mass of assimilant partial melt, M* 0.98 1.43

14 10 10 Mass of cumulates, Mcm 0.41 0.41

0.512846 0.5128 0.512953 Mass solids, M 2.95 2.95

0.4 0.3 0.2 Mass of recharge magma, M1° 3 3

274 300 200 Mass of erupted material, M 0.3 0.3

0.23 0.16 0.11 Total mass of country rock affected, Ma° 6.32 9.31

98 250 300 Ma*/Ms 0.33 0.49

4.19 6.01 4.6

54 100 249

2.42 3.92 3.8

Thermodynamic parameters

Crystallization enthalpy, LThm (J/kg) 396000

Isobaric specific heat of magma, Cp,m (i/kg K) 1484

Fusion enthalpy, \h (i/kg) 270000

lsobaric specific heat of assimilant, Cr,, (J/kg K) 1370

Crystallization enthalpy of recharge magma, Ah, 396000

(i/kg)

Isobaric specific heat of recharge magma, Cp,r 1484

(i/kg K)

1290

1300

1350

850 or 940

1320

1320

940

1100



Input parameters

The EC-ERAFC model requires the specification ofa large number of variables

(Table 4-4.9), but the degree of their variability is limited by our knowledge of North

Sister's system as well as the simple models described above. North Sister's liquidus

temperature was determined for North Sister's basal primitive composition (NS-02-66)

by pMELTS (Asimow and Ghiorso, 1998; Ghiorso and Sack, 1995), assuming 10 kbar

(35 km) and 2% H20, to be 1290°C. Recharge and assimilant liquidus temperatures were

estimated, such that the walirock is mafic and has a greater liquidus temperature than the

recharge magma (1350° vs. 1300°C). The initial temperature of the assimilant was

modeled as either being equal to the solidus (Ta°Ts) or less than the solidus (Ta°<Ts)

(Table 4-9 and Figure 4-1 5). Thermodynamic parameters follow Fowler et al (200)

model of the Isle of Skye Igneous Province.

Compositional parameters were chosen to reflect a conceptual model for the

North Sister system: North Sister basaltic andesite is recharged by mantle-derived LKT,

assimilating refractory, plagioclase-bearing mafic granulite or cumulates. The initial

magma, primitive basal North Sister (NS-02-66, Table 4-1) has the highest MgO and

87Sr/86Sr and lowest Si02, 143NdJ'44Nd of the North Sister suite, but does not have the

highest Ni and Cr concentrations. The high Ni and Cr of later North Sister groups may

come from adding a primitive recharge magma. The composition of this recharge magma

was assumed to be an LKT akin to the one used in the mixing to make primitive North

Sister above (Table 4-9, Bacon et al, 1997), but slightly more elevated in incompatible

elements. The model wallrock has similar compositions to the input LKT, with higher

Sr, assuming the presence of plagioclases as well as more evolved isotopic ratios.

Distribution coefficients assumed the presence of plagioclase and pyroxene and/or

amphibole (Tables 4 and 9).

141



142

Figure 4-15. EC-ERXAFC models (standing for Energy-Constrained Eruption, Recharge,
with variably efficient (x) Assimilation and Fractional Crystallization, Bohrson and
Spera, 2001, 2003; Spera and Bohrson, 2001, 2002, 2004) to fit North Sister's evolution
through time. The recharge magma has an LKT composition and the country rock is a
depleted basalt that produces a silicic melt, such as in the mix model presented in figure
13. Two cases are presented in this model, the first being when the initial temperature of
the assimilant or country rock is less than the solidus temperature of the system (Ta°<Ts,
dark solid lines in b-f) and the second case is when the initial temperature of the
assimilant equals the solidus temperature (Ta°=Ts, dashed lines in b-f). Thermal,
thermodynamic, and compositional parameters as well as resultant mass characteristics
are in Table 4-9. a) EC-ERAFC non-dimensional mass characteristics as a function of
model temperature (°C). Abbreviations for variables are Mm mass of the liquid portion of
the magma; M1 mass of the recharge magma; M total mass of solids; Mcm mass of
cumulates; Me mass of erupted material; Ma* mass of the anatectic walirock melt for two
cases Ta°<Ts and Ta°Ts. Ma* increases with Ta°. North Sister's lower temperature limit
of 1180°C based on its lowest Ni concentration is indicated as a model cutoff point,
indicating that the system probably has not reached the equilibrium temperature (Teq). b)
Select compositional characteristics as a function of model temperature. Ni concentration
does not change with increasing Ta°, but Ba concentration increases more quickly.
143NdI'44Nd reaches a maximum around the lower limit temperature and decreases more
quickly With Ta°Ts. c) EC-ERAFC model in 143Nd/'44Nd vs. 87Sr/86Sr. The modeled
trajectories increase in '43NdJ'44Nd and decrease in 87Sr/86Sr until the North Sister lower
limit temperature. North Sister with groups indicated, MLF, and Central OR basalts are
also indicated. d) The EC-ERAFC model mimics North Sister as its Nd concentration
does not vary much while '43Nd/144Nd increases. Fields of North Sister group
compositions, dikes (black boxes), and EC-ERcAFC model are plotted in e) Cr vs. Ni and
f) Ba vs. Ni.
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Results of EC-ERAFC modeling

The modeled nondimentional masses and compositions were plotted as a function

of temperature in Figures 14a and b. At the starting temperature, the mass of the magma

is 1 and Ba, Ni, and '43NdJ'44Nd are at initial input values. As the temperature decreases,

recharge (Mr) was added linearly and erupted mass (Me) was removed until it totaled 3

times the mass of the initial magma (Mm°. The EC-ERAFC program calculated the

mass of anatectic walirock melt (Ma*) and mass of the cumulates removed (Mcm) as well

as the total mass of solids (Ms), including crystals and mafic enclaves entrained within

the magma. The total Ma* depends on the initial temperature of the wallrock, increasing

about 140% from the case where Ta°<Ts to the case where Ta=Ts. The increase in Ma*

as a function of Ta° is mirrored by higher concentrations of incompatible trace elements

(e.g. Ba, Figures 14b and 0 and subdued isotopic variations (Figures l4b-d).

The end point temperature of the model is the user-defined equilibrium

temperature (Teq), when the temperature of the magma equals the temperature of the

walirock. Compositional criteria determine the true stopping point in the model, when

the modeled compositions become unrealistic North Sister's lower limit of 35 ppm Ni

was used here to define the lower limit temperature of-4 l80C. The lower limit

temperature also coincides with significant increases in anatectic melt (Ma*),

incompatible elements (e.g. Ba Figures 14b and f), and in maximum '43Nd/'44Nd and

minimum 87Srf86Sr (Figures 14b, c, d).

This EC-ERAFC model successfully increases the system's '43Nd/'44Nd and

decrease 87Sr/86Sr, while keeping Nd concentration nearly constant. The model however,

does not fit North Sister's apparent mixing curve in Sr and Nd isotopic ratios (Figure 4-

1 5c). There are several possible explanations for not exactly fitting this mixing curve;

distribution coefficients may change through the evolution of the magma, or the

composition of the basaltic input may vary through time to more fractionated

compositions, as reflected by North Sister's gradually increasing Ti02 and FeO*

concentrations. A precise fit to North Sister's curve in Sr and Nd isotopes does not rule

out this model because it replicates general temporal trends in the North Sister data.
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The EC-ERAFC model mimics North Sister's general increase in Cr from basal

primitive North Sister to group I to primitive dikes and associated high Cr 2a while Ni

increases slightly (Figure 4-15e). The low Cr 2a or 3-4 trends and group 2b do not fit the

EC-ERcAFC model in Cr and Ni and must be derived by a separate process. As

mentioned above, chromite fractionation may be an effective way to diminish Cr

concentration (Figure 4-lOc). A replenishment of primitive low Cr magma may also

occur during stage 2b, essentially resetting the system to lower Cr concentrations. The

fact that North Sister's groups alternate between restricted compositions during stage I

and 2b and more diverse compositions during stages 2a and 3-4 (Figure 4-6) may be

evidence of renewed input of low Cr primitive North Sister magma. The North Sister

system is more complex than the simple magma differentiation trend modeled here, but

high recharge rates and small assimilation rates provide a mechanism to explain the

isotopic and general Nd, Cr, and Ni variability. From basal primitive North Sister to

group 1 to group 2a, Ba initially decreases and Ni increases then Ni decreases and Ba

stays constant to group 3-4 compositions (Figure 4-15f), fitting the EC-ERAFC model.

As in.Cr, North Sister's group 2b does not quite fit the model, having higher Ba

concentrations than the earlier 2a group and may be explained by replenishment of

primitive North Sister basaltic andesite.

Major element compositions are an important independent constraint on the EC-

ERXAFC models. Concentrations of Si02 and Al203 were calculated based on mass

characteristics at the model's lower limit temperature, and mix components used to make

primitive North Sister (Figure 4-14a). The modeled case where Ta°<Ts is reasonable in

major elements (55.2% Si02, 18.8% Al203) if the recharge composition is 45% Si02 and

the fractionating assemblage contains -6O% plagioclase, consistent with the distribution

coefficients used in these models. The second modeled case when Ta=Ts results in

higher concentrations of Si02 and Al203 (56.5% and 19.3%) because of the additional

walirock melt, but are reasonable given inherent assumptions about the compositionof
the fractionating phases, LKT, and contaminant.



Summary and assessment of the model

While the model presented here simplifies North Sister's evolution to a single

magma differentiation trend over its 300 ka history, EC-ERAFC is a effective way to

think about the system's mass and heat budget necessary to maintain a depleted, mafic

composition over a long period of time. This model allows recharge, crystallization, and

the amount of country rock that can be assimilated to depend on one another. There are

drawbacks to the EC-ERAFC model, but they do not outweigh the usefulness of the

program. EC-ERXAFC does not allow mineral assemblages to change as a magma

differentiates or for variable mantle inputs. In order for EC-ERAFC to be worthwhile,

one must have very good understanding of the geochemistry, geochronology, and

geophysical controls of the system in order for the model to be meaningful. Also, major

elements must be calculated separately based on modeled masses and fundamental

assumptions about the mix components to double check feasibility.

For these models, the case where the initial temperature of the assimilant is lower

than the solidus temperature (Ta<Ts) is the preferred model because it produces the least

wallrock melt, allowing the recharge magma to have greater influence on isotopic

compositions (Figure 4-15c). This case also maintains low and nearly constant

incompatible element concentrations while compatible elements such as Ni increase and

then decrease through time. By preferring this case, we accept that primitive basal North

Sister forms by mixing primitive basalt with a crustal contaminant, primarily formed by

melting the plagioclase fraction. Once the primitive North Sister magma forms, however

it is followed by little crustal contamination and the composition of the magma is

buffered by recharge basalt. The recharge adds significant heat, but the crust must be

refractory not to produce much melt.

Group 2b does not fit this modeled trend through time and in many respects is

most similar to group 1, being more restricted in composition and having lower Cr and V

concentrations. We interpret group 2b to result from replenishing the fairly evolved

system with a fresh batch of primitive low Cr primitive NorthSister basaltic andesite

magma. This would buffer compatible elements such as Ni, while elevating incompatible

elements and allowing Si02 to increase. The fresh round of North Sister basaltic andesite
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during group 2b then evolves to lower Ni and diversifies in incompatible elements to

group 3-4 with the most mantle-like isotopic compositions.

Although North Sister basaltic andesite is fundamentally a mixture between

mantle and crustal melts, once primitive North Sister basalt forms, very little crustal

contamination occurs. North Sister's trace element variations are primarily due to

recharge and fractional crystallization.

Magma petrogenesis in the deep crust beneath North Sister

A magma's history in the deep crust is difficult to see because upper crustal

processes often overprint it and the mantle input may also be quite variable. Trends due

to the fractional crystallization of olivine, plagioclase, and clinopyroxene within North

Sister groups and the MLF were attributed to upper crustal processes. The differences

among North Sister's compositional groups cannot be linked by fractional crystallization

alone and seem to be produced by significant recharge by mantle-derived LKT. In the

Central Oregon High Cascades, the compositional range in primitive basalts are well-

characterized and restricted to LKT and depleted CAB at the Three Sisters and at Crater

Lake (Bacon et a!, 1997, Conrey et al, 1997, Chapter 2). Significant recharge by LKT

magmas into a magma chamber within the crust supplies a significant amount of heat to

the system that could be used to generate partial melts of the crust. Beneath North Sister,

however, once the predominantly plagioclase fraction has been melted from the crust, it

is refractory and difficult to melt further (Figure 4-16). A refractory crust is necessary in

order to maintain mafic composition and low overall incompatible element

concentrations as well as to shift isotopic ratios toward the recharge mantle input

Fractional crystallization along dike conduits to the surface occurs as magma

equilibrates with lower pressures. Significant olivine fractionation would remove Ni too

quickly to account for North Sister's trend of elevated compatible elements and changing

isotopic signatures through time. While olivine is a ubiquitous phenocrystic phase at

North Sister, the olivine crystals are small and probably late, not reflecting its deep

crustal history as indicated by preliminary experimental data (Mercer, personal

communication, 2005).
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Figure 4-16. Cartoon summarizing magmatism at North Sister Volcano, the Matthieu
Lakes Fissure (MLF) and Little Brother Volcano. Cartoon is not drawn to scale. Little
Brother is 2 km and Black Crater is 8.5 km from North Sister Volcano. Incompatible
element-depleted North Sister basaltic andesite is generated in the lower crust as a
mixture between LKT mantle inputs and silicic crustal melts, primarily by melting
plagioclase feldspar and dehydrating amphibole. Where crustal melts have been
extracted, the lower crust is refractory, consisting of clinopyroxene ± plagioclase ±
amphibole and does not melt easily. High recharge rates into the refractory region of the
lower crust buffer North Sister basaltic andesite so that incompatible elements such as Ba
remain constant and compatible elements such as Ni and Cr vary. At shallower levels,
North Sister basaltic andesite mineral phases equilibrate and fractionate plagioclase,
olivine, ± clinopyroxene, ± chromite to create North Sister's intra-group trends. The MLF
consist of three splays of vents aligned north-south, normal to regional extension. Dike
propagation resulted in fractional crystallization during injection. The east and west
splay contain variable mafic inputs that may be due to a higher degree of differentiation
of LKT inputs. North Sister-type basaltic andesite magma is generated along the length
of the extensional segment of the Cascade Arc and is particularly common along an axis.
Little Brother Volcano consists of incompatible element-enriched Mount Washington-
type basaltic andesite and may be the result of a different, more enriched basaltic input
such as a CAB or it is generated by upper crustal contamination.
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Primitive North Sister basaltic andesite is produced by mixing a plagioclase

crustal melt preferentially melted out of the lower crust gabbro, leaving behind refractory

pyroxene. The importance of a plagioclase melt to North Sister seen its high Al203 (up to

19.67%) concentrations and positive Eu anomaly (Figure 4-2). Garnet is likely to be

unimportant because REE patterns of North Sister lavas are low and shallow. Based on

basalt phase equilibria experiments at lower crustal conditions, garnet becomes a stable

phase between 10 and 12 kbar, becoming more stable with higher Al203 compositions

(Müntener et al, 2002), constraining the maximum depth of North Sister basaltic

andesite's temporal trends to 36 km. Plagioclase stability decreases with increasing

pressure and water content, but is present throughout the crust and does not limit the

minimum depth, under water-saturated conditions, plagioclase can be entirely melted out

of the basaltic crust at 850°C at depths greater than 7 kbar, leaving refractory minerals

(Beard and Lofgren, 1991). Because the Cascade crust exceeds 850°C at -25 km

(Stanley et al, 1990), North Sister basaltic andesite's compositional trends through time

are limited between 35 and 25 km depth (Figure 4-16). Primitive North Sister magma is

probably generated in the same region of the crust.

In the Oregon Cascade Range, subduction has been occurring for the past 40

million years (Lux, 1982) and has progressively focused to a narrower and narrower band

of volcanism. Intra-arc extension with associated LKT magmatism and high heat flow

has been happening since about 8 Ma (Conrey et a!, 2003). The high heat flow associated

with extension and focusing of magmatism serves to make the crust increasingly

refractory by removing the plagioclase fraction and by dehydration reactions. The crust

beneath the High Cascades has been primed and homogenized and does not produce large

crustal melts. The refractory nature of the crust and inability to produce further crustal

melts may also be due to stripping the last plagioclase fraction during the formation of

primitive North Sister basaltic andesite. In this way, Central Oregon Cascade arc

magmatism is progressively homogenizing the mafic lower crust.

While Pb isotopes were not explicitly incorporated into the models presented,

they do support our hypothesis that North Sister basaltic andesite was generated within

the mafic lower crust. Plumbotectonjc models (Doe and Zartman, 1979 and Zartman and

Haines, 1988) that track how U, Th, and Pb are fractionated and recycled within the Earth
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through time have shown that the most and least radiogenic Pb reservoirs on Earth

(excepting the core) are located in the upper and lower crust, respectively. North Sister

basaltic andesite's Pb in fact evolves away from more radiogenic regional primitive

endmember basalts toward less radiogenic compositions (Figure 4-8c). The country rock

that partially melted and mixed with basalt to produce North Sister basaltic andesite must

have less radiogenic Pb than the mantle-derived basalts and therefore was probably

within the lower crust.

This conceptual model for the Oregon Cascades contrasts with the conventional

MASH hypothesis, developed for the southern volcanic zone of the Andes, where zones

of melting, assimilation, storage, and homogenization are restricted beneath major

stratovolcanoes in the lower crust and generally produce more andesitic to dacitic

composition inagmas. Instead, basaltic andesite magma production rates and

composition may vary along strike, but are generated along the length of the arc as

indicated by the almost continuous string basaltic andesite volcanic vents along the

Central Oregon Cascade crest including the Three Sisters, MLF, the Mount. Bachelor

Chain and Belknap Crater. Also, the zone of homogenization has been placed above the

mafic underplate such that a refractory zone has formed by high heat flow and basaltic

mass flux that have completely processed the lower crust.

Estimated volumes

Estimated volumes based on the mixing model to make primitive North Sister and

EC-ERXAFC model to replicate North Sister's temporal trend are in Figure 4-17. These

volume estimates assume the 40 km3 of basaltic andesite that makes up the volcano is

derived by one differentiation trend and that it is entirely erupted. Upper crustal

processing accounts for small degrees of fractional crystallization (5-. 15%) and was not

incorporated into these estimates.

In order to make the primitive, basal North Sister composition, 70% LKT and

30% silicic crustal contaminant were mixed (Figure 4-17). The simple mix neglects

fractional crystallization and recharge that were probably also involved in making



primitive North Sister. The elevated 87Sr/86Sr of North Sister relative to the 87Sr/86Sr of

well-defined regional basalts (chapter 2) requires mixing an evolved crustal component.

Mass characteristics at the EC-ERXAFC model's lower temperature limit (of

1180°C) was used to estimate volumes need to fit North Sister's general temporal

variations (Figure 4-17). For each cubic km of North Sister basaltic andesite, 0.61 km3

primitive North Sister, 0.01 km3 anatectic melt, 1.09 km3 recharge magma are required
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Figure 4-17. Histogram of modeled volumes based on mixing to make the primitive
North Sister composition and the masses EC-ERAFC model (Bohrson and Spera, 2001,
2003; Spera and Bohrson, 2001, 2002, 2004) to replicate North Sister's total variation
through time for the case where the Ta°<Ts to its lower limit temperature. Volume
estimates of the two models to make primitive North Sister and North Sister's temporal
variations were separated because they represent fundamentally differentprocesses.
Volumes were propagated based on North Sister's total estimated volume of 40 km3
(Chapter 2). In order to make primitive North Sister 30% silicic crustal contaminant is
mixed with 70% LKT. North Sister's temporal trends require nearly twice as much
recharge basalt too be added to primitive North Sister to make the total North Sister
volume. Only 0.5 km3 of anatectic melt is required to replicate North Sister's temporal
variations once primitive North Sister basaltic andesite has fonned.

17 7 24 44 22 5 0.5 40 km3
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and 0.54 km3 solids are formed. About twice as much recharge LKT than primitive

North Sister is needed to model North Sister's differences between groups. The recharge

needed is only 9% greater than the total North Sister volume, indicating that recharge is

efficiently processed to basaltic andesite. Only about 1.3% (0.5 km3) assimilated

anatectic crustal melt is required, or else the Sr and Nd isotopic ratios would not be able

to shift towards more mantle-like values and incompatible trace elements would increase

significantly. A final observation is that the total amount of solids and accumulated

material nearly equals the volume of initial primitive North Sister.

Although North Sister's compositional variability is subtle, a great deal of

processing in the form of crustal contamination, recharge, and fractional crystallization is

required to maintain the compositional constancy. Not all of North Sister's basaltic

andesite is erupted, implying larger volumes of magma and accumulated material must

have persisted in the deep crust beneath North Sister.

The age of the deep crust by Os isotopic constraints

Elevated '87Os/'880s at North Sister supports interaction with a mafic crust.

Rhenium fractionates from the mantle and is concentrated in the crust, where it decays to

'870s. Osmium behaves compatibly (D7-l0) and tends to stay behind in the lower crust,

where over time, it becomes more radiogenic. Because '87Re decays predictably by beta

emission to '870s (half-life, t112= 4.56 ± 0.11 X 1010 y; decay constant, 2 ('87Re) 1.52 ±

0.04 X 10" y' (Luck and Allegre, 1983), some age constraints can be made on North

Sister basaltic andesite' s crustal contaminant If the mafic country rock originated in the

mantle and underplated the lower crust, it likely had an initial ('87Os/188Os) similar to the

depleted CAB, Cayuse Crater, the primitive basalt with the most unradiogenic Os of the

Central OR mafic centers (0.14 14, Table 3). A magma undergoing AFC acquires the

assimilant's '870s/'88Os after only a few percent crystallization because the amount of Os

added by partial melting of wallrock is greater than what remains in the magma.



154

Figure 4-18. Lower limit of North Sister's deep crustal contaminant the radioactive
decay of '87Re to as determined by a plot of initial l87Re/1880s of the mafic
contaminant vs. time in Ma. Curves were calculated for each North Sister sample to
demonstrate the time required to decay to '870s/'880s in table 3 depending on the initial
'87Re/'880s. '87Re/'880s values for North Sister are indicated by black stars on axis. The
range in '87Re/'880s of deep crustal xenoliths is indicated as well as median values from
Death Valley and Arizona (SaaI et al, 1998 and Esperanca et al, 1997). The range in
'87ReI'880s from deep crustal mafic granulites from the Mexican Volcanic Belt (Valencia
et al, in review) are also indicated and are the preferred lower crustal values because they
represent young arc crust. The lower limit age range of the crustal contaminant to form
North Sister basaltic andesite is therefore between 30 and 5 Ma, younger than the
initiation of volcanism in the Cascade Range, but generally older than rifling within the
arc.
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A range of lower limit ages (t) of the crust can be calculated by assuming that the

contaminant has the same 1870s/'880s as North Sister (1870s/'880s)Ns and using the

general equation for radioactive decay.

Eq.3 t = - in
1%

(87
11870s/ \

/188th,)
+1

I87Re/ \
- '. /'880s)
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In this equation, the unknown variables include the time ofdecay, t and the initial

amount of 187Re, (187Re/'880s)1 available to decay to 1870s. The range in '87Re/'880s in

cratonic lower crustal mafic xenoliths is 3 to 98 with median values of 19.70 and 26.42

for suites from Queensland, Australia and Arizona, respectively (Saal et al, 1998 and

Esperança et al, 1997). Young arc crust mafic granulite xenoliths from the Mexican

Volcanic Belt, in contrast range from 100 to 400 '87Re/'880s (Valencia et al in review).

These niafic granulite xenoliths have elevated '870s/'880s of 0.7 to 1.1, but have

unradiogenic Pb and Sr, similar to the suggested contaminant at North Sister.

Results of the contaminant age calculation are plotted in Figure 4-18 as

('87Re/'880s)1 versus time. Using reasonable '87Re/88Os values for the contaminant,

North Sister's '870s/'880s results from the decay of '87Re since -30 to 5 Ma, well after

Cascade volcanism initiated 41 Ma (Taylor, 1990). This indicates that the crust has been

significantly processed and homogenized since arc volcanism began in the Cascades.

This method contrasts from crustal contaminant ages calculated for Mt. Lassen
(Hart et al, 2002), where very radiogenic'870s/'880s (up to 0.4 127) was estimated to

evolve after only 5 -10 Ma. The Hart et al (2002) method modeled the evolution of the

lower crust by AFC processing of mantle-derived basalt to more silicic compositions,

evolving over 49 to 52% Si02 to very high '87Re/'880s, 23 to 4041. High concentrations

of 187Re relative to Os will evolve to high '870s/'880s over short periods, but '87Re/'880s

in Lassen lavas do not exceed 58.6 and lower crustal xenoliths rarely exceed 400. The

simple single stage evolution model used here over reasonable '87Re/'880s results in age

ranges of 11.4 to 4.5 Ma for Lassen's lowest '87OsI'88Os samples to 44.8 to 180 Ma for
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the highest '870s/'880s samples. The maximum age is roughly the age of the

Klamath]Sjerra Nevada crust beneath Mt. Lassen (Barnes et al, 1992).

Besides mafic lower crust, another potential source for radiogenic Os is fluid or

melt derived from the subducted slab. If fluid were a significant contributor to North

Sister's '870s/'880s, the isotopic ratio of Sr, a fluid-mobile element would also differ

from the regional basalts. If sediments contributed a fluid, then 87Sr/86Sr would increase

and dehydration of hydrous minerals within the down-going slab contributed fluid, the

87Sr/865r would decrease. While North Sister's 1870s/'880s is elevated, its 87Sr/86Sr is

similar to that of regional LKT and CAB (Figure 4-80. LKT and CABs in the Oregon

Cascades likely contain between 1.5-2.5% H20 (Rowe and Kent, in prep) and are not

particularly enriched in fluid mobile elements. Radiogenic Os must therefore be

primarily derived from mafic crust.

Calculating the minimum age of the crust based on Sr isotopes is not as

straightforward as with Os and Re isotopes. If we begin by injecting an LKT into the

lower crust, it would take roughly 500 My in order for it to acquire the 87Sr/86Sr of the

crustal contaminant used to model primitive North Sister basaltic andesite. Although we

know the range in 87Sr/86Sr for young Cascade basalts today, we do not know their

composition in the past. If the assimilated crustal contaminant was underplated 20-30

Ma, when the arc was much more explosive than it is today, the mafic input may have

been very different from today with different sediment or subduction fluid inputs.

Implications for magma genesis in the Oregon Cascades

While North Sister basaltic andesite is particularly abundant at North Sister

Volcano, it is found throughout the Central Oregon High Cascades, making up Middle

Sister's cone, the Husband, Broken Top, Black Butte, and 011alie Butte, north of Mt.

Jefferson. Several mafic volcanoes, including Three-Fingered Jack are made up of early

Mt. Washington-type basaltic andesite and followed by later North Sister-type basaltic

andesite (Conrey et al, 2003). The North Sister-type centers align generally along the arc

crest, while Mt. Washington-type centers are more found to the west (Chapter 1). The

processes in the deep crust, that produce North Sister basaltic andesite are significant



158

along the Oregon High Cascades, suggesting the presence of refractory crust along the

full length of the arc crest. The occurrence of North Sister-type basaltic andesite at North

Sister Volcano and the MLF along the arc crest reflect a spreading axis, where LKT

mantle inputs homogenize the crust, where they acquire caic-alkaline affinities (Figure 4-

16). The Cascades extensional arc lower crust has a continuous supply of mafic material,

generated by decompression and/or hydrous flux melting of the mantle.

Mount Washington-type basaltic andesite is typically found just to the west and

along the arc crest, such as at Little Brother, west of North Sister. The trench-side

occurrence of Mount Washington-type basaltic andesite may indicate a more fluid- and

incompatible element-rich magma from the mantle. Extension rates may also be slower

west of the spreading axis, such that basaltic andesite incorporates more partially melted

upper crust. Little Brother has higher S7Sr/S6Sr and lower '87Os/'880s than North Sister,

reflecting its additional upper crustal input. Composite volcanoes that consist of both

basaltic andesites, where Mount Washington type always followed by North Sister-type,

may suggest an intimacy between the two types. The generation of Mount Washington-

type may serve to make the crust increasingly refractory, dehydrating amphibole or

removing plagioclase to easily generate melt.

The MLF and dike propagation

Monogenetic mafic volcanoes align normal to regional tensile stresses in the

Central Oregon High Cascade Range. The vent alignments are the surface expression of

dikes that have followed planes of weakness, or faults within the crust. Extension in the

Central Oregon Cascades is compensated by dike injection rather than by faulting and

permits magmas to traverse the crust with little interaction.

The MLF's main splay, 8.5 km length from Black Crater to North Sister is a

particularly good example of dike injection in the Central Oregon Cascades. The main

splay's degree of fractional crystallization increases southward, as signaled by increasing

Si02 (53-69%), decreasing crystal content, phenocryst assemblages, as well as fit to

fractional crystallization models. Erupted at similar times, MLF main splay vents are

present on the south flank of Black Crater and may merge with a fault scarp on the north
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side of Black Crater (Bacon, 1996). Although the MLF cuts right through North Sister

Volcano and MLF dikes closest to North Sister orient radial to the edifice, the dike

injection primarily responds to regional stresses, rather than a central conduit system

(Figure 4-16). The MLF continues to be structurally weak zone as the Holocene cinder

cones, Yapoah and Collier Cones erupted along the same lineament.

While MLF is spatially and compositionally linked to North Sister Volcano, MLF

has additional mafic inputs, including a high Ti02 basaltic andesite. North Sister basaltic

andesite seems to be an important starting composition, but MLF has higher

concentrations of Ti02 and FeO*, probably due to mixing a high Ti02 mafic component.

The conditions that produce North Sister basaltic andesite seem to persist along the

Cascades arc crest, but in some cases the LKT mantle inputs may be more fractionated

with higher FeO* and Ti02 than beneath North Sister.

Periodicity of Long-Lived Mafic Composite Volcanoes

Within North Sister's stratigraphy the cycle of restricted composition followed by

more diverse compositions from groups 1 to 2a is repeated from groups 2b to 3-4 and

MLF (and Middle Sister, Figure 4-6). The first cycle occurred from 320 to 190 ka and
the second occurred from 120 to 15 ka along with North Sister's general decrease in Ni

and progressively more mantle-like Sr and Nd isotopic compositions. In spite of theses

cycles and general trends through time, North Sister's composition is remarkably

constant basaltic andesite until group 3-4 and MLF were erupted with elevated FeO* and

Ti02 contents.

The more silicic compositions, rhyodacite and rhyolite in the Three Sisters have

only arisen in the past 40 ka (Calvert et al, 2005), indicating that it took over 300 ky and

>40 km3 of magma injected into the upper crust to significantly perturb the thermal

regime of the middle to upper crust in order to generate significant amounts of partial

melt. Intra-arc extension may also have slowed since 300 ky, but the MLF and other

aligned cinder cones north of North Sister indicate that crustal extension is on going. The

Three Sisters volcanic complex includes several older basaltic andesite volcanoes,

including the Husband and Broken Top. Once magmas find their way out of the lower
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crust, they do not significantly interact with the mid to upper crust and maintain their

basaltic andesite composition.

The two cycles of restricted to diverse compositions at North Sister are analogous

to the Tatara-San Pedro Complex in the Southern Andes, where there are four cycles

since 770 ka of restricted more mafic (48-55% Si02) to more evolved and diverse

compositions (52-68 and up to 76% Si02; Dungan et al, 2001; Feeley and Dungan, 1996).

The cycles at Tatara-San Pedro occur over regular intervals of -450 to 200 ky, but they
do not repeat compositions, nor are they as systematic as at North Sister. Tatara-San

Pedros's large degree of variability from primitive basalt to rhyolite comes from assorted

mantle inputs, hydrous minerals such as phlogopite in the lower crust, granites crust, and

open-system processes (Dungan et al, 2001; Dungan and Davidson, 2004; Ferguson et al,
1992). The regular intervals of restricted mafic to more diverse compositions over

regular time intervals suggests that it takes 150-200 ky to flush a pulse of heat and

basaltic magma through the crust.

North Sister's near constant composition requires two pulses of primary mafic

material before MLF and Middle Sister evolve to higher Si02 contents. North Sister's

constancy is due to its restricted mantle input and a refractory crust that contributes little

melt because the crust has already been primed. Also, dikes follow fault planes and

effectively move magmas without stalling in the upper crust.

The cycle of restricted mafic compositions to diverse evolved compositions are

not evident at the other well-described, long-lived Cascade stratovolcanoes, Mount Baker
and Mount Adams (Hildreth and Lanphere, 1994; Hildreth et al, 2003). At Mount Baker

and Mount Adams, basalts are peripheral and contribute to sustained central andesitic to

rhyodacitic magma chamber. At Mount Adams, active since 520 ka, a pulse of peripheral

basaltic (LKT) magmatism occurred 11 to 122 ka and coincides with a pulse of
andesite and dacite activity from the stratocone (Hildreth and Lanphere, 1994). This

implies that a partial melt zone existed within the crust beneath Mount Adams prior to the

basaltic pulse that upon injection, reheated the system, initiating andesitic and dacitic
eruption.

Mount Baker and Mount Adams are fundamentally andesitic (Hildreth and

Lanphere, 1994; Hildreth et al, 2003), while the Tatara-San Pedro Complex (Ferguson et
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al, 1992) and the Three Sisters are fundamentally mafic (although both systems have had

excursions to silicic compositions). Andesjtjc volcanoes seem to have mush zones that
can be tapped by basaltic injections. These mush zones do not exist for extended periods

beneath long-lived mafic composite volcanoes that have effective conduits to move

magma efficiently, as well as high recharge rates to maintain its composition.

Conclusions

North Sister, active for over 300 kaproduced a monotonous basaltic andesite

composition until 50-15 ka, when the diverse Matthieu Lakes Fissure (MLF) cut through
North Sister and produced more diverse compositions. Compositional groups at North
Sister were defined based on stratigraphy, 40Ar/39Ar dates, and major and trace element

compositions as clusters in Si02, Ni, and V, as well as in Sr and Nd isotopic ratios.

Through time, the basaltic andesite at North Sister Volcano has not varied greatly, but is

systematic. North Sister's Sr and Nd evolve toward more mantle-like isotopic ratios in

the opposite direction expected by increasing crustal contamination with time.

Trends within North Sister groups point toward upper crustal fractional

crystallization with olivine, plagioclase, and clinopyroxene stable as well as recharge by

fresh North Sister basaltic andesite. The MLF's three splay represent three Fe-rich

magmatic pulses during its history. The main splay, beginning at Black Crater north of
North Sister and ending on North Sister's south side, progressively gains higher Si02 (53-

59%) concentrations from north to south, implying dike injection. Fractional

crystallization models indicate fractional crystallization of plagioclase, olivine,

clinopyroxene, and magnetite with minor assimilation of upper crust. The East splay is

more mafic and contains at least three mafic inputs, including a North Sister-like, a high
Ti02, and a high Sr component. Diversity within the east splay is due to significant

mixing and fractional crystallization between the high Ti02 and North Sister-like

components.

Mantle inputs to the Central Oregon Cascade Range are fairly restricted in

composition (Chapter 2) and are primarily LKT and depleted CABs. The mantle input

beneath North Sister is a primitive LKT because it is the only magma type that is

consistently more depleted in incompatible element compositions than North Sister
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basaltic andesite. Primitive North Sister basaltic andesite results from mixing the

primitive LKT with a crustal contaminant because earliest, primitive North Sister

contains the highest 87SrJ86Sr and lowest '43Nd/'44Nd. The crustal contaminant is likely to

be mainly a plagioclase melt with high Si02 and Al203.

Energy-constrained petrologic models suggest high recharge rates and little

crustal melting occurs after the primitive North Sister basaltic andesite forms in order to

shift Sr and Nd isotopes toward more mantle-like compositions. High recharge with little

melting of the crust indicates that the crust is refractory once the plagioclase fraction has

melted out to generate primitive North Sister basaltic andesite. North Sister basaltic

andesite generation was limited between 25 and 35 km depth based on plagioclase and

garnet stability under hydrous, high-pressure conditions. North Sister's 1870s/'88Os is

elevated relative to regional basalts, indicating contamination by mafic crustal rocks.

Based on Os isotopic arguments, the mafic crust beneath the Cascades formed between

30 and 5 Ma since the initiation of the Cascade Arc.

North Sister-type basaltic andesite is found along the crest of the actively

extending Central Oregon Cascade Arc, possibly suggesting an axis of extension where

LKT are the dominant mantle input and there is a particularly refractory lower crust.
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SUMMARY AND CONCLUSIONS

Summary

The collection of manuscripts that comprise this dissertation examine varying

levels of North Sister Volcano, from its volcanology, to petrologic inferences about the

mantle and the deep arc crust. The overall goal of the dissertation, to fingerprint the

evolution of North Sister's basaltic andesite in the deep crust has followed tangents that

add to our greater understanding of the Cascade Arc's geologic history and isotopic

reservoirs. Individually, the three manuscripts describe North Sister's field geology and

eruptive stages (Chapter 2); the degree of mantle source heterogeneity and segmentation

in the Cascade Volcanic Arc (Chapter 3); and North Sister's range in major and trace

element and isotopic compositions to quantitatively describe the generation of North

Sister basaltic andesite in the lower crust (Chapter 4). The major findings of each paper

are described below.

In Chapter 2, the eruptive history of North Sister was described and a 1:12,000

geological map was presented. North Sister is a composite basaltic andesite volcano

(52.5-55% Si02) that was built during four eruptive stages over its -.320 ky history. The

stages were 1) the early shield (weighted mean 40Ar/39Ar age of 320 ± 66 ka), 2) the

subglacial stage of subglacial origin (40Ar/39Ar age range 191.2 ± 28.7 ka and 105.2 ±

38.6 ka), 3) the upper shield stage, and 4) the stratocone stage (40Ar/39Ar age range 71.7 ±

39.6 ka and 57.2 ± 36.8 ka). A final, through-going fissure produced the dikes, scoriae,

and lava flows of the Matthieu Lakes Fissure (MLF). The composition erupted at North

Sister Volcano is a remarkably consistent, incompatible element depleted basaltic

andesite that is an important widespread composition in the Central Oregon Cascades.

Compositional groups were defined as stratigraphically related clusters or trends in North

Sister's maj or and trace element data that largely correspond with eruptive stages. These

compositional groups include group 1, groups 2a and 2b, and group 3-4; stage 2 was

broken into two compositional groups and stages 3 and 4 erupted similar compositions.
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The early shield stage (stage 1) is made up of compositionally distinct thin lavas,

found at the base of the NE ridge of North Sister. The glacial stage (stage 2) consists of

proximal, inter-layered pyroclastic facies of yellow palagonitized tuff of apparent sub-

glacial eruptive origin and scoria, and a distal thin lavas facies. The upper shield stage

(stage 3) consists of dozens of thin lavas (0.5 to 5 m thick) that unconformably overlie

stage 2. The stratocone stage (stage 4) produced steeply-dipping (40-50°), layers of

alternating scoria and agglutinated lavas as well as three very thick flows that make up

North Sister's three-pinnacle summit.

The Matthieu Lakes Fissure (MLF) is made up of>1 1 km of aligned cinder cones,

agglutinate vents atop thick lavas, and an agglutinate flow on the south flank of North

Sister Volcano. MLF's composition ranges from North Sister basaltic andesite to more

evolved compositions (53.1-59.7 wt% Si02). The 40Ar/39Ar age range of MLF is 75.8 ±

31.0 ka to 15.1 ± 11.5 ka, coincident with the Last Glacial Maximum. MLF's vent

alignments parallel other vent alignments and structural features (e.g. Green Ridge) in the

region (Figures 2-2 and 2-3). The MLF includes three splays (east, main, and west) that

were differentiated by composition as well as by degree of erosion. The east splay is the

oldest and most mafic and the west splay is the youngest. The main splay is the longest

and extends to the highest Si02 concentrations. Holocene basaltic andesite cinder cones,

Collier Cone and Yapoah Crater erupted along the MLF lineament.

Significant erosion during 3 major glaciations has eroded roughly half of North

Sister's total volume, leaving steep talus slopes and cliff faces. Glacial ice was also an

important influence on the eruptive style at North Sister Volcano. Palagonitic tuff, the

result of the explosive interaction between magma and ice was particularly common at

North Sister during its stage 2 (-200 to 100 ka) Glacial ice also prevented the east and

main MLF splays from flowing laterally, instead steep-sided platform formed as a flow-

dominated tuya.

Active E-W intra-arc extension in the Central Oregon Cascade Arc is

compensated by dike injection, producing vent alignments that parallel faults of the High

Cascade Graben. Hundreds of dikes at North Sister Volcano transition in orientation

from more radial to N-S through its long history. Over MLF's length of 11 km, its Si02
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concentration decreases steadily to the north. This observation implies propagation of a

through-going dike and increasing degrees of fractional crystallization along the dike.

In Chapter 3, Sr and Nd isotopic compositions in the Cascade Range were

compiled and used to define segmentation of the Cascade Arc that contrasts with earlier

segmentation based on vent density (Guffanti and Weaver, 1988) or mafic to silicic

relative extrusion rates (Sherrod and Smith, 1990). Four segments were defined along

the Cascades Arc based on 87Sr/86Sr of primitive arc basalts that include: 1) the north

segment from Mt. Meager to Glacier Peak; 2) the Columbia segment from Mt. Rainier to

Mt. Jefferson; 3) the central segment from the Three Sisters to Mt. McLaughlin (and

Medicine Lake), and 4) the south from Mt. Shasta to Mt. Lassen.

Four primitive magma types have been identified in the Cascade Arc (Bacon et al,

1997; Conrey et al, 1997; Leemanet al, 1990; Leeman et al, 2005): the mid-ocean ridge-

like low potassium tholeiite (LKT), the arc-typical caic-alkaline basalt (CAB), the

uniformly enriched ocean island-like (01-like) basalt, and the super alkali enriched

absarokite (ABS). Along-arc histograms for Sr (Figure 3-ib) isotopic ratios exhibit a

step-wise distribution for lowest 87Sr/86Sr of LKTs and CABs between Mt. Jefferson and

the Three Sisters where the lowest (most MORB-like) 87Sr/86Sr is 0.7028 to the north and

0.7034 in central to southern Oregon. The striking stepwise offset in Sr and Nd isotopic

ratios, between the Three Sisters and Mt. Jefferson coincides with the arc's intersection

of the margin of the Columbia Embayment and with the Brother's Fault Zone. The offset

in 87Sr/86Sr also coincides with the first occurrence within the High Cascade Graben of

01-like basalts that are characteristic of the Columbia segment. The central segment,

significant because it includes North Sister, is distinct because the Basin and Range

province is present in the backarc and has erupted compositionally restricted LKTs and

lesser, depleted CABs. We suggest that the Columbia segment taps an enriched, accreted

mantle reservoir, while the central segment taps a separate Basin and Range type mantle

with a restricted range in Sr and Nd isotopic ratios.

Primitive LKTs have lower Sr and 57Sr/86Sr than CABs that are generated by

mixing a depleted mantle with a high Sr and 87Sr/86Sr fluid component (Figure 3-3a).

The source of the CAB fluid component varies along the arc. The Columbia and central
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CAB component is likely derived from old metasomatized lithospheric mantle because B

is low in primitive basalts in southern Washington and northern Oregon (Leeman et a!,

2004), implying that the young, hot slab dehydrates before reaching the volcanic arc.

The south segment with much more variable magma compositions and Sr and Nd

isotopic ratios and CABs appear to result from hydrous mantle melting.

In Chapter 4, the variations in basaltic andesite composition through the 320 ky

history of North Sister Volcano are described and modeled as having been generated in

the deep crust. Through time, the basaltic andesjte at North Sister Volcano does not vary

greatly, but is systematic. Because the source mantle melts have a limited range in

composition within the central segment of the Cascade Arc (Chapter 3) and the effects of

upper crustal fractionation can be removed by petrologic modeling, the mass and heat

budget required to maintain a near constant composition for a long period of time was

modeled, completing the primary goal of this dissertation.

North Sister's basaltic andesite compositions shifted to greater diversity with

time. Eruption of the basaltic andesite of the MLF and Middle Sister followed (Calvert et

a!, 2005). Compositional groups at North Sister, defined by stratigraphic association and

40Ar/39Ar ages (Chapter 2), form clusters and trends in major and trace element

compositions, such as in Si02, Ni, and V, as well as in Sr and Nd isotopic ratios.

Through time, North Sister's Ni has decreased and Al203 has increased. North Sister's

Sr- and Nd-isotope compositions evolve toward more mantle-like isotopic ratios, in the

opposite direction expected by crustal contamination, implying a significant amount of

recharge by primitive mantle-derived basalt.

Trends within North Sister groups point toward upper crustal fractional

crystallization with olivine, plagioclase, and clinopyroxene stable as well as recharge by

fresh North Sister basaltic andesite. The MLF's three splay represent three Fe-rich

magmatic pulses during its history. The main splay, beginning at Black Crater north of

North Sister and ending on North Sister's south side, becomes progressively more

concentrated in Si02 (53-59%) from north to south, implying dike injection and flow

differentiation. Fractional crystallization models indicate fractional crystallization of

plagioclase, olivine, clinopyroxene, and magnetite with minor assimilation of upper crust.
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The east splay is more mafic and contains three mafic inputs, including a North Sister-

like, a high Ti02, and a high Sr component. Diversity within the east splay is due to

significant mixing and fractional crystallization between the high Ti02 and North Sister-

like components.

Mantle inputs to the Central Oregon Cascade Range are fairly restricted in

composition (Chapter 2) and are primarily LKT and depleted CABs. The mantle input

beneath North Sister is a primitive LKT because it is the only magma type that is

consistently more depleted in incompatible element compositions than North Sister

basaltic andesite. Primitive North Sister basaltic andesite results from mixing the

primitive LKT with a crustal contaminant because earliest, primitive North Sister

contains the highest 87Sr/86Sr and lowest '43Nd/'44Nd. The crustal contaminant is likely to

be mainly a plagioclase melt with high Si02 and Al203 and give North Sister its caic-

alkaline character.

Energy-constrained petrologic models suggest high recharge rates and little

crustal melting occurs after the primitive North Sister basaltic andesite forms in order to

shift Sr and Nd isotopes toward more mantle-like compositions. High recharge with little

melting of the crust indicates that the crust is refractory once the plagioclase fraction has

melted out to generate primitive North Sister basaltic andesite The depth of North Sister

basaltic ande site generation is limited by garnet (10-12 kbar) and plagioclase stability

Plagioclase stability decreases with increasingpressure and water content, but is present

throughout the crust and does not limit the minimum depth, under water-saturated

conditions Plagioclase can be entirely melted out of the basaltic crust at 850 C at depths

greater than 7 kbar, leaving refractory minerals (Beard and Lofgren, 1991) Because the

geothermal gradient leads to temperatures in excess of 850° at 25 km (Stanley et al,

1990), North Sister basaltic andesite's compositional trends through time are limited

between 35 and 25 km depth (Figure 15). North Sister's '870s/'58Os is elevated relative

to regional basalts, indicating contamination by mafic crustal rocks, consistent with the

model. Based on Os, the mafic crust beneath the Cascades likely formed between 30 and

5 Ma since the initiation of the Cascade Arc.

North Sister-type basaltic andesite is found along the crest of the actively

extending Central Oregon Cascade Arc, possibly suggesting an axis of extension, where
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LKTs are the dominant mantle input. Also, a particularly refractory lower crust that has

been dehydrated and stripped of plagioclase feldspar is inferred to exist along the arc

crest in order to generate North Sister basaltic andesite.

Conclusions

North Sister Volcano was built over four eruptive stages and lastly, the through-

going Mathieu Lakes Fissure (MLF). These stages, based on stratigraphy, changes in

eruptive style, 40Ar/39Ar ages and composition, are bounded by unconformable contacts.

The stages were: 1) the early shield (weighted mean 40Ar/39Ar age of 320th 66 ka), 2) the

subglacial stage of subglacial origin (40Ar/39Arage range 191.2 ± 28.7 ka and 105.2 ±

38.6 ka), 3) the upper shield stage, and 4) the stratocone stage (40Ar/39Ar age range 71.7 ±

39.6 ka and 57.2 ± 36.8 ka). A final, through-going fissure produced the dikes, scoriae,

and lava flows of the Matthieu Lakes Fissure (40Ar/39Ar age range 75.8 ± 31.0 ka and

15.1 ± 11.5 ka). Three global glaciations of North Sister's -.320 ky historyhave eroded

large portions of North Sister's edifice and influenced its eruptive style. Subglacial

eruptions at North Sister produced palagonitic tuff during stage 2. Also, the Matthieu

Lakes Fissure erupted beneath thick ice during the last glacial maximum as a flow-

dominated tuya. North Sister Volcano's dike pattern transitions from radial to aligned

with regional structures with time, reflecting ongoing extension of the High Cascade

Graben.

Sr and Nd isotopic of primitive basalts along the Cascade Arc were used to

define four arc segments: 1) the north segment from Mt. Meager to Glacier Peak; 2) the

Columbia segment from Mt. Rainier to Mt. Jefferson; 3) the central segment the Three

Sisters to Mt. McLaughlin (and Medicine Lake), and 4) the south segment from Mt.

Shasta to Mt. Lassen. The segmentation reflects separate isotopic mantle reservoirs and

melting regimes. These segments correlate with crustal and structural provinces, but do

not correlate with the physical segmentation of the arc defined by vent density (Guffanti

and Weaver, 1988) or mafic and silicic relative extrusion rates (Sherrod and Smith,

1990). The Columbia segment taps an accreted, enriched lithospheric mantle, while the



central segment, including North Sister taps a depleted, isotopically restricted mantle,

associated with the Basin and Range.

North Sister Volcano's seemingly monotonous basaltic andesite has systematic

trends with time, becoming richer in Al203, decreasing in Ni, and acquiring more mantle-

like Sr and Nd isotopic ratios. Petrologic modeling places the generation of North

Sister's basaltic andesite in the deep crust by a) deciphering upper crustal fractional

crystallization trends during its re-equilibration to the surface; b) mixing a primitive LKT

composition with a silicic, Al-rich partial melt of the 5-30 million year old crust; and c)

high recharge by mantle-derived LKTs and interaction with a refractory crust.

Subduction zone magmatism, along with high heat flux due to intra-arc extension, and

mixing the produce the earliest, most crust-like North Sister basaltic andesite has primed

the crust by dehydration reactions and by extracting plagioclase feldspar. The presence

of North Sister-type basaltic andesite along the length of the Central Oregon Cascade Arc

represents an axis of extension and a refractory deep crust.
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sample #
NS-01-1
NS-01-2
NS-01-3
NS-01 -4

UTM position
060066, 4892008
060066, 4892008
0599576, 4892094
0599365, 4890108

APPENDIX 1
SAMPLE LOCATIONS

Notes about sample locations

Positions are UTM in the North American 1927 Datum. Locations are around or relative

to North Sister Volcano, unless otherwise noted. Refer to the North Sister and Trout

Creek Butte 7.5 minute topographic quadrangles. Abbreviations are NS North Sister,

SML South Matthieu Lake, NML North Matthieu Lake, MLF Matthieu Lakes Fissure,

PCT Pacific Crest Trail, xl-poor crystal poor, agglut agglutinated, cpx clinopyroxene,

plag plagioclase.

2000 North Sister and Little Brother Samples

location
NE ridge
NE ridge
NE ridge
SE ridge

Description
Scoria
dike
Magma blob inclusion in dike 3S-
00-3
xl-poor lava
xl-poor agglutinated lava with
sugary ol-rich inclusions
Agglutinated lava below 3S-00-6
Dip slope, agglutinated lava
Aphyric agglutinate stack above
3 S-00-8
xl-poor core of block

xl-poor agglutinate, bomb-rich
Lava over 3S-00-1 1
Platy agglut lava beneath 3S-00-12
Glaciated, agglutinated xl-poor
lava
Thick, glassy ice quench lava

187

description
lava
lava just below NS-01-1
lava above NS-01-1
lava

Sample # LJTM position Location
3S-00-1 05962125 48925250 North Little Brother
3S-00-2 05962125 48925260 North Little Brother
3S-00-3 05962130 48926875 North Little Brother

3S-00-5 05975250 48927875 West North Sister
3S-0O-6 05979524 48927381 North Ridge

3S-00-7 05972125 48926667 North Ridge
3S-00-8 05978806 48931905 North Ridge
3S-00-9 05980476 48933810 North Ridge

3S-O0-1O 05974286 48944286 Ahalapam Cinder
Field

3S-00-11 05979044 48950714 North
3S-0O-12 05979520 48950476 North
3S-00-13 05979758 48953570 North
3S-00-14 05968568 48951190 North

3S-00-15 05968330 48956188 PCT south of Yapoah
Crater

2001 North Sister Samples



2001 North Sister samples (continued)

sample #
NS-01-5
NS-01-6
NS-01-7
NS-01-8
NS-01-9
NS-0 1-10
NS-01-1 I
NS-0l-12
NS-01-13
NS-01-14
NS-01-15
NS-01-16
NS-01-17
NS-01-18A
NS-01-18B
NS-01-19
NS-0 1-20
NS-01-2!
NS-01-22
NS-0l -23
NS-0 1-24
NS-01-25

sample ft
NS-02-26
NS-02-27
NS-02-28
NS-02-29
NS-02-30
NS-02-3 1
NS-02-32
NS-02-3 3
NS-02-34
NS-02-35
NS-02-36
NS-02-3 7
NS-02-3 8
NS-02-39
NS-02-40
NS-02-4 1
NS-02-42
NS-02-43
NS-02-44
NS-02-45
NS-02-46
NS-02-47
NS-02-48

UTM position
0599020, 4890120
0599020, 4890090
0599348, 4890091
0599363, 4890068
0599352, 4890055
0599337, 4890056
0599337, 4890056
0599338, 4890040
0599338,4890040
0599205, 4890162
0599138, 4899212
0599113, 4890232
0599058, 4890187
0599375, 4891343
0599375, 4891343
0599292,4891326
0599238, 4891322
0595278, 4891981
0595860, 4892261
0596307, 4891902
0596546, 4891996
0596850, 4891850

2002 North Sister Samples

UTM position
0599508 4893152
0599259 4892894
0599059 4892490
0599099 4892494
0599015 4892135
0599187 4892166
0599173 4892163
0599126 4892173
0599085 4892198
0599057 4892213
0599057 4892213
0599439 4892128
0599195 4892171
0598799 4892219
0598780 4892193
0598780 4892193
0598746 4892182
0598717 4892166
0598726 4892174
0598692 4892159
0598668 4892153
0598656 4892155
0598656 4892155

location
SE ridge
SE ridge
SE ridge
SE ridge
SE ridge
SE ridge
SE ridge
SE ridge
SE ridge
SE ridge
SE ridge
knob on SE ridge
SE ridge
£ ridge
E ridge
E ridge
E ridge
West side
West side
West side
(w/in moraine)
West side

location
NE ridge
NE ridge
NE hill 7952
NE hill 7952
NE ridge
NE ridge
NE ridge
NE ridge
NE ridge
NE ridge
NE ridge
NE ridge
NE ridge
NE ridge
NE ridge
NE ridge
NE ridge
NE ridge
NE ridge
NE ridge
NE ridge
NE ridge
NE ridge

description
lava above NS-0l-4
lava below NS-0l-4
lava below NS-0 1-6
lava below NS-01 -7
lava below NS-01-8
lava below NS-01-9
dike, vertical N65W
lava, thin below lava 10
dike, vertical N4OW
lava above NS-01-5
lava above NS-01-14
lava above NS-01-15
dike, vertical N4OW
intrusion
palagonitic tuff
dike through tuff, clay-rich
dike, clay rich
Middle Sister andesite flow
Little Brother ba lava
Middle Sister andesite flow
NS lava below lava 23
NS lava?, coarse grained

description
lava
massive lava
lava
dike, N45'E
dike, N70'E
thin vesicular lava
thin lava
1 m dike, N83'E
massive lava above 32
lm dike, N58E
lava above 34
1.5 m dike, N70°E
1 m dike, N68'E
4m dike, N67'E
dike, N50'E
4m lava next to 40
2m dike, N40'E
intrusion/dike
irregular 1-3m dike
2 m dike, N35E
1+m dike, N23'E
2 m flow xl poor
1 m dike, N22'E, xcuts dike 47
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2002 North Sister Samples (continued)

location
NE ridge
NE ridge
NE ridge
NE hill 7952
NE hill 7952
NE hill 7952
NE hill 7952
NE hill 7952
NE hill 7952
NE hill 7952
NE hill 7952
NE hill 7952
hike from Scotts Pass
hike from Scotts Pass
hike frQm Scotts Pass
buff hill NE ofNS
buff hill NE ofNS
Alder Creek, above
buff hill
Alder Creek
hike from Scotts Pass
hike from Scotts Pass
north, Yapoah lake
region
north, Yapoah lake
region
north, Yapoah lake
region
north, Yapoah lake
region
north, Yapoah lake
region
north, Yapoah lake
region
north, Yapoah lake
region
north, Yapoah lake
region
to NE hill 7952
to NE hill 7952
Low NE hill 7952
L0wNE hill 7952
Low NE hill 7952
Low NE hill 7952
Low NE hill 7952
Low NE hill 7952
Low NE hill 7952
Low NE hill 7952
L0wNE hill 7952
LowNE hill 7952
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description
small dike, NO'
1+m dike, N28°E
blob-like dike, N25'E
3 m dike, N5O'E
I m dike, N48'E 55'SE to vertical
1-3+m dike, NO 45'N
silly dike, small undulous, dips S
Lava
1-2 m dike, N17'E
Lava above 56
Dike, N18°E 85'N
thick lava xl poor, below 56
glomerocrystic xl rich flow
xl poor lava
glomerocrystic lava
thick intracanyon flow
scoria for MI work
xl poor lava, drapes over 64

aphyric lava
xl poor lava
xl-rich lava
glomerocrystic lava below 70

xl poor agglut lava of MLF

massive facies of MLF
agglutinated lava
glomerocrystic lava in trees

bluish scoria bomb, old vent

2 small black scoria

bluish aphanitic lava of 73 vent

agglut lava, xl poor

massive lava, xl poor
Lava
coarse ba lava, quenched margin
coarse scoria
xl-poor lava above 78
mg3 m lava above 79
scoria from above and below 80
3 m flow similar to and above 80
scoria from below 80
3 m dike, xl poor, NSOE
1.5 m dike, N30'E, cuts 85,86
thin flow, xl poor

sample # UTM position
NS-02-49 0598652 4892129
NS-02-50 0598653 4892155
NS-02-51 0598581 4892084
NSO2-52 0598964 4892855
NS-02-53 0598919 4892356
NS-02-54 0598931 4892375
NS-02-55 0598913 4892872
NS-02-56 0598984 4892377
NS-02-57 0598873 4892392
NS-02-5 8 0598876 4892410
NS-02-5 9 0598861 4892408
NS02-60 0598834 4892510
NS-02-6 1 0600364 4896626
NS-02-62 060080 4895969
NS-02-63 0600621 4895658
NS-02-64 0600162 4895378
NS-02-64B 0600162 4895378
NS-02-65 0599863 4895025

NS-02-66 0601039 4896017
NS-02-67 0601525 4897492
NS-02-68 0601339 4897491
NS-02-69 0598830 4897191

NS-02-70 0598830 4897191

NS-02-7 I 0598624 4897182

NS-02-72 0598634 4896277

NS-02-73 0598738 4896064

NS-02-73B 0598738 4896064

NS-02-74 0598927 4895885

NS-02-75 0599161 4895631

NS-02-76 0600149 4895056
NS-02-77 0599536 4893562
NS-02-78 0599280 4893204
NS-02-78B 0599280 4893204
NS-02-79 0599129 4893015
NS-02-80 0598988 4892877
NS-02-80B 0598988 4892877
NS-02-8 1 0598988 4892877
NS-02-82 0598988 4892877
NS-02-83 0598970 4892901
NS-02-84 0598935 4892917
NS-02-85 0598935 4892917



2002 North Sister Samples (continued)

NS-02-102 0597905 4892913

NS-02-103 0597899 4892849

NS-02-104
NS-02- 105
NS-02- 106
NS-02- 107A

NS-02- 107B
NS-02-108
NS-02- 109
NS-02-1 10
NS-02-1 11
NS-02-1 12

sample #
LB-02- 1
LB-02-2
LB-02-3
LB-02-4
LB-02-5
LB-02-6

UTM position
0598935 4892917

0598933 4892930
0598933 4892930
0598933 4892930

0599150 4894877

0598985 4895018
0598749 4895131

0598749 4895131
0598749 4895131
0598754 4895464
0598754 4895464
0599438 4895243

0596920 4894378
0596951 4894571
0597264 4894633
0597750 4893336
0597905 4892913

0597893 4892823
0597839 4892533
0597830 4892544
0596960 4894094

0596960 4894094
0598040 4893862
0598311 4893965
0598311 4893965
0598791 4893818
0598651 4893548

2002 Little Brother Samples

UTM position
0594739 4892337
0594815 4892428
0595198 4892464
0595441 4892504
0595441 4892504
0596097 4892612

location
Low NE hill 7952

Low NE hill 7952
Low NE hill 7952
Low NE hill 7952

north

north
north

north
north
north
north
north

N ridge
N ridge
N ridge
N ridge
N ridge

N Ridge

N ridge

N ridge
N ridge
N ridge
N ridge, near Collier

N ridge, near Collier
N ridge
N ridge
N ridge
Alder Creek valley
Alder Creek valley

location
Little Brother
Little Brother
Little Brother
Little Brother
Little Brother
Little Brother summit

description
thin flow between 77 and 85,
similar to 85
xl poor lava below 85
part of 5 thin a'a flows as package
obsidian from slope between 78
and 79
xl poor lava, similar to 65, lower
7952
Lava
coarse, xl rich, cpx bearing lava
above 93
xl poor flow below 92, cpx
lava above 92, coarse, shitty
large agglut vent: dense
large agglut vent: scoriacious
glomerocrystic lava, similar to 63

Agglutinated 15 m lava
Glomerocrystic lava
thick cliff-forming lava
Agglutinated lava
thick agglutinated lava, abundant
inclusions
lava below saddle, massive, 10 m
thick
2 m agglutinated lava below 102,
xl poor
3 m lava below 103
15-20 m dike, N25E
lava cut by dike 105
massive block on agglutinated red
cliff
scoria, xl poor
agglut 5-10 m dike, N15E
20 m flow, cpx bearing
vertically jointed, cpx bearing
rocky knob lava, 50 m thick
lava above 111, xl poor

description
Glomerocrystic 20 in lava
Glomerocrystic lava
thick glomerocrystic lava
massive flow below 5
Glaciated lava above 4
Massive agglut cruddy lava
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NS-02-93
NS-02-94
NS-02-95A
NS-02-95B
NS-02-96

NS-02-97
NS-02-98
NS-02-99
NS-02- 100
NS-02- 101

sample #
NS-02-86

NS-02-87
NS-02-88
NS-02-89

NS-02-90

NS-02-9 I
NS-02-92



2002 Little Brother Samples (continued)

sample #
LB-02-7
LB-02-8
LB-02-9

LB-02-10
LB-02-1 1
LB-02-12
LB-02-1 3
LB-02-14
LB-02-1 5
LB-02-1 6
LB-02.1 7
LB-02-1 8

2003 North Sister Samples

UTM position location
0596128 4892637 Little Brother
0596128 4892637 Little Brother
0595975 4892656 Little Brother

0595938 4892639 Little Brother
0595917 4892640 Little Brother
05995869 4892666 Little Brother
0595852 4892665 Little Brother
0595806 4892658 Little Brother
0595806 4892658 Little Brother
0594730 4892560 W Little Brother
0594730 4892560 W Little Brother
0594730 4892560 W Little Brother

location
North along PCT
North along PCT
flow near SML
redventNofSML
along PCI, next to
Yapoah flow
red ridge south of
Yapoah
agglut vent along
MLF
agglut vent above
119
cliff east of Yapoah,
flow below 122
flow above 121
vent SE of SML
camp
vent SE of SML
camp, edge of crater
lava from saddle near
SML
Along Obsidian trail,
before Collier flow
Lava above red scoria
fissure on NW Ridge
NW Ridge
NW Ridge
NW Ridge

NW Ridge
NW Ridge
NW Ridge

description
agglut lava
2-3 m dike, N35E
thick flow at top of "stock like"
feature
package 4Xlm vesicular lava
10 m flow below 10
fairly thick lava belowl 1
im sugary dike, N65W, cuts 12
fresh vesicular 1 m lava
thin I m flow below 14
lava, top 3-4 m exposed
8 units above 16, 20m lava
hand sample of vesicular lava
between 16 and 17

description
MLF flow, unglaciated
MLF agglut flow
MLF flow
MLF bomb
MLF flow

black, glassy scoria

massive, glassy agglut

xl-rich massive lava

xl-poor lava

thick xl-poor lava
agglut lava

agglut lava

agglut lava

lava

thin (1-3 m) glomerocrystic lava,
N120°E, 25'E
Thin lava below 127
thin lava below 128
Thick, stubby agglut flow above
129
Dike, N35°W, 50°SE
glomerocrystic lava above 130
Thin flow
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sample # UTM position
NS-03-1 13 0597786 4900018
NS-03-1 14 0597706 4898648
NS-03-1 15 0597874 4898342
NS-03-I 16 0598017 4898550
NS-03-1 17 0597882 4897469

NS-03-1 18 0597106 4896090

NS-03-1 19 0598068 4895998

NS-03 -120 0598109 4896082

NS-03-121 0597908 4896474

NS-03-122 0597886 4896492
NS-03-123 0598072 4897951

NS-03- 124 0598255 4897877

NS-03-125 0598132 4898192

NS-03-126 0592794 4893386

NS-03-127 0597661 4892333

NS-03-1 28 0597645 4892350
NS-03-129 0597645 4892351
NS-03-1 30 0597530 4892231

NS-03-131 0597560 4892172
NS-03-1 32 0597550 4892125
NS-03-132B 0597550 4892126



2003 North Sister samples (continued)

location
NW Ridge
saddle between
Middle and North
Sisters
SW Ridge, next to
Collier Glacier
SW Ridge
SW Ridge
SW Ridge
SW Ridge
SW Ridge

SW Ridge

base of S Horn
lava on east side of
SW Ridge
SW Ridge
SW Ridge
SW Ridge
MS flow at White
Branch/Collier, along
trail
flow top along Soap
Creek
NE Ridge
float, palagonitic tuff

East palagonitic tuff
unit
east talus slope
east talus slope
east talus slope

east talus slope
east talus slope
east talus slope
east talus slope

NE Ridge, lower hill
7952
NE Ridge, hill 7952
NE Ridge, hill 7953
NE Ridge, hill 7954

NE Ridge, hill 7952

NE Ridge, hill 7953

SE Ridge.
SE Ridge

description
Big rock next to 132, dark, xl-poor
Thick Middle Sister flow

Thick, NS flow

upper agglut flow, grungy
2 flows below 136
2 flows below 137
lava above 138, 2m
lava below 139, makes a fin, xl-
rich
dike, N25E, vertical, goes up to
summit
lava
Java

dike, N30E 83N
vesicuiar dike, N60E, 52NW
lava, in scoria layers
gray lava

red flow top

glassy scoria
juvenile clasts from E palagonitic
tuff ridge
glassy nose of irregular sill in
palagonitic tuff
xl-poor, glassy
glassy, tiny vesicles
S-coated 152A, fallen from above
Villard
dense xl-poor, intrusion?
plag rich
Glassy
palagonitic tuff, both yellow and
orange (cooked)
agglut flow

flow above 153. N6OW I8NE
flow above 154
thick, jumbled agglut flow. Cut by
dike 157
vesicular dike, cuts 156. N55W,
vertical
thin flow in stack of thin flows.
N30°E, 20-25GW
glassy, iridescent scoria
thick intra-canyon filler. Lavender
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NS-03-I 36 0597840 4890371
NS-03-137 0597872 4890398
NS-03-138 0597872 4890426
NS-03-139 0597882 4890436
NS-03- 140 0597897 4890463

NS-03-141 0597939 4890514

NS-03- 142 0598092 4890991
NS-03-143 0598119 4890912

NS-03-144 0598098 4890907
NS-03-1 45 0598112 4890858
NS-03- 146 0598098 4890716
NS-03- 147 0593531 4892952

NS-03-148 0601847 4890931

NS-03-149 0598861 4891997
NS-03-150 float

NS-03-151 0599493 4891190

NS-03-1 52A float
NS-03- I 52B float
NS-03- 1 52C float

NS-03-152D float
NS-03-1 52E float
NS-03-1 52F float
NS-03-152G float

NS-03-153 0599279 4892298

NS-03-1 54 0599259 4892298
NS-03.-1 55 0599259 4892298
NS-03-1 56 0599229 489231

NS-03-1 57 0599229 489232

NS-03-158 0599179 4892331

NS-03- 159 scoria
NS-03- 160 0598897 4890081

sample # UTM position
NS-03-133 0597550 4892127
NS-03-134 0597442 4890349

NS-03-135 0597623 4890353



sample #
NS-03-161

NS-03-162
NS-03-1 63
NS-03-1 64

NS-03-165

NS-03-166

NS-03-167

NS-03-168
NS-03-169

NS-03-170

sample #
LB-03-1 9
LB-03-20
LB-03-2 1

LB-03-22

LB-03-23

LB-03-24

UTM position
0598830 4890146

0598748 489018
0598748 489019
0599535 4890263

float

0602678 4890128

0601353 4889260

0598822 4889404
0598424 4889600

0598424 4889601

2003 Little Brother Samples

UTM position
05294581 4893366
0595149 4893490
0596154 4892988

0595791 4893438

0594202 4892683

0593125 4893259

2004 and 2005 North Sister Samples
location
east north diamond
east north diamond
north diamond

north diamond
north diamond

north diamond
SW north diamond
SW north diamond
north diamond
NW north diamond
N valley below Linn
Moraine

location
SE Ridge.

SE Ridge.
SE Ridge.
low on SE Ridge

Soap Creek Meadow

lava along trail south
of Soap Creek
lava along trail south
of Soap Creek
South side of NS
South side of NS,
next to waterfall
South side of NS,
above waterfall

location
next to PCT
N Little Brother
NE LB, next to
Collier Cone,
moraine
Lower LB, next to
White Branch
lava along Glacier
Way trail
N side of Collier flow

description
top of stack of lavas, above
unconformity
Lava
intrusion/sill/dike/flow.
low lava in stack of thin lavas, old
sample
pillow from palagonitic tuff,
glassy, fresh
olivine rich, glaciated

plag-rich cliff-forming lava

red agglut lava, above 169
red agglut lava, comes from top
along fissure
gray MS basaltic andesite, above
169

description
lava
strat. low, thin lava
Thick dike, NlO'E 60'W

Thin lava

glomerocrystic lava

lava

description
N45'E dike cut by 172
Nl0'E dike cuts 171
N3OE dike covered by
agglutinated flow 175
flow cut by dike 173
agglutinated flow overlying dike
173
N10'E dike
N5'E dike
N5'E dike
lava cut by dike 176
N40E dike
thin lava

sample # position
NS-04-l71 0598242 4892211
NS-04-172 0598242 4892211
NS-04-173 0598219 4892202

NS-04-1 74 0598219 4892202
NS-04-1 75 0598219 489220

NS-04-1 76 0598199 4892199
NS-04-1 77 0598154 4892170
NS-04-1 78 0598154 489217
NS-04-1 79 0598177 489221
NS-04-1 80 0598175 4892275
NS-04-1 81 0598634 4893323
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2004 North Sister Samples (continued)

sample #
NS-04-1 82

NS-04-1 83
NS-04-1 84
NS-04-185

NS-04-1 86

NS-04-1 87

NS-04-1 88
NS-04-1 89

NS-05-1 90

NS-05-19 1

UTM position
0598093 4891408

0598093 4891408
0597948 4891542
0595906 4889327

0596498 4894633

0598041 4895846

0591072 4895991
0596718 4894655

0605638 4891050

0605486 4890956

location
top of Glisan
Pinnacle
low N Prouty Peak
high NE ridge
West flank of Middle
Sister
near Minnie Scott
Spring
Is'and Fissure

Island Fissure
Small pond west of
Ahalapam Cinder
Field
E. Trout Creek quad,
Soap Creek Canyon
E. Trout Creek quad,
Soap Creek Canyon

description
N86E dike

thick lava
thick lava

10 m thick, N10E dike

glomerocrystic Little Brother flow

Little Brother erosional remnant,
surrounded by palagonitic tuff
glassy lava
glaciated MLF lava

xl-poor lava above lava 191,
S40W, 24NW
SW dipping xl-rich lava
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APPENDIX 2
WHOLE ROCK GEOCHEMICAL ANALYSES

All geochemical analyses performed on powdered whole rock samples are

presented in the included CD as an Excel Workbook file. Tabs at the bottom of the

spreadsheet indicate types of data and their provenance. Sample numbers correspond with

locations and descriptions (Appendix 1). Analytical techniques are described in Chapters

2 and 4.

Major and trace element concentrations were analyzed by both X-ray

Fluorescence (XRF) and inductively coupled plasma-mass spectrometer (ICP-MS). The

data are presented in tabs titled North Sister, Little Brother, Matthieu Lakes Fissure

(MLF), and Other volcanic centers (Northern Glomerocrystic Lava, obsidian tephra, and

Middle Sister). The XRF trace element data accuracy is ±30 ppm for Ni, Cr, Sc, V, and

Ba and ±1-3 ppm for Rb, Sr, Zr, Nb, Y, Pb, and Th analyses. La and Ce values are

qualitative for XRF results. The accuracy of the ICP-MS results are presented in Table 4-

1 (Govindaraju, 1989)

Isotopic data are included in spreadsheets indicated by tabs titled 0 isotopic data,

Os isotopic data, and Sr, Nd, Pb isotopic data. The accuracies of isotopic results are

included in spreadsheets.
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APPENDIX 3
40Ar/39Ar AGE DETERMINATIONS

North Sister, Little Brother, Matthieu Lakes Fissure (MLF) 40Ar/39Ar ages (Table

2-3) were determined according to analytical techniques presented in Chapter 2. After

the isotopic measurements were made, ages were calculated using ArArCaic V2.2

(Koppers, 2002), correcting for blanks. Excel Workbook spreadsheets and graphs

produced by ArArCalc for each sample are included in CD. Data tables include

information on sample parameters, irradiation constants, and plateau, normal isochron,

and inverse isochron age determinations. Also included in the data tables for each

heating step are intercept values for argon mass 36 to 40 and procedure blanks. Tabs at

the bottom of the spreadsheet indicate graphs of the age plateau, K-Ca plateau, and

normal and inverse isocbrons. All ages are presented with 2a error with preferred age in

bold in Table 2-3.
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APPENDIX 4

ANALYTICAL TECHNIQUES FOR CHAPTER 3

Central Oregon primitive basalt and basaltic andesite samples were powdered

with an alumina shatterbox and analyzed at the University of Colorado Boulder with a

Finnegan-MAT mass spectrometer. Major element compositions were determined by x-

ray fluorescence on a Rigaku 3370 spectrometer and trace element compositions were

analyzed by Hewlett-Packard inductively coupled plasma mass spectrometer, both at the

GeoAnalytical Lab at Washington State University.
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