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Compositional Diversity of Late Cenozoic Basalts in a Transect

Across the Southern Washington Cascades:
Implications for Subduction Zone Magmatism

WILLIAM P. LEEMAN,! DIANE R. SMITH,2 WES HILDRETH,? ZEN PALACZ,*5 AND NICK ROGERS*

Major volcanoes of the Southem Washington Cascades (SWC) include the large Quaternary
stratovolcanoes of Mount St. Helens (MSH) and Mount Adams (MA) and the Indian Heaven (IH) and
Simcoe Mountain (SIM) volcanic fields. There are significant differences among these volcanic centers
in terms of their composition and evolutionary history. The stratovolcanoes consist largely of andesitic
to dacitic lavas and pyroclastics with minor basalt flows. IH consists dominantly of basaltic with minor
andesite lavas, all erupted from monogenetic rift and cinder cone vents. SIM has a poorly exposed
andesite to rhyolite core but mainly consists of basaltic lavas erupted from numerous widely dispersed
vents; it has the morphology of a shield volcano. Distribution of mafic lavas across the SWC is related
to north-northwest trending faults and fissure zones that indicate a significant component of east-west
extension within the area. There is overlap in eruptive history for the areas studied, but it appears that
peak activity was progressively older (MSH (<40 Ka), IH (mostly <0.5 Ma), MA (<0.5 Ma), SIM (14
Ma)) and more alkalic toward the east. A variety of compositionally distinct mafic magma types has
been identified in the SWC, including low large ion lithophile element (LILE) tholeiitic basalts,
moderate LILE calcalkalic basalts, basalts transitional between these two, LILE-enriched mildly
alkalic basalts, and basaltic andesites. Compositional diversity among basaltic lavas, both within
individual centers as well as across the arc, is an important characteristic of the SWC traverse. The
fact that the basaltic magmas either show no correlation between isotopic and trace element
components or show trends quite distinct from those of the associated evolved lavas, suggests that
their compositional variability is attributable to subcrustal processes. Both the primitive nature of the
erupted basalts and the fact that they are relatively common in the SWC sector also imply that such
magmas had little residence time in the crust. A majority of the SWC basaltic samples studies are
indistinguishable from oceanic island basalts (OIB) in terms of trace element and isotopic composi-
tions, and more importantly, most do not display the typical high field strength element (HFSE)
depletion seen in subduction-related magmas in volcanic arcs elsewhere. LILE enrichment and HRSE
depletion characteristics of most arc magmas are generally attributed to the role of fluids released by
dehydration of subducted oceanic lithosphere and to the effects of sediment subduction. Because most
SWC basalts lack these compositional features, we conclude that subducted fluids and sediments do
not play an essential role in producing these magmas. Rather, we infer that they formed by variable
degree melting of a mixed mantle source consisting mainly of heterogeneously distributed OIB and
mid-ocean ridge basalt source domains. Relatively minor occurrences of HFSE-depleted arclike
basalts may reflect the presence of a small proportion of slab-metasomatized subarc mantle. The
juxtaposition of such different mantle domains within the lithospheric mantle is viewed as a
consequence of (1) tectonic mixing associated with accretion of oceanic and island arc terranes along
the Pacific margin of North America prior to Neogene time, and possibly (2) a seaward jump in the
locus of subduction at about 40 Ma. The Cascades arc is unusual in that the subducting oceanic plate
is very young and hot. We suggest that slab dehydration outboard of the volcanic front resulted in 2
diminished role of aqueous fluids in generating or subsequently modifying SWC magmas compared to
the situation at most convergent margins. Furthermore, with low fluid flux conditions, basalt
generation is presumably triggered by other processes that increase the temperature of the mantle
wedge (e.g., convective mantle flow, shear heating, etc.).

INTRODUCTION

The Cascade Range is a continental volcanic arc situated
along the Pacific Northwest margin of North America. It has
been a site of vigorous magmatic activity in response to
oblique subduction of the Farallon and Juan de Fuca plates
during approximately the last 38 m.y. [cf. Lux, 1982; Ver-
planck and Duncan, 1987]. In many respects, the Cascade
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Range has been considered to be a more or less typical
subduction-related arc [e.g., McBirney, 1978; McBirney and
White, 1982], although petrogenetic studies have largely
focused on the more topographically imposing young strato-
volcanoes of the High Cascades. We have undertaken pet-
rologic studies of major central volcanoes and nearby basal-
tic lava fields within an east-west transect across the
southern Washington Cascades to document the spatial
distribution of magma types in this portion of the arc. This
region is an area of transition [Weaver and Malone, 1987]
which separates the isolated central volcanoes to the north
(Mount Rainier, Mount Baker, and Glacier Peak) from the
broad volcanic plateau of the Oregon Cascades to the south
which has a widespread and nearly continuous volcanic
cover from both large stratovolcanoes (e.g., Mount Hood,
Mount Jefferson, Mount Washington, and the Three Sisters)
and numerous monogenctic vents [cf. Luedke and Smith,
1982]. Although magmatic activity in the vicinity of the
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Southern Washington Cascades (SWC) transect dates back
to at least 36 Ma [cf. Evarts et al., 1987; Korosec, 1987a, b],
this paper concentrates on magmatic activity within this part
of the Cascades during the past few million years (mainly
late Pliocene to Recent) and principally on petrogenesis of
the basaltic lavas and implications for subcrustal magmatic
processes related to Cascades subduction.

TeCTONIC SETTING OF THE SWC

The Cascades subduction zone is somewhat atypical com-
pared to other convergent margins [Duncan and Kulm,
1989]. There are no deep (>100 km) earthquakes associated
with the present Juan de Fuca subduction [Weaver and
Baker, 1988], although a subducting slab has been imaged to
greater depths by seismic tomography [Rasmussen and
Humphreys, 1988]. Because the Juan de Fuca spreading
ridge is exceptionally close to the subduction zone, the
subducting plate is relatively thin and warm; this factor may
explain the paucity of deep earthquakes and may influence
the dip angle of the subducting plate as well as the rate of
subduction. There is no topographically expressed trench
along the convergent margin, possibly because the trench
has been filled with terrigenous sediments owing to high
rates of sedimentation along the Pacific Northwest margin.
Convergence of the Juan de Fuca and North American plates
presently occurs at a slow rate (approximately 4 cm/yr) and
at an oblique angle (about N50°E) to the continental margin
[Riddihough, 1984; Rogers, 1985]; both of these parameters
have varied significantly with time [Rea and Duncan, 1986;
Verplanck and Duncan, 1987). Teleseismic imaging of the
subducting Juan de Fuca plate suggests that it is segmented
and dipping relatively steeply (>45°) beneath the Oregon-
Washington Cascades [Weaver and Michaelson, 1985;
Michaelson and Weaver, 1986]. Because of the oblique
subduction, the regional stress field is not oriented symmet-
rically with respect to the subduction zone. Rather, the
greatest principal stress corresponds to roughly north-south
horizontal compression and the least principal stress to
approximately east-west horizontal extension [Zoback and
Zoback,, 1980; Smith, 1982; Kim et al., 1986). Evidence for
east-west extension elsewhere in the Cascades arc includes
(1) earthquake fault-plane solutions in Northern California
[e.g., Klein, 1979], and (2) geological features such as
abundance of basaltic lavas, north-south orientation of
chains of cinder cones, and major normal faults throughout
the range [McBirney, 1978; Hammond, 1979; McKee et al.,
1983; Priest, 1983; Bacon, 1985; Smith et al., 1987; Guffanti
and Weaver, 1988]. The Oregon High Cascades are actually
situated within a N-S trending graben [Taylor, this issue]. A
belt of elevated heat flow coincident with this structure
presumably reflects shallow magma intrusion and hydrother-
mal circulation concentrated within an axial extensional
zone [Blackwell et al., 1982].

GEOLOGIC SETTING OF THE SWC
AND SAMPLE DISTRIBUTION

General geologic features of the SWC are shown in Figure
1. The large central volcanoes of Mount St. Helens (MSH)
and Mount Adams (MA) and the shieldlike Simcoe (SIM) (or
Indian Rock) volcano define an easterly trend some 100 km
in width. The exposed basement consists mainly of Cenozoic
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volcanic and sedimentary rocks. Each of these volcanoes
comprises a variety of magma types ranging from basalt to
rhyodacite [Hoblitt et al., 1980; Hildreth and Fierstein, 1985;
Ort et al., 1983]. Distributed among them are the Indiag
Heaven (IH) and numerous smaller lava fields, small shield
volcanoes, and monogenetic vents comprising mainly basaj.
tic lavas [e.g., Hammond and Korosec, 1983]. Many of the
latter vents are distributed in roughly NNE to NNW trepd.
ing alignments or fissure systems that presumably are per-
pendicular to the direction of least principle horizontal stress
le.g.. Nakamura, 1977]. Loci of the large stratovolcanoes
straddle such structures, and most notably Mount St. Helens
[C. S. Weaver et al., 1987] and Mount Hood [Williams et al.,
1982] appear to be situated above zones of local crusta
extension along active NW trending strike-slip zones.

Mount St. Helens has been intermittently active during the
last 36,000 years [Mullineaux, 1986]. during which time i
produced predominantly dacitic magmas [Smith and Lee-
man, 1987]. In the last ~2000 years, its eruptive products
have become more diverse, ranging from basalt to rhyo-
dacite. However, true basaltic lavas were produced only
during the Castle Creek eruptive period (2200-1700 years
B.P. [Hoblirt et al., 1980]). Somewhat older (about 690,000
to 8,000 years B.P. [Hammond and Korosec, 1983]) basaktic
to andesitic lavas erupted from smaller vents in the vicinity
{e.g., Marble Mountain, West Crater, Soda Peak, and Trout
Creek Hill; see Figure 1); some of these vents lie along the
NW trending Mount St. Helens seismic zone [C. 5. Weaver
et al., 1987].

The Indian Heaven and King Mountain~Mount Adams
volcanic fields are associated with NNE to NNW trending
structures (fissures or normal fauit zones) that are delineated
by alignments of vents. Most volcanic activity in the Indian
Heaven field postdates the last magnetic reversal at 670,000
years. B.P. [Hammond and Korosec, 1983; M. A. Korosec,
personal communication 1989]; these rocks are predomi-
nantly primitive basalts, although a few basaltic andesites
and andesites are present. Most eruptive products of Mount
Adams (a composite stratovolcano) are younger than about
450,000 years B.P. [Hildreth and Fierstein, 1985]; they range
in composition from basalt to rhyodacite, although the
basalts typically erupted from monogenetic or shield vents
distributed on the flanks of the stratovolcano. Due south of
Mount Adams, and east of Mount Hood, the NNE trending
Hood River fault zone in northern Oregon is associated with
a small field of Plio-Pleistocene basaltic lavas. East of Mount
Adams, the Plio-Pleistocene Simcoe (Indian Rock) volcano
is a large shieldlike structure with exposures of dacites and
rhyolites in its dissected core [Sheppard, 1967]. However,
its surrounding flanks are blanketed by basaltic lavas which
erupted from numerous fissures, cinder cones, and smail
shield vents that define either N-S or NNW trending alige-
ments. Available K-Ar ages indicate that nearly all Simcoe
lavas are older than 1 Ma; most range between 2 and 4 M2
[Farooqui et al., 1981; Luedke and Smith, 1982; Phillips et
al., 1986; Anderson, 1987a, b].

Although only approximate estimates of magma volumes
are available for this sector of the Cascades arc [cf. Sherrod
and Smith, this issue], it is clear that basaltic lavas are
common except within the large stratovolcanoes, and evea
there basaltic lavas occur in significant volumes [cf. Ham-
mond and Korosec, 1983]. For comparison, basaltic rocks
are also abundant in the southern Cascades [Luedke ond
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Fig. 1. Geologic setting of the SWC traverse showing extent of late Pliocene to Recent volcanic rocks (stippled
areas) and locations of major vents [from Leudke and Smith, 1982]. Miscellaneous sampling localities indicated by
letters include Marble Mountain (MM), Soda Peak (SP), West Crater (WC), Trout Creek Hill (TCH), and Hood River
valley (HR). Conspicuous vent alignments (outlined by dashed lines) are believed to be fault-controlled. Major
structures (indicated by conventional symbols) offsetting Miocene to Pliocene age volcanic deposits include ENE
trending folds and thrust faults, NW trending strike-slip faults, and north trending normal faults [after Hammond, 1980;
Campbell and Bentiey, 1981; Farooqui et al., 1981]. These structural elements are compatible with N-S regional
compression (or; N-8§) and are distinct from Neogene structural patterns of the Basin and Range province (o, vertical).

Smith, 1982; McKee et al., 1983; Hughes and Taylor, 1986;
Walker and Naslund, 1986], and it is estimated that they
comprise as much as 85% by volume of the Tertiary to
modern Oregon Cascades [McBirney and White, 1982). In
the SWC traverse, basaltic volcanism was not common prior
to Pliocene time; thereafter, basaltic magmatism is charac-
teristic of the entire traverse, although such lavas are more
voluminous toward the east. It is unclear whether this
relation reflects fundamental differences in the supply of
basaltic magma across the transect, or the possibility that
cruption efficiency of mafic magmas is somehow propor-
tional to the lifetime of the eruptive centers. The main
objective of this paper is to provide a concise overview of
spatial variations in magma composition based on repre-
sentative samples collected from all of the localities dis-
cussed.

ANALYTICAL METHODS

Major element compositions were determined for more
than 150 whole rock samples using a combination of X ray
fluorescence (XRF) spectrometry and inductively coupled
plasma optical emission spectroscopy. Many of these rocks
were also analyzed for trace element contents using the
aforementioned methods along with instrumental neutron

activation spectrometry. All analytical methods used are
described by Smith and Leeman [1987], and error estimates
for each element are given therein. Briefly, on the basis of
replicate analyses, accuracy and precision of major element
contents are estimated to range between 1 and 2%, and of
most trace clements between 2 and 10% of the amount
reported. For elements determined by more than one
method, either averages or results by the most precise
method are reported. Major element analyses are reported
on a *'dry”’ basis recalculated to 100% with all iron as FeQ*.

Isotopic compositions of Sr, Nd, and Pb were measured
using VG Isotopes 54E and Finnigan-MAT 251 mass spec-
trometers at the Open University, England. Ratios are
normalized to correct for mass fractionation as follows:
% Sr/%Sr = 0.1194, SNd/'™Nd = 0.7219. Pb isotope ratios
were corrected for ~0.1% fractionation per amu based on
replicates of the NBS-981 common lead standard. Accuracy
of the reported ratios is about +0.00003 (0.004%) or better
for ¥78r/%8r, £0.00002 (0.003%) or better for “*Nd/'“Nd,
and =0.02 (0.1%0) or better for all lead isotope ratios; internal
precision of the analyses is usually better than these esti-
mates. The ¥ Sr/®Sr ratios are reported relative to values of
0.70800 and 0.71028 for the Eimer & Amend and NBS-987
standards, respectively; analyses of BCR-1 during the
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TABLE 1. Distribution of Magma Types in Major Eruptive
Centers of the SWC
Compositional St. Indian
Types Helens Heaven Adams Simcoe
Basalts
Tholeiitic — XX X —
Transitional X X X —
Calcalkalic X XX XX —
Alkalic — —_ X XX
Basaltic X X X —
andesites
Andesites XX X XX x?
Dacites, XX — X X
rhyodacites,
rhyolites

Dash, not recognized: x?, present but volume unknown; X,
present to common; XX, common to abundant.

course of this study averaged 0.70500. The '3Nd/'*Nd
ratios are reported relative to values of 0.51182 and 0.51264
for La Jolla Nd oxide and BCR-1, respectively. Oxygen
isotopic analyses were measured on whole rock and plagio-
clase separates at Menlo Park (MA), University of Wiscon-
sin (IH), the Geological Survey of Japan (MSH), and South-
ern Methodist University (SIM). The 8180 ratios are
reported relative to SMOW with values of 9.6%c for the
NBS-28 quartz standard; duplicate analyses indicate preci-
sion of about =0.1%.. Results of the isotopic analyses are
shown in Figures 8-12, and representative analyses are given
in Table 2. For comparison, only a few Pb, Nd, and Sr
isotopic analyses have been published previously for SWC
volcanoes [Church and Tilton, 1973; Church, 1976; Halliday
et al., 1983]; a survey of ore Pb data [Church et al., 1986]
includes samples from the SWC.

MINERALOGY OF LAVAS FRoM THE SWC

Detailed studies of petrology, mineralogy, and of the
magmatic evolution of the individual eruptive centers have
been [e.g., Smith and Leeman, 1987] or will be presented
elsewhere. Table 1 briefly summarizes the distribution of
magma types recognized at the major SWC volcanic centers;
criteria for subdividing the basaltic variants are discussed
below. Those from the Simcoe field are notably distinct in
that they commonly carry conspicuous phenocrysts of pla-
gioclase, olivine, and occasionally clinopyroxene; in addi-
tion, small xenoliths of spinal lherzolite and diverse crustal
lithologies were found in some of these lavas. Basalts from
the other localities also tend to be porphyritic (plagioclase
and olivine * rare clinopyroxene), but their phenocrysts
usually are relatively small (usually no more than a few
millimeters in length); however, basalts with large (up to a
few centimeters) plagioclase megacrysts are present at In-
dian Heaven. Hydrous phenocrysts are typically absent
from the mafic lavas. The only known exception is the
notable occurrence of rare, partially resorbed amphibole
phenocrysts in one basaltic unit from the Indian Heaven field
(Berry Mountain unit of Hammond and Korosec [1983]).
Andesitic and dacitic lavas and pyroclastic deposits domi-
nate the main stratovolcanoes. These are typically porphy-
ritic with ubiquitous plagioclase phenocrysts and assorted
combinations of mafic phenocrysts including clinopyroxene
and orthopyroxene, amphibole (hornblende and/or cum-
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mingtonite), Fe-Ti oxides, and olivine (rare). Biotite ang
K-feldspar occur in some rhyodacites and rhyolites (e.g.
SIM). ’

GEOCHEMISTRY OF LAvAs FROM THE SWC

Perhaps the most important observation of this study is
the relatively wide range in compositions of basaltic lavag
erupted within a relatively small region within the Cascage
arc. Selected analyses are presented in Table 2 to illustrate
the magmatic variants so far recognized; complete data wi
be presented in separate papers discussing each volcanic
center. Analyses from MSH include the “‘transitional™ Cave
Basalt (DS-27, 82-56) from the south flank, calcalkalic bs-
salts (DS-6, DS-9, and H-SH17 [from Halliday et al., 1983])
and basaltic andesite (DS-72) from the (now obliterated)
northern flank, andesitic (SH-25) and dacitic (SH-24) te-
phras; all of these samples represent the Castle Creek
eruptive episode (1700~-2200 years B.P.). The most evolved
MSH magmas are represented by a rhyodacitic lava from
East dome (DS-62); further analyses of more evolved MSH
rocks are given by Hoblitt et al. [1980], Halliday et of.
[1983], and Smith and Leeman [1987]. The dominantly
basaltic IH field has been described by Hammond [1980) and
Hammond and Korosec [1983], who mapped and named
many of the flow units. Analyses are given for low-K
tholeiitic basalts (DS80A, DS15A-80), calc-alkalic basaits
(DS9A-81, DS3B-80), basaltic andesites with relic amphibole
(DS69A-80, DS42-81, and DS23B-81; all from Berry Moun-
tain), and an olivine andesite (DS-63) which is the most
evolved sample known from the IH field. Analyses for
Mount Adams include low-K tholeiites (83-49, MA434),
calc-alkalic basalts (82-31, 82-26, MA226, MA421, MA20), a
basaltic andesite (M A148), and the Holocene Aiken andesite
flow (82-24). Additional major element analyses for lavas
from the Mount Adams area are given by Korosec [1987a}
and Anderson [1987a]. Samples from the SIM field include
~1—4 Ma basalts from peripheral vents from the west (L83-
65, L83-97), southeast (L.83-92, L83-94), and south (L.83-67,
Maryhill flow) and a dacite (1.84-65) and rhyolite (L84-67}
from the eroded core of the volcano near Indian Rocks.
Major element analyses of additional SIM lavas are given by
Ort et al. [1983] and Anderson [1987a]. Not only are there
differences among the various eruptive centers sampled, but
there are also significant variations within single eruptive
centers. The wide compositional spectrum of roughly con-
temporaneous basaltic magmas reveals that petrogenetic
processes are complex and that not all of these magmas were
derived from common source materials. Second, most of the
young Cascades basalts studied differ from those in other
volcanic arcs; in many respects they more closely resembie
oceanic (or within-plate) basalts despite their obvious asso-
ciation with an active subduction complex.

Major Element Compositions and Definitions
of Basalt Types

Approximately 150 major element analyses are compared
in Figure 2, which shows the discriminant diagrams of
Miyashiro [1974] and Gill [1981]. The AFM (alkalies-FeO*-
MgO) diagram (not shown) of Irvine and Baragar [1971] was
used to subdivide the mafic lavas into tholeiitic and calcal-
kalic magma series. Although most samples studied am
broadly calc-alkalic, tholeiitic basalts occur at IH and MA,
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and transitional basalts occur at MSH. Figure 3 shows that
basaits from MSH, IH, and MA have relatively high Mg #
{100 % molar MgO/fMgO + FeO*]; note that these are
minimal values as some fraction of the iron actually occurs
as Fe,03); in particular, some from IH resemble high-Mg
Aleutian basalts (Mg # ~70 [cf. Gust and Perfit, 1987]). The
basalts (and andesites) have relatively high alumina contents
(typically between 16 and 18%). It can be noted in this
diagram that the basaltic lavas with Mg # greater than 55
conform rather closely to an idealized olivine + clinopyrox-
ene fractionation trend. In fact, many of these basalts do
contain phenocrystic olivine and clinopyroxene along with
plagioclase. implying evolution at relatively high pressure (>
~8 kbar [Gust and Perfit, 1987]). However, alkali contents
vary considerably in SWC basalts (0.2-2.4% K,O; Figure
2b). The SIM basalts stand out in terms of their compara-
tively high alkali contents; they comprise alkalic and subal-
kalic groups (cf. Figure 2a) the most potassic of which is
characterized by normative nepheline. Most other SWC
basalts are hypersthene normative.

Evolved lavas from MSH, MA, and SIM volcanoes con-
sist of medium- to high-K andesites, dacites, and rhyolites.
Volcanic rocks from each center define coherent composi-
tional trends on silica variation diagrams (cf. Figure 2), but a
few MSH *‘dacites’” (oxidized pumices) have conspicuously
high alumina (Figure 3) and relatively low silica contents. In
terms of most other major and trace element constituents
and their mineralogy, these rocks are indistinguishable from
other MSH dacites. Smith and Leeman [1987] suggested that
these features may reflect alteration processes (as opposed
to accumulation of plagioclase phenocrysts, for example);
Halliday et al. [1983] also report one such analysis. In
general, alkalinity of SWC magma suites increases eastward
with distance from the subduction zone, as does the maxi-
mum silica enrichment attained. However, there is consid-
erable variability among IH and M A mafic lavas which range
from low-K tholeiitic to high-K calcalkalic basalts. Inspec-
tion of basalt analyses in Table 2 having comparable MgO
contents (e.g., 6%) shows that the major and trace element
compositions do not covary in any systematic fashion.

Trace Element Compositions

Representative trace element patterns for SWC mafic
lavas are shown in Figure 4 normalized to the ‘‘primordial
mantle”” values of Wood [1979]. These projections facilitate
comparisons of elements that display similar degrees of
*‘incompatibility’’ relative to dominant mantle (or pheno-
cryst) mineral assemblages. Most basaltic lavas from MSH,
MA, and SIM, and low-K IH basalts have relatively smooth
convex-upward trace element profiles characteristic of oce-
anic island basalts (OIBs). Only a few IH (e.g., DS23B-81,
DS3B-80; Table 2) and MA lavas display relative depletions
in high field strength elements (HFSE; notably Nb and Ta)
which are characteristic of many arc magmas [Perfi et al.,
1980; Gill, 1981; Pearce, 1983; Briqueu et al., 1984; B. L.
Weaver et al., 1987]. It is perhaps more accurate to note that
the latter samples are distinctive in that Nb, Ta, and Ti seem
to be depleted with respect to all the other incompatible
elements except the heavy REE, Y, and possibly P; another
unusual aspect of these lavas is that there is no significant
earichment of LIL or B relative to LREE (i.e., Ba/La and
B/La are similar to ratios in other SWC basalts). These
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distinctions are further emphasized in Figure 5 wherein the
majority of SWC basalts (and several from the Oregon High
Cascades [Hughes and Taylor, 1986]) have Ta/Yb-Th/Yb
ratios that plot along a so-called ‘‘mantle array™" defined by
mid-ocean ridge (MORB) and oceanic island (O1B) basalts.
Only a few mafic lavas and assorted evolved lavas actually
plot in the field of volcanic arc magmas. Those SWC basalts
conforming to the mantle array display other similarities to
OIB-like magmas: e.g., low boron contents (1—4 ppm [Lee-
man, 1987]) and Ba/La (<18 for most [Perfit et al., 1980;
Morris and Hart, 1983]) compared to basalts from virtually
all other modern arcs. None of the SWC basalt types
analyzed so far have detectable concentrations of '°Be
[Morris et al., 1989). In these regards, the modern Cascade
arc appears to be unusual. The question arises as to whether
these features reflect unusual conditions of magma genesis
and, if so, has this been a persistent situation or a relatively
recent turn of events.

Another remarkable feature of the SWC basalts is their
compositional diversity, which is further illustrated in Figure
6, where Ba and Nb are plotted versus SiO,. First, the
ranges in Ba (~20X), Nb (~12x), and Ba/Nb (~9x) are
substantial. The SIM alkalic basalts resemble many OIBs in
having high Nb (20-60) and low Ba/Nb (10-20). Low-K
tholeiitic basalts from [H and MA have the lowest Ba and Nb
but have Ba/Nb ratios which overlap with those in the alkalic
basalts. Because both Ba and Nb are strongly partitioned
into basaltic magmas during melting and crystallization
processes, it is unlikely that the Ba/Nb ratio can be easily
fractionated [cf. Hofmann, 1988]. Thus there may be some
form of petrogenetic linkage among all of the SWC basalts
(e.g., they could represent variable degrees of fusion of
common source materials). Second, the HFSE-depleted IH
lavas have elevated Ba and relatively high Ba/Nb ratios
(30-90); these lavas are unlikely to be related to the other
basalt types via closed system evolution or by partial melting
of similar sources. Some mechanism is required to explain
both their Nb depletion and their Ba enrichment. Nb deple-
tion is presumably ‘‘source-related™ as it is very difficult to
conceive of magma contamination models that can produce
this effect while retaining a basaltic bulk composition [cf.
Hickey et al., 1986]. Ba/Nb possibly can change with degree
of melting, so long as the source contains a minor phase that
preferentially incorporates Nb [cf. Reagan and Gill, 1989].

It is also useful to consider how these elements are
distributed in more evolved lavas to appreciate the efficacy
of various petrogenetic processes. Figure 6 clearly shows
that MA and MSH have distinctive evolutionary patterns. At
MSH, Ba/Nb increases sixfold from basalts to rhyodacites
suggesting that Nb is more compatible than Ba. This is
apparently the case at MSH, as Smith and Leeman [1987,
Table 7] calculated average bulk Dy, (0.54) <Dy, (0.86) for
MSH whole rock-glass pairs which imply that contents of
both Ba and Ta {(geochemically similar to Nb) should in-
crease slightly as crystallization proceeds. However, the
striking decrease in Nb contents with increasing SiO, at
MSH is inconsistent with the inferred Nb distribution coef-
ficient (assumed to be similar to that of Ta), thus ruling out
simple fractionation models. A more reasonable hypothesis
is that MSH dacites represent crustal melts which have no
derivative relationship to the associated basalts [Smith and
Leeman, 1987]. On the other hand, MA evolved lavas show
progressive increases in both Ba and Nb, and a slight
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TABLE 2. Representative Lavas From the
— — ————
Sample

DS-27 82-56 DS-72 DS-6 DS-9 H-SH17 SH-25 SH-24
Volcano MSH MSH MSH MSH MSH MSH MSH MSH
Si0, 48.64 51.23 52.96 46.96 48.99 49.96 58.01 64.15
TiO, 1.47 1.55 1.43 2.04 2.10 1.95 1.49 0.67
Al O, 17.50 17.45 18.33 16.85 16.70 16.98 16.65 17.37
FeO* 11.69 9.59 8.22 10.14 11.14 9.37 9.46 5.08
MnO 0.16 0.15 0.13 0.15 0.15 0.15 0.12 0.07
MgO 6.58 6.17 5.46 6.62 6.68 7.00 2.20 1.73
Ca0 9.60 9.38 7.96 8.63 8.72 9.01 5.81 4.5
Na,0 3.66 3.62 4.27 3.89 3.79 3.89 4.62 4.68
K,0 0.56 0.65 0.99 1.31 1.36 1.28 1.32 1.54
P;0;5 0.15 0.20 0.25 0.41 0.37 0.40 0.31 0.17
Cs 0.36 0.38 0.31 0.25 0.61 0.36 1.15 2.06
Ba 118 225 316 312 309 345 351
Rb 11 15 23 25 24 20 31 39
Sr 321 363 528 620 590 577 383 427
Y 23.0 27.0 21.3 24.9 26.2 24.0
Zr 132 139 154 203 200 174 189 130
Nb 8.7 11 12.5 32.7 28.5 22
v 210 184 212 214 230 153 69
Ni 85 64 66 97 84 82 21 2
Co 41.7 38.1 28.3 36.3 38.4 18.8 10.4
Cr 175 140 113 196 155 159 74 56
Sc 333 31.0 19.1 259 28.5 28.2 19.6 8.3
Zn 83 77 74 74 79 72 75 54
La 8.1 10.2 11.3 21.2 19.8 22.6 17.2 119
Ce 21.1 25.0 26.8 453 45.7 42.0 40.2 24.8
Nd
Sm 3.5 4.02 3.42 5.54 5.25 5.05 5.10 2.62
Eu 1.29 1.32 1.21 1.79 1.80 1.84 1.58 0.85
Tb 0.69 0.77 0.49 0.74 0.78 0.78 0.82 0.40
Yb 2.35 2.41 1.61 2.11 2.20 2.40 2.61 1.33
Lu 0.33 0.38 0.25 0.33 0.30 0.36 0.40 0.19
Hf 3.03 3.20 3.10 4.30 4.50 4.70 4.90 3.30
Ta 0.57 0.56 0.67 2.35 2.13 contaminated 1.00 0.43
Th 0.94 1.40 1.36 2.47 2.26 3.10 2.59 2.76
B 3.4 5.7 4 5.1
u 0.75 0.82 0.70
Be 1.0 1.5 1.7 1.6 1.7 1.5
Pb 5 6 8 5 8 6
Sr87/86 0.70313 0.70318 0.70304 0.70301 0.70295
Nd143/144 0.512997 0.513003 0.513012 0.513007 0.513035
Pb206/204 18.869 18.812 18.961 18.862 18.756
Pb207/204 15.573 15.577 15.590 15.564 15.546
Pb208/204 38.513 38.495 38.569 38.406 38.361
5180 5.71 6.19 5.79 5.68 5.89

Sample

8349 MA434 82-26 82-31 MA226 MA421 MA20 MA148
Volcano MA MA MA MA MA MA MA MA
Si0, 48,95 48.38 52.73 51.42 50.21 49.34 48.46 54.59
TiO, 1.52 1.57 1,27 1.66 1.62 1.93 1.89 1.29
Al,05 16.82 17.35 17.48 17.18 16.11 15.52 16.46 16.13
FeO* 10.69 11.03 8.79 10.06 10.41 10.45 10.23 8.71
MnO 0.17 0.16 0.15 0.17 0.14 0.15 0.15 0.12
MgO 7.89 7.11 6.46 5.78 7.40 8.41 7.94 5.57
CaO 10.40 10.51 8.79 8.94 9.56 9.10 9.16 7.74
Na,O 3.04 3.31 3.38 3.64 3.07 3.53 3.73 3.85
K,0 0.33 0.37 0.74 0.87 1.05 1.13 1.44 1.56
P,04 0.17 0.23 0.22 0.27 0.43 0.45 0.55 0.42
Cs 0.21 0.38 0.38 0.35 0.9
Ba 88 90 306 233 404 311 n 527
Rb 4.5 6.3 10 16 16 19 24 37
Sr 298 357 501 354 862 680 862 783
Y 25.0 27.0 23.0 29.5 27.0 21.5 27.0 250
Zr 111 133 144 208 172 171 205 236
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Southern Washington Cascades
————
Sample
pS-62 DS80A DS15A-80 DS9A-81 DS3B-80 DS69A-80 DS42-81 DS23B-81 DS63
MSH H IH IH IH IH IH IH IH
£9.08 48.30 49.29 49.66 50.53 52.37 32,66 52.21 59.02
0.35 1.16 1.35 1.10 1.40 1.40 1.13 1.32 0.96
15.91 17.51 17.91 17.37 17.51 16.78 16.04 16.88 17.86
3.67 10.98 10.59 9.82 9.99 8.08 7.36 7.65 6.50
0.03 0.18 0.18 0.17 0.15 0.14 0.12 0.13 0.11
0.9 8.37 6.50 8.59 5.85 7.92 8.41 6.02 3.49
2 9.89 10.44 9.51 9.98 8.38 8.49 8.85 6.45
186 3.23 3.36 3.10 3.49 3.62 3.62 4.18 4.31
1.76 0.22 0.22 0.48 0.86 0.94 1.74 2.19 1.05
0.11 0.16 0.15 0.19 0.23 0.37 0.43 0.57 0.26
2.14 0.11 0.21 0.27
462 63 57 130 291 268 563 947 314
50 2.5 5 6.2 15 13 21.5 22 16
%9 259 248 382 512 569 1058 1650 685
14.4 18.8 20.8 21.9 21.4 19.1 14.7 20.5 12.6
167 75 9% 107 151 157 184 218 170
g3 3.8 5.5 6.5 9.7 18.1 7.9 12.3 12
0 187 211 187 224 184 169 181 124
5 110 58 133 41 186 183 64 56
5.7 48.4 41.4 429 39.1 409 34.7 28.3 20.9
px} 208 182 254 141 373 334 134 81
53 29.1 37.9 33.6 37.7 23.4 20.1 20.1 13.8
56 64 74 67 83 76 85 78
15.1 4.0 3.7 7.9 17.5 17.2 39.7 65.9 13.1
31.2 11.6 10.6 18.7 40.0 41.3 88.9 141.0 30.0
9.9 11.9 25.7 46.7 70.1
3.00 2.26 2.39 2.90 5.77 5.37 7.89 10.90 3.10
0.87 1.01 1.05 1.25 1.87 1.72 2.36 3.22 1.33
0.39 0.52 0.57 0.71 0.83 0.80 0.79 1.10 0.39
1.24 1.81 2.14 2.51 2.43 1.98 1.50 2.02 1.15
0.19 0.29 0.34 0.40 0.39 0.31 0.22 0.31 0.16
4.10 1.85 2.30 2.32 4.10 3.95 4.84 5.57 4.00
0.57 0.26 0.33 0.38 0.64 1.33 0.54 0.80 0.64
3.40 0.48 0.76 3.29 2.05 6.85 9.51 1.33
2 0.9 1.1 3.6 3.3 2.9 5.6
1.00 0.60 0.41 0.71 1.90 2.00
1.8 4 6 20 8
0.70391 0.70304 0.70354 0.70333 0.70369 0.70358 0.70350
0.512885 0.512997 0.512930 0.512980 0.512960 0.512961 0.512912
18.875 18.960 18.820 18.886 18.934
15.577 15.634 15.554 15.550 15.576
38.538 38.790 38.398 38.502 38.609
7.61 5.79 5.53 5.64 5.60 5.88 6.06
Sample
82-24 L83-92 1.83-94 L83-65 L83-67 1.83-97 1.83-62 L84-65 L84-67
MA SIM SIM SIM SIM SIM SIM SIM SIM
59.41 49.33 49.14 47.04 50.48 49.98 49.07 63.78 74.26
1.24 2.24 2.57 3.58 2.25 2.26 2.54 0.87 0.13
16.74 16.78 15.50 17.04 16.43 17.12 16.77 16.63 13.59
6.76 11.06 11.99 12.53 10.55 10.97 12.89 5.10 2.13
0.12 0.15 0.16 0.16 0.16 0.16 0.19 0.11 0.03
3.21 6.56 6.88 6.48 6.06 5.80 4.00 1.37 0.08
5.90 9.75 9.39 8.15 7.20 6.50 6.65 3.83 0.22
4.16 3.14 3.22 3.10 4.13 4.28 4.44 492 471
215 0.66 0.76 1.37 2.00 2.17 2.24 3.10 4.83
0.31 0.35 0.39 0.56 0.74 0.76 1.20 0.29 0.02
1.8 2.38 0.75
42} 181 194 339 554 640 747 425 18
38 8.7 13 23 34 38 38 7 159
383 554 497 M 861 838 646 514 4
2.0 23.0 27.0 24.0 27.0 25.0 36.0 34.0 18.0
mn 156 164 205 257 262 307 355 431
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TABLE 2,

Sample
83-49 MA434 82-26 82-31 MA226 MAA421 MA20 MA143

Volcano MA MA MA MA MA MA MA
Nb 8.2 10 11.0 15 16 26 33 17
v 178 182 157 179 198 166 178 164
Ni 103 87 80 69 100 166 134 100
Co 50.0 42.0 35.5 40.2 42.0 40.0 30.9
Cr 252 199 160 141 228 278 278 149
Sc 32.0 32.8 27 29.0 26.3 233 25.0 20.8
Zn 65 73 74 78 86 84 78 98
La 6.89 10.1 13.9 14.0 30.4 24.6 30.0 39.0
Ce 17.5 222 31.5 37.0 60.7 48.0 61.0 77.0
Nd 12.2 17.0 16.4 20.0 34.0 28.0 31.0 37.0
Sm 3.40 4.26 3.85 6.89 6.07 6.45 7.10
Eu 1.24 1.21 1.34 1.87 1.76 1.94 1.79
Tb 0.62 0.77 0.61 0.79 0.71 0.86 0.84
Yb 2.50 2.56 1.98 2.02 1.81 2.20 1.9
Lu 0.33 0.28 0.32 0.30
Hf 2.53 2.94 3.40 3.99 4.05 4.45 5.50
Ta 0.49 0.69 0.67 1.01 1.91 2.23 1.13
Th 0.63 0.82 2.00 3.13 2.44 3.35 7.30
B 1.7 3.4
u 0.22 0.80 0.94 0.80 0.95 1.80
Be
Pb 1.0 4 3 4 7 6 7 11
Sr87/86 0.70291 0.70281 0.70345 0.70321 0.70320 0.70369
Nd143/144 0.512987 0.512860
Pb206/204 18.838 18.688 18.928
Pb207/204 15.565 15.500 15.560
P%208/204 38.422 38.148 38.475
§'°0

decrease in Ba/Nb with increasing SiO,, all of which seem
more consistent with crystal fractionation processes. This is
not to say that there is an obvious linkage between evolved
lavas and any of the associated basalts, which are them-
selves somewhat variable in composition. In passing, the
strong Ba depletion seen in the SIM rhyolite is suggestive of
extreme fractionation involving alkali feldspar; the high Nb
and very low Ba/Nb ratio in this rock do not support
significant involvement of crust (which typically has low Nb
and high Ba/Nb).

Variation in Ba and Nb contents is displayed directly
(Figure 7a), and also as normalized to Zr, which is a slightly
more compatible trace element (Figure 7b). For basaltic
magmas, this element ratio plot minimizes scatter related to
variations in degree of crystallization or partial melting. In
both plots two distinct trends emerge for the SWC basaltic
lavas. First, a ‘‘mantle array’’ is again evident, here embel-
lished by data from representative samples of OIB (e.g.,
Tristan da Cunha [B. L. Weaver et al., 1987) and normal
MORB (NMORB) [Le Roex et al., 1983]. These comparative
samples were chosen simply because they approach ex-
tremes in Ba and Nb contents of oceanic basalts, but the
light stippled field in Figure 7b represents a compilation of
several hundred Pacific island basalts (W. P. Leeman, un-
published data and literature survey, 1990). Ba/Nb for this
group of SWC basalts is ~11.5. Second, a small number of
HFSE-depleted IH basalts (and a few miscellaneous basalts
from West Crater and the Hood River valley) define a
distinct linear array which trends toward a high Ba/Nb
component. Strong large ion lithophile element (LILE) ver-
sus HFSE correlations in both of these arrays could reflect

some form of mixing between compositionally distinct end-
members. Either melting of previously mixed sources ot
contamination of ascending magmas would be reasonable
causes for the observed near-linear arrays. Simple variations
in degree of melting or crystallization are plausible causes
for the different trends only if the two arrays result from
differential involvement of a Nb-buffering residual phase.
The SWC basalts which conform to the ‘‘mantle array”
defined by OIB and MORB analyses could represent melting
of a mixed mantle material comprising OIB and MORB
source components, or possibly magma-wall rock interac-
tions involving such mantle components. The absence of
significant LILE/HFSE fractionations in most young SWC
basalts is unusual for volcanic arc magmas. On the other
hand, the rarer HFSE-depleted basalts could result from
combined fractional crystallization and assimilation of a high
Ba/Nb contaminant; however, rocks similar to estimated
average crustal composition [Taylor and McLennan, 1985]
would be inadequate contaminants. Ba enrichment in arc
magmas commonly has been attributed to subduction of
Ba-rich pelagic sediments [cf. Kay, 1984]. As an example, in
Figure 7b a mixing vector is shown that heads toward aa
estimated average composition for Pacific pelagic sediments
(e.g., “PAWMS" composition of Hole et al. [1984]). The
data for SWC andesites and more evolved samples are
possibly consistent with assimilation of Ba-rich sedimcn_ts
because SiO,, Ba, and Ba/Zr are all positively correlated i
these rocks. Some other explanation seems required for the
IH basaltic lavas. As pointed out by many authors [e.g.,
Pearce, 1983; Hole et al., 1984; Tatsumi et al., 1986], h@
LILE/HFSE ratios could also reflect source metasomatism
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(continued)
Sample
8224 L83-92 L83-94 L.83-65 L83-67 1.83-97 L.83-62 L.84-65 L84-67
MA SIM SIM SIM SIM SIM SIM SIM SIM
25 21 22 37 50 53 57 34 76
114 173 186 195 129 106 80 49 3
P 80 87 33 137 85 18 7 4
20.0 42.3 45.5 46.0 38.1 36.9 32.1 6.7 0.3
12 160 159 32 144 125 29 13 6
17.0 24.1 24.8 18.4 15.8 15.0 14.4 6.6 0.4
n 102 106 101 9 98 124 78 114
8.7 16.1 17.1 26.2 37.8 40.5 49.1 38.6 21.1
59.9 35.6 37.5 56.1 76.0 78.4 99.4 84.2 40.3
26.3 22.0 23.0 32.0 38.0 39.0 54.0 39.0 16.4
5.60 5.51 6.13 6.68 7.91 7.96 11.00 7.73 3.61
1.50 2.01 2.18 2.36 2.67 2.61 3.49 1.85 0.16
0.77 0.86 1.06 1.00 1.12 1.01 1.46 .15 0.70
2.43 1.82 2.16 1.98 2.15 2.07 2.90 3.00 2.50
0.37 0.28 0.32 0.28 0.34 0.31 0.44 0.48 0.38
6.40 3.90 4.27 4.80 5.7 591 7.02 7.60 12.80
1.60 1.39 1.58 2.70 3.52 3.82 425 2.07 4.45
6.80 1.70 1.67 2.64 4.18 422 4.61 9.80 18.70
12 2 2.2 1.2 2 1.5
220 0.40 0.70 0.70 1.50 1.50 1.40 3.00 4.30
7 8 5 5 7 8 5 7 12
0.70289 0.70287 0.70316 0.70303 0.70302
0.512958 0.512997 0.512923 0.512912 0.512880
19.409 18.680
15.604 15.537
38.773 38.349
6.08 5.84 5.41 5.78 6.36

by LILE-rich “‘fiuids’ released during dehydration of sub-
ducted oceanic crust. However, it is difficult to see how such
large-scale processes could selectively enrich the sources of
only a few magma batches without similarly affecting very
large volumes of the mantle wedge.

Isotopic Compositions

Sr, Nd, Pb, and O isotopic compositions have been
measured for selected samples to further constrain the
source characteristics of SWC basalts. These data are briefly
summarized here and will be evaluated in detail in papers in
preparation. The observed ranges in 830 (5.4=7.7%), ¥'Sr/
%Sr (0.7028-0.7040), “*Nd/'**Nd (0.51284-0.51304), 2%Pb/
24Ph (18.68-19.40), 207Pb/2™Pb (15.53-15.66), and 2%6Pb/
XM4pp (38.4-39.2) are significant, and these ratios display
important correlations with other geochemical data. Isotopic
ranges for other Cascade volcanoes are comparable [cf.
Peterman et al., 1970; Church and Tilton, 1973; Church,
1976; Leeman, 1982; Grove et al., 1982, 1988; Bacon , 1989].
For comparison, analyses of Eocene terrigenous sediments
from the Oregon Coast Range (representative of likely
subducted materials or possibly sedimentary sequences in
the subarc crust) have present-day isotopic ratios as follows
[Peterman et al., 1967, 1981; Heller et al., 1985; W. P.
Leeman, unpublished data, 1989]: 5'%0 (~10%e), % Sr/%Sr
(0.706-0.711), "*Nd/"*“Nd (0.5122-0.5124); the range in Pb
1sotopic composition of these sediments is shown in later
figures [cf. Church, 1976].

_ The SWC data are portrayed as a function of silica content
n Figure 8 to illustrate how they vary with bulk composi-
ton. Oxygen compositions of the basalts vary beyond nor-

mal analytical precision, but much of the observed range
(5.4-6.4%.) corresponds to whole rock analyses for the older
SIM lavas. Further analyses of SIM feldspar separates will
be carried out in the future to see if the whole rock data are
reliable. Data for IH and MSH whole rock and plagioclase
samples are more restricted, averaging about 5.8%., whereas
5'30 progressively increases for more silicic MSH (whole
rock or pumice clast) samples. Because plagioclase sepa-
rates from MSH dacite pumices have 5'30 between 6.5 and
6.7%c (W. Hildreth, unpublished data, 1989), either the
whole rock trends may result from secondary alteration
(e.g., hydration) or else the plagioclases may be out of
isotopic equilibrium with their host magma. We tentatively
favor the latter possibility because 80 in these rocks is
strongly correlated with radiogenic isotope ratios and major
and trace element contents. We believe that such correla-
tions would be unlikely if 5'®0 values were seriously mod-
ified by alteration processes; this is indicated by one of the
older MSH dacites analyzed by Halliday et al. [1983], which
is deleted from the figures in this paper because its %0 is
extremely low (~4%.). Furthermore, plagioclases from the
May 18, 1980, eruption display abundant textural evidence
for multiple episodes of resorption and reaction with the host
magma [Pearce et al., 1987], and there are documented
examples of phenocryst-matrix isotopic disequilibria else-
where in the Cascades [Mazzone and Grant, 1988]. As
indicated in Figure 8b, the rate of increase in 880 in MSH
rocks exceeds that predicted for fractionation of observed
phenocrysts.

Radiogenic isotopic ratios do not vary consistently be-
tween the basalts and the more evolved lavas. The basalts
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Fig. 2. Variation diagrams showing (a) total alkalies, (b) K20,
and (c¢) FeO*/MgO versus SiO. Classification criteria are discussed
by Gill [1981]. This plot compares samples from the four major
volcanic complexes (MSH, IH, MA, and SIM) and from miscella-
neous minor vents shown by letters in Figure 1. A few silicic lavas
with very high FeO*/MgO plot off the field of view.

cover nearly the entire range in Sr, Nd, and Pb isotopic
compositions but show no significant correlations between
silica and these ratios. Isotopic variations in the evolved
lavas are more systematic, but differ between volcanoes. In
MSH lavas, SiO, is positively correlated with ¥Sr/%Sr and
negatively correlated with '3Nd/'“Nd; a weak negative
correlation exists between SiO, and the Pb isotopic ratios. In
MA lavas SiO, is poorly (negatively?) correlated with all
these ratios. It is evident that open system processes must
have operated to produce evolved SWC magmas and that
petrogeneses of the basaltic and more evolved magmas at
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Fig. 3. Al,03-Mg # diagram showing Cascades lavas relative to
fields for mid-ocean ridge basalts (MORB), island arc volcanic rocks
(IAV), and Aleutian high-magnesian basalts (after Gust and Perfi,
1987]. Vectors are shown corresponding to approximate composi-
tional variations resulting from removal of olivine and either clj-
nopyroxene (1, high pressure) or plagioclase (2. low pressure). All
MSH samples with Mg # near or below 40 and high Al.O; (>19%)
are dacitic whole pumice clasts from early eruptive periods.

each volcanic center are not identical, or perhaps even
linked.

Figure 9 shows isotopic compositions plotted versus
Ba/Nb to emphasize the distinctions in trace element varia-
tions noted earlier. For the basaltic rocks, there is little
correlation between Ba/Nb, 80, or Pb isotopic ratios,
although 8Sr/%0Sr correlates positively with Ba/Nb (also
Ba/Zr, not shown). However, this trend belies considerable
complexity when it is recalled that Ba/Nb exhibits opposite
correlations with silica in MSH (+) and MA (-) evolved
lavas. The high Ba/Nb IH basalts have %7Sr/*Sr ratios
similar to those in the more evolved SWC lavas but retain
relatively high “*Nd/'"¥Nd. However, it appears that LILE/
HFSE fractionation (i.e., Ba, Sr enrichment) and elevated
878r/%Sr in these basaltic magmas result from different
processes than those involved in production of SWC inter-
mediate and silicic magmas. For example, the basalts differ
in that they display positive correlation between Sr content
and ¥Sr/®%Sr, and Sr contents correlate positively with
abundances of the incompatible trace elements (e.g., Nb.
La, Ba, Th). These features suggest that elevation of 878/
86Sr occurred at pressures above the stability of plagioclase
such that Sr behaved as an incompatible element (e.g..
subcrustal depths [cf. Leeman and Hawkesworth, 1986)).

Isotope-isotope correlations provide additional con-
straints. Sr-Nd variations in SWC volcanic rocks (Figure 10)
mimic the fields of oceanic basalts, with more evolved rocks
apparently displaced to the right of the ‘‘mantle array™ and
with “3Nd/*Nd shifted slightly to lower values than in the
basalts. The high Ba/Nb lavas are distinct from other IH
basalts in that they display increasing % Sr/%Sr with only
slight decrease in "*Nd/'*Nd. SIM basalts define a distinct
trend slightly below the ‘‘mantle array,”” whereas MSH
evolved lavas trend slightly to the right of the array. P
isotope data define distinctive positive correlations between
206pp/24ph and both 27Pb/**Pb and 2% Pb/2Pb (Figure 11)
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profiles are omitted for MA samples because analytical data are less complete and La, Ce, and Nd were measured by
relatively imprecise XRF methods. Note that few SWC basalts display relative depletions of HFSE (e.g., Nb, Ta)} which
are characteristic of volcanic arc magmas. Only a few samples from IH (also from some of the miscellaneous vents, not
shown) display these features; these samples also exhibit relative depletions of P,Os. Profiles for the other three

volcanoes are much more internally similar.

and lie between fields for oceanic basalts (represented by
Pacific MORB [White et al., 1987] and the northern hemi-
sphere regression line (NHRL [Hart, 1984]) for oceanic
basalts) and that for NE Pacific sediments, many of which
have a large component of terrigenous detritus [Church,
1976]. Compositions of Cascade ore leads [Church et al.,
1986] overlap with the most radiogenic lavas. Average Juan
de Fuca Ridge basalt is indicated for reference [Hegner and
Tatsumoto, 19871, along with the model crustal Pb isotope
growth curve of Stacey and Kramers [1975]. The trend of the
Cascade array suggests that the arc magmas might contain a
component of Pb similar to that in the sediments or the crust,
as was suggested by Church and Tilton [1973] and Church
[1976]. However, the new results show that basaltic magmas
contain more radiogenic Pb than in the associated silicic
magmas. One possible explanation for this trend is that
owing to their low Pb contents and higher temperatures, the

basaltic magmas may be more susceptible to effects of
crustal contamination. Analytical uncertainties in the avail-
able XRF Pb analyses prectude detaded discussion of the
systematics. Production of the high 27 Pb/?™Pb basalts via
contamination is possible if average crust resembles the ore
lead data but is unlikely if Pb compositions of MSH silicic
magmas (Figure 11 [also cf. Halliday et al., 1983]) are more
representative of possible crustal contaminants (cf. Figure
8a).

Alternatively, radiogenic Pb signatures in SWC basalts
could be attributed to inheritance from subduction-modified
mantle source regions [cf. Morris and Hart, 1983; Hickey et
al., 1986]. For several reasons this possibility is considered
implausible. Figure 12 shows little or no correlation between
Sr and O isotopic compositions of SWC basalts, whereas
there is a weak negative correlation between Pb and O
compositions. Although oxygen isotopic data are not as
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Fig. 5. Th/Yb-Ta/Yb diagram showing SWC lavas; a few basalts
from the Oligocene-Pliocene Western Cascades (W CAS (W. P.
Leeman, unpublished data, 1990)) and Pleistocene central High
Cascades (OR HC [Hughes and Taylor, 1986]) of Oregon are shown
for comparison along with the field for typical volcanic arc magmas
[Pearce, 1983]. Distinct stippled fields are shown for HFSE-
depleted (low Ta/Yb) basalts from the IH field and a *‘mantle array™’
defined by most other SWC basalts, and by typical oceanic island
basalts (OIB). Samples plotting between these two fields are evolved
lavas (>53% Si0,).

sensitive as Pb isotopes to this form of source contamina-
tion, the observed Pb-O isotopic trend (unlikely to be an
artifact of analytical uncertainty) is inconsistent with in-
volvement of significant quantities of marine sediments
which typically have high §'%0 [e.g., Heller et al., 1985].
Furthermore, in the SWC lavas as a whole, there are weakly
negative correlations between 2Pb/2%Pb and a variety of
other compositional features that typify sediments (e.g., high
Ba/Zr, Rb/Zr, K/Zr, Ba/Nb, Ba/La, SiO,, and ¥Sr/*Sr);
these correlations (not shown) seemingly preclude sediment
contamination of either the mafic magmas or their mantle
source as explanations for the high 27Pb/2™Pb ratios. Fi-
nally, the high 2°7Pb/?™Pb ratios could be inherited from old
subcontinental lithospheric mantle, but there is no geologic
evidence to support the existence of such a reservoir near
the SWC transect. Pb, Sr, and O compositions of MSH
intermediate and silicic rocks are correlated and suggest that
these magmas contained a significant crustal component in
concert with their proposed crustal anatectic origin [Smith
and Leeman, 1987]. The SIM basalts are notable because,
rather than follow the trend of other Cascades data in Figure
11, analyses of these rocks approximate the NHRL line.
Thus there is little reason to suspect that these magmas
contain much of a subducted slab component.

Another line of reasoning against significant contribution
of subducted sediment to SWC magmas involves the
geochemistry of boron. Strong correlation of B with “Be
concentrations in arc magmas [Morris et al., 1990] provides
compelling evidence that the observed B enrichments are
related to subduction processes. Leeman [1987] demon-
strated that magmas from nearly all volcanic arcs are sys-
tematically enriched in B relative to within-plate magmas,
and that OIB lavas have low B/Nb ratios (<0.1), whereas arc
magmas have much higher ratios (>0.5, commonly between
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Fig. 6. Variations in (a) Ba, (b) Nb, and (c) Ba/Nb versus Si0;.
Basaltic lavas define virtually the entire range in Ba and Nb
concentrations. Most of these rocks have low Ba/Nb (<20), typical
of OIB; those with higher Ba/Nb are HFSE-depleted IH basalts
(dark stippled field). Evolved lavas from MA (light stippling) shgw
Ba and Nb enrichments and slight Ba/Nb decrease with increasing
SiO,, consistent with dominantly fractional crystallization differen-
tiation. Those from MSH (medium stippling) display compositional
variations inconsistent with simple crystal fractionation (see text).

1 and 20). Figure 13 compares B/Nb ratios with other
parameters. All SWC basalts contain less than 5 ppm B, and
average ~2 ppm, essentially overlapping with OIB values.
Those which conform to the mantle arrays discussed eartier
have high Ta/Sm (0.25-0.5) and low B/Nb ratios (<0.2)
similar to those in OIB. The distinctive HFSE-depleted IH
basalts display higher B/Nb (up to 0.5) and radiogenic Sr, 8
well as enrichments in Sr, Ba, and other incompatible
elements. Even andesitic SWC lavas have B/Nb below 0.5.
In contrast, MSH dacites have high B (up to 24 ppm) and
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Fig. 7. (a) Ba versus Nb and (b) Ba/Zr versus Nb/Zr in SWC
basaltic lavas (<53% SiO,). For clarity, the compositional field for
evolved MA and MSH rocks is shown only by light stippling.
HFSE-depleted IH basalts (dark stippling) and samples from some
of the miscellaneous smaller vents display Ba and Ba/Zr enrich-
ments toward approximate composition of pelagic sediments (as
represented by PAWMS average of Hole er al. [1984]). Average
upper crust (point UC [Taylor and McLennan, 1985]) is plotted to
show that melting of, or contamination by, such material cannot
explain the high Ba/Zr and Ba/Nb values observed. Remaining
samples display coupled enrichment in Ba and Nb and define a
“'mantle array™* trend (medium stippling) similar to that for oceanic
basalts (represented by Tristan de Cunha [B. L. Weaver et al.,
19871, BHVO-1 Hawaiian tholeiite (point H |cf. Govindaraju,
1984]), NMORB [Le Roex et al., 1983]; the stippled field covers the
range for several hundred OIB analyses ((W. P. Leeman, unpub-
lished data and literature compilation, 1990)). The strong linearity of
this array suggests that this group of SWC basaits could be derived
by melting a mixed reservoir consisting of OIB and MORB source
mantle components.

B/Nb (1-3). Thus the range in B/Nb in these various MSH
magmas (along with other isotopic and trace element data) is
inconsistent with cogenetic relations because magmatic pro-
cesses are unlikely to fractionate such highly incompatible
clements. Near-linear covariation of B/Nb and other param-
eters in the evolved lavas (Figure 13) more likely results
from mixing between partial melts of the underlying crust
thigh B, possibly derived from forearc sediments) and low-B
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mafic magmas. A possible implication of these results is that
the mafic magmas were produced with little input from the
subducted oceanic slab compared to the situation in other
volcanic arcs.

DiscussiON

The foregoing descriptive information places a number of
constraints on the nature of magma generation associated
with Cascades subduction processes, but perhaps more
importantly illustrates how little we really understand these
processes. The modern (late Pliocene and younger) Cas-
cades magmatism. at least in southern Washington. stands
out as being unusual compared to most volcanic arcs (except
as noted below). Some of the most notable features are
summarized here.

Compared to many other continental margin arcs [cf.
Leeman, 1983]. basaltic volcanism is relatively common in
the SWC. This is apparently typical of much of the Cascades
arc [e.g., Hughes and Tavlor, 1986: Hughes. this issue;
Guffanti et al., this issue; Taylor, this issue], although true
basalts are not everywhere present [cf. Luedke and Smith,
1982; Bacon et al., this issue] and more evolved lavas
dominate the major stratovolcanoes. Although Basin and
Range style deformation appears to have recently propa-
gated northwestward into the southern Cascades and to the
backarc region of central Oregon [cf. Wells and Heller,
1988], it seems unlikely that this development is responsible
for the abundance of basaltic lavas in the Cascades. First,
basaltic magmatism was volumetrically significant in central
Oregon throughout the Neogene (since ~40 Ma) when
convergence rates were much higher than at present [Rea
and Duncan, 1986:; Verplanck and Duncan, 1987; Priest, this
issue}; initiation of Basin and Range style deformation in the
Great Basin postdates and could not have influenced this
early Cascade volcanism. Also, as emphasized here, orien-
tations of late Neogene structures in the SWC are inconsis-
tent with Basin and Range style extension [cf. Zoback and
Zoback, 1980]. The abundance of basalt in the central
Cascades may be enhanced by additional factors such as the
presence of thinner or more mafic crust relative to adjacent
segments in northern California or north central Washington
[McBirney, 1978], proximity to segmentation boundaries
[Hughes et al., 1980; Weaver and Michaelson, 1985:
Guffanti and Weaver, 1988), or development of intra-arc
extension related to along-strike variations in obliquity of
convergence [Rogers, 1985] or decrease in convergence
rates with time [Verplanck and Duncan, 1987]. At this stage
we feel it is premature to critically evaluate these possibili-
ties, much less adopt any single explanation for high basaltic
magma production in the Cascades.

Another striking anomaly concerns the prevalence in the
SWC of basaltic magmas that have strong geochemical
similarities to oceanic island basalts (OIB); many of those at
SIM are true alkali olivine basalts (some containing sparse
spinal lherzolite xenoliths). Alkali basalts also occur in back
arc regions of several volcanic arcs (e.g. Japan, Argentina
[cf. Gill, 1981; Sakuyvama and Nesbitt, 1986; Stern et al.,
1986; Munoz and Stern, 1989)), and it is tempting to draw
analogies between the Cascades and back arc settings,
especially concerning the SIM basalts, More rarely, such
magmas occur within intra-arc extensional zones (e.g., New
Hebrides, Fiji [Gill, 1981, 1984; Gill and Whelan, 19894, b]).
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Fig. 8. (a) Pb, (b) O, (¢) Nd, and (d) Sr isotopic compositions versus SiO, for SWC volcanic rocks. Basaltic rocks

define virtually the gamut of radiogenic isotopic compositions, but they are relativg&' uniform in 5'8Q. HFSE-depleted

IH lavas (dark stippling) display significant correlations between SiO, and 2*7Pb/

lavas from MSH (medium stippling) and MA (light stipg
available for the MA samples); this is especially true for

7

Pb, 5'%0, and ¥7Sr/%6Sr. Evolved

ling) are distinctive (although oxygen isotopic data are not
Sr/%0Sr trends. Each volcano has experienced open-system

evolution, but specific processes must differ in each case. A vector indicating fractional crystallization (FC) effects is
shown for 5'%0 to illustrate that MSH magmas cannot be related simply by this process; they more likely represent
mixtures between silicic crustal melts (i.e., the dacites) and basaltic magmas (cf. Smith and Leeman, 1987]. The low
43Nd/1¥Nd (also B7Sr/86Sr = 0.7041) mafic sample from MSH is a gabbroic xenolith from one of the dacite dome

eruptions (Goat Rocks); its relation to other MSH basalts is unclear.

Both OIB-like and typical arc basalts occur in volcanoes
from Central America [cf. Reagan and Gill, 1989], the
western Mexican volcanic belt [Verma and Nelson, 1989;
Luhr et al., 1989], southwestern Japan and nearby Korea
and China [Nakamura et al., 1989], and other arcs with
young subducting plates [Reagan and Gill, 1989]. Shosho-
nitic magmas also occur along the volcanic front in the
northern seamount province of the Mariana-Volcano arc
[Stern et al., 1988]. Unlike these examples, OIB-like basalts
are distributed across the entire SWC traverse and are the
rule rather than the exception.

Relative to OIB magmas, for example, most volcanic arc
basaltic lavas are characterized by anomalous enrichments
of alkali and alkaline earth metals, by depletions of HFSE,
and by high LILE/HFSE (e.g., Ba/Nb) and high LILE light
rare earth element (LREE) (e.g., Ba/La) ratios [Green, 1980;
Perfit et al., 1980; Arculus and Johnson, 1981; Morris and
Hart, 1983; Ito and Stern, 1985; Hickey et al., 1986;
Sakuyama and Nesbitr, 1986; Tatsumi et al., 1986; Hildreth
and Moorbath, 1988]. As discussed by these authors, the
unique chemical characteristics of arc magmas are com-

monly attributed to the influence of aqueous fluids on phase
equilibria and element transport in the subduction zone
environment (possibly augmented by crustal contamination
of arc magmas). Specifically, most recent arc petrogeneti
models propose that dominantly aqueous fluids are released
from the downgoing slab of oceanic lithosphere, and that
these fluids may promote melting of the slab or, following
upward migration, of the mantle wedge. Under high pressure
conditions the fluid phase could preferentially extract from
the slab and transport soluble components (e.g., LIL trace
elements) into the overlying wedge; melting of such metaso-
matized wedge mantle could produce arc magmas [cf. Ellam
and Hawkesworth, 1988; Tatsumi, 1989]. It has also been
proposed that variable water activity (for example) could
stabilize phases with relatively high partition coefficients for
Nb, Ta, and Ti within arc magma sources [Saunders et al.,
1980; Arculus and Powell, 1986]; depletion of such phases
with increasing extent of melting could possibly produce &
range of magma types with differing degrees of Nb dcpleti_oﬂ-
The coexistence of OIB-like (no Nb depletion) and typicsl
are (Nb-depleted) basalt types at Turrialba volcano {Costa
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Fig. 9. Ba/Nb ratio versus (a) Pb, (b) O, (¢) Nd, and (d) Sr isotopic compositions. Excepting the high-Ba 1H
variants (dark stippling), SWC basalts have Ba/Nb<20 and display poor correlations with all isotopic parameters except
875r/%Sr; they generally resemble typical OIB lavas [cf. Morris and Hart, 1983}. Ba/Nb in HFSE-depleted I1H basalts

(dark stippling) is correlated negatively with 207Pb/2

Pb and positively with ¥Sr/®Sr, but these rocks are distinctive

from more evolved lavas in the transect (e.g., MA and MSH andesites and dacites; light stippling). Ba/Nb enrichment
seems to have no significant correlation with Q isotopic compositions.

Rica) has been attributed to such a process [Reagan and
Gill, 1989].

However, there are few SWC basalts with arclike HFSE-
depleted compositions regardless of distance from the sub-
duction zone. Those from the IH field are closely associated
with essentially contemporaneous OIB-like variants. Basalts
having similar compositional diversity to that in the SWC
occur elsewhere in the Cascade arc [cf. Hughes and Taylor,
1986; Hughes. this issue; Clynne, this issue; Bullen and
Clynne, this issue]. Although there seems to be a higher
proportion of basalts exhibiting HFSE-depletion toward the
northern [Green, 1981] and southern ends of the arc [Brugg-
man et al., 1987; T. Bullen and M. Clynne, personal com-
munication, 1989], the SWC basalts that we have studied do
not appear to be anomalous with respect to other contem-
poraneous Cascades basalts. Whether OIB-like basalts were
common throughout the history of the arc, or are character-
istic only of the modern Cascades is an important question
that cannot be resolved without further study. Nevertheless,
in recent geologic history there appears to have been a
variety of basaltic sources simultaneously available within
what must be a heterogeneous mantle beneath the Cascades.

Implications of Basalt Diversity in the SWC

There are perhaps two extreme viewpoints concerning the
origin of basalt diversity in the Cascades. For example, the
spectrum of basalt compositions may reflect varied degrees
of modification (e.g., by wall rock interaction) of relatively
primitive magma produced from a uniform mantle reservoir
[cf. Leeman, 1983; Hildreth and Moorbath, 1988]. At the
other extreme, the compositional variations may be source-
related and reflect partial melting of heterogeneous mantle
beneath the arc, in which case the heterogeneity may result
at least partly from subduction processes [e.g., Ellam and
Hawkesworth, 1988; Plunk and Langmuir, 1988]. To evalu-
ate these possibilities (or an intermediate position), we
consider briefly the compositional constraints provided by
lavas of the SWC as well as their geologic setting.

The strong similarity to OIB and the absence of significant
correlations between isotopic and trace element parameters
(Figures 8, 9, and 12) in most SWC basalts appear to argue
against significant crustal contamination of these magmas
(with possible exception of the Pb isotopic data). The rarer
HFSE-depleted basalts may in part reflect some form of
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Fig. 10. Sr-Nd isotopic compositions of SWC lavas relative to
typical MORB, estimated *‘bulk earth,” and the "*mantle array’
defined by typical oceanic island basalts [cf. Hofmann, 1988].
Evolved rocks from MA and MSH (stippled field) are shifted toward
bulk earth from the basaltic lavas, which closely resemble many
OIBs.

magma contamination process because isotopic composi-
tions (O, Sr, Pb) display weak correlations with bulk com-
positions (Figures 8, 9, and 12); trends for these basalts are
usually distinct from those of more evolved lavas, indicating
the need for different contaminants in each case. However,
because the various SWC basalt types have overlapping Mg
# and transition metal abundances (cf. Table 2), it is unlikely
that their differences in incompatible trace element contents
can be explained solely by contamination of a common
parental magma type. If Nb depletion with respect to Ba and
La in these lavas is caused by enrichment of LIL and REE
elements over Nb, then a significantly greater proportion of
subducted component is required than can be reconciled
with the relatively minor shifts in isotopic composition
(especially Pb) and B concentrations associated with the
required shifts in Ba/Nb. Thus we conclude that basaltic
magmas in this region tapped a heterogeneous mantle source
that is in part characterized by high LILE/HFSE enrich-
ments (similar to those in normal arc magma sources) and in
part consists of mantle similar to MORB and OIB source
material. If the relative volumes of such components are
reflected by extrusive proportions of the respective basalt
variants, then the source must be dominated by the MORB-
and OIB-like end-members. Furthermore, Nb/Zr ratios cor-
relate with magma type, being lowest in the tholeiitic and
highest in the alkalic basalts (cf. Figure 7). Though specula-
tive, this relationship may signify greater contribution of the
MORB-like end-member to magmas produced by higher
degrees of melting, and vice versa. A heterogeneous distri-
bution of a lower melting temperature OIB source compo-
nent within a more refractory matrix of MORB source
material could explain such melting behavior. Such a model
source is certainly consistent with the geologic and tectonic
history of the Pacific Northwest margin.

The Cascade arc is a relatively young edifice built largely
upon a basement of amalgamated oceanic and island arc
terranes that were laterally translated and accreted to North
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Fig. 11. (a) 28Pb/2™Pb and (b) 27Pb/>*Pb versus 2Pt/ *pb
diagram for SWC lavas relative to the fields of NE Pacific sediments
(outlined field [Church, 1976]) and Pacific MORB (dark stippling
{White et al., 1987]). The regression line for northern hemisphere
oceanic basalts (NHRL [Hartr, 1984]), and an average of Juan de
Fuca Ridge basalts [Hegner and Tatsumoto, 1987} also provide
estimates of oceanic crust composition. The *‘geochron’ (shown
only in Figure 11b) is the locus of model single-stage Pb composi-
tions, and the Stacey and Kramers, [1975] growth curve (SK)
represents the time-dependent evolution of conformable Pb ores
which approximate average crust. Actual Cascades ore leads
[Church et al., 1986] plot in the cross-hatched field at the radiogenic
end of the volcanic rock array. The highest 297Pb/2%Pb samples are
predominantly basalts (also see Figure 8a), whereas dacites from
MSH (light stippling) plot nearer the NHRL line. SIM basalts are
distinctive because they fall near NHRL (in Figure 11b) and exhibit
no anomalous enrichment in 27Pb/**Pb.

18.6

America at least by latest Cretaceous time. The basement
was further modified by accretion of Paleogene oceanic
fragments and forearc sediments. As pointed out by Avela-
llemant and Oldow [1988], oblique convergence along the
Pacific margin resulted in complex jostling and transport of
the pre-Cenozoic terranes. Thus underlying lithospheric
mantle (to the extent that such rocks are preserved below the
accreted terranes) likely includes scraps and fragments of
subarc and suboceanic mantle domains, perhaps comingled
by tectonic mixing. We would expect there to be heteroge
neously distributed lithospheric mantle domains having both
OIB and MORB source affinities. Prior to initiation of
Cascades volcanism, calc-alkalic magmatism was concen-
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trated in broad belts farther to the east [cf. Oldow et al..
1989]. The Challis volcanic belt (NE Washington and central
1daho) was active between 55 and 45 Ma. and a younger
Clamo-John Day-Salmon Creek belt (east central and SE
Oregon to SW Idaho) was active between about 45 and 20
Ma [Norman et al., 1986, Norman and Leeman. 1989: Hart
et al.. 1989]: these volcanic belts are inferred to be related to
an ancestral subduction zone located somewhere near the
present Cascade axis. It has been proposed that accretion of
the Coast Range block (specifically the Paleocene-Eocene
oceanic island chain of Duncan [1982]) between 48 and 38
Ma led to gradual demise of this older arc and initiation of
the modern Cascade subduction zone and volcanic arc
{Simpson and Cox, 1977 Snavely et al., 1980; Duncan and
Kulm, 1989). Timing of this event is constrained by the 43
Ma age of the youngest Coast Range volcanic rocks (Siletz
River Volcanics [Duncan, 1982]), and by the 3840 Ma ages
of earliest Cascades volcanic rocks [Lux, 1982; Phillips et
al., 1986; Verplanck and Duncan, 1987]. A likely conse-
quence of a seaward jump in position of the subduction zone
is that the mantle wedge under the present Cascade arc must
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Fig. 13. (a) SiOs. (b) ¥’Sr/*Sr, and (¢) T&/Sm versus B/Nb for
SWC volcanic rocks. B/Nb ratios in most volcanic arc magmas
exceed 0.5, whereas OlBs are characterized by values below 0.1
[Leeman, 1987, also manuscript in preparation, 1990]; also, in arc
magmas B correlates positively with '®Be, which is a robust
indicator of incorporation of subducted oceanic sediments and crust
[Morris et al., 1990). The absence of B enrichment in SWC basalts
suggests that they contain little subducted material. Only a few MA
lavas are plotted in this figure owing to limited B analyses.

consist essentially of suboceanic (i.e., asthenospheric) man-
tle, and possibly a remnant of the mantle wedge (perhaps
metasomatized by slab-derived fluids) formerly associated
with the ancestral arcs. Thus the mantle underlying the
Cascades arc may consist largely of mixed MORB and OIB
source material (asthenosphere), depleted mantle (oceanic
lithosphere) and remnants of metasomatized subarc mantle.
This model provides a context in which the sources of
modern Cascade arc magmas may be evaluated.

The paucity of typical arc basalts argues against the
applicability of conventional subduction zone models involv-
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ing pervasive metasomatism of the mantle wedge by slab-
derived fluids. If subduction components (fluids, sediments)
were added to the subarc mantle in the past (e.g., during
more rapid Tertiary plate convergence), it is difficult to
understand why high LILE/HFSE sources have not been
tapped more frequently by young SWC magmas. We there-
fore conclude that the underlying mantle wedge was not
metasomatized or, if so, this process only produced local
heterogeneities (as in relicts of fossil subarc mantle associ-
ated with some of the accreted terranes). The apparently
minor contribution of slab-derived fluids may relate to the
youthfulness (<10-20 Ma at the trench) and warmth of the
downgoing slab [Duncan and Kulm, 1989]. Using conductive
thermal models, Abbott and Lyle [1984] concluded that
dehydration of such a young slab would likely resuit in loss
of volatiles (H,O and CO,) well before reaching a position
beneath the voleanic front (roughly 150 km depth [Rasmus-
sen and Humphreys, 1988]). From petrologic considerations,
Wyllie [1984, Figure 9] and Tatsumi [1989] also concluded
that dehydration of hot slab would occur at relatively shal-
low depths, outboard of the volcanic front. Also, despite
high sedimentation rates in the Cascadia Basin, the size of
the accretionary prism along the NW Pacific margin indi-
cates that a large portion of that sediment has not been
subducted [Snavely et al., 1980; Duncan and Kulm, 1989].
Thus, compared to arcs like the Andes, there may be a
relatively small flux of subducted sediment and negligible
input of dehydration fluids to metasomatize the Cascade
magma sources.

However, the above view of the Cascade arc raises
important questions about what triggers melting there and
the extent to which aqueous fluids are necessary in produc-
ing arc magmas in general. In other words, why does the arc
exist? We suggest that the Cascade arc may represent a
*'dry”’ end-member in the continuum of volcanic arcs, in
which melting results from adiabatic upwelling associated
with convective mantle flow (e.g., ‘‘corner flow’’ of Hsui et
al. [1983]). Dehydration of the subducted hot slab and
storage of fluids in shallow lithosphere that is not involved in
magma genesis would require high temperatures (approach-
ing the dry mantle solidus) to produce Cascades magmas. In
a sense, more vigorous convention in the mantle wedge may
be a consequence of subduction of hot oceanic lithosphere;
in this case, mantle isotherms would not be as severely
depressed as in most subduction zones, and higher temper-
atures would be expected below the volcanic front. Our
suggestion that the source of most SWC basalts is a mixture
of MORB and OIB source domains is not really new, as such
components previously have been proposed on other
grounds [e.g., Kay, 1978; Morris and Hart, 1983; Gill, 1981,
1984]. However, because the slab contributions so charac-
teristic of most other arcs have been repressed, we are able
to discern more clearly the effects of processes operating in
the mantle wedge. We speculate that elsewhere such pro-
cesses may be overprinted and even masked by slab contri-
butions.

CONCLUSIONS

The present study documents that the geochemistry and
tectonic features of the Cascade arc are unusual if not
unique. Basaltic magmatism has been significant throughout
the history of the arc. Particularly in the SWC sector, since
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Plio-Pleistocene time voluminous basaltic magmas have
been produced, including tholeiitic, calc-alkalic, and alkalic
types. The role of crustal contamination in modifying Cas-
cade basaltic magmas is considered to be small, whereas
associated andesitic and dacitic magmas clearly have
evolved by open system processes and contain Crustsd
contributions. Some dacites (e.g. MSH) are interpreted a5
crustal anatectic melts formed in response to stagnation of
hot basaltic magmas at or just above the crust-mante
boundary (e.g., the MASH zones of Hildreth and Moorbask
[1988]). The primitive nature of the erupted basalts and their
relatively common occurrence in the SWC sector both imply
that such magmas had little residence time in the crust; this
view is supported by the occurrence of mantle spinel iher
zolite xenoliths in some SIM basalts. The fact that the
basaltic magmas either show no correlation between isotopic
and trace element components or show trends quite distinet
from those of the evolved lavas suggests that their compe-
sitional variability can be attributed to subcrustal processes.

The majority of basaltic samples studied are indistinguish-
able from oceanic island basalts (OIB) in trace element and
isotopic compositions, with exception of high 27Pb/™py ig
some. Although similar Pb isotopic data are commoaly
attributed to some form of sediment involvement in other
volcanic arcs, in the Cascades this interpretation is met
supported by other observations. The absence of LILE
enrichment and HFSE depletion distinguishes most SWC
basalts from typical volcanic arc magmas. Because these
features are generally attributed to the role of fluids released
by dehydration of subducted oceanic lithosphere and to the
effects of sediment subduction, we conclude that these
factors are not essential in producing the SWC basalts. We
infer that these basalts formed by variable degree melting of
a mixed mantle source consisting mainly of heterogeneously
distributed OIB and MORB source domains. Minor occur-
rences of HFSE-depleted (arclike) basalts in the SWC may
reflect the presence of a small proportion of slab-
metasomatized subarc mantle (possibly remnants of older
accreted island arc terranes or of the Paleogene forearc). The
juxtaposition of such different mantle domains within the
lithospheric mantle is viewed as a consequence of (1) tec-
tonic mixing associated with accretion of oceanic and island
arc terranes along the Pacific margin of North America priot
to Neogene time, and possibly (2) a seaward jump in the
locus of subduction during the mid to late Eocene.

Finally, the Cascade arc is unusual is that the subducting
oceanic plate is very young and hot. Because dehydration of
this slab probably occurs outboard of the volcanic front, the
role of aqueous fluids in generating arc magmas is strongly
diminished compared to the situation at most convergent
margins, as judged by compositions of the magmas pro-
duced. Under low fluid flux conditions, basalt generation is
presumably triggered by other processes that raise the
temperature of the mantle wedge to its solidus (e.g., convec-
tive mantle flow, shear heating, etc.). Although fluid-
enhanced melting is an attractive feature for models of
subduction zone magma production, it may not be an esseg-
tial one. The Quaternary Cascades provide a “‘dry’” perspec-
tive on what is surely a wide spectrum of arc models: in this
case, reduced slab contributions offer the advantage that we
can see in more detail the effects of processes that occur is
the mantle wedge.
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