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ABSTRACT

Major and trace element concentrations, including REE by isotope dilution, and Sr, Nd, Pb, and O isotope ratios have been
determined for 38 mafic lavas from the Mount Adams, Crater Lake, Mount Shasta, Medicine Lake, and Lassen volcanic fields,
in the Cascade arc, northwestern part of the United States. Many of the samples have a high Mg# [100Mg/(Mg + FeT) > 60} and
Ni content (>140 ppm) such that we consider them to be primitive. We recognize three end-member primitive magma groups in
the Cascades, characterized mainly by their trace-element and alkali-metal abundances: (1) High-alumina olivine tholetite
(HAOT) has trace element abundances similar to N-MORB, except for slightly elevated LILE, and has Ew/Eu* > 1. (2) Arc basalt
and basaltic andesite have notably higher LILE contents, generally have higher SiO2 contents, are more oxidized, and have higher
Cr for a given Ni abundance than HAOT. These lavas show relative depletion in HFSE, have lower HREE and higher LREEF than
HAOT, and have smaller Eu/Eu* (0.94-1.06). (3) Alkali basalt from the Simcoe volcanic field east of Mount Adams represents
the third end-member, which contributes an intraplate geochemical signature to magma compositions. Notable geochemical
features among the volcanic fields are: (1) Mount Adams rocks are richest in Fe and most incompatible elements including HFSE;
(2) the most incompatible-element depleted lavas occur at Medicine Lake; (3) all centers have relatively primitive lavas with high
LILE/HFSE ratios but only the Mount Adams, Lassen, and Medicine Lake volcanic fields also have relatively primitive rocks
with an intraplate geochemical signature; (4) there is a tendency for increasing 87Sr/36Sr, 207Pb/204Pb, and 8180 and decreasing
206pb/204Pb and 143Nd/144Nd from north to south. The three end-member Cascade magma types reflect contributions from three
mantle components: depleted sub-arc mantle modestly enriched in LILE during ancient subduction; a modern, hydrous subduction
component; and OIB-source-like domains. Lavas with arc and intraplate (OIB) geochemical signatures were erupted close to
HAOT, and many lavas are blends of two or more magma types. Pre-eruptive H2O contents of HAOT, coupled with
phase-equilibrium studies, suggest that these magmas were relatively dry and last equilibrated in the mantle wedge at
temperatures of ~1300°C and depths of ~40 km, virtually at the base of the crust. Arc basalt and basaltic andesite represent greater
extents of melting than HAOT, presumably in the same general thermal regime but at somewhat lower mantle separation
temperatures, of domains of sub-arc mantle that have been enriched by a hydrous subduction component derived from the young,
relatively hot Juan de Fuca plate. The primitive magmas originated by partial melting in response to adiabatic upwelling within
the mantle wedge. Tectonic extension in this part of the Cascade arc, one characterized by slow oblique convergence, contributes
to mantle upwelling and facilitates eruption of primitive magmas.

Keywords: arc magmatism, primitive basalt, geochemistry, isotopes, trace elements, Cascades, northwestern United States.

SOMMAIRE

Nous avons déterminé la concentration des éléments majeurs et des &léments traces, y compris les terres rares, par dilution
d’isotopes, ainsi que les rapports des isotopes de Sr, Nd, Pb et O, de 38 échantillons de laves mafiques des suites volcaniques de
Mount Adams, Crater Lake, Mount Shasta, Medicine Lake, et Lassen, dans I’arc des Cascades, dans le nord-ouest des Etats-Unis.
Plusieurs des échantillons ont une valeur élevée de Mg# [100Mg/(Mg + FeT) > 60] et une teneur élevée en Ni (>140 ppm), de
sorte que nous leurs attribuons un caractere primitif. Nous préconisons I’existence de trois péles de magmas primitifs dans les
Cascades, que distinguent les concentrations en éléments traces et en alcalins. (1) Les tholéiites 2 olivine riches en Al (HAOT)
possedent des concentrations en éléments traces semblables  celles des basaltes normaux des rides océaniques (N-MORB), sauf
pour un léger enrichissement en éléments lithophiles 2 large rayon (LILE), et montrent un rapport Eu/Eu* supérieur 2 1. (2) Les
basaltes d’arc et les andésites basaltiques possédent une concentration nettement plus élevée en LILE, et sont en général plus
siliceux, plus oxydés, et contiennent plus de Cr pour une teneur en Ni donnée que HAOT. Ces laves montrent en plus un
appauvrissement en €léments 2 large rapport de valence a rayon (HFSE), des teneurs en terres rares lourdes plus faibles et en
terres rares légdres plus élevées que HAOT, et un rapport Euw/Eu* plus faible (0.94-1.06). (3) Le basalte alcalin de la suite de
Simcoe, & I'est de Mount Adams, un troisiéme pole, contribue une signature géochimique “intraplaque” aux compositions de
magmas, Parmi les caractéristiques géochimiques notables de ces suites volcaniques, signalons que (1) les roches de Mount
Adams sont les plus riches en Fe et en la plupart des €léments incompatibles, y compris les HFSE, (2) les laves les plus appauvries
en éléments incompatibles se trouvent 2 Medicine Lake, (3) tous les centres contiennent des laves relativement primitives, ayant

! E-mail address: cbacon@mojave wr.usgs.gov



398 THE CANADIAN MINERALOGIST

des rapports LILE/HFSE élevés, mais seuls les centres volcaniques de Mount Adams, Lassen, et Medicine Lake contienment des
roches relativement primitives ayant une signature géochimique “intraplaque”, et (4) 87Sr/86Sr, 207Pb/204Pb, et 8180 tendent 2
augmenter, et 206Pb/204Pb et 143Nd/144Nd tendent 2 diminuer, du nord vers le sud. Les trois pdles identifiés parmi les magmas
des Cascades témoignent de I'implication de trois composantes dans le manteau: un manteau appauvri en dessous de I’arc, et
modestement enrichi en LILE pendant un stade de subduction plus ancien, une composante représentant la plaque contemporaine,
hydratée, en subduction, et un manteau ressemblant 3 la source des basaltes des les océaniques. Des venues de magma ayant une
signature géochimique typique d’un milieu d’arc et d’autres typiques d’un milieu intraplaque sont mises en place 2 proximité de
venues HAOT, et plusieurs laves sont en fait un mélange d’au moins deux sortes de magma basaltique. D’apres les teneurs en
H,0 des venues HAOT avant leur éruption, considérées avec les résultats d’étndes de I’équilibre des phases, ces magmas étaient
relativement secs, et ils se sont équilibrés en dernier lieu dans le coin de manteau par dessus la zone de subduction & environ
1300°C et 2 une profondeur d’environ 40 km, donc prés de la base de la crofite. Les venues de basalte d’arc et d’andésite
basaltique représenteraient des taux de fusion plus élevés que pour le cas de HAOT, présumément dans le méme contexte
thermique mais 2 une température de séparation plus faible, dans des domaines du mantean en dessous de 1’arc qui avaient été
enrichis par une composante hydratée venant de la subduction de la plaque Juan de Fuca, relativement jeune et chaude. Les
magmas primitifs ont pris naissance par fusion partielle en réponse 2 une remontée dans le coin du manteau. Une extension
tectonique dans cette partie de I’arc des Cascades, due & une convergence lente et oblique, a contribué a la montée du manteau

et a facilité 1’éruption des venues de magmas primitifs.

(Traduit par la Rédaction)

Mots-clés: magmatisme d’arc, basalte primitif, géochimie, isotopes, éléments traces, Cascades, nord-ouest des Fitats-Unis.

INTRODUCTION

The major goal of this study is to “see through”
effects of differentiation and contamination in order to
establish mantle characteristics and melting processes
beneath the Cascades (Fig. 1) by selecting phenocryst-
poor samples of chemically primitive lava that approxi-
mate liquid compositions. We consider rocks primitive
if they are rich in Mg relative to Fe, have high concen-
trations of compatible trace elements, and low contents
of phenocrysts (generally <5%). In extreme cases,
primitive lavas may approach compositions of primary
magmas, in which ferromagnesian phenocrysts have
mantle-compatible compositions, but in most of our
examples, the designation primitive merely indicates
that a sample is one of a particular eruptive unit that has
been least modified since the magma left the mantle.
Primitive lavas have equilibrium assemblages of phe-
nocrysts and commonly have olivine or oli-
vine + chromian spinel as their only phenocrysts.
Olivine is typically Fogg gg in tholeiitic (see below) and
Fogs goin calc-alkaline lavas. The chromian spinel is
present in a wide range of compositions that correlate
with rock chemistry (Clynne & Borg 1997). Plagioclase
phenocrysts (Anyg_go) occur in some lavas, and clinopy-
roxene (typically diopside with 0.5-1.0% Cr,0O;) also
may be present, especially in basaltic andesite. Most
samples in our data-set are comparatively rich in com-
patible trace elements (Fig. 2; e.g., >140 ppm Ni,
>200 ppm Cr), have high Mg contents (8-10.5 wt.%
MgO), and a high Mg# [= 100Mg/(Mg + FeD)]j
(i.e., >60). A few evolved samples were deliberately
included in order to assess fractionation and contamina-
tion. Because primitive lavas are not common among
the many monogenetic vents and shield volcanoes of
any given center, detection of systematic across-arc
compositional variation is hampered by the small
number of samples; exploring larger data-sets of less

primitive lavas is beyond the scope of this study (cf.
Borg et al. 1997).

Many of the analyzed samples are poor in incompat-
ible elements and belong to the group variously termed
high-alumina basalt [HAB: Gerlach & Grove (1982);
see Donnelly-Nolan ez al. (1991, p. 21,856) for history
of HAB terminology], high-alumina olivine tholeiite
[HAOT: Hart etal. (1984), Bacon (1990), Barnes
(1992)1, or low-K olivine tholeiite (LKOT: Bullen &
Clynne (1989); we will refer to these as HAOT. Other
lavas are designated arc basalt (SiO, < 52 wt.%) or ba-
saltic andesite (SiO, > 52 wt.%; a sample of magnesian
andesite with 58 wt.% Si0O, is included with basaltic
andesite for simplicity). One sample in our set is an
alkali basalt from the Simcoe volcanic field, east of
Mount Adams in Washington; it represents a melt of
intraplate-type mantle.

Our study addresses questions of mantle composi-
tion, influence of subduction, melting processes, and
thermal structure in the mantle beneath the arc. Vari-
ation in the composition of the crust complicates inter-
pretation of geochemical data, even for primitive lavas,
as will be seen below. Nevertheless, by considering our
new results, unpublished data, and the few published
results of complete analyses of primitive rocks from
elsewhere in the Cascades, we are able to suggest an-
swers to these questions.

We used our knowledge of the eruptive histories and
compositional variety of five volcanic centers that we
have mapped in detail to guide us in choosing repre-
sentative primitive lavas for analysis. It is important to
appreciate that each of the five centers is a volcanic
field with many vents, even though it may bear the
name of a single large volcano (e.g., Christiansen et al.
1977, Donnelly-Nolan 1988, Bacon 1990, Clynne
1990, Hildreth & Lanphere 1994). Although we at-
tempted to characterize the primitive rocks of each
center at the time this study was initiated, the entire
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F1G. 1. Location map showing major Cascade volcanoes (dots), the Cascade volcanic front
(short dashes), and plate tectonic features (modified after Muffler & Tamanyu 1995).
Depth contours on the top of the slab (km) dashed where known. The number of the
marine magnetic anomalies is shown for oceanic plates (age of anomaly 8 ~ 11 Ma).
The small, young Juan de Fuca and Gorda plates converge slowly with the North
American Plate. Plate convergence is normal to the Cascade arc in northern Washington
and British Columbia, oblique in southern Washington — northern California. The vol-
canic zone is 2100 km wide at Mount Adams, Mount Shasta — Medicine Lake, and
Lassen, ~30 km wide at Crater Lake. Volcanoes not part of this study: M, Meager
Mountain; C, Mount Cayley; G, Mount Garibaldi; B, Mount Baker; GP, Glacier Peak;
R, Mount Rainier; SH, Mount St. Helens; H, Mount Hood; J, Mount Jefferson; TS,
Three Sisters; N, Newberry.

range of primitive compositions cannot be represented  compensate for this inadequate coverage, our interpre-
by a small number of samples, and our coverage of tations also consider published data and unpublished
some centers is not comprehensive. In order to partially  results of analyses in our files. Here, we report a new
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TABLE 1. CHEMICAL AND ISOTOPIC ANALYSES OF PRIMITIVE LAVAS

Sample MA-767 MA-696 MA-120 MA953 MA-322 SM-27  758H-270  758V-3  75SH-317 75SH-268
Center Mount Mount Mount Mount Mount Simcoe Mount Mount Mount Mount
Adams Adams Adams Adams Adams  Mountains  Shasta Shasta Shasta Shasta
Type* HAOT HAOT HAOT AB AB ALKB HAOT BA BA BAt
Latitude ~ 46°03.64' 46°25.31' 46°19.31' 46°21.34' 46°02.14' 45°58.59' 41°14.58' 41°28.82' 41°21.93' 41°15.70'
Longitude 121°15.05' 121°45.41' 121°30.01' 121°42.68' 121°29.83' 120°57.29' 122°01.38' 122°11.39' 122°12.38' 122°13.14'

wt.%
Si0, 48.1 475 47.9 49.5 49.0 49.0 49.4 53.1 52,9 55.3
AlLO; 16.3 16.9 16.7 15.6 15.9 16.3 17.4 15.1 16.8 16.8
Fe;03 1.77 1.96 1.5 2.41 3.07 4.66 1.21 3.21 2.15 1.55
FeO 9.30 9.31 9.27 6.40 5.92 6.25 8.00 4.15 5.20 5.11
MgO 9.62 8.85 8.78 9.62 8.87 6.28 9.30 9.78 8.94 6.59
CaO 10.1 10.5 10.25 9.81 9.40 7.33 10.9 9.73 9.62 8.75
NaO 2.85 2.85 3.02 3.17 3.50 4.17 2.68 2.99 3.06 3.35
K20 0.173 0.160 0.311 1.480 1.074 2.254 0.284 0.698 0.468 0.842
TiOy 1.22 1.39 1.42 1.36 1.50 2.28 1.01 0.70 0.56 0.77
P,05 0.11 0.16 0.16 0.52 0.39 0.9 0.11 0.21 0.11 0.18
0.17 0.18 0.18 0.14 0.14 0.15 0.17 0.13 0.13 0.11
H,0+ 0.31 0.30 0.20 0.16 0.22 0.50 0.21 0.44 0.22 0.28
H,0- 0.13 0.11 0.07 0.07 0.11 0.16 0.09 0.23 0.10 0.18
CO, 0.04 0.01 0.04 0.02 0.04 — 0.03 0.04 0.05 —_
Total 100.19 100.18 99.80 100.26 99.13 100.23 100.79 100.51 100.31 99.81
Mp# 61.2 58.8 59.6 66.7 64.6 51.7 64.6 71.2 69.1 64.4
ppm
Sc 28.8 329 32.7 28.0 25.9 13.8 36.3 274 27.2 232
v 189 21 2 184 208 147 220 201 198 1
Cr 345 275 300 347 326 129 389 500 476 226
Co 52.1 53.8 46.8 41.3 42.3 34.4 41.6 34.8 35.6 27.9
Ni 143 178 134 211 175 103 143 166 67
Cu 58 88 68 92 77 30 28 56 65 51
Zn 78 85 83 84 81 92 82 78 78 n
Rb 3 3.3 6.9 235 7. 37.6 8 6 12.9
Cs 0.053 0.042 0.111 0.225 0.101 0.:359 0.202 0419 0.159 0.830
Sr 3 7 289 967 97. 995 232 604 354
Ba 68 58 81 547 347 672 122 225 148 257
Pb 0.62 0.42 0.77 4.24 3.35 2.06 1.79 3.01 2,21 4,23
la 4.38 5.87 6.94 38.45 22.35 40.90 4.48 10.15 4.53 10.83
Ce 11.45 15.29 17.12 81.32 50.15 86.53 11.85 24.00 10.86 25.84
Nd 8.55 9.60 11.78 45.50 27.51 42.96 9.09 13.28 7.04 14.29
Sm 2.55 3.10 3.21 8.59 5.14 8.45 2.77 2.85 1.84 3.09
Eu 1.01 1.21 1.20 2.42 1.67 2,76 1.05 0.93 0.66 1.02
Gd 3.18 3.80 3.86 6.53 4.50 7.02 3.52 2.64 2.04 2.89
Dy 3.53 4.32 4.19 4.56 3.76 5.33 4.22 2,50 2.23 2.69
Er 2.03 2.59 2.60 2.64 211 2.42 2.68 1.45 1.37 1.53
Yb 1.79 2.39 2,20 1.90 1.74 1.93 2.50 1.34 1.30 1.38
Y 23 26 24 24 25 31 23 21 16 19
Zr 83 98 112 204 165 2715 84 106 70 122
at 1.74 2.31 2.44 4.19 3,34 5.36 1.90 2,13 1.50 2.72
Nb 4.9 6.0 1.7 15 14 57 2.5 3.8 2.2 4.2
Ta 0.349 0.46 0.51 0.97 0.91 3.77 0.188 0.272 0.158 0.274
Th 0.59 0.62 0.68 5.09 2.33 3.96 0.64 1.74 0.76 2.56
u —_ —_ —_ — 0.78 1.31 — 0.60 — 0.90

878r/86Sr  0.70284  0.70292  0.70292  0.70360  0.70329  0.70306  0.70413 070366  0.70362  0.70344
143Nd/144Nd 0.512979  0.513013 0.513013 0.512925 0.512975 0.512874 0.512828 0.512899 (0.512887 0.512875
206Pb/204Pb  19.037 18.925 18.856 18.967 18.872 18.692 18.803 18.865 18.776 18.842
207Pb/204Pb  15.567 15.568 15.540 15.583 15.559 15.525 15.611 15.587 15.569 15.595
208Pb/204Pbh  38.528 38.475 38.359 38.630 38.473 38.283 38.541 38.491 38.384 38.509
8180 +5.7 +5.7 +5.7 +5.1 +5.5 +6.0 +6.7 +6.9 +6.7 +7.1

*HAOT, high-alumina olivine tholejite; AB, arc basalt; BA, arc basaltic andesite; ALKB, alkali basalt.

¥755H-268 contains ~40 % phenocrysts of plagioclase + augite + orthopyroxene.

Analysts: D.F. Siems, major elements; S.T. Pribble, FeO, NazO, H;OF, CO,, Nb, V; T.L. Fries, K20; J.N. Grossman, Sc, Cr, Co, Zn,
Cs, Hf, Ta, Th, U; O isotopes, L.H. Adami; rest, P.E. Bruggman. See text for methods.

Dash indicates that concentration was below detection limit or that element was not analyzed.

GEOLOGICAL SETTING

data-set that is internally consistent, precise (e.g., con-

centrations of the rare-earth elements, REE, by isotope The Cascade volcanic arc extends from northern
dilution), and reasonably complete in terms of the ele- California to southern British Columbia (Fig. 1). Arc
ments and isotopes of interest to geochemists. volcanism is associated here with subduction of the
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88C1530 88C1521 88C1523 88C1557  80C354
Crater Crater Crater Crater Crater
Lake Lake Lake Lake Lake
HAOT BA BA BA BA
43°02.12' 43°00.87' 43°01.32' 43°04.65' 42°59.89'

Longitude 122°14.82' 122°25.27' 122°12.32' 122°12.15' 122°12.10' 122°10.17" 122°11.57' 122°09.48' 122°09.76'

Sample  81C621  82C894  84C1143  88C1540
Center Crater Crater Crater
Lake Lake Lake Lake
Type HAOT  HAOT  HAOT  HAOT
Latitide  42°53.64' 42°56.04' 43°02.75' 43°02.74'
wt%
Si0, 475 474 48.7 48.9
ALO3 17.4 17.3 17.0 172
Fe;03 4.57 1.53 1.73 1.93
FeO 5.61 771 7.62 7.35
MgO 9.74 9.51 9.18 9.05
CaD 11.1 113 11.1 10.9
Na,0 2.69 2.83 2.91 2.97
K;0 0.107 0.083 0.255 0.333
TiO, 1.08 1.04 1.17 1.16
P,0s 0.11 0.10 0.17 0.19
0.19 0.16 0.17 - 016
H,0+ 0.29 0.2 0.10 0.16
H,0- 0.38 0.13 0.04 0.08
co; 0.04 — — —
Total 100.81 9920  100.15  100.38
Mg# 64.1 65.1 64.1 64.0
ppm
Sc 35.1 35.5 36.6 36.6
v 223 24 229 225
Cr 294 249 311 269
Co 48.7 475 44.7 44.9
Ni 196 174 149 138
Cu 82 105 101 84
7n 7 72 80 75
Rb 1.0 — 2.5 5.7
Cs 0.048 0.040 0.052 0.082
Sr 310 295 381 421
Ba 72 46 112 136
Pb 0.58 0.49 1.00 1.31
La 2.61 2.35 5.02 6.13
Ce 9.17 7.61 14.68 18.72
Nd 8.45 7.36 11.19 12.67
Sm 272 2.43 3.15 3.27
Eu 1.08 0.97 1.14 1.15
Gd 3.50 3.14 3.45 3.74
Dy 4.08 3.69 4.19 4.26
Er 2.52 2.29 2.60 2.59
Yb 2.31 2.07 2.36 2.44
Y 21 20 23 21
Zr 76 69 100 105
Hf 1.86 1.67 2.21 242
Nb 1.3 1.3 2.4 2.6
Ta — 0.13 0.174 0.201
Th 0.37 — 0.63 0.89
U — — — 0.32
§7Sr/86Sr 07035 070346 070355  0.70355
143Nd/144Nd 0.512002  0.512953 0.512899 0.512803
206Pb/24Pb 18.885  18.852  18.909  18.899
207Pb204Pb 15.573  15.568  15.582  15.569
208Pp/204Pb 38481 38437  38.518  38.490
5180 +5.7 +6.0 +5.8 +5.9

49.9 53.8 52.2 52.1 53.0
17.2 16.3 16.0 17.3 16.7
1.70 2.20 3.19 1.96 3.25
7.11 5.43 4.48 6.09 3.97
8.43 8.27 8.23 7.59 7.21
10.0 8.37 8.94 9.42 8.52
3.32 3.55 3.79 3,52 3.70
0.522 0.882 1.122 0.669 1.216
1.18 0.96 1.14 1.12 1.03
0.28 0.30 0.52 0.26 0.42
0.15 0.12 0.12 0.14 0.11
0.12 0.14 0.14 0.13 0.32
0.05 0.07 0.07 0.06 0.14
— — — — 0.02
99,96 100.39 99.94 100.36 99,61
63.5 66.6 66.6 63.3 65.1
30.3 22.1 21.5 25.8 20.5
213 182 203 202 186
263 370 301 262 290
39.0 36.5 33,0 355 332
123 167 163 107 161
82 73 37 66 68
73 79 85 73 84
6.7 134 13.6 6.5 13.4
0.092 0.258 0.173 0.208 0.435
580 744 1266 585 1347
224 334 485 259 571
1.17 295 3.35 2.64 5.21
10.53 13.81 2748 9.93 23.12
27.67 32.10 57.36 24.62 50.28
16.49 17.02 27.63 13.39 25.08
3.77 3.51 4.81 3.55 4.47
1.29 1.09 1.43 1.24 1.35
3.96 3.22 3.69 3.63 3.51
4.05 2.89 2.83 3.60 2,75
2.44 1.59 1.51 2.07 1.45
2.28 1.42 1.27 1.85 1.25
21 16 15 21 19
125 120 150 130 158
2.75 2.67 2.99 2.81 323
3.5 4.9 6.8 4.1 6.9
0.256 0.321 0.51 0.27 0.408
1.40 210 3.24 1.19 2.76
0.45 0.51 0.81 0.52 0.87
0.70361 0.70363 0.70375 0.70349 0.70372
0.512931 0512895 0.512896 0.512942 0.512905
18.924 18.877 18.898 18.842 18.870
15.602 15.571 15.568 15.553 15.564
38.565 38.469 38.485 38.385 38.429
+6.3 +6.4 +6.5 +6.5 +5.8

young Juan de Fuca and Gorda plates. From Glacier
Peak northward, convergence is normal to the axis of
the arc, and volcanism is restricted to comparatively
isolated composite volcanoes and dome clusters (Rogers
1985, Guffanti & Weaver 1988). Between Mount
Adams and the Lassen volcanic center, subduction is
oblique, and the arc consists of widely spaced major

composite volcanoes and abundant monogenetic volca-
noes ranging from cinder cones to shields. There is no
consensus as to whether features such as the Medicine
Lake shield volcano, which lies behind the main axis of
the arc, should be considered “Cascade” volcanoes. We
include them in the scope of this paper in order to obtain
a complete picture of magmatism in the Cascade arc.
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TABLE 1. CHEMICAL AND ISOTOPIC ANALYSES OF PRIMITIVE LAVAS

Sample LC88-1398 LC86-1046 LC82-970 LC88-1311 LC86-1005 LM87-1384 LC88-1312 LC82-905 LC86-855 LC85-671
Center Lassen Lassen Lassen Lassen Lassen Lassen Lassen Lassen Lassen Lassen
Type AB HAOT HAOT AB AB AB AB AB AB
Latitude  40°00.90' 40°2647' 40°23.44' 40°19.20' 40°40.12' 40°32.16' 40°2046' 40°3247° 40°31.88' 40°38.75

Longitude 121°57.77' 121°59.15' 121°17.51' 122°03.94' 121°45

06" 121°11.78' 122°03.08' 121°09.20' 121°02.93' 121°09.83'

wt.%

Si0, 49.5 48.2 48.4 48.0 51.3 49.8 50.8 49.7 49.5 51.0
Al O3 16.4 17.4 17.4 18.0 15.7 15.6 16.6 17.5 16.7 16.9
Fe;04 1.78 1.81 1.68 2.35 1.7 3.24 1.22 2.33 3.66 2.64
FeO 7.40 7.46 71.76 6.63 6.36 5.39 6.48 6.22 5.80 6.02
MgO 10.3 10.1 9.79 9.34 11.1 10.7 9.97 8.32 8.19 8.00
CaO 10.5 11.4 11.2 11.2 10.7 9.81 11.0 9.66 9.79 9.08
NaO 241 2.55 2.68 2.52 2.45 3.06 248 3.10 3.25 312
K20 0.403 0.138 0.172 0.157 0.317 0.924 0.299 0.659 0.830 1.006
TiOy 0.85 0.80 0.96 0.81 0.52 1.32 0.73 0.98 1.34 1.18
P,0s 0.11 0.09 0.10 0.09 0.08 0.46 0.10 0.25 0.28 0.30
MnO 0.17 0.17 0.17 0.16 0.14 0.15 0.15 0.16 0.15 0.15
HyO+ 0.49 0.11 0.13 0.48 0.13 0.16 0.18 0.38 0.2 0.42
H,0- 0.22 0.05 0.05 0.37 0.05 0.04 0.05 0.36 0.13 0.02
CO, 0.07 0.02 0.03 0.05 — 0.04 — — 0.04 0.04
Total 100.60 100.30 100.52 100.16 100.55 100.69 100.06 99.62 99.86 99.88
Mg# 67.1 66.5 65.3 65.6 % 69.7 70.1 64.1 61.6 62.9
ppm

Sc 38.1 40.0 43.0 40.1 34.0 26.3 37.6 324 28.7 25.0
v 215 218 228 227 228 249 214 218 237 206

Cr 402 229 323 235 628 448 501 323 249 317

Co 43.9 46.1 48.1 45.0 43.7 40.0 38.5 38.5 38.1 36.7
Ni 213 190 184 180 209 152 85 144 117 155

Cu 79 93 121 94 69 50 32 74 66 71

Zn 70 70 74 1 68 91 70 81 85 71

Rb 6.2 — 3.5 1.3 3.3 16.1 4.7 7.2 10.9 16.3
Cs 0.319 0.032 0.062 0.057 0.107 0.295 0.226 0.229 0.265 0.402
Sr 237 241 S5 5 294 1 520 405 449 486

Ba 268 76 89 85 112 413 108 276 343 360

Pb 2.32 1.02 1.20 1.00 1.40 3.90 1.40 4.30 3.03 3.31
La 7.94 3.03 4.44 4.00 3.69 20.76 6.99 11.48 13.02 13.47
Ce 17.93 8.43 9.94 8.81 8.96 49.60 16.44 26.52 31.75 31.18
Nd 10.69 6.91 8.03 7.14 6.09 26.45 9.48 14.87 18.46 17.44
Sm 2.78 2.17 2.57 2.23 1.69 5.20 2.26 3.35 4,28 3.93
Eu 0.96 0.87 1.00 0.88 0.61 1.47 0.83 1.05 1.36 1.30
Gd 3.21 2,95 3.44 3.03 1.98 4.20 2.58 3.32 4.36 3.99
Dy 3.92 3.95 442 3.88 222 3.27 3.20 3.46 4,18 3.85
Br 2.60 2.74 2.97 2.67 1.45 1.71 2.21 2.14 241 2,22
Yb 2.58 2.80 295 2.69 1.44 1.50 2.20 2,02 221 2,06
Y 21 19 24 21 14 16 19 19 21 18

Zr 76 60 79 64 59 142 80 108 121 129

Hf 1.74 1.38 1.79 1.47 1.14 3.10 1.72 243 2.68 2.7
Nb 2.0 1.5 2.1 1.8 1.5 1 2.2 7.8 7.3 9.3
Ta 0.15 — 0.16 0.12 — 0.691 0.162 0.511 0.498 0.63
Th 2.50 0.27 0.45 0.32 0.61 2,34 0.68 1.74 1.75 1.93
18) 0.61 — — — 0.41 0.62 — 0.58 0.73 0.31
87Sr/86Sr  0.70420 070380  0.70381  0.70379  0.70383  0.70408  0.70317  0.70380  0.70400  0.70392
143Nd/144Nd 0.512770  0.512875 0.512891 0.512905 0.512898 0.512828 0.512970 0.512833 0.512800 0.512780
206Pb/204Pb 18,715 18.751 18.952 18.947 18.863 18.835 18.814 19.012 18.838 18.858
207Pb/204Pb  15.601 15.581 15.593 15.589 15.608 15.599 15.579 15.621 15.605 15.602
208Ph/204Pb 38.438 38.398 38.556 38.558 38.506 38.512 38.388 38.677 38.526 38.523
5180 +7.2 +6.1 +5.8 +6.7 +5.6 +6.9 +6.9 +5.9 +6.8 +7.4

Chemically primitive lavas are present throughout most
of the arc in the zone of oblique convergence. These
typically issued from monogenetic cinder cones,
shields, or fissure vents.

From the Three Sisters to Lassen, the Basin and
Range province impinges upon the arc, so that NW—-SE
to N-S normal faults are common at least as far west as
the arc axis. Normal faults in the Cascades continue as
far north as the Columbia River (Walker & MacLeod
1991), but do not occur in southern Washington. Pre-

Cenozoic crystalline basement of the sub-arc crust is
widely exposed north of a point approximately midway
between Mounts Adams and Rainier. From Mount
Shasta to the south, Mesozoic and Paleozoic oceanic
and immature continental terranes are exposed adjacent
to the arc. The intervening region, however, lacks base-
ment exposures, and the modern arc is constructed on
Tertiary arc volcanic rocks. Tertiary plutons cut these
and basement rocks in the north, and locally as far south
as central Oregon. There may be no pre-Tertiary base-
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TABLE 1. CHEMICAL AND ISOTOPIC ANALYSES OF PRIMITIVE LAVAS

Sample LCB86-1009  82-72-f 767TM 880M 1085M 851M 1376M 88IM 1161M
Center Lassen Medicine  Medicine  Medicine  Medicine Medicine  Medicine  Medicine  Medicine
Lake Lake Lake Lake Lake Lake Lake Lake
BA HAOT HAOT HAOT HAOT HAOT HAOT HAOT HAOT
Latitude 40°44.03'  41°30.3"  41°47.1"  41°30.0" 41°54.5" 41°47.2" 41°32,9" 41°30.0" 41°30.7"
Longitude 121°50.13' 121°38.7" 121°36.9" 121°37.9" 121°38.6" 121°34.0" 121°14.1" 121°38.0" 121°37.5"
wt. %
Sio, 58.2 47.6 47.3 479 48.0 47.6 479 49.0 52.7
AlOs 16.0 18.5 18.0 18.3 17.8 18.4 18.2 17.7 16.7
Fey04 1.66 2.06 1.5 1.24 1.94 1.75 1.83 1.17 1.34
FeO 4,13 6.33 7.2 7.31 7.15 7.10 7.29 7.86 6.90
MgO 7.57 10.5 10.4 10.3 10.3 9.91 9.40 8.63 6.85
Ca0 7.72 12.0 11.8 12.1 11.9 11.7 11.3 11.4 9.55
Na;O 348 2.26 2.38 2.33 243 247 2.46 2.78 3.05
K,0 0.806 0.074 0.062 0.073 0.085 0.094 0.114 0.333 1.092
TiOy 0.52 0.59 0.71 0.63 0.74 0.77 0.80 0.90 0.92
P05 0.12 0.06 0.08 0.05 0.08 0.10 0.07 0.11 0.13
0.10 0.15 0.15 0.15 0.16 0.16 0.16 0.16 0.15
Hy0+ 0.21 0.19 0.23 0.26 0.17 0.23 0.70 0.17 0.35
H,0- 0.09 0.09 0.14 0.13 0.14 0.10 0.38 0.06 0.20
CO; — 0.17 0.20 0.03 0.02 0.05 — 0.02 0.02
Total 100.61 100.57 100.15 100.80 100.92 100.43 100.60 100.29 99,95
Mgt 70.6 69.6 68.4 68.6 67.4 67.1 65.2 63.3 60.1
ppm
Sc 19.2 31.8 35.8 348 37.8 35.7 40.8 35.5 32.0
A\ 149 178 184 182 196 192 202 205 191
Cr 242 176 225 189 227 201 213 158 127
Co 29.5 48.6 50.1 49.7 50.7 48.6 47.3 43.9 37.1
Ni 17 218 207 205 185 176 164 123 104
Cu 50 126 105 118 74 111 110 117 102
Zn 61 55 63 58 60 65 65 76 64
Rb 10.9 1.5 — — 2 1 — 11.9 314
Cs 0.429 0.078 0.022 0.080 0.029 — 0.028 0.491 2.04
Sr 762 178 211 177 211 224 255 199 193
Ba 179 17 48 29 40 47 e 87 249
Pb 3.40 — 0.35 0.35 0.31 0.38 0.61 1.13 321
La 7.53 1.25 1.66 1.33 1.98 1.81 2.65 3.87 8.08
Ce 16.04 3.82 4.82 4,04 5.01 547 6.35 10.37 19.20
Nd 9.32 3.62 4.79 3.83 5.17 5.23 5.74 7.76 11.38
Sm 2,12 1.34 1.68 1.42 1.75 1.81 1.90 242 3.06
Eu 0.73 0.62 0.73 0.65 0.74 0.78 0.83 0.94 1.01
Gd 2.01 1.96 2.37 2.10 2.46 2.50 2.65 3.20 3.64
Dy 1.85 2.66 3.15 2.85 3.16 3.26 347 4.00 4.46
Er 1.06 1.76 2.10 1.89 2.08 217 2.30 2.60 2.88
Yb 0.98 1.70 2.06 1.83 1.99 2.07 2.19 2.50 2.86
Y 13 15 19 22 23 19 27 27 31
Zr 922 46 56 51 61 54 68 94 135
Hf 1.83 1.01 1.18 0.96 1.21 1.23 1.41 1.89 3.02
Nb 2.6 1.1 — 1.2 1.0 — 1.3 1.8 3.2
Ta 0.155 0.11 —_ —_ _ —_— 0.11 0.20 0.38
Th 1.14 — 0.27 0.28 —_ 0.19 0.36 1.03 4.17
U 0.80 _— — —_ — — _— 1.53
87Sr/868r  0.70305 0.70344 070344 0.70344  0.70342 0.70344  0.70358 0.70341 0.70346
143Nd/144Nd 0.512869 0.512968 0.512965 0.512932 0.512936 0.512974 0.512936 0.512950 0.512932
206Pb/204Pb  18.674 18.692 18.873 18.819 18.914 18.872 18.881 18.831 18.911
207Pb/204Pb  15.535 15.627 15.569 15.576 15.573 15.565 15.590 15.538 15.582
208Pb/204Pb  38.217 38.406 38.468 38.446 38.463 38.420 38.536 38.387 38.528
5180 +6.9 +5.9 +5.8 +5.8 +5.9 +5.7 +6.3 +5.2 +5.9

ment beneath the Cascade arc between Mount Adams
and ~100 km north of Crater Lake (Riddihough ef al.
1986). Here, beneath the arc, the basement is likely to
be composed of accreted Early Tertiary oceanic basalt
and marine sedimentary rocks (e.g., Wells & Heller
1988, Trehu ef al. 1994).

The continental crust is ~40 km thick beneath the
Mount Adams volcanic field (Mooney & Weaver
1989). A reversed seismic refraction profile ~30 km
west-southwest of Crater Lake defined a crustal thick-
ness of 44 km (Leaver ef al. 1984), although it is uncer-
tain if this is the case under the volcanic field. Extensive
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seismic refraction surveys of the Mount Shasta — Medi-
cine Lake area delineate crustal structure but not total
thickness (Fuis et al. 1987), which Mooney & Weaver
suggested is 3840 km. Crustal thickness beneath the

Lassen region is 38 + 4 km (Mooney & Weaver 1989).
METHODS
Samples

Samples were selected from collections made during
geological mapping of Mount Adams (Hildreth & Fier-
stein 1995), Mount Mazama and Crater Lake caldera
(Bacon, unpubl. map, 1995), Mount Shasta (Christiansen,
unpubl. map, 1995), the Medicine Lake volcano (Donnelly-
Nolan, unpubl. map, 1995), and the Lassen volcanic
center (Clynne & Muffler, unpubl. map, 1995). Powders
were ground in an alumina shatterbox. Although many
samples had been analyzed previously, the entire set
was re-analyzed as a group (except for isotopic compo-
sitions and some REE abundances) in order to improve
precision.

Major elements

Major elements were determined by wavelength-
dispersion X-ray fluorescence (XRF) on fused glass
disks in Lakewood, Colorado. The Na,O and K,O values
given in Table 1 were determined by flame photometry.
Ferrous iron, H,O%, and CO, contents were determined
by standard wet-chemical methods.

Trace elements

Lead and REE concentrations were measured by
isotope-dilution mass spectrometry. Energy-dispersion
XRF was used for Rb, Sr, Y, Zr, Ba, Ni, and Cu
concentrations. Concentrations of Nb and V were deter-
mined by inductively coupled plasma — atomic emis-
sion spectrometry (ICP-AES) following quantitative
chemical separation. Although the Nb values are pre-
cise, there is some question as to their accuracy at the
lowest concentrations reported because of poor know-
ledge of concentrations in standards. The concentra-
tions of the remaining elements reported in Table 1 (Cs,
Sc, Cr, Co, Zn, Hf, Ta, Th, and U) were measured by
instrumental neutron-activation analysis (INAA) in
Reston, Virginia. In a few samples, some of these
elements are present at concentrations below detection
limits. A special effort was made to obtain data for Cs
by INAA by counting after approximately one year in
order to allow interfering nuclides to decay to low levels.

Isotopes
Isotopic compositions of Sr, Nd, Pb, and O (Table 1)

were determined for all 38 samples of this study.
Analyses (Sr, Nd, Pb) were performed with a Finnigan
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MAT 262 variable multicollector mass spectrometer.
Measured $6St/%8Sr ratios were normalized to a value of
0.1194, and 1#6Nd/*“Nd ratios, to a value of 0.7219.
Empirical thermal mass-fractionation corrections of
0.11%o per mass unit were applied to Pb isotope mea-
surements. Oxygen was extracted with CIF;, converted
to CO,, and analyzed using a modified Nier-type,
6-inch dual-collecting mass spectrometer. Reported
whole-rock 8'80 values are calibrated to a §'%0 value
of +9.6%¢ for NBS-28 quartz relative to the SMOW
standard. Further details of analytical procedures for
isotopic compositions are given in Bacon et al. (1994).

PRIMITIVE MAGMA-TYPES

We recognize three end-member primitive magma-
groups in the Cascades, characterized mainly by their
trace-element and alkali-metal abundances: high-alu-
mina olivine tholeiite, arc basalt and basaltic andesite,
and intraplate basalt. Names of these end-members re-
flect historical precedent, the subduction-related geo-
chemistry of “arc” basalt and basaltic andesite, and the
fact that tholeiitic and intraplate basalts are not limited
in occurrence to the arc itself. We emphasize that a
continuum of compositions seems to exist between
these end-members, although examples intermediate
between extreme-arc and intraplate varieties are scarce,
and that assignment of some lavas with intermediate
characteristics to any one group is somewhat arbitrary.

A fundamental observation is that approximately
coeval lavas of different types have erupted from
nearby vents. A corollary is that Quaternary across-arc
compositional variation, present where the volcanic arc
is wide, is manifested only in the broadest terms by
occurrence of extreme subduction-component-enriched
magmas in the fore-arc and more alkaline, intraplate
types in the back-arc region (e.g., Lassen area; Borg
et al. 1997).

High-alumina olivine tholeiite (HAOT)

Primitive HAOT occurs locally throughout the
Cascades from southern Washington to northern Cali-
fornia. The field occurrence of HAOT reflects the low
viscosity of these normally phenocryst-poor to aphyric
magmas. Vents are marked by low shield summits, pit
craters, small spatter cones, or spatter ramparts along
eruptive fissures. Pahoehoe flow surfaces are common
in complex sequences of many related flows, each of
which may be as little as 0.5 m thick, but in their
entirety may total many tens of meters in intracanyon
settings or topographic depressions. Tube-fed HAOT
flow fields, such as the Giant Crater flows at Medicine
Lake (Donnelly-Nolan et al. 1991), extend as much
as 45 km from their vents. Diktytaxitic texture and
subophitic groundmass augite are common in HAOT.

The major-element compositions of HAOT samples
are similar to those of mid-ocean ridge basalt, MORB,
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Fia. 2. Selected variation diagrams (major-element oxides recalculated to sum to 100 wt.% volatile-free and with all Fe as FeO*,
Ni and Cr in ppm). Bold italic letters identify samples of HAOT, including differentiated and contaminated sample from
Medicine Lake. Note log scale for K,O in order to show variation in HAOT. Non-italic letters identify arc basalt and basaltic
andesite, which have higher SiO,, K;0, and Cr, generally lower Al,O; and CaO contents than HAOT; MgO and Mg#
[100MgO/(MgO + FeO*), molar] can be comparable. SM is mantle-xenolith-bearing alkali basalt from the Simcoe Mountains
volcanic field. High Ni content and Mg# of most samples, including basaltic andesites, imply that they are primitive.
Representative basalts in this and other figures plotted for reference: IAB is Okmok basalt sample ID-16 of Nye & Reid
(1986), K1L is Kilauea basalt standard BHVO (Abbey 1983), and MORB is a FAMOUS area mid-ocean ridge basalt (Langmuir
et al. 1977).
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F1G. 3. Characteristic trace-element ratios and concentrations. In this and subsequent diagrams, N-MORB, E-MORB, and OIB are
from Sun & McDonough (1989). a) Chondrite-normalized (Sun & McDonough 1989) La/Sm versus Eu/Eu*. b) Nb versus
Ba concentrations (ppm). Trend “To Simcoe Mountains™ refers to sample labeled SM in other figures (672 ppm Ba, 57 ppm
Nb). Most samples plot along the arc trend, but those from the Mount Adams and four from the Lassen volcanic fields are
richer in Nb at comparable Ba contents. Average upper and lower crust (Avg U Crust, Avg L Crust) are from Taylor &
McLennan (1995). ¢) Cs—Rb-K relations. Coupled Cs/Rb and Cs/K ratios higher than in oceanic basalts reflect modern
subduction-derived component in arc basalt and basaltic andesite, ancienti(?) in HAOT-source. “Upper crustal contamination”
refers to Giant Crater lavas, shown by Baker ef al. (1991) to have assimilated hypabyssal granite (three Medicine Lake
samples with high Cs/K ratios). Avg Granite is the average of 8 granitic xenoliths in the Burnt Lava flow at Medicine Lake
(Grove et al. 1988). d) La/Nb versus Ba/Nb ratios showing lines of equal Ba/La ratio. Higher Ba/Nb ratios than N-MORB at
La/Nb > 1 for all samples except three from Mount Adams and the Simcoe Mountains alkali basalt reflect presence of a
subduction-derived component. The low Ba/La value of Mount Adams samples is in keeping with a relatively strong
intraplate geochemical signature there. Field for lavas from Crater Lake area with 26% MgO from Bruggman et al. (1989)
and C.R. Bacon (unpubl. data, 1995).

but are distinguished by higher Al contents, commonly
>17% AL Os (Fig. 2). In comparison to other primitive
Cascade lavas, HAOTs have high Ca (most >11% CaO;
Fig. 2) and low Na (~2.5% versus 3% Na,0). Incom-
patible elements are present at concentrations nearly as
low as, or similar to, those in MORB, as exemplified
by K (commonly <0.10% K,O: Fig. 2). Measurements
of dissolved H,O in melt inclusions in olivine from

Medicine Lake suggest that HAOT magmas had
pre-eruptive H,O contents of <0.3% (Sisson & Layne
1993). Concentrations of Ba, Cs, Rb, Th, Sr, and Pb,
however, are typically higher in HAOT than in
N-MORB. Some HOAT samples have Cs/K and Cs/Rb
ratios notably higher than values typical of OIB, ocean-
island basalt, or MORB, and they plot along the arc
trend in Figure 3c. Likewise, HAOT samples have high
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FiG. 4. Concentrations of Nb and Ta, FeO-FeO* relations, and element-ratio discrimination diagrams. a) Nb versus Ta (ppm),
showing lines of equal Nb/Ta ratio. Most samples have Nb/Ta ratios lower than oceanic basalts. Precision is poor at low
abundances, so Nb/Ta ratios for samples with Nb < 2 ppm are imprecise. Two Medicine Lake samples with Nb/Ta = 9 are
HAOT fractionates contaminated with hypabyssal granite represented by Avg Granite, the average composition of 8 xenoliths
in the Burnt Lava flow at Medicine Lake (Grove ef al. 1988). b) Analyzed FeO contents versus total Fe as FeO* showing
lines of equal FeO/FeO* ratio. Arc basalts and basaltic andesites typically are more oxidized than samples of HAOT. ¢) Nb/Zr
versus Ba/Zr ratios (after Leeman et al. 1990, Figure 7b). This diagram separates intraplate (high Nb/Zr) from subduction-
related (high Ba/Zr) magmas. Evidence for an intraplate component in the present data-set exists for Lassen and Mount Adams
volcanic fields (compare with Fig. 4d). Dotted field encloses compositions of 85 lavas from the Crater Lake area with 26%
MgO (Bruggman et al. 1989; C.R. Bacon, unpubl. data, 1995). Average upper crust (Avg U Crust) is from Taylor &
McLennan (1995), and probably has higher Nb/Zr and Ta/Yb than Cascade arc crust. Pelagic sediment composition (To Sed)
is from Hole ef al. (1984). d) Ta/Yb versus Th/YDb ratios. Expanded data-sets for all but the Shasta area show presence of a
high-(Ta/YDb) intraplate component at Mount Adams, Lassen, and Medicine Lake volcanic fields, but not at Crater Lake, Field
for lavas from Crater Lake area as in Figure 4c. Fields for Mount Adams, Lassen, and Medicine Lake volcanic fields from
unpublished data of W. Hildreth, M.A. Clynne, and J.M. Donnelly-Nolan, respectively (1995). MORB in this figure represents
both N-MORB and E-MORB of Sun & McDonough (1989).

Ba/Nb, Ba/La, and La/Nb ratios (many have La/Nb > 2), enrichment of the large-ion lithophile elements, LILE,
except for those from the Mount Adams volcanic field in HAOT is not related to modern subduction and the
(Fig. 3d). This subduction-related signature also is present Cascade arc, but is an older subduction-related
present in HAOT from east of the Cascades (Hart er al.  feature that is characteristic of the HAOT source over a
1984; W.K. Hart, unpubl. data, 1995), suggesting that larger region.
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The lavas from Medicine Lake are the most incom-
patible-element-depleted in this study. They include
primitive through moderately differentiated and contami-
nated lavas, in part from the Giant Crater lava field
(Donnelly-Nolan et al. 1991). The distinct trend of the
Medicine Lake samples toward high Cs/K (Fig. 3c)
reflects assimilation of granite, as documented in the
Burnt Lava (Grove et al. 1988), the Giant Crater flows
(Baker et al. 1991), and Lake Basalt (Wagner ef al. 1995).

Chondrite-normalized REE patterns for HAOT are
LREE-depleted to slightly LREE-enriched. Heavy REE
concentrations are generally 210 X chondrites, consid-
erably higher than in most primitive arc basalts and
basaltic andesites of the Cascades. Positive Eu anomalies
(EwEu* up to ~1.2) are negatively correlated with
La/Smy (Fig. 3a).

The Nb/Ta ratio varies significantly among our
HAOT samples (Fig. 4a). Most have Nb/Ta ratios of
~12-16, significantly lower than MORB, OIB, or chon-
dritic values of 17-18 given by Sun & McDonough
(1989). There is a tendency for increasing Nb/Ta with
increasing abundances of these elements in the Cascade
lavas, although this is somewhat equivocal because of
potential systematic error at low concentrations. These
observations are not readily explained by a single-stage
partial melting process because the ratio of crystal/melt
partition coefficients, DNY/D™2, is generally <1 for vir-
tually all phases that have been studied experimentally
(Green 1995). Plank & White (1995) suggested that the
cause of sub-chondritic Nb/Ta values they measured for
low-(Nb,Ta) arc basalts and MORB may be source
depletion by prior extraction of low-degree, relatively
high-(Nb/Ta) partial melt. Judging from the composi-
tions of granitic xenoliths presented by Grove et al,
(1988), the two Medicine Lake samples with Nb/Ta
ratios of ~9 have these low values, and relatively high
Nb and Ta concentrations, because of assimilation of
granite, as described by Baker et al. (1991).

Compatible trace-element abundances are somewhat
diagnostic of magma type. Although both HAOT and
arc lavas have Ni concentrations up to ~200 ppm, Cr
values in HAOT lavas do not exceed ~400 ppm
(Fig. 2). HAOT lavas typically have higher Co and Sc
concentrations (most >40 and >30 ppm, respectively)
than the arc lavas.

Arc basalt and basaltic andesite

Arc (“calc-alkaline™) basalt and basaltic andesite
lavas are abundant near the axis of the Quaternary
Cascades as far north as southern Washington. They
commonly have more abundant olivine and plagioclase
phenocrysts than HAOT, and may also contain clino-
pyroxene; some lack plagioclase phenocrysts. Higher
Si0, content and probable lower temperatures of erup-
tion translate to higher viscosities and a different mode
of occurrence. These magmas erupted from vents
marked by cinder cones or form cone-capped shields.
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The flows themselves are thicker and, where preserved,
have blocky or aa surfaces.

Primitive arc basalts and magnesian basaltic andesites
have higher SiO, contents and comparable or even
higher Mg# than found in HAOT (Fig. 2). Most do not
reach the extreme CaO and MgO contents of HAOT
[Fig. 2; note, however, that some compositions given in
Clynne (1993) and Baker et al. (1994) have MgO as
high as in HAOT]. Arc basalt and basaltic andesite are
characterized by the LILE (Cs, Rb, K, Ba, Sr, Pb, Th, U)
enrichment relative to the HFSE (Nb, Ta, Zr, Hf, Ti)
typical of arc magmas, and greater than that in HAOT
as seen, for example, in a plot of Nb versus Ba
(Fig. 3b). Cs/K and Cs/Rb ratios (Fig. 3c) are higher
than MORB or OIB values (Morris & Hart 1983, Ben
Othman et al. 1989), as noted above for some HAOT
samples, and trend toward primitive Aleutian arc basalt
(Nye & Reid 1986).

Light REE enrichment relative to HREE and HFSE
is typical of Cascade primitive arc basalt and basaltic
andesite. In these rocks, La/Nb ratios range from 1.5 to 4,
far higher than in MORB or intraplate basalts (Fig. 3d),
and comparable to island-arc basalt. There is a corre-
sponding relative enrichment in Ba, as indicated by high
Ba/Nb and Ba/La ratios. The arc basalts and basaltic
andesites have comparatively small Eu anomalies,
which may be either positive or negative (Fig. 3a), and
low HREE contents (most <10 X chondrites).

Values of Nb/Ta are ~13—17 for the arc basalts and
basaltic andesites in the present study (Fig. 4a). As in
HAOT, many of these ratios are sub-chondritic. Low
Nb/Ta ratios are not unique to the Cascade arc, as Plank
& White (1995) reported Nb/Ta ratios down to 6 in
ICP-MS characterization of arc basalts. The low ratios
may reflect prior extraction of melt from the source
(Plank & White 1995) and preferential retention of Nb
relative to Ta in rutile during dehydration of a subducting
slab, resulting in lowering of Nb/Ta in the overlying
mantle wedge (Green 1995). The latter suggestion is
based on rutile — aqueous fluid partition coefficients,
where DNY/DTa is nominally >1 in results of many, but
not all, experiments reported by Brenan et al. (1994);
note, however, that DNY/DT2 is generally indistinguish-
able from 1 if published analytical uncertainty is con-
sidered.

The arc lavas are relatively oxidized, as found else-
where by others (e.g., Gill 1981). Values of FeO/FeO*
range from 0.9 for the most primitive samples of HAOT
to 0.6 for some of the arc rocks (Fig. 4b). Presumably,
the arc signature is correlated with an increase in pre-
eruption HyO content (e.g., Sisson & Layne 1993,
Stolper & Newman 1994). The more oxidized nature of
the arc rocks probably reflects relative pre-eruptive
oxidation state and is unlikely to be related to degassing
of the more hydrous magmas (Carmichael 1991). Water
transported to the mantle wedge by subduction prob-
ably is responsible for oxidation of the source region of
arc magmas (Brandon & Draper 1996).
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FIG. 5. Selected isotopic parameters. a) §7S1/%Sr versus eyg. Most samples plot in a small region approximately within the
conservatively drawn mantle array (from Leeman ef al. 1990, Fig. 10), Mount Adams samples high, Lassen and Shasta low.
The Lassen sample with $St/%Sr = 0.70305 (below the mantle array) is magnesian basaltic andesite (sample LC86-1009;
58% Si0,). b) Pb isotope correlation diagram. As in most arcs, data can be interpreted as mixtures of MORB-like Pb and Pb
from marine sediments or, possibly, continental crust. Medicine Lake sample with highest 27Pb/2Pb is most primitive
HAOT, which suggests that this Pb is mainly derived from subducted sediment. Note that the Simcoe Mountains sample,
which represents a melt of intraplate-type mantle, plots on the NHRL [northern hemisphere regression line for oceanic basalts
from Hart (1984)], and thus has an OIB affinity (nearby Lassen sample is LC86-1009). Field of NE Pacific sediments from
Church (1976), Cascade Ores from Church et al. (1986), and Pacific MORB from White et al. (1987). Lower Crust represents
maximum likely values [“0-250 Ma tectonothermal age lower crust” of Rudnick & Goldstein (1990)]. c) &y versus
whole-rock 8'%0. Shasta and, commonly, Lassen samples have high 8'30 and low gy values. Crater Lake samples with 380
> +6.0%o are basaltic andesites and an evolved HAOT. d) St/Nd versus 8'%0, Arc magmas have higher St/Nd ratios than
oceanic basalts and “average” continental crust. If high-8'%0 values for Shasta and Lassen samples were related to a
subduction-derived component, these rocks should have high St/Nd ratios, which many do not.

Intraplate basalt primitive lavas from the Lassen and Mount Adams
volcanic fields contain hints of an intraplate component
Basalt with a strong intraplate chemical signature of ~ (Fig. 3b; Bullen & Clynne 1989, Leeman et al. 1990).

LILE enrichment in the absence of Nb—Ta depletion is
limited in our data set to the sample from the Simcoe
Mountains volcanic field (SM in figures). However,

The Simcoe Mountains sample is from an ejecta ring
that contains mantle xenoliths. Although few lavas are
as strongly alkaline as the Simcoe units, Quaternary
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alkali basalt vents are not restricted to the back arc, but
occur in a 150 km east—west belt across the Cascade arc
in southern Washington.

MANTLE COMPONENTS IMPLIED BY
END-MEMBER MAGMAS

Compositions of primitive Cascade lavas suggest
blending of melts from, or mixing of, end-member
geochemical domains in their mantle sources. Consid-
eration of data for moderately evolved lavas (26%
MgO) along with the set of primitive rocks analyzed
here strengthens the case for a minimum of three end-
member primitive liquids that reflect components of the
mantle beneath the Cascades: depleted sub-arc mantle,
a subduction component, and intraplate mantle.

Trace-element ratios

Following Leeman ef al. (1990), we have plotted
Nb/Zr versus Ba/Zr (Fig. 4c) to illustrate some of the
effects of mixing of three end-member magma types or
manile components. A large number of high-quality
analyses for Nb in specimens from the Crater Lake area
suggest that there is no intraplate mantle present there,
as all data trend directly from primitive HAOT toward
IAB and pelagic sediment at nearly constant Nb/Zr.
Note that all samples from the Mount Adams and a few
from the Lassen volcanic fields are displaced to slightly
higher Nb/Zr values, relative to the Crater Lake trend,
and the Simcoe Mountains sample lies at higher Nb/Zr
than Kilauea basalt.

The number of data points available for plotting
increases considerably when INAA results are used in
aplot of Ta/Yb versus Th/Yb (Fig. 4d). The large numbers
of data points for Medicine Lake, Crater Lake, Lassen,
and Mount Adams volcanic suites define fields that
show the same trends as in Figure 4c. The INAA data
confirm the lack of an intraplate (high Ta/Yb) signature
at Crater Lake, suggest that one is weakly present at
Medicine Lake, and add a few samples to the Lassen
and Mount Adams fields that reflect mixing of all three
end-members. Alternatively, crustal contamination
could result in values intermediate between arc and
intraplate trends, because the Ta/Yb ratio of average
crust is higher than in arc lavas (Taylor & McLennan
1995). Howeyver, the slopes of the lower field boundaries
for the three centers are remarkably consistent in Figure 4d
and cannot be explained by addition of crustal material.

Isotopic composition

The primitive lavas of the present study plot within
or very close to the conservatively drawn mantle array
(after Leeman et al. 1990) on the 87Sr/86Sr versus eng
diagram (Fig. 5a). Regional differences in isotopic
composition (discussed below) and the limited number
of primitive samples analyzed from each center pre-
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clude definitive statements about isotopic compositions
of end-member mantle components. The lowest 8St/*6Sr
and highest 3Nd/'#*Nd ratios were measured for samples
of HAOT from the Mount Adams field, but most have
values comparable to those for arc basalt and basaltic
andesite. Lavas with particularly high 8Sr/%Sr and low
143Nd/144Nd ratios may be contaminated. Borg ef al.
(1997) suggested that lavas from the Lassen area that
plot below the mantle array (e.g., magnesian basaltic
andesite LC86-1009, Fig. 5a) contain a large fraction
of fluid-transported Sr, but not Nd, derived from
metabasalt of the subducted slab; this sample also has
MORB-like Pb isotopic ratios. Note, however, that the
alkali basalt from the Simcoe Mountains has a similar
isotopic composition of Sr, Nd, and Pb (Figs. 5a, b), as
though such features also may be intrinsic to intraplate
mantle.

The isotopic composition of Pb is sensitive to crustal
contamination, particularly in HAOT, where the base-
level concentration is <1 ppm. Nearly all samples have
higher 207Pb/2MPb ratios than the northern hemisphere
regression line and Pacific MORB on a 2%Pb/2%Pb
versus 27Pb/2%Pb diagram (Fig. 5b). The Pb-isotopic
trend toward fields for northeast Pacific sediments and
Cascade ores may reflect crustal contamination or Pb
derived from (not necessarily recently) subducted sedi-
ment. A modern sedimentary component should pro-
duce a positive correlation between the Pb isotope
ratios. Miller ez al. (1994) reported a strong negative
correlation between 207Pb/2%Pb and Ce/Pb ratios for
Umnak in the Aleutians, and interpreted this as evi-
dence for fluid-transported mantle Pb. Our Cascade
data bave the low Ce/Pb ratios typical of arcs, but
possess only a weak negative correlation overall between
207pb/20Ph and Ce/Pb ratios.

Oxygen isotope ratios show a good correlation with
geological setting, as 8'%0 values > +6.5%o are limited
to the Lassen and Shasta areas, where Klamath — Sierra
Nevada basement is known to be present. That values
between +5.6 and +6.1%0 also occur at Lassen, along
with the negative correlation between 8'%0 and eng
(Fig. 5¢) in the data set as a whole, suggests that the
high 380 and low &yq values may be due to assimilation
of crust. Implications of regional isotopic variation are
discussed further below.

CHEMICAL CHARACTERISTICS OF THE FIVE CENTERS:
ELEMENT-ABUNDANCE DIAGRAMS

Element-abundance diagrams (Fig. 6) highlight
chemical similarities and differences among the centers.
These plots also provide for comparison with examples
of primitive lava compositions from ocean ridge, island
arc, and intraplate settings (Fig. 6f, N-MORB, E-MORB,
IAB, OIB) that aid in identification of geochemical
signatures of mantle components. Also evident are effects
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of processes such as assimilation of rocks derived from
the upper crust.

Medicine Lake volcano

Four representative samples from the Giant Crater
lava field of the Medicine Lake volcano (Fig. 6a) illus-
trate the effects of fractionation and crustal assimilation
on the trace-element pattern of primitive HAOT
(Donnelly-Nolan et al. 1991, Baker et al. 1991). The
least differentiated rock (82-72—f; studied by Bartels
et al. 1991) has HFSE and HREE abundances ~0.5X
the Sun & McDonough (1989) N-MORB values, and
is the most incompatible-element-depleted sample in
our data set. Even this primitive rock, however, has
elevated concentrations of some LILE relative to the
other incompatible elements. The other three samples
display a systematic increase in incompatible elements,
except for Sr. Baker et al. (1991) described how the
variation in composition of the Giant Crater lavas is due
to fractionation of HAOT plus assimilation of granite in
the upper crust. This scenario is consistent with the
patterns in Figure 6a, where increases in Sr, Eu, and Ti
are suppressed. Note also that the HREE and most
elements on the right side of the diagram increase in an
approximately parallel fashion, and that Ba is not
enriched relative to Th and Rb in the two most-evolved
samples (cf. IAB in Figure 6f).

Crater Lake

The four samples from the Crater Lake area illustrate
the effect of blending HAOT and arc magmas or their
source components (Bacon 1990, Bacon et al. 1994) in
the absence of an intraplate component or contamina-
tion with felsic material (Fig. 6b). The most primitive
HAOT has HFSE and REE abundances comparable to
N-MORB, except that Nb is lower in the Crater Lake
rock. Other than K, the concentrations of the LILE are
elevated, as at Medicine Lake. The other samples,
which range from differentiated HAOT to magnesian
basaltic andesite, display a systematic enrichment in all
elements to the left of Ti and a concomitant decrease in
HREE and Y; i.e., as the lavas become richer in incom-
patible elements, the arc signature becomes more
pronounced, and concentrations of the moderately
incompatible elements decrease. This observation
applies in a general way to Crater Lake, Shasta, and
Lassen.

Mount Shasta area

The three samples from the Mount Shasta area plot-
ted in Figure 6¢ can be interpreted in the same way as
those from Crater Lake. The HAOT is more differenti-
ated than the most primitive rocks from Medicine Lake
or Crater Lake, but still has the relatively flat P-Yb
pattern. The two samples of basaltic andesite show
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enbancement of the arc signature, including relative
depletion in HREE and Y. Note the high Pb/Sr ratios of
the Shasta area lavas. Samples of HAOT and magne-
sian basaltic andesite from the Shasta region described
by Baker et al. (1994) have similar N-MORB-normalized
patterns to those in Figure 6c.

Mount Adams volcanic field

All three components are present in the Mount
Adams volcanic field samples (Fig. 6d), as also found
by Leeman et al. (1990) for the southern Washington
Cascades taken as a whole. The Simcoe Mountains
sample has a clear intraplate signature, as stated
previously. The high Nb and Ta concentrations in the
sample of HAOT plotted may result from presence of
intraplate-type mantle in its source. Arc basalt shows a
moderate Nb-Ta “well”, overall low concentrations of
the HFSE, comparatively high Pb/Sr ratio, and HREE
depletion typical of other samples rich in a subduction
component.

Lassen volcanic field

The Lassen volcanic center and surrounding region
contain many vents and a great variety of mafic lavas
(Bullen & Clynne 1989, Clynne 1993, Borg et al
1997). The three components are present at Lassen as
in southern Washington. Primitive HAOT is much like
that at Crater Lake but for its higher Pb/Sr ratio and
slight K enrichment. True alkali basalt does not occur
at Lassen, but intraplate mantle is clearly represented
(Fig. 4d), and may be responsible for the relatively
shallow Nb-Ta “well” and high Ti of sample
LM87-1384 (Fig. 6¢). There is no question of a strong
arc signature in many of the Lassen volcanic field lavas.
It is most striking in magnesian basaltic andesite (dotted
line), which has a pattern very much like that of primitive
IAB (Fig. 6f), yet contains 58% SiO, at an Mg# of 71.

CHEMICAL CHARACTERISTICS OF THE FIVE CENTERS:
REEFE PATTERNS

Isotope-dilution analyses for the REE are sufficiently
precise that subtleties of chondrite-normalized patterns
are meaningful and can be interpreted in terms of
processes and mantle sources. Patterns are presented in
Figure 7 for the same samples as are plotted in Figure 6.

Medicine Lake volcano

The convex-upward pattern of the most primitive
HAOT from Giant Crater (Fig. 7a) is similar to that of
N-MORB (Fig. 7f), although REE concentrations are
lower overall in the Medicine Lake rock. The positive Eu
anomaly is pronounced. With fractionation of basaltic
magma and assimilation of granite, the REE abun-
dances increase, the LREE become fractionated, the
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HREE show a parallel rise, and the Eu anomaly
decreases, becoming negative in the most evolved
sample. Fractionation and contamination of the Giant
Crater lavas thus result in HREE behavior unlike that in
arc basalts and basaltic andesites of the other volcanic
fields. In fact, lavas at the Medicine Lake volcano (and
Mount Adams volcanic field) have relatively high
abundances of the HREE overall: of 168 INAA deter-
minations of REE concentrations in Medicine Lake
samples with >6% MgO, only two have Yby less than 10
(I.M. Donnelly-Nolan, unpubl. data, 1995). This expanded
data-set contains a few examples of “sigmoidal” REE
patterns (see below), but with lower LREE and higher
HREE than at Crater Lake. Patterns with monotonic
slopes, as are common in lavas from Mount Adams,
are rare and have comparatively gentle slopes
(30 < Lay < 50).

The precision of the isotope-dilution analyses for the
REE and replication by INAA indicate that the negative
Ce anomaly in sample 1085M (and 1376M, Table 1) is
real. The INAA data-set for Medicine Lake contains
many samples with a negative Ce anomaly. The only
other samples in this study with a negative Ce anomaly
are two specimens of HAOT from Lassen. The pres-
ence of a negative Ce anomaly in island-arc lavas has
been attributed to subduction of pelagic sediment
(White & Patchett 1984, Hole e al. 1984). It may be
that the negative Ce anomaly results from compara-
tively ancient (Mesozoic?) sediment subduction that
locally affected the HAOT source, and that is not
evident in arc basalt and basaltic andesite because of an
overwhelming contribution from modern subduction,
in which pelagic sediment is not well represented.

Crater Lake

The REE patterns for the four samples in Figure 7b
from the Crater Lake area rotate about a point near Tb,
as noted previously for HAOT and calc-alkaline basal-
tic andesites (Bacon 1990). Primitive HAOT has an
N-MORB-like pattern and also the strongly positive Eu
anomaly typical of end-member HAOT. Differentiated
HAOT (84C1143) has higher REE abundances overall
and, although still convex upward, is slightly LREE-
enriched. Arc basalt and magnesian basaltic andesite
show a progressive increase in LREE and decrease in
HREE while retaining a small positive Eu anomaly.
These samples have a sigmoidal pattern: convex-upward
LREE and concave-upward HREE. The larger Crater
Lake data-set of 76 samples with MgO > 6% analyzed
by INAA (Bruggman et al. 1989, C.R. Bacon, unpubl.
data 1995) contains 18 examples having Yby< 10 and
several with a sigmoidal pattern.

Mount Shasta area

The one sample of HAOT from the Mount Shasta
area has a flat REE pattern with small positive Eu
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anomaly at a little more than 10X chondrites (Fig. 7¢).
The basaltic andesites have lower levels of the HREE
than the HAOT, a small positive Eu anomaly, and slight
to moderate LREE enrichment. Sample 75SV-3 has a
sigmoidal pattern like magnesian basaltic andesite from
Crater Lake, but with less pronounced LREE enrichment.

Mount Adams volcanic field

The REE pattern for HAOT from the Mount Adams
volcanic field (Fig. 7d) is similar to that of HAOT from
the other centers. Alkali basalt from the Simcoe Moun-
tains volcanic field has a steep, straight pattern. Surpris-
ingly, arc basalt has a nearly identical pattern, including
Yb at ~10X chondrite, and lacking upward concavity in
the HREE pattern as found in lavas with arc signature
at the other centers. A search of 48 INAA results of rocks
with MgO 2 6% (W. Hildreth & J. Fierstein, unpubl.
data, 1995) found three with sigmoidal patterns, and
only one with Yby < 10.

Lassen volcanic field

As expected on the basis of element-abundance
patterns, the four representative samples from the
Lassen volcanic field in Figure 7e show a wide range
of REE patterns. HAOT is similar to its relatives at the
other centers. Sample LC88-1398 is arc basalt on
the basis of chemical composition, but it has HAOT-
like compositions of the phenocrysts (Clynne 1993). It
has similar HREE, but notably higher LREE concentra-
tions, than primitive HAOT. This sample also has high
LILE (except Sr) concentrations, high #Sr/86Sr,
W7Pb204PD, §180, and low “3Nd/M4Nd values. Arc basalt
has a sigmoidal pattern similar to magnesian basaltic
andesite from Crater Lake. The magnesian basaltic
andesite from the Lassen field, although characterized
by a similarly shaped pattern, has much lower abun-
dances of the REE, in keeping with its incompatible-
element-poor overall composition. Positive Eu
anomalies are small or lacking in the Lassen area
samples. In the examples in Figure 7e, and in a larger
data-set of 42 compositions of rocks with MgO = 6%
(Clynne 1993), there is no sample with the straight,
fractionated pattern shown by alkali basalt from the
Simcoe Mountains, as might be anticipated to be found
on the basis of the other trace-element evidence for an
intraplate component (Fig. 4d). As at Crater Lake, some
samples from the Lassen area have relatively low
HREE contents (10 of 42 have Yby < 10).

REGIONAL DIFFERENCES IN THE COMPOSITION OF
PRIMITIVE LAVAS

Description of the compositions of primitive lavas
from the five centers has touched upon systematic
regional variations in abundances of the incompatible
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elements and isotopic compositions. Here, we plot and
discuss selected geochemical parameters as functions
of latitude in order to focus on the more significant
features of regional variation.

Variations in TiO, content and various isotopic ratios
are plotted versus latitude in Figure 8. Also shown are
fields defined by our own unpublished data and litera-
ture values for the Mount Adams, Crater Lake, and Lassen
areas. Available isotopic data for Shasta and Medicine
Lake are insufficient for meaningful definition of
ranges of values. Of the others, Crater Lake has the
narrowest range of isotopic compositions.

HFSE and Fe

There are the most data for Ti among the HFSE.
Minimum TiO, contents at MgO > 6% increase by
a factor of two from south to north (Fig. 8a). Crater
Lake has the most restricted range of concentrations, in
keeping with the lack of an observed HFSE-rich in-
traplate contribution. Maximum TiO, values at Medi-
cine Lake (1.9%), Lassen (1.8%), and Mount Adams
(2.5%) are similar to those of intraplate basalts. Mount
Adams also has higher concentrations of other HFSE
and Fe than the centers to the south. The relatively high
HFSE contents of basalts from the Mount St. Helens,
Indian Heaven, and Mount Adams volcanic fields were
noted by Leeman et al. (1990).

REE

All five centers have HAOT with LREE-depleted to
slightly LREE-enriched chondrite-normalized patterns,
with a positive Eu anomaly. A negative Ce anomaly is
present in some samples of HAOT, and is particularly
common at Medicine Lake. “Sigmoidal” LREE-enriched
patterns with convex-upward LREE, concave-upward
HREE, and Yby < 10 are common at Crater Lake,
Shasta, and Lassen. Patterns with monotonic steep
negative slopes and Yby ~10 are common only at
Mount Adams.

Sr, Pb, Nd, and O isotopes

The range in Sr isotopic composition is well defined
by the expanded data-sets for the Mount Adarns, Crater
Lake, and Lassen volcanic fields, which include results
published elsewhere. Of these, Lassen shows the
greatest variation. Note that the fields for 87Sr/36Sr in
Figure 8b contain a few samples of andesite with <6%
MgO and low ¥Sr/Sr ratios; these samples are
believed to have had a low-87St/8¢Sr basaltic parent not
represented among erupted lavas (e.g., Bacon et al.
1994). The primitive lavas analyzed in the present study
have median 87St/*Sr ratios that tend to decrease from
south to north.

Lead isotopic compositions show broad overlap
among the Cascade centers. However, values for the
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primitive lavas of this study again suggest regional
differences. In this case, 207Pb/?Pb tends to be higher
and 206Pb/2%Pb lower in the south (Figs. 8¢, d). This crude
anti-correlation between Pb isotope ratios may reflect
crustal contamination of lavas erupted in California, or
it may be an artifact of inadequate coverage in the
present data-set. Lower crust would be expected to
have low 233U/2%Pb, and hence comparatively low
206pb/204Ph (as seen at Lassen) if sufficiently old.

Minimum €xng values show a general increase from
south to north (Fig. 8e), with Medicine Lake being
restricted to relatively high values, perhaps because of
the limited coverage in this data set. The trend is
defined by relatively low gyxq of the Lassen and Shasta
samples.

A clear regional trend is shown by maximum 880
values (Fig. 8f). The highest 6'80 values in primitive
rocks occur in the south, and median values generally
decrease to the north. All centers except Shasta, where
data are limited to four samples, have some values in
the normal mantle range of +5.5 £ 0.4%0 (Mattey et al.
1994) and at or below the base-level of +5.9 to +6.2%o
for arc basalts suggested by Harmon & Hoefs (1995).
Mattey et al. (1994) suggested that at the lowest solidus
temperatures considered likely for peridotite, allowing
for the largest mineral-melt fractionations, the maxi-
mum 880 values of basaltic liquids in equilibrium with
peridotitic mantle would be in the range +6.0 — +6.5%.
Causes of 180 enrichment are suggested below.

REGIONAL DIFFERENCES IN BASEMENT ROCKS AND
CRUSTAL CONTAMINATION

Regional differences in geochemical parameters that
are sensitive to contamination suggest that many primi-
tive lavas record some degree of crustal interaction
(e.g., Bacon etal. 1994). The most compelling evi-
dence for this interaction in the data gathered for this
study is the commonly high 880 values of samples from
the Shasta and Lassen areas. The high 8'80 values might
result from surface processes, although this seems
unlikely given the restriction of 8'80 values > +6.5%0
to the Lassen and Shasta volcanic fields and the large
proportion of 80-rich samples there (11 of 15). Chemi-
cally primitive lavas with 87St/86Sr ratios = 0.704, only
present at Lassen and Shasta, also have 380 2 +6.7%o.
These samples commonly have high 297Pb/204Pb values,
coupled with low 205Pb/2MPh and eyq values (e.g.,
LC88-1398), which are consistent with contamination
with lower crust characterized by ancient depletion in
U. Potential assimilants or reactive wallrocks would
have to be altered mafic or ultramafic rocks with
comparatively high 3'30 values (+8 — +12%q), as may
be present in the Klamath Mountains basement [see
summary in Bacon et al. (1994, p. 1550)], in order to
produce the required shift in 880 without notably
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decreasing Mg# or concentrations of compatible
trace-elements in the resulting magmas.

Regional geophysical surveys suggest a cause for the
elevated 880 values for the Shasta and Lassen area
volcanic rocks. Isostatic residual gravity highs immedi-
ately west of the Shasta and Lassen volcanic fields
(Blakely et al. 1985, Blakely & Jachens 1990) approxi-
mately coincide with high P-wave velocities in the crust
(Benz et al. 1992) and imply that thick sequences of
mafic or ultramafic (ophiolitic) rocks (or both) project
beneath Mount Shasta and probably also Lassen. North
of Mount Shasta, where increases in 8!80 of primitive
lavas relative to presumed mantle values are smaller
(Fig. 8; Bacon et al. 1994), the continuation of the belt
of gravity highs is west of the Cascades and merges
with the Oregon Coast Ranges (Blakely & Jachens
1990), where the rocks responsible for it would have no
effect on the modern arc. Results of seismic refraction
surveys (Fuis et al. 1987, Fig. 11) indicate that the
Ordovician Trinity ultramafic sheet is present in the upper
crust as deep as ~10 km beneath Mount Shasta and that
a 7.0 km/s layer, possibly consisting of ophiolitic rocks,
begins ~17 km beneath the surface. To the east, beneath
Medicine Lake, where high-180 primitive lavas have
not been reported, Fuis ef al. (1987) did not identify the
Trinity ultramafic sheet and found that a 7.0 km/s layer
is not reached until a depth of ~27 km.

It has been suggested that the subduction component
is the carrier of excess 180 in some arc lavas (e.g., Ito
& Stern 1985/86, Woodhead et al. 1987). Borg et al.
(1997) propose that the high 8'80 values for lavas from
the Lassen area reflect their mantle source, which was
modified by a high-180 subduction component. Laser-
fluorination O-isotopic analyses of mantle minerals
strongly suggest that the mantle is quite uniform in its
O-isotopic composition, regardless of the presence of
hydrous phases, casting doubt on subduction-related
increases in the 880 value of the mantle wedge (Mattey
et al. 1994). The St/Nd ratio, which is likely to be lower
in continental and oceanic crustal rocks than in arc
magmas (Rudnick 1995), can be used to test the
hypothesis that the subduction component is responsible
for high-8'80 lavas of the Shasta and Lassen areas.
Were the subduction component responsible for ele-
vated 6'80 values, samples with high 6'%0 would have
high Sr/Nd ratios. Because there is no correlation
between 880 and St/Nd [or St/P, used as an index by
Borg et al. (1997)], and because many of the high-120
lavas also have St/Nd ratios of only ~20-30 (Fig. 5d),
far lower than samples with a strong subduction-related
geochemical signature (St/Nd as high as 82), a contami-
nation process is the more likely explanation for the
high 880 values. Any plagioclase fractionation that
might accompany contamination would further reduce
Sr/Nd for a given increase in 8!80.

Our data for Medicine Lake include four samples
from the Giant Crater lava field, where assimilation is
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known to be important, but the contaminant is granite
of the upper crust (Grove et al. 1988, Baker et al. 1991)
that probably is Cenozoic in age. The most contami-
nated and differentiated of these Giant Crater samples
(1161M) has a 8'80 value of +5.9%e, Whereas one sample
of basalt (881M) has an anomalously low §'80 value of
+5.2%0. Definitive O-isotopic evidence for a basement-
contamination effect is lacking in southern Washington,
even though Mount Adams is only ~40 km south of
exposures of pre-Tertiary rocks. One sample from the
Mount Adams area (MA—953) has a 3'80 value of only
+5.1%eo. Contamination with a small amount of low-80
rock from the upper crust may explain the 880 values
of these samples. Alternatively, the low-'30 samples
may simply reflect variation within the mantle, because
these values are within the range defined by mantle
peridotites (Mattey et al. 1994).

Although we have presented isotopic data that are
readily interpreted in terms of crustal contamination,
geochemical evidence for contamination is not always
separable from the effects of subduction in the Cascade
province. This is a direct result of the fact that the
basement rocks consist of accreted oceanic and arc
terranes stitched together by tonalite—granodiorite
plutons, all of which have suffered the effects of Late
Cenozoic magmatism and associated hydrothermal
activity that have added to and re-processed the crust.
Thus, the age of a subduction component identified in
the geochemistry of primitive lavas can be somewhat
ambiguous, at least in the HAOT source, as discussed
below.

SOURCE CHARACTERISTICS

Many authors have pointed out that HAOT and arc
lavas cannot be related by any reasonable combination
of fractionation, assimilation, or melting of a common
source (e.g., Hughes & Taylor 1986, Bacon 1990,
Baker et al. 1994). The compositional spectrum results
from variation in extent of melting of mantle sources
that are variably enriched in a subduction component
and have a range in capacity to produce basaltic melt
(i.e., fertility).

Temperature, depth, and water content

The origin of HAOT liquids is relatively straight-
forward. Bartels et al. (1991) conducted phase-equilib-
rium experiments on primitive HAOT from Medicine
Lake, including sample 82-72-f. They found that
nominally anhydrous HAOT is in equilibrium with a
spinel lherzolite assemblage at ~1290°C at 11 kbar,
presumably the point of separation of HAOT magma
from the mantle [recall that Sisson & Layne (1993)
reported <0.3% dissolved H,O in melt inclusions in
olivine phenocrysts]. These pressure conditions corre-
spond to a depth near the base of the crust (Mooney &
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Weaver 1989). Baker etal. (1994) concluded that
HAOT at Shasta (their high-alumina basalt) represents
6-10% nearly anhydrous melting of depleted mantle
that had previously been enriched with a modest amount
of subduction component (e.g., Donnelly-Nolan et al.
1991). We accept this model, and suggest that other
HAOT compositions in the northern California to
southern Washington Cascades can be explained by
combinations of variation in the amount of a subduction
component added to the source and differences in
degree of melting [owing primarily to source fertility,
as reflected by amount of clinopyroxene (Clynne
1993), but also to H,O content]. Positive Eu anomalies
probably result from the reduced nature of HAOT and
the presence of residual clinopyroxene (Donnelly-Nolan
et al. 1991) at the site of last equilibration in the mantle.
Higher Sc contents in HAOT in comparison with arc
basalts and basaltic andesites also may reflect a larger
contribution from clinopyroxene in the HAOT source,
relative to the less fertile source of the arc magmas, in
which all clinopyroxene may be consumed and Sc in
melts thereafter diluted by high degrees of melting.
Alternatively, residual garnet, if present in the source of
the arc magmas but not in that of HAOT, would result
in lower Sc contents of the arc magmas.

The origin of arc basalt and basaltic andesite is
commonly linked to the effects of H;O on melting in a
subduction-component-enriched mantle. Morris & Hart
(1983), Hickey et al. (1986), Luhr (1992), Stolper &
Newman (1994), Baker ef al. (1994), and others have
suggested that melt fraction during genesis of arc basalt
and basaltic andesite is a function of the H,O content
(and relative fertility) of the mantle source. High pre-
eruptive H,O contents of mafic arc magmas have been
reported by Anderson (1974), Sisson & Layne (1993),
and Sobolev & Chaussidon (1996). For example, Sisson
& Layne (1993) documented up to 3.3% dissolved H,O
in melt inclusions in olivine from basaltic andesite
erupted near Mount Shasta. Baker ef al. (1994) summa-
rized evidence for the importance of H,O on extent of
melting at upper mantle pressures and presented a
model for the origin of calc-alkaline basalt and magne-
sian basaltic andesite of the Mount Shasta area. They
argued that these magmas contained between 3.5 and
6% H,0, last equilibrated with harzburgite at ~1200°C
at ca. 10 kbar, and represent melting extents of up to
~30%. The comparatively low HREE, Y, and Sc contents
of the arc lavas would be a result of high degrees of
melting of a depleted, relatively infertile source that had
been enriched in H,O, LILE, and LREE by addition of a
subduction component.

Origin of sigmoidal REE patterns

The sigmoidal REE patterns of arc basalt and basaltic
andesite from Lassen, Shasta, and Crater Lake appear
to be conmsistent with subduction-component enrich-
ment of magma sources. The Quaternary absarokite
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described by Conrey et al. (1997; sample RC93-50)
from the northern Oregon fore-arc provides an extreme
example of a sigmoidal REE pattern in a subduction-
component-rich primitive lava (Ce ~300X, Yb ~7X
chondrites).

Generation of sigmoidal REE patterns cannot be
modeled by melting spinel or garnet lherzolite (e.g.,
Martin 1987) with either LREE-depleted or monoton-
ically decreasing (negative slope) chondrite-normalized
REE abundances, such as are characteristic of many
peridotite xenoliths and massifs (McDonough & Frey
1989). Neither can fractional crystallization of liquids
with such REE patterns produce the sigmoidal pattern
because bulk distribution-coefficients for the HREE
must be significantly greater than 1 and must decrease
with increasing REE atomic number (limiting any role
of garnet). Rather, melting and crystallization models
require that the sigmoidal REE pattern be a charac-
teristic of the source peridotite (Stern ef al. 1989).

McCulloch & Gamble (1991) argued that fluid
extracted from the subducted slab would carry LREE but
that HREE would be retained in the slab. Addition of such
a fluid-transported subduction component to de-
pleted mantle could produce the required REE pattern
that would yield melts with a sigmoidal REE pattern.
Infertile peridotite xenoliths with a sigmoidal REE pat-
tern and LREE 4-10X chondritic values have been
described by Ionov ef al. (1995), who suggested that these
rocks had experienced large degrees of partial melting
and melt extraction, followed by metasomatism by
(LREE-bearing) fluids. Calculated compositions of partial
melt for such metasomatized peridotites have a sigmoidal
REE pattern and abundances similar to those observed
in the Cascade lavas.

Alternatively, a slab-derived melt might carry a sig-
moidal REFE signature to the depleted mantle wedge.
Support for this mechanism can be found in rocks of the
tonalite — trondhjemite — granodiorite (TTG) suite,
which commonly have sigmoidal REE patterns and are
believed to be formed by partial melting of eclogite or
garnet granulite (metabasalt), leaving a garnet + clino-
pyroxene + amphibole residue (Arth & Hanson 1972,
Arth et al. 1978, Drummond & Defant 1990, Rapp &
Watson 1995). Note that we are not suggesting that
primitive Cascade lavas are slab melts, only that such
melts may be responsible for the sigmoidal character of
REE patterns. In either case, fluid or melt transport,
melting of peridotite in the wedge is incapable of
producing the sigmoidal REE pattern without prior
enrichment of that source by a slab-derived fluid or melt.

We favor a model in which variation in concentra-
tions of SiO, and incompatible elements in arc basalt
and basaltic andesite are tied to the amount of subduction-
component enrichment, which, along with source fertility,
determines the extent of melting at a given temperature
and depth. This model is consistent with the adjacent
occurrence of both HAOT and lavas with strong trace-
element signatures of arc magmas. Note that the most
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silica-rich basaltic andesite (LC86—1009) has a sigmoidal
REE pattern (Fig. 7), similar to arc basalt (LM87-1384),
but relatively low abundances of all REE (and Sc),
consistent with its origin as a high-degree melt, presum-
ably leaving a harzburgitic residue, as suggested by Baker
et al. (1994) for magnesian basaltic andesite at Shasta.

The steep, straight REE patterns and high HREE
concentrations of our alkali basalt sample from the
Simcoe volcanic field imply a low degree of melting of
enriched mantle. Although the arc basalt from the
Mount Adams volcanic field has a similar REE pattern
(Fig. 7), we suggest that it has lower abundances of
moderately incompatible elements because it represents a
higher melt-fraction, enriched in a subduction component.

THE CASCADE UPPER MANTLE
Composition

We have presented compositional data indicative of
at least three end-member primitive magmas at the five
Cascade volcanoes studied. These imply three mantle
components in the sources of HAOT, arc basalt and
basaltic andesite, and intraplate basalt: depleted sub-arc
mantle, mantle enriched by a modern subduction
component, and OIB-source-like intraplate mantle. The
sizes of domains within the mantle are unknown, but
the spatial association of vents for all three lava types
indicates either limited areal extent or a layered struc-
ture. It does not appear to be possible to discriminate
between mixing of sources in the mantle and blending
of melts from different sources in order to produce the
continuum of lava compositions.

Universal presence of HAOT with minor LILE
enrichment relative to N-MORB requires widespread
depleted sub-arc mantle. The arc signature present in
the HAOT source may be an old one, as HAOT with
similar LILE enrichment (commonly including Cs £ Pb) is
found far to the east of the modern Cascade arc, in the
Oregon Plateau and northern Basin and Range region
(Hart et al. 1984; W.K. Hart unpubl. data, 1995). This
depleted sub-arc mantle corresponds to Carlson’s (1984)
C1 incompatible-element-depleted mantle reservoir
east of the Cascades.

We suggest that the subduction signature, clearly
present in arc basalt and basaltic andesite of the
Cascades, is linked to modern subduction because these
lavas are restricted to the arc itself and have much
higher LILE abundances than samples of HAOT, which
are considered to represent similar or lower degrees of
melting. The actual source of arc basalt and basaltic
andesite may be less fertile than that of HAOT (Baker
et al. 1994, Clynne & Borg 1997), though it must be
more hydrous. Clearly, some geochemical tracers are
derived from subducted sediment, such as Cs and Pb.
However, the few published '°Be/*Be data for Cascade
lavas do not indicate a measurable contribution from
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young pelagic sediment. Low “BefBe ratios and B
concentrations in four lavas from the southwest
Washington Cascades (Morris & Tera 1989, Leeman
et al. 1990) probably reflect slow subduction of the
young, hot Juan de Fuca plate plus sediment derived
from the continental margin (1°Be- and B-poor), and
consequent loss of fluid-transported elements during
dehydration of the slab trenchward of the volcanic
front. The proportion of the subduction component
obtained from altered basaltic rocks of the slab is
equivocal, as we do not find the negative correlation
between 207Pb/2%Pb and Ce/Pb ratio used by Miller
etal. (1994) to identify mantle Pb derived from a
subducted slab.

An intraplate mantle component is present in lavas
from the Mount Adams and Lassen volcanic fields and
appears also to be present in some rocks from Medicine
Lake (Fig. 4d). At Lassen (Borg etal. 1997) and,
apparently, Medicine Lake, the intraplate signature
tends to increase to the east, whereas the arc character
decreases. Hughes (1990) found geochemical evidence
for both depleted and OIB-source-like mantle beneath
the central Oregon Cascades (approximate lat.
44°_45°N, north of Crater Lake), Conrey et al. (1997)
reported within-plate basalts from northern Oregon and
southern Washington, and some analyses of basaltic
andesite from the Mount Bachelor chain (lat. 44°N)
reported by Gardner (1994) also have an intraplate
signature. A thorough search at Crater Lake failed to
provide any evidence for an intraplate signature (Bacon
1990, and unpubl. data); data available for the Shasta
area are insufficient for any conclusion. The intraplate
component does not lead to high 7Sr/%6Sr ratios or low
eng values, as would be expected of old continental
lithosphere. More likely, it is similar to OIB-source
mantle, as suggested by Hughes (1990). A heterogene-
ous mixture of depleted and OIB-source mantle do-
mains, enriched by a subduction component, has been
identified as the source of arc lavas in many studies
(e.g., Morris & Hart 1983, Gill 1984, Hickey et al. 1986).

A possible answer to the question of how OIB-
source-like mantle domains occur beneath the Cascades
is that asthenosphere may rise locally east of the arc,
such as beneath the Simcoe volcanic field, and become
entrained in the westward flowing upper part of the
wedge. Alternatively, OIB-source-like domains may be
an integral part of the relatively young continental
margin lithosphere. This lithosphere is composed of
accreted oceanic and island-arc terranes, presumably
including a mix of MORB- and OIB-source mantle,
variously affected by Cenozoic and Mesozoic arc mag-
matism and related fluids. Lack of evidence for OIB-
source mantle beneath Crater Lake results either from a
failure of volcanism to sample it, perhaps because the
volcanic zone is much narrower (~30 km) than in south-
ern Washington or northern California (=100 km), or to a
real absence of OIB-source “plums” there.
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In the part of the arc included in this study, the
sub-arc lithosphere probably is Cenozoic in age north
of Crater Lake and definitely contains crustal rocks at
least as old as Paleozoic to the south, beneath Shasta
and probably Lassen. It is in the last two areas of
relatively old, and thus more “mature” crust, where we
find isotopic evidence suggestive of contamination of
some primitive lavas by crustal material.

Thermal structure

Eruption of HAOT implies that temperatures in the
uppermost Cascade mantle are higher than indicated by
traditional models of subduction zones (Baker ef al.
1994). High temperatures at low pressures for separa-
tion of HAOT magma from the mantle required by
phase-equilibrium studies (~1290°C at 11 kbar: Bartels
et al. 1991), reinforced by the low pre-eruptive H,O
content of HAOT magmas (Sisson & Layne 1993),
demand that the uppermost mantle beneath the
Cascades is, at least locally, impressively hot. This is
consistent with the youth of the subducting slab
(Fig. 1), high heat flow (Blackwell et al. 1990), and
extensional environment (Rogers 1985) of the southern
Washington to northern California Cascades. The
low Be/Be ratios and B concentrations in the few
published compositions of Cascade lavas also argue for
a high-temperature thermal regime in comparison to
many arcs (Leeman efal. 1990). As pointed out by
Baker et al. (1994), magmas that give rise to arc basalt
and basaltic andesite also must have traversed this same
thermal regime, and owe their distinctive composition
to melting of hydrous domains within it, although the
temperature of last equilibration apparently was
~1200°C. They suggested that lower temperatures of
last equilibration for arc basalt and basaltic andesite
than for HAOT result from the steeper adiabatic melting
curve for hydrous compositions, assuming onset of
melting at a common depth of ~60 km.

The model presented by Baker et al. (1994) for the
origin of magnesian lavas at Mount Shasta, which we
believe applies to the primitive lavas of this study, calls
upon adiabatic upwelling and melting of sub-arc mantle
in the wedge that is locally enriched with variable
amounts of a modern, hydrous subduction-derived
component. Support for this hypothesis is found in the
model of Furukawa (1993) for induced flow in the wedge
owing to mechanical coupling with the subducting slab
and in the observations by Zhao ef al. (1994) of low
P-wave velocities in the uppermost mantle beneath
northern Honshu. Ongoing lithospheric extension in the
northern California to southern Washington Cascades is
consistent with mantle upwelling and promotes escape
of primitive magmas. The required temperatures of
1200-1300°C virtually at the base of the Cascade
crust must be transient, local phenomena, or the
lower crust must be quite refractory, as otherwise volu-
minous crustal melts would be expected. Because
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HAOT has been erupted in the central Oregon Cascades
from at least 7 Ma (Conrey et al. 1997; D.R. Sherrod,
written comm., 1995), the uppermost mantle must have
been gradually heated owing to relaxation of horizontal
thermal gradients near local high-temperature regions.
Although sustained temperatures as high as 1200-1300°C
may not be everywhere characteristic of the uppermost
mantle beneath the southern Washington to northern
California Cascades, the mantle in this region is none-
theless anomalously hot.
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