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Abstract

Major element, trace element, and mineral compositions have been determined for 

four Quaternary mafic monogenetic cinder cones and flows south of Glacier Peak, a 

dacitic stratovolcano in the northern Cascade arc. The flows are the Whitechuck basalt, 

and the basaltic andesites of Indian Pass, Lightning Creek, and Dishpan Gap. Whitechuck 

has high concentrations of AI2O3 (> 18 wt.%) and low concentrations of K2O (< 0.45 

wt.%) and shares similar trace element characteristics with high alumina olivine tholeiites 

reported in the central and southern Cascades. The three basaltic andesites are calc- 

alkaline. Indian Pass and Lighting Creek have primitive compositions, with Mg# 

[100*Mg/(Mg+Fe*)] > 65, Cr > 200 ppm, and Ni > 100 ppm. Most samples have olivine 

in equilibrium with bulk rock compositions. Rb and Sr are relatively low in most flows, 

especially at Whitechuck and Dishpan Gap. Sr and La decrease with increasing Si02 in 

the Lightning Creek and Dishpan Gap cinder cones, indicating possible mixing with a Sr 

and La-poor felsic component represented by the most evolved Glacier Peak dacites. 

Petrographic observations of disequilibrium textures such as xenocrysts, xenoliths, 

quenched glass inclusions, and strongly-zoned phenocrysts in these two flows also 

indicate possible melting. All flows are enriched in large ion lithophile elements and light 

rare earth elements relative to high field strength elements, showing that the mantle 

beneath Glacier Peak has been fluxed by a hydrous subduction component. Ba/Nb ratios 

(-40-110) are highest for the three basaltic andesites, indicating that they had the greatest 

amount of subduction component enrichment. Nb and Ta abundances are highest at 

Indian Pass (Nb =~7 ppm) and lowest at Whitechuck (Nb = -2-3), indicating that Indian 

Pass and the other two basaltic andesites were produced by relatively low degree hydrous
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melts of depleted mantle. In comparison, the Whitechuck basalts were produced by 

relatively dry (<1% H2O) slightly higher degree melting of a more depleted mantle 

(similar to NMORB) source. Of the three mantle-domains inferred beneath the Cascades, 

only a MORB-like mantle and a subduction-fluxed depleted mantle are represented 

beneath the Glacier Peak region. No OIB-like mantle domain is thus far represented in 

the Cascades north of the Mt. Rainier region.
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Introduction

Primitive magmas from arc settings provide a rare window into processes 

occurring in the mantle wedge beneath the arc. These magmas are common in the 

southern Cascades but become notably rare north of Mt. Rainier. Previous studies in the 

Cascades have used primitive lavas from several regions to elucidate processes 

influencing partial melting in the mantle wedge. This thesis presents mineral and whole 

rock geochemistry of four Late Pleistocene to Early Holocene mafic lava centers between 

five and ten km south of Glacier Peak. These include the calc-alkaline Indian Pass, 

Lightning Creek, and Dishpan Gap basaltic andesites, and the fractionated Whitechuck 

high alumina olivine tholeiite (HAOT). All flows are located along the Pacific Crest.

There are four goals to this petrologic and geochemical study: 1) assess the

primitiveness of the four lavas; 2) determine what (if any) effect the crust had on the

composition of the lavas; 3) calculate the temperatures at which Fe-Ti oxides and olivine

phenocrysts last equilibrated; 4) discern the nature of melting processes and mantle

source characteristics beneath the Glacier Peak region. New major and trace-element data

✓for 46 samples of mafic lavas and 11 samples from the Glacier Peak dacites are presented 

and represent the first modem geochemical study of arc lavas from this segment of the 

Cascade arc.

The four flows discussed in this thesis can be placed in a regional context with 

other primitive and near primitive lavas that occur elsewhere in the Cascades. Bacon et 

al. (1997) recognized three end-member primitive magma types occurring in the 

Cascades from the Lassen Volcanic Field northward to Mount Rainier (Figure 1), and 

have correlated these three end-members with three implied mantle components. These



include a depleted mantle domaih, a subduction component, and an intraplate mantle 

domain.

Members of the first magma type are known as* high alumina olivine tholeiites 

(HAOT), high alumina basalts (HAB), or low-K olivine tholeiites (LKOT). They 

typically have mid-oceanic ridge basalt-like (MORB-like) chemical compositions that are 

depleted in light rare earth elements (REE) and may be slightly enriched in large ion 

lithophile elements (LITE) relative to high field strength elements (HFSE)(i.e. Ba/Nb 

-10-35). HAOT are thought to represent fairly anhydrous melts of depleted mantle.

HAOT occur from Northern California to Southern Washington (Leeman et al. 1990; 

Bacon et al. 1997; Conrey et al. 1997), as well as east of the Cascades.

The second magma type, the calc-alkaline basalts (CAB), are the most common. 

These magmas are ubiquitous throughout the Cascades, and have trace-element 

concentrations typical of arc magmas: high LILE/HFSE ratios (i.e. Ba/Nb~30-100), 

higher K and Fe/Mg, and lower Al than MORB-like magmas (Leeman et al. 1990; Bacon 

et al. 1997; Borg et al. 1997; Conrey et al. 1997; Reiners et al. 2000).

Members of the third magma type have compositions similar to ocean island 

basalt (OIB). These magmas are characterized by significant enrichment in incompatible 

elements (LITE, TREE) without depletion of Nb or Ta (i.e. Ba/Nb~10-17). They occur 

towards the back-arc of the southern Washington (e.g., Simcoe) and Oregon Cascades 

(Leeman et al. 1990; Bacon et al. 1997; Borg et al. 1997; Conrey et al. 1997).

Leeman et al. (1990) originally proposed that these three magma types were 

produced by mixed melts from depleted and enriched mantle domains, without any 

significant contributions from subducted sediment or a modem H2O flux. Subsequent
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studies by Sisson and Layne (1993), Baker et al. (1994), Bacon et al. (1997), Borg et al. 

(1997), and Reiners et al. (2000) expanded the primitive lava data set and revealed that 

subduction fluids significantly influence magma composition. As previously noted, the 

three end-member magma types are produced by varying contributions of primitive 

mantle, a modem subduction component, and intraplate mantle (Bacon et al. 1997). 

Under this assumption, the upper mantle beneath the Cascades to the south of Mt. Rainier 

is inferred to be uniformly hot but heterogeneous Avith respect to the locations of 

upwelling primitive mantle, intraplate mantle, and subduction metasomatized mantle. 

Understanding primitive magmatism is made more complicated by the addition of several 

other small but significant components that can affect the composition of the magma. 

These include subducted sediment, subducted oceanic lithosphere, and continental cmst 

(summarized by Borg et al. 1997).

In contrast to these models, Reiners et al. (2000) investigated the compositional 

distinction between CAB and OIB-like magmas immediately north of Mt. Rainier and 

suggested that separate mantle source domains are not required to produce the two 

magmas. Instead, CAB and OIB-like compositional distinctions are a function of both the 

added subduction component and degree of melting. MORB-like magmas (HAOT or 

LKOT) can also be produced from this model in two ways: 1) low degree melts of cold 

depleted mantle with variable addition of a subduction component or 2) high degree 

melts of hot mantle with little subduction component.

Mafic lavas from south of Glacier Peak can be used to assess the mantle 

characteristics beneath the region in light of the models discussed above. This thesis uses 

field studies, thin section petrography, major and trace element geochemistry and
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microprobe analysis to understand the petrogenesis of the lavas and to elucidate 

characteristics of their source region, in order to discuss the petrogenesis of these lavas 

and to elucidate characteristics of their source region.

130° 125° 120°

Fig. 1 .Tectonic setting of the Cascade range and subduction zone modified from Borg 
et al. (1997). Small centers of mafic lavas are shown as filled circles, larger 
regions of mafic lavas are shown as filled regions, and major stratovolcanoes are 
shown as triangles; data from McBirney, (1968), Borg et al. (1997), Green and 
Harry (1999), and Reiners et al. (2000). Letters refer to major volcanoes and 
volcanic fields: MM, Meager Mountain; MC, Mount Cayley; MG, Mount 
Garibaldi; MB, Mount Baker; GP, Glacier Peak; MR, Mount Rainier; MSH; 
Moimt St. Helens; MA, Mount Adams; SVF, Simcoe Volcanic Field; MH, Mount 
Hood; MJ, Mount Jefferson; TS, Three Sisters; NV, Newberry Volcano; CLV, 
Crater Lake Volcano; MMc, Mount McLoughlin; MLV, Medicine Lake Volcano; 
MS, Mount Shasta; LVC, Lassen Volcanic Center.
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I21°7'30‘

48°-

47° 7'30". 47° 7'30"

Fig. 2 Simplified geologic map of Glacier Peak and four surrounding mafic 
flows. Location data for Glacier Peak dacites and older Gamma Ridge flows 
from Tabor and Crowder (1969).
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Tectonic Setting

Glacier Peak is the southernmost member of the Garibaldi belt segment of the 

Cascade arc described by Green and Harry (1999). The easternmost volcano in 

Washington, it lies approximately 400 miles east of the Cascadia trench where the Juan 

de Fuca plate is subducting beneath the western margin of North America (Fig. 1). The 

crust beneath the Cascade Range is estimated to be 40-46 km thick (Mooney and Weaver, 

1989). Below parts of the Cascade arc, the slab is steeply dipping (approximately 

45°) (Michaelson and Weaver, 1986), and converges obliquely with North America at 

45mm/yr (N50°E) (Riddihough, 1984). A gap of approximately 130 km separates the 

mafic flows near Glacier Peak with the next occurring young mafic lavas to the south: the 

Quaternary Three Sisters and Pliocene Dalles Lake basalts immediately north of Mt. 

Rainier (Reiners, 2000; Luedke and Smith, 1992). As yet there is no uniformly accepted 

explanation for the significant decrease in basalt vent distributions north of the southern 

Washington Cascades. Green and Harry (1999) postulate that volcanic gaps in the 

northern Cascades (from Mt. Rainier northwards) result from changes in the geometry of 

the downgoing slab. Conrey et al. (1997) suggest that voluminous basalt flows in the 

southern Cascades result from a rift that has been propagating northward from southern 

Oregon for the last 7-8 Ma. The northern terminus of the rift is thought to lie near Mt. 

Adams.
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Geologic Setting

Glacier Peak and the surrounding mafic lavas were studied and mapped by Ford 

(1957), Crowder et al. (1966), Tabor and Crowder (1969), Beget (1982; 1983), and 

Crowder et al. (1993) (Fig. 2). These workers concluded that Glacier Peak is a dacitic 

stratovolcano that has been erupting since the mid- to late Pleistocene (<700 ka). Mafic 

volcanism in the region is characterized by monogenetic cinder cones and flows that are 

distributed between four and 10 km south of Glacier Peak (Fig 2). Tabor and Crowder 

(1969) also mapped a significant number of mafic and intermediate dikes in the area, but 

their age and relationship to the mafic flows is unknown. The four major mafic vents are 

mapped as the Whitechuck, Indian Pass, and Dishpan Gap cinder cones, and the 

Lightning Creek flow (Fig. 2). All are calc-alkaline olivine basalts or basaltic andesites 

except for the Whitechuck cinder cone, which, for the purposes of this thesis, is termed 

fractionated high alumina olivine tholeiite (HAOT)(c./ Bacon 1990; Bacon et al. 1997; 

Borg et al. 1997).

The Whitechuck cinder cone is a small (<100m in height, <lkm in diameter) pile 

of fresh basalt consisting of hyaloclastic breccia interbedded with two thin (<2-meter) 

pahoehoe flows of olivine basalt (Fig. 3). The entire cone is overlain by ropy blocks and 

bombs except for the summit, which is buried by up to several meters of oxidized scoria. 

Beget (1981) found pumice lapilli from Glacier Peak on parts of the cone, possibly 

indicating that it is older than 11,000 years.

The Lightning Creek flow is a valley-clinging erosional remnant of a thick (>25 

m) basaltic andesite flow (Fig. 4a) which at one time probably covered much of the floor

of the White River valley (Tabor and Crowder, 1969)(Fig. 2). Irregular splayed and non-
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Fig. 3. Whitechuck cinder 
cone. A) Summit of 
Whitechuck cindercone 
with oxidized scoria. B) 
Lowest dense flow in 
Whitechuck cinder cone. 
90cm yellow ice axe for 
scale.
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Figure 4. Lightning Creek basaltic 
andesite flow. A) The flow rests 
at the base of the White River 
Valley and exhibits a 20-30 m 
collonade capped by a 20-30 m 
entablature. B) Photo taken 100m 
to the right of A) showing 
closeup of irregular columnar 
jointing. The well developed 
splayed joint orientation could be 
due to ice-marginal cooling or an 
intraflow fracture.

9



Fig. 5. Indian Pass Cinder Cone. A) 
Stratified beds of scoriaceous 
lapilli at the cinder cone. Sample 
IH-1 (marked on photo) was 
collected from a coarse, darker 
layer. B) Basaltic andesite dike 
feeding the Indian Pass cinder 
cone. Person (circled) for scale. 
The photo shows the range in 
thickness for the feeder dike, i.e. 
3-9 m over a length of
approximately one km.



Fig, 6. Terminus of the Dishpan Gap basaltic andesite flow. The cinder cone 
(not pictured) is just west of the Pacific Crest (Fig, 2), The flow runs 2-3 
km downvalley from the cinder cone and is completely tree-covered 
except for the streambed pictured here.
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vertical columnar jointing (Fig. 4b) could be the result of intraflow fracturing or ice- 

marginal cooling (T.W. Sisson, pers. comm. 2001; Lescinsky and Sisson 1998), which 

suggests that the White River Valley may have been glaciated at the time of volcanism. 

The relative age and source location of the Lightning Creek flow is unknown.

The Indian Pass cinder cone is a heavily dissected deposit of steeply dipping beds 

of oxidized scoriaceous bombs and lapilli (Fig. 5). The deposits of the cone comprise a 

small area of hillside no more than 200-300 m on a side. The cinder cone is fed by a 

nearby east-west trending feeder dike (3-10 m thick) composed of olivine basalt and 

basaltic andesite. Tabor et al. (1993) suggested that the cinder cone is Pleistocene in age 

based on the level of erosion.

The Dishpan Gap cinder cone is a small cone (tree cover makes size hard to 

estimate) on the Pacific Crest (Fig. 2) with a 7 km long flow of basaltic andesite issuing 

west down the north fork of the Skykomish River (Fig. 6). The flow conforms to 

relatively recent post-glacial topography and is dissected by streams on both sides. The 

cinder cone has undergone significant erosion. Based on these observations, Tabor et al. 

(1993) inferred the maximum age of the Dishpan Gap cinder cone to be Late Pleistocene.

These Quaternary volcanic rocks rest unconformably on rugged crystalline 

basement terrain composed of the Miocene Cloudy Pass pluton, the Cretaceous Tenpeak 

pluton east of the crest and Cretaceous Chiwaukum Schist to the west (Crowder et al., 

1966; Tabor and Crowder 1969; Tabor et al. 1993).
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Methods

Microprobe
Compositions of olivine, pyroxene, plagioclase, and oxide mineral phases for the 

four mafic flows were obtained at the University of Washington using a 4-spectrometer 

JEOL 733 electron microprobe. A common set of natural and synthetic minerals were 

used as standards, and all data are ZAF-corrected using the methods of Bence and Albee 

(1968) and Armstrong (1988). A beam current of lOnA (nano-amps) was used for 

feldspar and oxide analyses, a current of 15nA was used for olivine and pyroxene 

analyses. Accelerating voltage was set at 15kV. A beam diameter of <lpm was used for 

all mineral analyses except for plagioclase, which was analyzed with a beam diameter of 

3 pm. Representative mineral chemistry from microprobe analyses of eleven polished thin 

sections (three from each calc-alkaline flow, two from Whitechuck) is reported for 

olivine (Table 1), pyroxene (Table 2), plagioclase (Table 3), Fe-Ti oxides (Table 4), and 

Cr-spinel (Table 5).

Whole Rock Geochemistry
Samples were collected primarily from dense flows and also from pyroclastic 

deposits (Whitechuck and Indian Pass cinder cones) or feeder dikes (Indian Pass). Ten 

samples from the Glacier Peak dacites were analyzed for comparison. Samples were 

chosen based on size, freshness, and a minimum amount of weathering.

Major-element analyses were obtained for 38 samples by wavelength-dispersion 

X-Ray Fluorescence (XRF) analysis at the U.S. Geological Survey at Lakewood,

Colorado. All samples analyzed by the USGS were ground in an alumina shatterbox.
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Eighteen samples were analyzed by XRF at the Washington State University 

GeoAnalytical Lab in Pullman, Washington. Major-element oxides are normalized to 

100% on a volatile free basis with all iron as FeO*. Results for all samples are shown in 

Table 6.

Trace-element analyses for Ni, Cr, Sc, V, Ba, Rb, Sr, Zr, Y, Nb, Ga, Cu, Zn, Pb, 

La, Ce, and Th were obtained on all samples by XRF analysis at both locations. No 

significant interlaboratory biases were noted for major or trace elements; however, Pb, 

La, and Th are measured close to or below their detection limits. Samples were analyzed 

for additional elements (including REE) at the Washington State University 

GeoAnalytical Lab by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (18 

samples) and by the U.S. Geological Survey using Instrumental Neutron Activation 

Analysis (INAA) (37 samples). Laboratory preparation and analytical methods for XRF 

(Johnson et al. 1999) and ICP-MS analyses are available from the WSU GeoAnalytical 

Laboratory upon request. Analytical techniques and precision for INAA are described by 

Baedecker and McKown (1987).
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Table 6. Major and Trace element data from mafic lavas and Glacier Peak dacites.
Sample:
Lab:
Location:

GP-1 
USGS 

Glacier Peak

GP-3
USGS

Glacier Peak

GP-6
WSU 

Glacier Peak

GP-7 
USGS 

Glacier Peak

GP-8
WSU

Glacier Peak

GP-9
USGS

Glacier Peak

GP-11
USGS 

Glacier Peak

GP-12 
USGS 

Glacier Peak

GP-13 
USGS 

Glacier Peak

GP-14
USGS 

Glacier Peak

wt.%
S1O2 64.6 62 65.34 62.8 63.06 60.2 61.8 62 62.9 62.5
TiOj 0.61 0.69 0.589 0.65 0.678 0.81 0.66 0.67 0.64 0.7
AJ2O3 16.3 16.8 16.55 16.5 16.9 17 16.8 16.4 16.6 16.8
FeO* 4.09 4.67 4.13 4.40 4.47 5.09 4.42 4.36 4.26 4.72
MnO 0.08 0.1 0.082 0.06 0.087 0.1 0.08 0.07 0.07 0.09
MgO 2.42 2.87 2.39 2.23 3.25 3.94 2.54 2.87 2.46 2.85
CaO 4.75 5.13 4.8 4.77 5.58 6.18 5.41 5.3 5.16 5.35
NajO 3.93 3.68 4.29 3.56 4.21 3.77 3.77 3.75 3.87 3.84
KjO 2.02 1.78 2.05 1.96 1.77 1.51 1.84 1.87 1.92 1.7
PA 0.2 0.23 0.152 0.18 0.154 0.23 0.24 0.23 0.22 0.24

LOI 0.06 1.14 1.75 0.33 1.39 1.15 1.04 0.34
Total 99.06 99.09 100.38 98.86 100.15 99.16 98.95 98.67 99.14 99.13

Mg# 53.93 54.90 53.38 50.09 59.04 60.51 53.24 56.62 53.37 54.49

Trace Elements (ppm):
Ni 14 16 15 20 40 49 27 26 22 30
Cr 11 13 11 17 50 54 29 31 28 32
V 65 75 79 81 91 91 81 79 73 77
Ba 533 518 512 584 458 418 441 408 502 462
Rb 41 32 38 38 34 28 34 36 37 32
Sr 451 540 456 490 465 477 583 556 550 477
Zr 138 139 140 153 136 135 133 139 137 137
Y 15 15 15 15 17 17 IS 16 16 17
Nb 6 6 6.3 6 6.4 5 6 6 6 6
Cu 12 18 9 23 20 18 23 14 13 19
Zn 55 63 59 58 57 61 64 61 57 65

Ba 480.00 468.00 501.67 473.00 459.49 387.00 436.00 436.00 459.00 437.00
Th 5.27 5.20 5.44 5.07 5.10 4.00 5.20 5.38 5.67 4.58
Hf 3.55 3.56 3.60 3.74
Ta 0.42 0.42 0.42 0.43 0.41 0.37 0.38 0.39 0.40 0.40
U 2.18 1.95 1.86 2.16 1.78 1.48 2.03 2.04 2.18 1.77
Pb 9.11 8.66
Rb 40.60 32.40 38.65 39.70 35.09 30.90 34.30 35.80 37.90 33.80
Cs 1.57 1.31 1.59 1.31 0.89 1.22 1.20 0.89 1.19 0.95
Sr 477.00 571.00 458.94 521.00 459.80 505.00 615.00 553.00 588.00 492.00
Sc 11.90 13.50 12.54 13.10 16.37 17.00 12.70 12.70 12.40 14.40
La 16.20 17.90 16.12 14.80 15.92 14.00 17.90 17.10 18.00 16.40
Ce 32.40 36.60 30.94 29.90 31 18 30.80 35.20 34.30 35.20 32.30
Pr 3.56 3.65
Nd 15.60 19.00 14.13 15.70 14.89 15.40 19.60 18.10 18.80 17.70
Sm 3.47 3.81 3.20 3.49 3.50 3.60 4.12 3.84 3.91 3.89
Eu 0.87 0.95 0.91 0.92 1.00 0.97 1.00 0.95 0.96 1.01
Gd 2.87 3.29
Tb 0.43 0.49 0.46 0.44 0.53 0.48 0.50 0.43 0.47 0.50
Dy 2.77 3.24
Ho 0.58 0.67
Er 1.61 1.81
Tm 0.24 0.27
Yb 1.70 1.73 1.56 1.74 1.77 1.85 1.77 1.65 1.68 1.82
Lu 0.25 0.26 0.25 0.26 0.28 0.27 0.27 0.25 0.26 0.29

Distinctions between Washington St^e University (WSU) and the U.S. Geological Survey (USGS) labs are labled at the top. 
Ni through Zn are analyzed by XRF. Ba through Lu are analyzed by ICP-MS (WSU) and INAA (USGS).
Ba, Rb, and Sr are reported for both methods of analyses. INAA (USGS) does not analyze for Pb. Dy. Ho, Er, and Tm. 
USGS XRF by David Seims, INAA by James Budahn.
All FeasFeO*.
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Table 6. (com.) Major and Trace element data from primitive lavas and Glacier Peak dacites.
Sample:
Lab:
Location:

LC-1 LC-2 LC-3 LC-4 LC-5 LC-6 LC-7 LC9 LC-10 LC-11
WSU USGS USGS WSU USGS WSU USGS WSU USGS USGS

Lightning Creek Lightning Creek Lightning Creek Lightning Creek Lightning Creek Lightning Creek Lightning Creek Lightning Creek Lightning Creek Lightning Creek

wt.%
SiOj 55.29 54.2 55.2 55.62 56.6 55.12 56.5 57.43 57 55.5

TiOj 1.09 1.11 1.06 1.04 1.01 1.087 0.97 0.944 0.96 1.06

AI2O3 16.5 16.2 16.3 16.26 16.4 16.24 16 16.24 15.9 16.3

FeO* 6.55 6.47 6.24 6.40 6.03 6.33 5.88 5.91 5.88 6.17

MnO 0.117 0.12 O.Il 0.115 O.ll 0.II7 0.11 0.109 0.11 0.11

MgO 7.1 7.35 6.89 7.19 6.15 7.47 6.54 6.8 6.44 6.64

CaO 8.22 8.37 7.97 8.12 7.5 8.64 7.19 7.39 7.06 7.8

NajO 3.63 3.28 3.35 3.56 3.42 3.4 3.39 3,59 3.41 3.35

K2O 1.05 0.93 1.07 1.07 1.22 0.87 1.2 1.19 1.28 1.1

P;Os 0.274 0.31 0.31 0.263 0.31 0.259 0.28 0.232 0.28 0.31

LOI 0.42 0.44 0.56 0.09 0.55 0.41

Total 99.82 98.76 98.94 99.64 99.31 99.54 98.15 99.83 98.87 98.75

Mg# 68.24 69.23 68.60 68.98 66.89 70.02 68.79 69.50 68.43 68.05

Trace Elements (ppm):
Ni 117 129 121 127 109 119 121 131 115 124

Cr 244 211 205 248 169 260 181 244 182 204

V 140 142 148 148 145 153 122 126 130 151

Ba 426 431 443 424 439 336 423 397 457 462

Rb 18 17 19 18 23 13 23 21 25 20

Sr 787 836 781 783 752 857 729 710 713 796

Zr 170 173 170 162 175 154 165 156 167 172

Y 19 19 19 19 18 20 18 19 20 19

Nb 5.7 4 6 4.8 5 5.4 6 5.4 6 5

Cu 36 47 40 38 37 32 32 35 29 45

Zn 65 65 65 64 67 59 62 58 63 67

Ba 429.27 393.00 402.00 416.66 434.00 334.78 411.00 401.97 404.00 417.00

Th 3.66 3.37 3.43 3.54 3.84 2.84 3.82 3.66 3.91 3.72

Hf 4.26 4.29 4.15 4.09 4.14 3.93 4.14 3.97 4.08 4.27

Ta 0.28 0.27 0.29 0.28 0.33 0.26 0.34 0.31 0.35 0.31

U 1.09 1.20 1.24 1.08 1.38 0.85 1.48 1.15 1.40 1.31

Pb 5.09 5.11 4.97 5.75

Rb 17.57 18.60 19.90 18.80 25.00 13.32 24.20 20.72 25.80 22.10
Cs 0.58 0.48 0.59 0.58 0.67 1.48 0.51 1.61 0.86 0.63

Sr 831.91 912.00 874.00 829.49 788.00 823.29 801.00 669.33 774.00 872.00

Sc 26.77 24.90 22.50 25.40 20.80 22.63 21.50 19.36 20.40 22.60

La 22.28 22.80 21.70 21.22 21.30 20.21 21.10 19.44 21.00 22.40

Ce 48.91 51.20 49.30 45.84 47.90 44.84 45.90 41.94 46.50 50.70

Pr 6.04 5.65 5.61 5.19

Nd 25.25 29.20 26.50 23.54 25.70 23.24 25.60 21.36 24.70 27.60

Sm 5.36 5.70 5.20 4.96 5.11 4.86 5.09 4.67 4.85 5.32

Eu 1.59 1.50 1.43 1.50 1.38 1.51 1.35 1.40 1.33 1.45

Gd 4.41 4.18 4.12 3.89

Tb 0.67 0.64 0.59 0.63 0.57 0.63 0.55 0.61 0.57 0.59

Dy 4.02 3.69 3.63 3.59

Ho 0.79 0.73 0.71 0.69

Er 2.10 1.95 1.89 1.87

Tm 0.29 0.28 0.27 0.27

Yb 1.83 1.94 1.92 1.74 1.91 1.63 1.98 1.67 1.93 1.93

Lu 0.28 0.30 0.29 0.27 0.29 0.26 0.29 0.26 0.28 0.31

Distinctions between Washington State University (WSU) and the U.S. Geological Survey (USGS) labs are lablcd at the top. 
Ni through Zn are analyzed by XRF Ba through Lu are analyzed by ICP-MS (WSU) and INAA (USGS).
Ba, Rb, and Sr are reported lor both methods of analyses. INAA (USGS) does not analyze for Pb, Dy, Ho. Er, and Tm. 
USGS XRF by David Seims, INAA by James Budahn.
All Fe as FeO*.

24



Table 6. (cont.) Major and Trace element data from mafic lavas and Glacier Peak dacites.
Sample: LC-12 LC-13 WC-1 WC-4 WC-7 WC-8 WC-11 WC-12 WC-13 WC-15
Ub: uses uses USGS USGS USGS WSU WSU USGS WSU USGS
Location: Lightning Creek Lightning Creek Whitechuck Whilechuck Whitechuck Whitcchuck Whiiechuck Whiiechuck Whitechuck Whitechuck

wt.%
SiOz 54 57.2 50.1 50.3 50.3 50.61 51.07 50.6 51.63 50.5
T1O2 1.08 0.96 1.09 1.08 1.09 1.087 1.097 1.11 1.074 1.12
AI2O3 16.4 16.2 18.1 18 18.1 18.13 17.98 18.1 17.96 17.9
FeO* 6.46 5.84 8.07 8.07 8.13 8.28 8.26 8.13 8.15 8.11
MnO 0.12 0.11 0.15 0.15 0.15 0.151 0.151 0.15 0.15 0.15
MgO 7.67 6.23 7.42 7.47 7.62 7.6 7.53 7.39 7.29 7.37
CaO 8.54 7.19 9.49 9.55 9.62 9.94 9.92 9.8 9.56 9.61
NajO 3.16 3.47 3.15 3.14 3.15 3.41 3.38 3.15 3.41 3.15
KjO 0.82 1.25 0.39 0.42 0.38 0.4 0.4 0.4 0.45 0.42
PP, 0.3 0.28 0.22 0.22 0.23 0.174 0.174 0.22 0.177 0.23

LOI 0.15 -0.02 0.44 0.3 -0.04 0 -0.04
Total 98.70 98.71 98.62 98.70 98.73 99.78 99.97 99.05 99.85 98.52

Mg# 70.16 67.87 64.55 64.70 65.00 64.51 64.34 64.30 63.93 64.29

Trace Elements (ppm):
Ni 140 108 62 68 71 66 59 60 57 60
Cr 244 175 169 170 179 182 181 153 176 153
V 152 129 222 217 199 182 186 176 184 182
Ba 388 417 95 92 103 101 100 100 114 103
Rb 14 22 5 5 4 3 4 4 4 5
Sr 897 728 532 537 535 534 530 546 521 543
Zr 162 169 98 97 96 95 95 96 98 102
Y 19 20 22 21 22 22 21 21 21 23
Nb 6 6 3 2 3 2.2 2.6 3 3 3
Cu 42 36 35 32 36 35 30 31 32 37
Zn 66 59 72 73 81 73 77 77 73 74

Ba 334.00 423.00 92.70 122.00 75.10 93.95 90.58 86.80 108.48 97.90
Th 2.86 3.86 0.74 0.72 0.67 0.79 0.77 0.69 0.88 0.67
Hf 4.08 4.13 2.34 2.33 2.27 2.25 2.28 2.24 2.35 2.29
Ta 0.28 0.34 0.10 0.10 0.10 0.09 0.09 0.09 0.10 0.10
U 0.98 1.40 0.26 0.19 0.22 0.21 0.20 0.29 0.24 0.22
Pb 2.35 2.32 3.11
Rb 16.90 22.40 8.42 7.37 12.20 3.85 2.92 6.23 4.77 5.21
Cs 0.38 0.31 0.18 0.15 0.07 O.IO 0.10 0.09 1.23 0.14
Sr 986.00 769.00 585.00 589.00 602.00 564.98 551.03 569.00 501.77 555.00
Sc 24.90 20.50 31.90 31.50 31.70 34.58 33.57 31.40 29.36 31.30
La 21.00 20.70 5.95 6.11 5.79 6.16 6.00 6.00 6.59 6.15
Ce 49.20 45.90 16.00 16.50 15.70 15.62 15.58 16.50 16.47 16.10
Pr 2.28 2.29 2.36
Nd 26.60 24.90 12.40 12.80 12.20 11.28 11.44 12.50 ]].6I 12.10
Sm 5.09 4.89 3.64 3.59 3.41 3.26 3.29 3.35 3.37 3.44
Eu 1.45 1.34 1.19 1.18 1.20 1.22 1.27 1.18 1.27 1.18
Gd 3.63 3.65 3.63
Tb 0.58 0.55 0.58 0.60 0.55 0.62 0.63 0.58 0.63 0.62
Dy 4.02 3.98 3.99
Ho 0.83 0.85 0.83
Er 2.25 2.32 2.31
Tm 0.33 0.33 0.33
Yb 1.83 1.90 2.35 2.28 2.38 2.08 2.05 2.28 2.07 2.39
Lu 0.29 0.29 ' 0.35 0.35 0.36 0.33 0.32 0.34 0.33 0.35

Distinctions between Washington State University (WSU) and the U.S. Geological Survey (USGS) labs arc lahlcd at the top. 
Ni through Zn are analyzed by XRF. Ba through Lu are analyzed by ICP-MS (WSU) and INAA (USGS).
Ba, Rb, and Sr are reported for both methods of analyses. INAA (USGS) does not analyze for Pb, Dy, Ho, Er, and Tm. 
USGS XRF by David Seims, INAA by James Budahn.
AllFeasFeO*.
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Table 6. (com.) Major and Trace element data from mafic lavas and Glacier Peak dacites.
Sample;
Lab:
Location;

WC-16
WSU

Whitechuck

WC-17
USGS

Whitechuck

lP-1
USGS

Indian Pass

IP-2
USGS

Indian Pass

IP-3
USGS

Irtdian Pass

lP-4
USGS

Indian Pass

IP-5 
WSU 

Indian Pass

IP-7 
USGS 

Indian Pass

IP-8

WSU 
Indian Pass

IP-10
WSU 

Indian Pass

wt.%
S1O2 50.93 50.4 51.2 52.1 50.7 51.9 52.83 52.3 52.47 52.33

TiOi 1.107 1.1 1.17 1.15 1.16 1.15 1.139 1.13 1.146 1.142

AI2O3 18.29 ig.i 16.6 17.1 16.5 17.1 17.17 17.1 17.08 17.14

FeO* 7.92 8.13 7.31 7.26 7.55 7.30 7.07 7.20 7.10 7.56

MnO 0.154 0.15 0.13 0.13 0.13 0.13 0.134 0.13 0.133 0.134

MgO 7.62 7.43 8.19 7.73 9.05 7.71 7.79 7.54 7.96 8.22

CaO 9.49 9.77 8.65 8.23 8.52 8.16 8.33 8.18 8.4 8.36
NajO 3.3 3.15 3.69 3.77 3.61 3.76 4.05 3.85 4.05 4.09

KjO 0.42 0.39 0.92 0.86 0.82 0.87 0.89 0.88 0.89 0.88

PA 0.175 0.23 0.46 0.42 0.43 0.41 0.384 0.42 0.388 0.379

LOI -0.09 0.31 0.23 0.19 0.33 0.07

Total 99.41 98.76 98.63 98.98 98.66 98.82 99.79 98.80 99.62 100.23

Mg# 65.57 64.43 68.94 67.83 70.36 67.66 68.56 67.47 68.95 68.30

Trace Elements (ppm):

Ni 64 61 175 154 217 168 160 159 164 172

Cr 189 166 273 214 307 222 260 219 266 267

V 195 215 165 144 165 151 166 149 170 147

Ba 93 91 398 314 330 333 262 271 278 274

Rb 5 4 11 11 10 11 12 10 12 10

Sr 504 543 1030 871 964 858 837 866 850 859

Zr 97 99 141 144 139 143 140 144 140 138

Y 20 22 19 21 18 20 20 20 19 19

Mb 2.5 3 7 8 7 8 7.3 8 7.9 7,3

Cu 28 39 35 32 36 36 31 32 30 29

Zn 75 75 91 83 86 84 76 82 77 83

Ba 93.08 92.20 341.00 264.00 289.00 263.00 273.80 275.00 273.23 274.15

Th 0.75 0.69 2.36 1.83 2.04 1.85 1.92 1.94 1.91 I.9I

Hf 2.22 2.36 3.13 3.03 3.13

Ta 0.09 0.08 0.37 0.41 0.38 0.41 0.39 0.41 0.38 0.41

U 0.20 0.22 0.82 0.71 0.71 0.69 0.59 0.72 0.59 0.56

Pb 2.59 4.71 4.80 4.53

Rb 3.71 4,63 13.40 13.30 11.00 11.90 9.92 12.00 9.86 9.69

Cs 1.17 0.10 0.30 0.23 0.28 0.22 1.28 0.13 1.17 0.13

Sr 477.91 576.00 1060.00 914.00 1040.00 902.00 807.42 906.00 817.76 883.08

Sc 27.20 31.50 23.20 22.60 23.80 22.40 21.72 22.10 21.97 24.25

La 5.47 5.90 19.70 16.80 18.50 17.00 16.91 17.00 16.87 17.09

Ce 14.59 15.70 45.00 39.40 43.10 39.50 36.59 39.10 36.54 37.19

Pr 2.15 4.69 4.62 4.75

Nd 10.61 12.50 24.90 22.70 24.80 21.80 20.14 21.60 19.95 20.20

Sm 3.18 3.46 4.98 4.60 4.87 4.62 4.47 4.58 4.48 4.51

Eu 1.25 1.17 1.46 1.41 1.45 1.37 1.48 1.39 1.48 1.52

Gd 3.57 4.11 4.07 4.08

Tb 0.60 0.59 0.59 0.58 0.60 0.58 0.64 0.59 0.63 0.64

Dy 3.90 3.85 3.78 3.74

Ho 0.80 0.77 0.74 0.77

Er 2.22 2.05 2.00 2.09

Tm 0.32 0.29 0.29 0.28

Yb 1.97 2.29 1.93 1.95 1.97 1.97 1.79 2.03 1.75 1.78

Lu 0.32 0.34 0.28 0.29 0.28 0.29 0.29 0.29 0.28 0.28

Distinctions between Washington State University (WSU) and the U.S. Geological Survey (USGS) labs are labled at the top. 
Ni through Zn are analyzed by XRF. Ba through Lu are analyzed by ICP-MS (WSU) and INAA (USGS).
Ba, Rb, and Sr are reported for both methods of analyses. INAA (USGS) does not analyze for Pb. Dy. Ho. Er. and Tm. 
USGS XRF by David Seims, INAA by James Budahn.
All Fe as FeO*.
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Table 6. (cont.) Major and Trace element data from mafic lavas and Glacier Peak dacites.
Sample;
Ub:
Location;

IP-11
USGS

Indian Pass

IP-12
USGS 

Indian Pass

IP-13 
USGS 

Indian Pass

IP-15 
WSU 

Indian Pass

DG-2
USGS 

Dishpan Gap

DG-3
USGS 

Dishpan Gap

D(34 
WSU 

Dishpan Gap

DG-5
WSU 

Dishpan Gap

EX)-6 
USGS 

Dishpan Gap

DG-7 
USGS 

Dishpan Gap

wt.%
S1O2 51.8 52.2 52.2 52.29 52.6 54.6 55.1 53.84 54.5 54.4

TiOj 1.14 1.15 1.15 1.126 1.24 1.09 1.103 1.349 1.06 1.1

AI2O3 17.1 17.2 17.1 17.23 17.6 17.2 17.03 17.68 17.3 16.7

FeO* 7.31 7.24 7.24 7.48 7.40 6.87 6.84 7.79 6.72 6.97

MnO 0.13 0.13 0.13 0.135 0.13 0.13 0.13 0.137 0.13 0.13

MgO 7.91 7.61 7.64 7.98 5.56 5.78 5.95 4.95 5.7 5.92

CaO 8.22 8.2 8.24 8.36 8.66 8.14 8.39 8.64 8.16 8.13
NajO 3.77 3.86 3.79 4.01 3.61 3.54 3.74 4.17 3.52 3.55

KjO 0.87 0.89 0.89 0.88 0.95 1.05 1.06 1.05 1.06 1.08

PjO, 0.43 0.41 0.43 0.382 0.28 0.26 0.211 0.263 0.26 0.25

LOI 0.21 0 0 0.1 0.24 0.16 0.34

Total 98.89 98.89 98.81 99.87 98.13 98.90 99.55 99.87 98.57 98.57

Mg# 68.19 67.54 67.63 67.88 59.82 62.51 63.28 55.72 62.68 62.70

Trace Elements (ppm);

Ni 172 156 168 165 41 56 56 24 57 61

Cr 234 216 216 260 105 123 151 67 128 131

V 150 142 146 140 191 160 167 188 156 152

Ba 288 319 322 276 353 344 325 372 318 372

Rb 11 12 11 11 16 19 17 14 19 20

Sr 874 875 867 850 696 657 634 687 661 643

Zr 140 145 143 137 144 142 136 148 139 145

Y 18 20 19 18 23 22 21 24 21 20

Nb 6 8 8 7.5 4 5 4.7 4.4 4 4

Cu 16 32 39 37 36 37 37 30 37 40

Zn 85 78 81 83 74 76 77 80 77 73

Ba 274.00 277.00 267.00 277.43 298.00 328.00 328.44 364.02 336.00 304.00

Th 1.85 1.89 1.86 1.91 3.01 3.32 3.36 3.38 3.27 3.27

Hf 3.05 3.30 3.36 3.32 3.60 3.22 3.23

Ta 0.40 0.42 0.41 0.41 0.23 0.26 0.24 0.25 0.26 0.24

u 0.69 0.70 0.69 0.57 0.87 1.05 0.95 0.83 1.09 1.06

Pb 4.59 5.58 5.06

Rb 11.40 12.50 13.90 9.37 16.60 19.50 16.03 15.34 20.60 19.20

Cs 0.18 0.21 0.17 0.17 0.40 0.12 1.58 0.44 0.47 0.54

Sr 922.00 924.00 915.00 879.14 736.00 752.00 615.62 709.69 708.00 649.00

Sc 22.10 22.50 22.30 24.33 27.20 26.20 24.64 29.45 25.40 26.00

La 16.90 17.30 17.10 16.71 18.10 16.50 16.52 19.19 16.20 16.70

Ce 38.60 40.20 39.40 36.32 38.90 36.30 34.63 41.48 35.90 36.20

Pr 4.62 4.35 5.24

Nd 22.10 22.20 21.90 19.95 22.60 20.70 18.62 22.65 20.80 20.00

Sm 4.56 4.66 4.60 4.44 4.84 4.42 4.34 5.23 4.44 4.37

Eu 1.37 1.41 1.39 1.48 1.43 1.34 1.43 1.67 1.36 1.29

Gd 4.07 4.16 4.82

Tb 0.56 0.57 0.58 0.64 0.63 0.58 0.68 0.78 0.61 0.61

Dy 3.74 4.14 4.82

Ho 0.76 0.85 0.98

Er 2.02 2.31 2.67

Tm 0.29 0.33 0.39

Yb 1.95 2.01 1.97 1.75 2.39 2.22 2.03 2.35 2.22 2.23

Lu 0.28 0.37 0.34 0.33 0.37 0.34 0.34

DisliDctions between Washington Stale University (WSU) and the U.S. Geological Survey (USGS) labs arc tabled at the tc^. 
Ni through Zn are analyzed by XRF. Ba through Lu arc analyzed by ICP-MS (WSU) and INAA (USGS).
Ba, Rb. and Sr are reported for both methods of analyses. INAA (USGS) does not analyze for Pb, Dy. Ho. Er. and Tm. 
USGS XRF by David Seims, INAA by James Budahn.
All Fe as FeO*.
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Table 6. (cont.) Major and Trace element data from mafic lavas and Glacier Peak dacites.
Sample: DG-8 DG-9 DG-11 DO-13 DG-14 DG-15
Lab: WSU USGS WSU USGS USGS USGS
Location: Dishpan Gap Dishpan Gap EKshpan Gap Dishpan Gap Dishpan Gap Dishpan Gap

wt.%
SiOj 56.1 52.7 53.59 53 53.8 55.1
TiO; 1.047 1.32 1.331 1.25 1.26 1.11
AI2O3 16.73 17.6 17.77 17.4 17.6 17.1
FeO* 6.37 7.66 7.77 7.44 7.25 6.74
MnO 0.125 0.14 0.14 0.14 0.13 0.13
MgO 5.64 5.51 5.17 5.79 5.02 5.47
CaO 7.91 8.88 8.74 8.78 8.37 8.06
NajO 3.78 3.72 4.17 3.65 3.81 3.66
KjO 1.2 0.87 1 0.95 1.04 1.11
P2O5 0.207 0.29 0.261 0.27 0.29 0.26

LOI 0.25 0.14 0.16 0
Total 99.11 98.94 99.94 98.81 98.73 98.74

Mg# 63.69 58.76 56.86 60.64 57.82 61.65

Trace Elements (ppm):
Ni 56 33 31 47 32 50
Cr 145 86 85 105 73 97
V 158 187 189 174 173 139
Ba 345 333 358 331 402 375
Rb 21 14 14 15 17 20
Sr 614 703 694 693 699 670
Zr 138 145 146 142 148 144
Y 21 23 24 21 23 22
Nb 3.9 3 4.2 4 4 5
Cu 33 37 32 38 36 40
Zn 66 73 76 71 77 67

Ba 397.54 311.00 353.21 322.00 338.00 329.00
Th 4.28 2.90 3.21 3.01 3.27 3.28
Hf 3.94 3.27 3.51 3.37 3.27 3.20
Ta 0.30 0.21 0.24 0.22 0.23 0.25
U 1.28 0.89 0.81 0.91 1.03 1.07
Pb 7.12 5.05
Rb 23.04 16.60 14.97 18.10 17.80 19.90
Cs 2.03 0.30 0.43 0.48 0.53 0.21
Sr 658.05 727.00 729.52 751.00 741.00 677.00
Sc 26.13 28.30 29.67 28.60 25.40 24.30
La 19.11 18.00 18.79 17.60 18.40 17.20
Ce 39.77 40.30 40.17 40.20 40.10 36.60
Pr 4.92 5.10
Nd 21.09 22.70 21.95 22.70 22.20 19.90
Sm 4.87 5.04 5.10 4.95 4.94 4.39
Eu 1.56 1.52 1.67 1.50 1.45 1.29
Gd 4.61 4.82
Tb 0.74 0.69 0.78 0.65 0.66 0.60
Dy 4.62 4.77
Ho 0.94 0.95
Er 2.55 2.60
Tm 0.37 0.37
Yb 2.27 2.54 2.30 2.40 2.33 2.05
Lu 0.36 0.37 0.36 0.38 0.35 0.32

Distinctions between Washington Stale University (WSU) and the U.S. Geological Survey (USGS) labs are tabled at the top. 
Ni through Zn are analyzed by XRF. Ba through Lu are analyzed by ICP-MS (WSU) and INAA (USGS).
Ba, Rb, and Sr are reported f<x both methods of analyses. INAA (USGS) does not analyze for Pb, Dy, Ho, Er, aixi Tm. 
USGS XRF by David Seims, INAA by James Budahn.
All Fe as FeO*.
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Results

Petrography
A brief description of the mineralogy of the Glacier Peak dacites and four nearby 

mafic flows is presented in Tabor and Crowder (1969). Table 7 provides a summary of 

important petrographic observations from each flow.

HAOT from Whitechuck are nearly aphyric (most samples have < 5% 

phenocrysts ranging from 0.2-1mm) and have sub- to euhedral olivine ± rare plagioclase 

occurring in an intergranular to pilotaxitic groundmass composed of plagioclase, 

clinopyroxene, olivine, and Fe-Ti oxides (larger olivine phenocrysts contain inclusions of 

Cr-spinel). Abnormally large plagioclase megacrysts (5-7mm) and medium sized 

glomerocrysts (l-4mm) of olivine + plagioclase ± rare clinopyroxene were observed in a 

few samples from the upper flow (WC-7, WC-12). This is an uncommon characteristic of 

Cascades lavas but one that is shared by other Cascades tholeiitic lavas [e.g. Indian 

Heaven volcanic field in southern Washington (Leeman et al. 1990) and Medicine Lake 

volcanic field (Bacon et al. 1997)]. No alteration was observed in any of the samples, and 

weathering is confined to fractures, joints, and exposed surfaces. The texture, phenocryst 

assemblage, and presence of glomerocrysts are all characteristics shared by primitive 

HAOT lavas in the Central and Southern Cascades (Leeman et al. 1990; Baker et al. 

1994; Bacon et al. 1997; Clynne and Borg 1997).

Calc-alkaline lavas from Indian Pass, Lightning Creek, and Dishpan Gap can be 

distinguished on the basis of several textural and mineralogical differences. The least 

evolved flow of Indian Pass is nearly aphyric to slightly porphyritic (1-10% phenocrysts) 

with average groundmass size in the range of 20-100pm. Most Indian Pass samples are
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vesicular, and contain sub- to euhedral olivine ± subhedral clinopyroxene in a fine 

pilotaxitic to intergranular groundmass rich in oxides. Most olivine phenocrysts contain 

Cr-spinel inclusions, and make up 3-7% of the rock. In some samples, extremely rare 

xenocrysts of quartz and sodic plagioclase show evidence of shallow level incorporation 

of crustal material. In hand samples, it is apparent that most of these samples are oxidized 

to some degree, but no other alteration or pervasive weathering is noticeable.

Lightning Creek and Dishpan Gap samples have higher phenocryst contents (8- 

30%) and a generally coarser groundmass (75-400)o,m) than the Indian Pass lavas. The 

Lightning Creek and Dishpan Gap lavas are both massive basaltic andesites, which 

contain olivine + clinopyroxene + plagioclase ± rare orthopyroxene phenocrysts in an 

intergranular to intersertal groundmass composed of plagioclase laths, clinopyroxene, and 

sparse Fe-Ti oxides. The primary mineralogical difference between the two flows is the 

greater amount of olivine in the Lightning Creek flow (up to -10%). Clinopyroxene is 

more abundant at Lightning Creek and Dishpan Gap than in other localities. Both flows 

contain more clinopyroxene (<3% of rock) than the other localities. Larger olivine 

phenocrysts in both flows contain Cr-spinel inclusions. Glomerocrysts (1-3 mm) 

composed of plagioclase ± clinopyroxene are found in some samples from each flow. 

Rounded crustal xenoliths of polycrystalline equigranular feldspar (3-15 mm) are present 

in a small number of samples from Dishpan Gap but were not found in any of the 

polished sections used for microprobe analysis. One sample (LC-6) from Lightning Creek 

contains a fine-grained blob of basaltic material (~lcm). However, it was not determined 

whether the blob represented a crustal xenolith or a quenched renmant of a mingling 

event. No alteration was present in any of the samples, and weathering was confined to
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exposed faces only. Magnesian basaltic andesites with characteristics similar to the 

Lightning Creek flow are located elsewhere in the Cascades (Baker et al. 1994; Bacon et 

al. 1997).

Table 7. Petrographic characteristics of the four mafic flows.
Whitechuck

basalt
Indian Pass basaltic

andesite
Lightning Creek 
basaltic andesite

Dishpan Gap 
basaltic andesite

Phenocrvsts
Olivine

size
abundance
shape

100-600//m
1-4%
resorbed (small)
euhedral

100//m-1.5mm
3-7%
sub- to euhedral

400-900//m
4-8%
sub- to euhedral

300-800//m
2-3%
sub- to euhedral,
resorbed

Plagioclase
size
abundance
shape

l-2mm
0-4%
resorbed to
euhedral

l-2mm
0-2%
resorbed to euhedral

0.5-2mm
10-20%
sub- to euhedral

0.5-2mm
15-22%
sub- to euhedral

Clinopyroxene
size
abundance
shape

groundmass only groundmass only
100//m-lmm
3-6%
sub- to anhedral

100//m-1mm
1-3%
sub- to anhedral

Orthopyroxene
size
abundance
shape

not present not present groundmass only

trace
200-400// m
trace
an- to subhedral

Groundmass
size 50-150//m 20-100//m 75-400// m 75-400// m

Xenoliths and xenocrvsts 
size <500/u m
abundance very rare

<500//m

very rare
up to 3cm

rare

Up to 3cm

rare

Alteration Weathering on joints and 
exposed surfaces.

fresh to oxidized Weathering on joints and 
exposed surfaces.

Weathering on joints 
and exposed surfaces.
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Mineral Chemistry

Olivine

Olivine is the most abundant phenocryst phase from the Whitechuck HAOT, with 

core compositions in the range of F084-86 and rim compositions in the range of F065.78

(Table 1). Whitechuck olivines have the highest concentration and range in Ca content 

(0.15-0.27 wt.% CaO) of the four chosen flows. NiO concentrations are in the range of 0- 

0.13wt.%, lower than any of the calc-alkaline flows except for Dishpan Gap.

The most magnesian olivine phenocrysts occur at Lightning Creek (with cores in 

the range of F084-89 and rims in the range of F075.82) and at Indian Pass (F085.88 cores, 

F075-85 rims; Table 1), Ca concentrations for both flows are similar, ranging between 0.15 

and 0.20 wt.% CaO. Ni is relatively high in both flows, often exceeding 0.35 wt.% NiO 

in olivine cores.

Olivine phenocrysts at Dishpan Gap differ noticeably from the other flows in that 

the phenocrysts tend to be larger (some exceed 1 mm, see Table 6), and yet are less 

common (<~8% of rock) and have significantly lower Mg (F068-78 cores and F067-76 rims) 

and Ni (0-0.09 wt.% NiO; Table 1). One magnesian olivine phenocryst (Fo8e) was 

observed in sample DG-11, and could represent a xenocryst. Ca contents are similar to 

other chosen calc-alkaline flows, ranging from 0.1-0.2 wt.% CaO.

Pyroxene

No clinopyroxene phenocrysts were found in Whitechuck HAOT during 

microprobe analysis. Several groundmass pyroxenes were analyzed and have 

compositions averaging Wo38Eri46Fsi7 and Mg# values ranging from 70-77, for all Fe as 

Fe^^. These groundmass grains are lower in Ca (16-18 wt.% CaO) and Cr (0-0.4 wt.%
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CriOs) than the calc-alkaline flows, and otherwise fall along similar clinopyroxene trends 

(Table 2).

In Indian Pass lavas, as in Whitechuck HAOT, no pyroxene phenocrysts were 

found. All reported analyses are of groundmass grains with average compositions ranging 

near Wo42En4sFsi3 (Fig. 7) and Mg# values in the range of 74-80. One groundmass grain 

in sample IH-15 contained orthopyroxene of composition Wo28Ens3Fsi9 with an Mg# of 

74, which may be a microxenocryst. Clinopyroxene from Indian Pass have slightly higher 

Ti (0.8-1.6 wt.% Ti02) and similar amounts of CaO (20-23 wt.%) and Cr203 (0-0.4 wt.%) 

as lavas from Whitechuck and Dishpan Gap.

Lightning Creek and Dishpan Gap lavas are richer in clinopyroxene phenocrysts 

and both have minor populations of orthopyroxene, although these are present only as 

microphenocrysts in the Lightning Creek rocks. Clinopyroxene compositions in the two 

flows are similar, approximately Wo43Er46Fsi2 (Fig. 7), with Mg# values of 74-86 for 

Lightning Creek and 76-83 for Dishpan Gap. Orthopyroxene values differ slightly; 

Lightning Creek orthopyroxene average Wo9En7iFs2o and Dishpan Gap orthopyroxene 

average Wo2En6gFs25. Clinopyroxene Ti and Ca contents (0.2-1.0 wt.% Ti02; 19-23 wt.% 

CaO) do not vary between the two flows. However, the Lightning Creek samples are 

unique in terms of Cr content and disequilibrium features. Lighting Creek clinopyroxene 

has 2-10 times the concentration of Cr203 (0.2-1.0 wt.%) for similar amounts of MgO. 

Fig. 8 shows a microprobe image of the relationship between clinopyroxene and 

orthopyroxene in
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▲ Whitechuck

90 80 70 60 50

Fig. 7. Ternary plot of clinopyroxene and orthopyroxene 
compositions from each flow. Most of the clinopyroxenes are augite, 
salite, or diopside. The orthopyroxenes are hypersthene. Some 
orthopyroxenes from Lightning Creek may represent xenocrysts.
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Fig. 8. Electron microprobe image of complex orthopyroxene-clinopyroxene 
relationships in the Lightning Creek basaltic andesite (Sample LC-6). Orthopyroxene 
is represented by the darker shades of gray within the larger phenocrysts (within 
dotted line in larger crystals). Clinopyroxene is represented by the lighter gray and 
usually, but not always, comprises the outer crystal. These features do not represent 
two-pyroxene exsolution. It is possible that the orthopyroxenes are xenocrystic and 
are altering to clinopyroxene. The darker interstitial crystals are laths of plagioclase.
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Lightning Creek sample LC-6. The crystallization sequence is hard to ascertain. In one 

crystal, a “core” of clinopyroxene is apparently mantled by a “rim” of orthopyroxene. In 

another crystal lower in the photo-micrograph, the opposite relationship can be observed. 

The boundaries are rounded between the two phases, straight boundaries commonly 

associated with exsolution or coexisting adjacent mineral phases are not observed. The 

disequilibrium features observed between the two pyroxene phases at Dishpan Gap 

suggest that orthopyroxene is probably xenocrystic in origin.

Plagioclase

Plagioclase occurs rarely in the Whitechuck HAOT as weakly zoned phenocrysts, 

and has the highest Ca content (13.5-17 wt.% CaO; Table 2) among the four flows. 

Phenocrysts typically have Ang2-85 cores and An64-?5 rims. Groundmass laths have 

compositions similar to phenocryst rims. K2O and SrO wt.% in plagioclase are lowest at 

Whitechuck, and there is a perceptible increase in SrO content with increasing CaO.

Plagioclase in the Indian Pass samples is extremely rare, and occurs as large (1- 

3mm), zoned, resorbed phenocrysts with compositions in the range of Ari48-62- Several 

microlites were analyzed to test for equilibrium; these were in the range of An63-64- 

Because the phenocryst phases display resorbed features and have lower Ca and higher 

Na, K, and Sr than the groundmass or other flows (Table 3), it is inferred that these 

represent xenocrystic material incorporated from the upper crust.

Plagioclase is ubiquitous in the Lightning Creek and Dishpan Gap lavas, making 

up a continuum of phenocryst sizes from groundmass (50-100pm) to larger phenocrysts 

(2-3cm). About 25-40% of the plagioclase phenocrysts from each flow are resorbed and
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could represent xenocrystic material (as low as Anag). The majority of the larger 

phenocrysts are reversely-zoned at Lightning Creek and have weak normal zoning at 

Dishpan Gap. Compositions are in the range of An42-6g at Lightning Creek and Aneo-so at 

Dishpan Gap (Table 3). Both flows commonly contain phenocrysts with sieved cores of 

quenched glass or clinopyroxene. When CaO is plotted against an incompatible 

plagioclase component such as K2O (Fig. 9), a bimodal distribution of analyses from 

Lighting Creek becomes apparent; one population is above 0.35 wt.% K2O and below 

10.5 wt.% CaO, the other population is the inverse. The high-K, low-Ca analyses 

represent phenocryst cores, while the low-K, high Ca analyses are taken from rims and 

groundmass laths. One further notable observation is that there seems to be a correlation 

between the magnitude of resorption and K2O content of Lightning Creek lavas. 

Lightning Creek plagioclase phenocrysts either began crystallization in a separate magma 

or have undergone a complex fractionation scheme. Nevertheless, many phenocrysts do 

not meet chemical criteria {e.g. Clynne, 1993) for being in equilibrium with their host 

magma.

Oxides

Chromium spinel occurs in the qores of olivine phenocrysts in all flows. 

Coexisting Fe and Ti oxides (magnetite-ulvdspinel and hematite-ilmenite) only occur in 

the groundmass of Indian Pass lavas. The groundmass of the other flows contains 

titaniferrous magnetite as the only oxide phase. Representative analyses for all oxide 

phases are shown in Tables 4 and 5. Recalculation techniques from Spencer and Lindsley
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Fig. 9. Variation of K2O vs CaO (wt.%) for plagioclase phenocrysts. The 
Lightning Creek flow follows a bimodal trend, with potentially xenocrystic 
plagioclase having higher K2O than plagioclase more in equilibrium with 
bulk-rock values.
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(1981) and the QUILF software of Anderson et al. (1993) were used to determine 

concentrations of Fe^^ for geothermometry.

Whole Rock Geochemistry

Major elements

According to the criteria of Tatsumi and Eggins (1995) and Gill (1981), the 

Whitechuck lavas belong to the low-K basalt suite while the other three flows form a 

continuous array in the medium-K field (Fig. 10). Using the FeO*/MgO vs Si02 diagram 

of Miyashiro (1974) (Fig. 11) and the AFM diagram of Irvine and Baragar (1971)(not 

shown), the four lava flows plot in the calc-alkaline field, with the Whitechuck basalt 

plotting near the tholeiitic boundary.

Major-element compositions from each locality are plotted on Si02 variation 

diagrams in Figure 12. The lowest Si02 lavas are found at Whitechuck, where basalt is 

universally present. Some basalt can be found at Indian Pass, but most of the samples 

have Si02 >52 wt.% and fall in the basaltic andesite field. At Lightning Creek, most 

samples are basaltic andesites, but a few of the most fractionated samples are andesitic 

and have Si02 ranging from 56-57 wt.%. This thesis focuses mainly on the least 

fractionated members of each suite, therefore the Lightning Creek lavas are referred to as 

basaltic andesites. Basaltic andesites are the only rocks present at Dishpan Gap.

Figure 12 also shows several other noteworthy distinctions between the four 

flows. Whitechuck HAOT are predictably enriched in AI2O3 (-18-18.5 wt.%) and are 

comparable to HAOT from Lassen and Medicine lake (Bacon et al. 1997). Indian Pass

39



2.5 T

Fig. 10. Lavas from Whitechuck, Lightning Creek, Indian Pass, and Dishpan Gap 
plotted on a K2O vs. Si02 diagram. Glacier Peak dacites are plotted for reference. 
Vertical lines at 52%, 57%, and 63% delineate basalt, basaltic andesite, andesite, and 
dacite. The classification fields are from Gill (1981). The dashed field encloses 
primitive lavas from the southern Washington, Oregon, and northern California 
Cascades (from Bacon et al. 1997).
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3.5

Fig. 11. FeO*/MgO vs. Si02 variation diagram of Miyashiro (1974) 
showing the tholeiitic and calc-alkaline series. Dashed field represents 
HAOT samples from Central and Southern Cascades primitive lavas, dotted 
field represents calc-alkaline Cascades lavas. Published data from Bacon et 
al. (1997). Note that the Whitechuck basalts plot in the calc-alkaline field 
but are referred to in this thesis as fractionated HAOT due to chemical 
similarities with other published HAOT in the Cascades.
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has lower AI concentrations for given silica content, while Dishpan Gap and Lightning 

Creek occupy a steeply descending trend. There is no systematic variation between Na20 

and Si02 for the sample group as a whole. However, Indian Pass and Whitechuck plot as 

high-Na (~3.7-4.2 wt.%) and low-Na lavas, respectively. Samples from all flows form a 

descending linear trend on a plot of Si02 vs. FeO* and CaO. MgO concentrations for 

Indian Pass lavas form a tight trend from 7.5-8.5 wt.% and comprise the most magnesian 

rocks in the field area. One Mg-rich basalt sample (IH-3) has >9 wt.% MgO and 

represents the most primitive member of the suite. Mg# at Whitechuck are lower for a 

given Si02 content, forming a tight cluster at 7.3-7.6 wt.% MgO. Lightning Creek 

samples form a coherent trend extending towards the dacites of Glacier Peak, and have 

the highest concentrations of MgO (~6-8 wt.%) but have relatively high Si02 as well. 

Dishpan Gap lavas form a loose trend showing a slight increase in MgO (~4.8-6.4 wt.%) 

with increasing Si02. There is little variation in Ti02 (~0.9-1.4 wt.%) between the four 

suites of mafic magmas, although a small population of Dishpan Gap samples plot with 

slightly higher amounts of Ti02.

In Figure 13, Mg# [100*Mg/(Mg+Fe^'^)] is plotted against Si02 to provide an 

index of Mg enrichment and fractionation. The Whitechuck samples form a tight group of 

basalts with Mg# values near ~65. Indian Pass forms a typical trend in which Mg# 

decreases with increasing Si02. Lighting Creek is odd in that it has Mg# values near 70 

for samples with Si02 ^ 57 wt.%. The Dishpan Gap lavas have the greatest range in Mg# 

for given Si02. However, Mg# seems to increase proportionally with Si02.
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Fig. 13 Mg# vs. Si02 variation diagram. Mg# = 100*Mg/(Mg+Fe) at 
FMQ. Indian Pass and Whitechuck samples generally do not have 
significant variation in Mg#. The Lighming Creek basaltic andesites 
follow a trend from a more mafic parent composition to slightly more 
fractionated derivitives. Mg# generally decreases with increasing Si02 
for all flows, except for the Dishpan Gap samples.
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Trace elements

Compatible element concentrations reflect variable degrees of oxide fractionation 

or diverse source characteristics for the four flows, as there are significant variations in 

Ni and Cr content at given Si02 (Fig. 14). The Whitechuck HAOT is comparably low in 

Ni (55-75 ppm) and Cr (150-175 ppm) but is also low in Si02. Indian Pass lavas contain 

the most primitive concentrations of Ni (>150 ppm) and Cr (>200 ppm), and form a trend 

extending towards the Lightning Creek compositions. Dishpan Gap samples reflect 

higher degrees of fractionation and have <60 ppm Ni and <150ppm Cr.

Variations in incompatible trace elements offer further insight into the processes 

affecting arc magma compositions. Whitechuck has low concentrations of the lithophile 

elements Rb (<6 ppm) and Sr (<550 ppm), as well as low concentrations of the HFSE Zr 

(<150 ppm). These values from Whitechuck are similar to published values of HAOT 

from the central and southern Cascades (Bacon et al. 1997) (Fig. 15). For Rb and Zr, the 

calc-alkaline lavas fall along the arc trend, although Zr decreases in Dishpan Gap. 

However, for Sr, which is influenced by fractionation of plagioclase and assimilation of 

crustal material, there is a systematic decrease with increasing Si02 in Lightning Creek 

and Dishpan Gap samples, which form converging trends towards the Glacier Peak 

dacite. Sr behaves differently with regard to other incompatible elements such as La and 

Zr. Sr increases with increasing La and Zr (not shown; Table 6.), which makes the 

inverse correlation between Sr and Si02 hard to explain by plagioclase fractionation 

alone.
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Concentrations of LILE (Cs, Rb, Ba, Th, Sr, K, U, LREE), and HFSE (Nb, Ta, 

Hf, Zr, Ti) are strongly influenced by most processes in arc magmatism. LILE and HFSE 

are nearly equally incompatible and generally do not decouple from each other during 

partial melting or fractional crystallization. Magmas typically become enriched in LILE 

relative to HFSE when slab-derived fluids infiltrate and enrich the mantle wedge beneath 

the volcanic front with fluid-mobile elements (Tatsumi et al. 1986, Hawksworth et al. 

1991; Stolper and Newman 1994).

Representative samples from each flow are plotted on a primitive mantle- 

normalized multi-element diagram in Figure 16. All samples have the characteristic LILE 

enrichment and negative Nb and Ta anomalies typical of arc magmas enriched by a 

subduction component. The Whitechuck flow samples are the least enriched, with most 

elements <10 times primitive mantle values of Sun and McDonough (1989). For the most 

part, the calc-alkaline lavas are equally enriched across the diagram. Indian Pass, 

however, is distinctive in that it is more enriched in Ta and Nb relative to the other flows, 

but is less enriched in LILE. Dishpan Gap and Lightning Creek have an almost 

indistinguishable pattern, with both plotting along a typical arc trend. It is interesting to 

note that while no samples show characteristic HFSE enrichment of OIB-like lavas, the 

Whitechuck basalt displays HFSE concentrations similar to or below N-MORB values, 

and is comparable to HAOT from elsewhere in the Cascades (Leeman et al. 1990; Bacon 

et al. 1997). Intraflow comparisons of incompatible elements (Table 6) show that there is 

negligible variability between sample patterns from the same flow, thus necessitating 

only one representative sample from each flow in Figure 16.
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Fig. 16. Primitive mantle normalized incompatible element diagrams for 
representiave samples from each flow. Note typical arc signature (enrichment in Ba, 
Th, U, and Sr; and depletion in Ta, Nb, and Zr). The sample from Indian Pass has the 
lowest enrichment in LILE relative to Nb and Ta and the highest abundance of fluid- 
immobile elements. LC: Lightning Creek; WC: Whitechuck; IP: Indian Pass; DG: 
Dishpan Gap. OIB, N-MORB, and primitive mantle values from Sun and 
McDonough (1989).
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While Figure 16 shows relative magnitude of enrichment vs. primitive mantle, 

plots of LILE/HFSE ratios (Fig. 17) are useful in highlighting the compositional 

distinction between calc-alkaline, OIB-like, and HAOT or MORB-like lavas. Bacon et al 

(1997), Borg et al. (1997) and Reiners et al. (2000) associate higher Ba, Th, Ba/Nb (>40), 

and Ba/Zr (>1) and lower Ta, Nb, and Nb/Zr (<0.075) with calc-alkaline magmatism 

involving a subduction component. The calc-alkaline basalts and basaltic andesites from 

this study lie along the lower end of this field, while the Whitechuck HAOT lie close to 

the MORB field (Sun and McDonough 1989) near the origin. Lower concentrations and 

ratios of these elements coupled with higher proportions of HFSE define a trend 

extending towards OIB-like magmas (e.g. Simcoe volcanic field; Bacon et al. 1997). No 

magmas from this study lie along the OIB trend. It is rare to find arc magmas between the 

two trends, a characteristic that usually implies contamination by crustal material rather 

than an origin by a different source material or process (Borg et al. 1997; Reiners et al. 

2000).

Representative REE patterns for each flow are shown in Figure 18. The 

Whitechuck lavas are easily distinguished from the other three flows on the basis of very 

little TREE enrichment (REE abundances <20-30 times chondrite), a nearly flat pattern, 

and a very slight positive Eu anomaly. The calc-alkaline flows show a typical arc pattern 

of TREE enrichment (70-100 times chondrite) with barely perceptible positive Eu 

anomalies at Dishpan Gap and Indian Pass. Lightning Creek is the most LREE enriched 

and HREE depleted, with some fractionation evidenced by (La/Sm)N ratios > 2.5 (Fig. 

19). Dishpan Gap and Indian Pass have similar patterns, and have (La/Sm)N ~2.5, but 

Dishpan Gap is more HREE enriched. Intraflow comparisons of REE data show that
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Fig. 17. Concentrations and ratios of LILE and HFSE for the four mafic flows near Glacier Peak, as well as 
basalts from Dalles Lake and Three Sisters (Reiners et al. 2000), and Mt. Adams and Medicine Lake (Bacon 
et al., 1997). Note that no samples from this study fall along the OIB trend, or in between the diverging 
trends. Whitechuck basalts plot near the Medicine Lake basalts, a representative HAOT from the southern 
Cascades, and above the N-MORB value of Sun and McDonough (1989). Calc-alkaline basalt (CAB) field 
and OIB trend are adapted from Reiners et al. (2000).

51



Figure 18. REE abundances from each flow normalized to the chondrite values of 
Sun and McDonough (1989). The Whitechuck basalts are significantly less 
enriched in LREE than the calc-alkaline basalts and basaltic andesites, and plot 
near E-MORB. Wt.% Si02 for each sample is shown in parentheses. 
Representative OIB, E-MORB, and N-MORB values are from Sun and 
McDonough (1989).
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porphyritic flows (Dishpan Gap and Lightning Creek) have a greater range in REE 

abundances, which correlate positively with Si02 content. For all flows, REE abundances 

increase proportionately with increasing Si02 (in parenthesis in Fig. 18 legend). 

However, the most fractionated and highest Si02 calc-alkaline flows are progressively 

more enriched in LREE, with concave-down patterns for LREE and concave-up patterns 

for HREE. These patterns are consistent with other Cascades primitive lavas reported by 

Bacon et al. (1997) for lavas derived by hydrous partial melting of the lower garnet

bearing mantle wedge.
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Figure 19. Variation diagram of Ba/La vs. (La/Sm)N. Representative HAOT from 
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(La/Sm)N, and are similar to Whitechuck. The arc basalts of Mt. Adams share 
similar (La/Sm)iM with calc-alkaline basaltic andesites from Indian Pass, Lightning 
Creek, and Dishpan Gap.
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Discussion

Geothermometry of Mafic Lavas

Sub-liquidus magmatic temperatures were calculated for the Indian Pass basaltic 

andesites using the Fe-Ti oxide thermometer equations and QUILF software of Anderson 

et al. (1993) which follows the methods of Spencer and Lindsley (1981). Coexisting 

ilmenite-hematite and magnetite-ulvospinel were only observed at Indian Pass. The 

mineral chemistry of oxide pairs from these lavas are shown in Table 4, calculated 

temperatures andy(02) are shown in Table 8a. Calculated temperatures range from 656- 

1139° C, -Iog/02) ranges from -13.79 to -8.73, falling near the nickel-nickel-oxide 

(NNO) curve of Spencer and Lindsley (1981). Calculated uncertainties of ±160°C and 

±2.3 -logy(02) are due to uncertainties in the role of Mg and Mn in Fe-Ti partitioning. 

Low calculated temperatures probably represent late-stage (near-solidus) Fe-Ti oxide re

equilibration or analytical error in microprobe analyses. Accuracy of microprobe analyses 

is compromised due to the small size (<10-15pm) of oxides in the groundmass. 

Exsolution bands of ilmenite in magnetite approach minimum probe beam-width (<5pm), 

thus the likelihood of obtaining accurate analyses for each phase is low.

Magmatic temperatures were also calculated using the olivine-melt geothermometer 

of Roeder and Emslie (1970). The most forsteritic olivine cores were compared with bulk 

rock compositions to calculate temperatures averaging near 1240° C for Indian Pass, 

1214° C for Lightning Creek, 1226° C for Whitechuck, and 1157° C for Dishpan Gap 

(Table 8b). Melting experiments could provide a higher degree of accuracy in which to 

check this data. However, the calculated temperatures agree with the geochemical
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0
characteristics of each flow: i.e., Indian Pass has the highest temperature and the highest 

Mg and lowest phenocryst content; Dishpan Gap is coolest, with the lowest Mg and 

highest phenocryst content.

Evaluation of Primitive Characteristics

Primitive magmas are the most useful lavas for determining the nature of processes 

and components active in arc magmatism. These magmas represent the least fractionated 

end-members of their suite, and in rare cases, approach primary magmas, or magmas that 

are in equilibrium with mantle compositions. There are many published criteria for the 

evaluation of primitive magmas (e.g. BVSP 1981; Bacon et al. 1997; Nixon and Johnston 

1997). This thesis uses the minimum limiting criteria of BVSP (1981), in which primitive 

magmas are defined as those having Mg# [100*Mg/(Mg+Fe^’^)] >55, MgO >~6 wt.%, Ni 

>100 ppm, and Cr >200 ppm. Mg#’s are not well constrained because the Fe^VFe^"^ ratio

and f(02) are unknown for the chosen samples. The Fe^^Fe^”^ ratio of these samples are 

assumed to be consistent with f(02) at the FMQ (fayalite-magnetite-quartz) buffer (e.g. 

Kress and Carmichael 1991) of FeO/FeO* = 0.9. However, more oxidizing conditions 

consistent with the NNO (nickel-nickel-oxide) buffer cannot be ruled out. Even more
O

oxidizing conditions (FeO/FeO* as low as 0<E) have been reported for arc basalts in the 

central and southern Cascades by Bacon et al. (1997). •*

According to the above criteria for primitive magma evaluation, lavas from Indian 

Pass and Lightning Creek are primitive, while Whitechuck and Dishpan Gap lavas are 

insufficiently enriched in compatible elements (Ni and Cr: Fig. 14) and are too 

fractionated to be considered primitive. Mg# values for the Indian Pass and Lightning
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Creek lavas are generally -70-72 (Fig. 13) and MgO at Lightning Creek ranges from 6.5 

to 7.5 wt.% (Fig. 12) while MgO at Indian Pass often exceeds 8 wt.%. While the 

Lightning Creek flow exhibits primitive magma characteristics, it should be noted that 

the flow is higher in SiOa than any of the other mafic flows in this study.

The Whitechuck lavas, based on their lower Ni (<100ppm), and Cr (<200 ppm) are 

assumed to have fractionated from a more primitive basalt parent, or to have lost Ni and 

Cr-phases (e.g. chromite). Dishpan Gap lavas have Mg# values <65, MgO <6 wt.%, and 

Ni and Cr concentrations <100 ppm. Furthermore, they are generally rich in zoned and 

reversely zoned phenocrysts (most notably plagioclase) as well as xenocrystic material 

and are therefore considered to be evolved descendants of more primitive parent magma.

Other criteria are also important for evaluating primitive magmas. In most studies, 

the most phenocryst-poor samples are chosen for primitive magma evaluation (e.g. Baker 

et al. 1994; Bacon et al. 1997; Conrey et al. 1997). This usually assures that the samples 

represent liquid compositions. However, some authors (e.g. Della-Pasqua and Varne 

1997: Sunda and Vanuatu arcs) report that phenocryst-rich lavas (-50% phenocrysts) can 

also represent liquid compositions, as long as there is evidence to show that the magma 

has not lost any mineral phases to settling. In the case of mafic magmas in this study area, 

11 samples representing the four flows were chosen for microprobe analysis based on 

contrasting Si02 and MgO wt.%. As shown in Table 2, samples from Lightning Creek 

and Dishpan Gap are the most phenocryst rich, while lavas from Whitechuck and Indian 

Pass are generally phenocryst-poor.

In order to test for equilibrium liquid compositions, the most forsteritic olivine 

phenocryst compositions are compared with calculated liquidus olivine compositions

58



using the relationship Kd- (Fe/Mg)°'‘''‘"V(Fe/Mg)'“*““* = 0.3 (Roeder and Emslie 1970). 

Figure 20 shows the relationship of the olivine rims and cores with calculated equilibrium 

olivine compositions. Most rims plot well above the equilibrium line, showing significant 

late-stage Fe enrichment and equilibration with the groundmass. Most cores plot at or just 

above the equilibrium line, and likely became slightly more enriched with Fe over time 

through rapid diffusion of Fe from rims to cores (Misener, 1974). Figure 21 shows 

variation of olivine Mg# vs. bulk rock MgO wt.%. Observed olivine Mg# values plot at 

or just below the expected range of calculated olivine compositions that would have 

crystallized from a magma with the given wt.% MgO. Calculations utilized the NNO 

(above) and FMQ (below) buffers. Lavas with calculated olivine Mg#’s higher than 

observed olivine Mg#’s are inferred to have accumulated olivine (Baker et al. 1994). The 

more primitive Indian Pass and Lightning Creek basaltic andesites both show evidence of 

minor olivine accumulation, and likely represent near-liquid to liquid compositions. If a 

higher Kois used {e.g. 0.31 from Baker et al. 1994), many observed olivines plot between 

FMQ and NNO conditions.

One sample each from the Dishpan Gap and Whitechuck flows (DG-11 and WC- 

11) shows olivine with a significantly low Mg# (higher olivine FeO). However, this is not

interpreted solely as a sign of olivine accumulation. The higher Fe is more likely due to 

analyses of microphenocrysts, or analyses of areas not representing core compositions. 

The low phenocryst contents in Whitechuck lavas suggest that they may represent near- 

liquid compositions. Most Dishpan Gap lavas do contain olivine in equilibrium with bulk 

rock compositions (Figs. 20 & 21), and these may represent near-liquid compositions.
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Molar Fe/Mg whole rock

Fig. 20. Molar Fe/Mg olivine plotted against molar Fe/Mg whole rock, with 
Fe2+ calculated at QFM. The line represents the equilibrium concentration 
of olivine vs. liquid using the relationship, KD = Fe/Mg^jj^j^^ / Fe/Mg,= 
0.3 (Roeder and Emslie 1970). Liquid or near-liquid compositions are 
represented when olivine core compositions plot on or just above the 
olivine equilibrium line. The rims become more enriched in Fe as the 
magma crystallizes.
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accumulation. See text for discussion.
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In summary, primitiveness provides a measure of how much a magma can be 

trusted to accurately reveal equilibria with the mantle source. The Indian Pass and 

Lightning Creek lavas both exhibit primitive characteristics, especially in the least 

evolved samples. Lightning Creek deserves special attention, however, because it has 

such primitive compositions at such high concentrations of Si02. The role of the crust in 

influencing the composition of Lighting Creek will be discussed in a later section. 

Whitechuck and Dishpan Gap lavas are not primitive due to fractionation of compatible 

element-rich phases. However, most olivine in Whitechuck samples, and some olivine in 

Dishpan Gap samples are in equilibrium with whole rock compositions. Therefore, the 

Whitechuck basalt, though fractionated, still offers some insight into the characteristics of 

the mantle which produced it.

Crustal Effects on Lava Chemistry

A key observation of this study is that the four mafic flows, which are spatially 

and chronologically erupted in close proximity to one another, are compositionally 

diverse in both major and trace-element concentrations. Conrey et al. (1997) state that 

equally primitive lavas with different geochemical signatures must be derived from 

separate sources or processes. Although there is a continuum of primitiveness shown by 

the four lavas, there is ample evidence to suggest that differentiation alone can not 

account for the chemical variation between them. This section reviews observations of 

possible contributions from the crust that can be correlated with geochemical 

characteristics.

Essentially, magmas can be modified by the crust in three ways: 1) assimilation of 

exotic wallrock material during ascent to the surface; 2) fractionation of various mineral
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phases due to changing P-T conditions as the magma ascends; and 3) mixing or mingling 

with other magmas.

Xenoliths and/or xenocrysts are observed in at least some samples from each 

locality (Table 2). The largest xenoliths (<2-3 cm in Dishpan Gap and Lightning Creek) 

contain felsic crustal lithologies. However, most of the xenoliths have sharp boundaries 

and show little interaction with the magma. Exceptions include microscopic quartz 

xenocrysts found in Indian Pass sample IH-2 (not analyzed) and Whitechuck sample WC- 

11, which are resorbed and rimmed by orthopyroxene; and rare, resorbed sodic 

plagioclase phenocrysts occurring in Whitechuck, Indian Pass, and Lightning Creek 

samples.

The Rb and Sr concentrations (Table 6, Fig. 15) are higher in the more primitive 

Indian Pass and Lightning Creek Lavas than in Whitechuck or Dishpan Gap, but are still 

within the range of primitive arc basalt and basaltic andesite lavas found in the central 

and southern Cascades (Bacon et al. 1997). Compatible behavior of Sr in the basaltic 

andesites (especially Dishpan Gap and Lightning Creek) could in part reflect plagioclase 

fractionation, but could also reflect mixing with a felsic component. Both Indian Pass and 

Lightning Creek magmas have higher Si02 than the Whitechuck basalts, which have 

significantly less enrichment in compatible elements.

There is little evidence that fractionation could have produced the differences 

observed between the Indian Pass and Lightning Creek primitive basaltic andesites. 

Indian Pass is nearly aphyric, has the lowest Si02 and the highest Ni and Cr 

concentrations (Table 6, Fig 13), and was likely derived from a basaltic primary magma. 

Lightning Creek samples have higher Si02, slightly lower compatible element
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concentrations, but similar to higher MgO content and olivine Mg# values (Figs. 13, 14, 

and 20). Baker et al. (1994) and Borg et al. (1997) describe primitive basaltic andesites in 

the southern Cascades (e.g. Lassen and Shasta region) derived by low degrees of hydrous 

melting of the mantle wedge. This explanation of magma petrogenesis may apply to the 

Lightning Creek basaltie andesite as well. The Whitechuck HAOT has probably 

fractionated some compatible element-rieh phases (e.g. olivine, spinel, and/or chromite) 

due to its lower Mg# and lower Ni and Cr concentrations, and therefore is not eonsidered 

to be very primitive. However, low Rb and Sr concentrations in Whitechuck lavas (Fig. 

15) are representative of other HAOT in the Cascades (Baeon et al. 1997) and strongly

suggest that they have undergone little erustal eontamination. The least primitive flow, 

Dishpan Gap, has similar Rb and Sr concentrations as the other basaltic andesites, but it 

also has the lowest Ni and Cr concentrations (Fig. 14) along with the most complex 

phenocryst assemblage (which includes xenoliths and strongly zoned olivine, plagioclase, 

and clinopyroxene). It is thus inferred to have experieneed erustal eontamination or 

magma mixing.

Figure 15 shows that the Lightning Creek and Dishpan Gap (and to some degree 

Indian Pass) trends for the traee elements converge towards Glacier Peak dacites. Sr is 

compatible in plagioclase (Kpiag of 1.83 from Rollinson 1993), but a decrease from ~900 

ppm to ~700 ppm for an increase of 4 wt.% SiOi is hard to explain by plagioelase 

fractionation alone. Furthermore, Sr eorrelates positively with certain incompatible 

elements, sueh as La and Zr (Table 6 & Fig. 22), indieative of another proeess in addition 

to, or in lieu of, normal fraetionation processes. The following diseussion evaluates the 

possibility that magma mixing between a felsic Glacier Peak daeite-like component and a
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mafic representative of Dishpan Gap and Lightning Creek could have produced the more 

evolved members of these two calc-alkaline flows.

A simple fractionation model was used to rule out plagioclase fractionation as a 

cause for the anomalous Sr and La behavior in Dishpan Gap and Lightning Creek (Fig. 

22). Partition coefficients for Sr and La (from Rollinson 1993) for each mineral in the 

phenocryst assemblage are shown in Figure 22. Crystallizing proportions for 

cpx;opx:ol:plag are an average of all samples from Dishpan Gap and Lightning Creek, 

and are also shown in Figure 22. Manipulation of the crystallizing proportions of 

clinopyroxene, orthopyroxene, and olivine does not significantly change the shape of the 

modeled fractionation trend. For both flows. La increases slightly with increasing Sr (and 

decreasing Si02, as shown for most evolved and least evolved samples). The model 

predicts that under normal crystallizing conditions. La should increase rapidly with 

decreasing Sr. If the crystallizing proportion of plagioclase is increased. La increases less 

rapidly with decreasing Sr, depressing the model curve in Figure 22. However, both 

Dishpan Gap and Lighting Creek have La values decreasing with Sr and increasing Si02. 

Therefore, closed system fractionation of plagioclase can not explain the behavior of Sr 

and La.

A simple least squares regression analysis (Fig. 23) of major elements from the 

Glacier Peak dacite, and the Lightning Creek and Dishpan Gap basaltic andesite shows 

that the most evolved members of the basaltic andesites can be modeled as mixes 

between a felsic and mafic end-member (represented by Glacier Peak sample GP-6 and 

the most primitive member of the Lightning Creek and Dishpan Gap suites, LC-12 and 

DG-9, respectively).
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Figure 22. Fractional crystallization model for Dishpan Gap and Lightning Creek samples. 
Sr-La data sets for each flow are shown for comparison (from Table 7). Under normal 
fractional crystallization conditions, La should increase rapidly with decreasing Sr from the 
least evolved sample (SiO^ shown) to the most evolved sample. However, in the case of 
Dishpan Gap and Lightning Creek, Sr is highest in the least evolved sample. Observed La 
either does not change or increases shghtly with increasing Sr (or decreases with increasing 
Si02). Numbers on the model curve indicate proportion of melt remaining. Partition 
coefficients for crystallizing assemblage from Rollinson (1993) are shown in the table 
below plots.
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Plots of the measured hybrid magmas (LC-13 and DG-8) vs. predicted 

concentrations are shown in Figure 23, as are the raw data used for the modeling. R for 

both models is -0.999. Oxides with the most % error (calculated as the difference 

between measured and predicted values / predicted values) from the trend are K2O and 

P2O5 in Lightning Creek, and Ti02, MgO, and P2O5 in Dishpan Gap. The log scale 

magnifies the effect of error for low concentrations and minimizes the effect at higher 

concentrations. However, error for low concentrations (e.g. P2O5) is less significant 

because the original concentrations are so low. The most evolved Lightning Creek 

sample, LC-13, can be reproduced by mixing 31% of GP-6 and 69% of LC-12, while the 

most evolved Dishpan Gap sample, DG-8, can be reproduced by mixing 27% of GP-6 

and 73% of DG-9. Because the end-member compositions are assumed, it must be 

stressed that this is only one of many possible explanations for producing hybrid magmas 

by mixing of mafic and felsic end-members.

The model was further tested for trace elements using these same mixing 

proportions. Representative trace element concentrations from GP-6 and LC-12 (for 

Lighting Creek) and GP-6 and DG-9 (for Dishpan Gap) were mixed and compared to 

their more evolved magma compositions. Figure 24 shows data for the felsic and mafic 

end-members, and the measured and predicted hybrid compositions. Measured trace- 

element concentrations (in ppm) for the evolved compositions are plotted against their 

respective predicted compositions on the far right of Figure 24. Most elements strongly 

correlate. The elements with the highest error (on the x-axis) are shown in the furthest 

right column. All elements in Lightning Creek have <10% error. Hf, Th, Ta, and La have 

the highest error in Dishpan Gap. It must be noted that the error shown by some elements
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CaO 4.78 9,00 7.98 7.86 2%

KjO 2.04 0.88 1.21 1.19 2%
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Figure 23. Results of Regression Analysis of major elements from mixing felsic end-member GP-6 (Glacier 
Peak) with end-members from Lightning Creek (LC-12), and Dishpan Gap (DG-9). Major element 
concentrations for the end-members are shown in the columns at left. Major element concentrations and 
predicted concentrations fort the most evolved (hybrid) sample from Lightning Creek and Dishpan Gap are 
shown at right. On the far right, the predicted hybrid concentration is plotted vs. the measured evolved 
concentration. Results show that a proportion of 31% Glacier Peak sample GP-6 and 69% Lightning Creek 
LC-12 can mix to produce sample LC-13, while GP-6 and Dishpan Gap sample DG-9 can mix in the 
proportions 27%:73% to produce sample DG-8. R^ values for both models are ~0.99. The error column 
shows the % error (the difference between the measured and produced divided by the predicted values. For 
Lightning Creek, Ca and Mg have the greatest deviation, but K2O and P2O5 have the greatest % error. For 
Dishpan Gap, MgO and P2O5 have the greatest % error.
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Figure 24. Results of regression analysis of trace elements using the same samples as Figure 23. 
Mixing proportions are from regression analysis of major elements. The mixing proportions are 
shown in the table on the left, as are selected trace elements from each end-member. On the right, the 
data (from Table 1.) is shown for the hybrids LC-13 and DG-8. The predicted trace elements for the 
samples are shown on the far right column. Predicted and measured concentrations are plotted for 
each hybrid sample on the right. The concentrations for each representative element fall along a very 
straight line (R^ for both is -0.999). The model works most poorly for the elements Hf, Th, Nb, and 
Sm from DG-8, where deviations can be seen in the right two columns and in the plot. Nevertheless, 
these results do provide a viable explanation for trace-element behavior in the two calc-alkaline flows 
as a result of mixing.
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is actually within the expected deviation due to uncertainty in ehemical analysis. 

Nevertheless, the results show that mixing in these proportions with these or similar end- 

members is a viable explanation for the later-stage petrogenesis of Lightning Creek and 

Dishpan Gap Lavas. Disequilibrium features in Lightning Creek and Dishpan Gap lavas, 

also support the premise that mixing took place between a primitive parent to Lightning 

Creek and Dishpan Gap, and a felsic magma similar to the dacites at Glacier Peak. It is 

impressive that both major and trace element variation can be explained so well by this 

mixing model.

In conclusion, crust contamination by AFC processes is unlikely given the 

relatively low concentrations of crustal contaminants such as Rb and Sr, especially in the 

Whitechuck flow. Additionally, with the exception of Dishpan Gap, higher compatible 

element concentrations are present in the flows with higher SiOi- AFC processes 

generally require a simultaneous increase in Si02 and incompatible elements, and a 

decrease in compatible elements (Clynne, 1993); making it unlikely that the higher Si02 

lavas could be evolved from a Whitechuck parent. Xenocryst and xenolith contents and 

other disequilibrium features are observed to be minor in all flows except for Lightning 

Creek and Dishpan Gap. Mixing of a felsic crustal derived component (e.g. Glacier Peak 

dacites) with magmas parental to Lightning Creek and Dishpan Gap could account for the 

linear trends in observed in Figure 15 and the disequilibrium textures observed in thin 

seetions. Fractional crystallization modeling shows that Sr and La behavior can not be 

explained by closed-system crystallization of plagioclase. Regression analysis supports 

the inference that the two lavas could represent hybrids of mixing. Although insight into 

the mantle characteristics leading to the generation of Dishpan Gap and Lighting Creek
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lavas have been obscured, trace-element characteristics in Figure 16 and 17 presumably 

still offer some insight into the mantle beneath Glacier Peak, especially if the least 

evolved samples are used for comparison. The Whitechuck and Indian Pass lavas are 

inferred to have received negligible input from crustal materials and therefore still likely 

record incompatible trace-element signatures representative of the mantle source and 

melting characteristics.

Mantle Characteristics beneath the Glacier Peak Region 

Determining the mantle source and melting processes active in the generation of 

primitive magmas in the Cascades has been the focus of many authors (e.g. Leeman et al. 

1990; Bacon et al. 1997; Conrey et al. 1997; and Reiners et al. 2000). As mentioned 

previously, three types of mantle domains are proposed to coexist beneath the Cascades 

arc (Bacon et al. 1997; Borg et al. 1997; Conrey et al. 1997): depleted sub-arc mantle; 

mantle enriched by a modem subduction component; and OIB-source-like mantle. The 

size and distribution of these mantle domains beneath the arc are unknown. Moreover, it 

is not known whether the continuum of diverse primitive magmas empted in the 

Cascades is produced by mixing of source domains or by mixing of the three magma end- 

members (Bacon et al. 1997). Many studies in the Cascades (Leeman et al. 1990; Bacon 

1990; Baker et al. 1994; Bacon et al. 1997; Conrey et al. 1997) would seem to indicate 

that large volcanic centers {e.g. Adams, Medicine Lake, Lassen, Shasta, and others) are 

underlain by more than one type of mantle domain, or are fed by more than one type of 

end-member magma. In contrast, the model proposed by Reiners et al. (2000) assumes
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that a more homogeneous mantle underlies certain volcanic centers (e.g. the Dalles Lake 

and Three Sisters basalts north of Mt. Rainier), and that it is the processes (melt fraction 

and added subduction component) rather than the mantle source that leads to 

compositional distinctions betw^een proximally located arc lavas.

Compositions of arc magmas are inextricably linked to varying degrees of melting 

of mantle peridotite in response to fluxing by fluids derived from the subducting slab. 

Assessing the role of subduction fluxes and the degree of partial melting are the goals of 

many authors in the Cascades (Baker et al. 1994; Bacon et al. 1997; Borg et al. 1997; 

Reiners et al. 2000), Central America (Reagan and Gill 1989; Patino et al. 2000), and the 

Western Pacific (Stolper and Newman 1994; Smith et al. 1997). Determining the amount 

of sediment added to arc magmas is also a primary goal of research, but requires an 

extensive data set of primitive magma compositions in order to interpret slab tracers such 

as Cs, Rb, Ba, *°Be, Boron, and isotopic data (e.g. Plank and Langmuir 1993; Leeman 

1996; Borg et al. 1997; Patino et al. 2000).

Comparisons of LILE and HFSE are a useful tool in assessing the role of 

subduction fluxes in arc settings. The primitive mantle-normalized incompatible element 

diagram (Fig. 16) shows that the Whitechuck HAOT and the three calc-alkaline flows 

have similarly shaped patterns of incompatible element eiu-ichment with varying degrees 

of Nb and Ta depletion. Influence from a hydrous subduction component is illustrated by 

the strong negative Nb and Ta anomalies and the large (Sr/P)N ratio, or “Sr spike” 

(explained by Borg et al. 1997). These anomalies arise because the LILE are fluid-mobile 

and are transported by a hydrous phase from the slab, while the HFSE are not fluid- 

mobile and are left behind (Hawksworth et al. 1991; Tatsumi and Eggins 1993; Stolper
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and Newman 1994; Bacon et al. 1997; Borg et al. 1997; Reiners et al. 2000; and others). 

Thus, the relative enrichment of Nb and Ta in Figure 16 corresponds with the relative 

fertility of the source; or with the degree of partial melting.

The Whitechuck lavas are more depleted in Nb and Ta than the N-MORB values 

of Sun and McDonough (1989), which suggests that they are likely to have been derived 

from a more primitive (MORB-like) mantle source, and/or by higher degrees of melting. 

This relationship is in contrast to what Baker et al. (1994) and Bacon et al. (1997) have 

reported for HAOT. These lavas do share similar LILE/HFSE characteristics with HAOT 

from the Medicine Lake volcanic field and other centers of primitive centers of mafic 

magmatism in the central and southern Cascades. There is no consensus between authors 

as whether to recognize Medicine Lake, which is east of the volcanic front, as a true 

Cascades volcano. However it is useful as a comparison to other HAOT because of its 

low LILE/HFSE and low water content (Sisson and Layne; 1993; Bacon et al. 1997). 

HAOT from the southern Cascades (Bacon et al. 1997; Borg et al. 1997) have 

inconsistent enrichment of LILE relative to HFSE. This reportedly results from melting 

of heterogeneously distributed parcels of mantle peridotite that record previous episodes 

of metasomatism from a subduction component, rather than enrichment from a modem 

subduction component.

The Indian Pass basaltic andesites lie on the opposite end of the spectrum from 

Whitechuck, and have the greatest enrichment in Nb and Ta and the lowest relative 

enrichment of LILE. Dishpan Gap and Lightning Creek lavas are intermediate between 

the two previously mentioned flows. All three calc-alkaline flows share LILE/HFSE
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characteristics with basaltic andesites from the Shasta, Lassen, and Crater Lake regions 

reported by Baker et al. (1994) and Bacon et al. (1997).

Similar LILE/HFSE relationships can also be seen in Figure 25, where the 

Lightning Creek, Indian Pass, and Dishpan Gap samples are normalized to the average 

Whitechuck composition. Using the Whitechuck lavas for normalization values allows 

relative differences in LILE and HFSE abundances to stand out more prominently. Indian 

Pass lavas have twice the LILE enrichment of Whitechuck, and nearly four times the 

enrichment of Nb and Ta. The opposite relationship is true for the Dishpan Gap and 

Lighting Creek lavas. Based on this diagram and on Figure 16, the Dishpan Gap and 

Lightning Creek lavas record the largest contribution from a subduction component, 

while Indian Pass lavas were produced by the lowest degree of melting or melting of the 

most enriched source.

Concentrations and ratios of LILE (Cs, Rb, Ba, Th, Sr, K, U, LREE) and HFSE 

(Nb, Ta, Ti, Zr) were modeled by Reiners et al. (2000) for young primitive magmas north 

of Mt. Rainier. An isenthalpic melting model was used to show that a composite 

peridotite composition (spinel Iherzolite with ~2.5% garnet; modified from the OIB and 

MORB sources of Borg et al. 1997) could melt to produce calc-alkaline, OIB-like, or 

under special circumstances, MORB-like lavas when fluxed by a hydrous subduction 

component. Isenthalpic melting refers to the decreased efficiency of melting (lower AF) 

due to the cooling effects of an increased subduction component. A fundamental point of 

this model is that only one peridotite source domain is required to produce the three end- 

member magmas under varying degrees of melting and varying contributions from a 

subduction component (from Borg et al. 1997 and Stolper and Newman 1994).
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Fig. 25. Incompatible elements from Indian Pass, Dishpan Gap, and Lightning Creek 
normalized to the average Whitechuck composition to better show subtle differences 
between similar patterns in Figure 16. The same samples from Figure 16 are used. The 
relative enrichment of LILE vs. HFSE is prominent. Indian Pass is opposite of the other two 
calc-alkaline flows in that it is twice as enriched in Nb and Ta and half as enriched in Rb, 
Ba, and Th.
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The model uses the elements Ba, Th, Nb, and Zr, which are plotted in Figure 17. 

The origin of OIB, MORB-like, and calc-alkaline lavas is shown to be a function of 

mantle temperature, degree of melting, and addition of a subduction component. OIB 

melts may result from low degree melts of hot or cold mantle. Even if slight amounts of 

subduction flux are present in the OIB source, it does not provide enough LITE to keep 

pace with Nb and Ta partitioning into the melt. MORB-like magmas (HAOT) can be 

produced by 1) low-degree melts [melt fraction (F) =5-15%] of cold (-1225° C), depleted 

mantle or 2) high degree (F>15%) melts of hot (-1375° C) mantle. In both scenarios, 

LILE/HFSE ratios are kept low because Nb and Ta supplied by lower degree melts keep 

pace with LITE supplied by the subduction component. Finally, calc-alkaline lavas can 

be produced by high degrees of melting (F>15%) of cooler, variably depleted peridotite 

with a significant added subduction component.

The model of Reiners et al. (1997) assumes that the melts contain significant H2O 

released fi'om the slab. Mafic lavas in the Cascades and other arcs have recorded pre

emptive H2O contents ranging from nearly 0% for some HAOT to >8% for basalts and 

basaltic andesites with lower (<5 wt.%) MgO (Sisson and Grove 1993; Sisson and Layne 

1993; Baker et al. 1994; Borg et al. 1997).

The four flows, along with the Dalles Lake and Three Sisters basalt (Reiners et al. 

2000), are plotted in Figure 17 to show whether the model of Reiners et al. is applicable 

to the mantle beneath the Glacier Peak region. The HAOT of Medicine Lake and Mt. 

Adams (data from Bacon et al. 1997) are also shown for comparison. According to the 

model, and assuming that the peridotite source is similar for the four flows, the 

Whitechuck lavas would either represent 1) higher amounts of partial melting (F >15%)
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of hotter (-1375° C) mantle peridotite enriched by moderate amounts of subduction 

component, or 2) low to moderate degree melts (5-15%) of strongly incompatible- 

element depleted mantle with an added subduction component. More enriched mantle 

melted under the conditions of 2) would produce higher Nb concentrations, higher Nb/Zr 

ratios, and lower Ba/Nb ratios, similar to OIB-like compositions.

The Indian Pass basaltic andesites have similar Ba/Nb, Ba/Zr, and Nb/Zr ratios to 

the Three Sisters basalt of Reiners et al. (2000), but lower Ba and Th (Fig. 17). If the 

Indian Pass lavas were produced from a peridotite source similar to that of the Three 

Sisters basalts, they would represent fractionated higher degree melts (F=15-25%) of 

mantle peridotite with a significant subduction component (-4.0 % from Reiners et al. 

2000). Following this rationale, the Lightning Creek, and potentially the fractionated 

Dishpan Gap, lavas would represent higher degree melts (>-20%) of a similar mantle 

source with a large extent of subduction component metasomatism (>4%). Alternatively, 

high Ba/Nb ratios can be produced by moderate amounts of melting of a previously 

depleted mantle source.

Observations from Figures 16 and 25 are reconciled with comparisons of the 

mafic lavas with the Reiners et al. (2000) model to show that the model is not entirely 

applicable to the mantle beneath the Glacier Peak region. As stated earlier, the 

Whitechuck HAOT has the lowest enrichment of Nb and Ta, and therefore represents 

either the most depleted source or the highest degree of melting. The opposite is true for 

the Indian Pass basaltic andesite. According to the Reiners et al. (2000) model, the calc- 

alkaline lavas would have a higher degree of melting if they were derived from the same 

source as Whitechuck. Thus, the observations from Figures 16 and 25 contradict this
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model. There must be at least two mantle sources present below Glacier Peak: a depleted 

mantle that produced the Whitechuck lavas, and a slightly more enriched mantle that 

produced the calc-alkaline basaltic andesites. Both sources probably received significant 

fluxing from a hydrous subduction component. However, primitive basaltic andesites are 

typically derived by low degree melts with significant H2O (~6%) present in the source 

(Sisson and Grove 1993; Baker et al. 1994; Borg et al. 1997). The depleted Nb and Ta in 

the Whitechuck HAOT may also have resulted from nearly anhydrous melting of mantle 

previously enriched by a subduction component (Bacon et al. 1997; Borg et al. 1997). 

The Reiners et al. (2000) model may hold true for the melting relationships between the 

calc-alkaline lavas, as the Dishpan Gap and Lightning Creek lavas have a higher Ba/Nb 

and lower Nb (Fig. 17) than the Indian Pass lavas, and could have been produced by 

higher degree melts. However, effects from the crust obscure subtle trace-element 

differences in the more evolved calc-alkaline lavas. Finally, no OIB-like signature can be 

observed in any of the lavas. The addition of these lavas to the data set of primitive and 

near-primitive lavas from the Cascades shows that, as of yet, no OIB-like mantle exists 

north of the southern Washington Cascades.
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Conclusions

Four young, petrologically distinct lava flo'ws were erupted between five and ten 

km south of Glacier Peak during the late Pleistocene and/or early Holocene. The four 

flows include the Whitechuck fractionated high alumina olivine tholeiite (HAOT), and 

the calc-alkaline Indian Pass, Lightning Creek, and Dishpan Gap basaltic andesites. 

Indian Pass and Lightning Creek are primitive on the basis of their high MgO and other 

compatible element concentrations. As indicated by olivine-liquid equilibria, none of the 

four flows has experienced significant olivine accumulation. All four lavas have been 

influenced by the crust to different degrees, but they cannot be related to one another by 

fractional crystallization; nor can the most mafic and most felsic member of each suite be 

related by fractional crystallization. However, there is evidence to show that the more 

evolved members of these mafic magmas were formed as a result of mixing with more 

felsic compositions similar to evolved Glacier Peak dacites.

The Whitechuck and Indian Pass lavas, and to some extent the Lighting Creek and 

Dishpan Gap lavas, each record characteristics of the mantle beneath the Glacier Peak 

region and provide insight into the processes and components of magma genesis beneath 

the Glacier Peak region. All four lavas exhibit the eharacteristic Nb and Ta depletion 

exhibited by arc magmas that have been enriched by a slab-derived fluid contribution to 

the mantle wedge. The Whiteehuck lavas show olivine-liquid temperatures at -1200° C, 

have the lowest Nb and Ta enrichment, and were likely derived by higher degrees of 

nearly anhydrous melting of depleted (MORB-like) peridotite in the upper mantle wedge, 

similar to HAOT occurring elsewhere in the Cascades as described by Bacon et al. (1997) 

and Conrey et al. (1997). In contrast, the three calc-alkaline lavas were derived from
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lower degree melts of more enriched mantle peridotite. Olivine in the calc-alkaline flows 

equilibrated with melt at temperatures ranging from 1147° C for Dishpan Gap, to 1240° C 

for Indian Pass, reflecting a trend of decreasing subduction component. The geochemical 

characteristics of each flow show that the mantle beneath the Glacier Peak region is 

represented by two source domains; a depleted (MORB-like) mantle receiving very little 

subduction component, and a slightly less-depleted mantle that is being fluxed by 

significantly more subduction component. No OIB-like mantle domain is represented by 

the lavas analyzed.
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Appendix 1: Sample locations from the Glacier Peak region

Glacier Peak dacite

General
location
information

Sample #
Location (Lat/Long nearest 1/lC 

second):

99-DDT-GP-I 48°07'047121°06'38"
K 1 GP-2 04"/39''
i i ^ GP-3 06'41'706'46"

GP-4 43751"S u
8: Q S GP-5 43'755"
X ^ s

53 ^
GP-6 40’707'03" (FLOAT)

GP-7 45707'28"
13 3 g 
s! u fe GP-8 34"/45"

^ s p GP-9 34'745"
Co U
^ b ^ GP-10 32’751"
5^3^ ^ S GP-11 34/56"

GP-12 34'756"
3 9 GP-13 38’708'01"
O Oi

GP-14 43'708'55"

Lightning Creek basaltic andesite
General
location
information

Sample #:
Location (Lat/Long nearest 1/10 

second):

99-DDT-LC-I 48°01'587121°03'14"

a ^-g LC-2 48°01'587121°03'14"

a g LC-3 48°01'58’712r03'14"

2: 5: LC-4 48°01'58'7121°03'14"
LC-5 48°01’58'712r03'14"

LC-6 48°027121°03'09"

^ :::d LC-7 48°027121°03'09"
^ P

Cj LC-8 48°02712r03'09"
S^ 2 LC-9 48°02712r03’09"

gs LC-10 48°01'54712r03'15"
LC-n 48°01'547121°03'15"

> oo 2; LC-12 48°01'54712r03’15”

LC-13 48'’01'547121°03'15"

Whitechuck basalt

General
location
information

Sample #:
Location (Lat/Long nearest 

1/10 second):

oC
99-DDT-WC-l 48°03'25712r09'31"

0\ WC-2 3'25'79'31"
WC-3 3'26'79’42"
WC-4 3'28'79'39"

Oft. b. WC-5 3'28'79'39"
WC-6 3'28'79'39"

S: 5 WC-7 3'30'79'39"

9 fc WC-8 3'33'79'40"
WC-9 3'29'79'33"

§8 WC-10 3'28'79'28"
WC-11 3'28'79'31"

§§ WC-12 3'28'79'31"
9 § WC-13 3,13,79,39,,
S'"

WC-14 3'04’79'53"
s WC-15 3'26’79'52"
f-.5 WC-16 3’27'79'49"
s

WC-17 3'33'79'42"

Indian Pass basaltic andesite

General
Sample #:

Location (Lat/Long nearest
location
information

1/10 second):

99-DDT-IP-l 48°00’00712r07’04"
s § IP-2 47“59'58'706'56"
0. 0 IP-3 47°59'58’706'56"

^3
ftj H5< g

IP-4 47°59'58'706’56"
IP-5 47°59’58’706'56"

Q G
§ 1 %
S3S

IP-6

lP-7
59'57'706'51"
59'56'706'47"

ju ?: uu- E2 2:
S ^ £

IP78 59'54'76'43"
'O 0 to 
^ 5: 5:

IP-9 59'54'76'43"
0 9 ^8 S IP-10 59'53’76'39"

5 2;

s a

IP-11
IP-12
IP-13

59'53'706’37"
59'53'706’37"
59'53'706'37"

9 ^5 S IP-14 59'53’706'37"

»5 IP-15 59'53'706'37"
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Appendix 1. (cont.) Sample locations from the Glacier Peak region

Dishpan Gap basaltic andesite
General
location
information

Sample #: Location (Lai/Long nearest 1/10 
second):

99-DDT-DG-I 47°58712rU'42"
oC DG-2 47°587121°11'42''

cc >
DG-3 47°587121“11'42''

2 S DG-4 47=587121°! r42"^ o
e 5 DG-5 47°587121°ir42"
uj 5 DG-6 47°57'587121°ir34”

hJ-
-j n

DG-7 47°57’56'7121=1176"
DG-8 47=57'55'712rU7I"

Co O DG-9 47°57'56'7121°iri4"

§15§

DG-10
DG-11
DG-12

47°57'56'712I°ir08"
47°57’56'7121°1I'08"
47°57'58"/121°ir42"

DG-13 47°57'58’7121°ir42"
5 DG-14 47°57'58'7121°U'42"

DG-15 47057.587121° 11'42"
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