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a b s t r a c t
The Cascade arc is the warm-slab subduction zone global end member, where a broad variety of primitive
magmas with highly variable slab ﬂuid signatures have erupted in close spatial and temporal proximity. A number of petrogenetic models have been proposed to explain the occurrence of such diverse magmas, but the source
(s) of these magmas and the timing of ﬂuid addition to the sub-arc mantle remain controversial.
We present uranium-series isotope data (238U–230Th–226Ra) for eighteen maﬁc lavas from the Three Sisters region of the central Oregon Cascades, and for a further six lavas from the rear-arc Newberry Volcano. The majority of these samples have geochemical characteristics (e.g. Nb/Zr, Ba/Zr, 87Sr/86Sr) consistent with previously
described calc-alkaline basalts from this region of the arc, and indicative of limited ﬂuid involvement at some
stage in their genesis. Trace element and long-lived radiogenic isotope modeling suggests that this ﬂuid was derived from dehydration of subducting sediments, and was added to an enriched, garnet-bearing mantle wedge
source. The trace element systematics of the lavas are consistent with small degree (b 10%) melts of this ﬂuidmodiﬁed source. All samples display (230Th/238U) and (226Ra/230Th) ≥ 1, similar to values measured in fresh
MORB and other parts of the arc. Results of a dynamic melting model support the interpretation that these
lavas are small degree melts of an asthenospheric source, and do not allow for a lithospheric mantle source.
However, the U-series data do not permit us to determine whether ﬂuid addition was the trigger for melting,
or whether the lavas were generated from a secular equilibrium source that had experienced ﬂuid addition
>350 ka prior to melting. Regardless, modern ﬂuid input is limited and melting is dominantly occurring in response to upwelling and decompression.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Signiﬁcant progress has been made in our understanding of
magma genesis in arc settings, although a number of questions remain unanswered, including the role of slab-derived volatiles and
the heterogeneity of mantle wedge source regions (e.g. Arculus,
1994; Righter, 2000). The Cascade volcanic arc results from slow
(~3.5 cm a −1) subduction of the young (b10 Ma at the trench) Juan
de Fuca plate beneath North America (Wilson, 2002). As such it represents the global end member for a warm-slab subduction zone,
with a slab thermal parameter of ~ 1.5–2.2 km (Wada and Wang,
2009). Thermal models predict temperatures at the slab–mantle interface up to 300 °C hotter than in cooler subduction zones with
older subducting slabs (Peacock, 2003). Compositional proxies for
slab surface temperature also indicate elevated temperatures (850–
950 °C), at the upper end of the global arc range (Ruscitto et al.,
2010). These warm conditions are expected to lead to shallow dehydration of the slab and extensive metasomatism of the fore-arc,
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consistent with geochemical and geophysical observations (e.g.
Bostock et al., 2002; Brocher et al., 2003; Hurwitz et al., 2005; Leeman
et al., 2005; Rondenay et al., 2008). Such extensive early dehydration
should result in a reduced volatile ﬂux to the sub-arc mantle wedge, a
view supported by geochemical data (e.g. Green and Harry, 1999;
Harry and Green, 1999; Leeman et al., 2005), although the degree to
which the slab is dehydrated is still debated (e.g. Hildreth, 2007).
A long history of petrological and geochemical investigations in
the Cascades by many workers has revealed a compositionally diverse
suite of maﬁc magmas, which are often interpreted to be the result of
the distinctive thermal state of the Cascadia margin. However, many
questions still remain, especially concerning the role of ﬂuids in generating these magmas and the timing of addition of such ﬂuids to the
mantle wedge. Some workers argue for ﬂux melting of the mantle
wedge (e.g. Reiners et al., 2000), as is the case in most arcs, while
others have suggested that ﬂuid addition is an older feature and
that melting is dominated by decompression (e.g. Leeman et al.,
2005), as is the case beneath mid-ocean ridges.
This paper presents U-series isotope data for a suite of maﬁc
magmas from central Oregon, one of the most active segments of the
Cascade arc over the last ~1 Ma (Guffanti and Weaver, 1988). The results support the notion of reduced volatile ﬂuxing of the mantle
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wedge, and melting dominated by upwelling and decompression.
However, the data are not able to unambiguously constrain the timing of ﬂuid addition.
2. Geologic setting and background
The Quaternary Cascade arc extends from Mt. Lassen in northern
California to Mt. Meager in British Columbia, a distance of ~ 1250 km
(Hildreth, 2007) (Fig. 1). The modern arc is deﬁned by the location
of large stratovolcanoes, which typically erupt andesites to dacites,
although volumetrically the arc output is dominated by maﬁc magmatism from small monogenetic and shield vents (Hildreth, 2007).
Such small volume maﬁc magmatism is especially abundant in the
central Oregon Cascades, largely as a result of intra-arc rifting that
initiated ~ 5 Ma in central Oregon and which has subsequently propagated northwards into southern Washington (Conrey et al., 2002;
Sherrod and Smith, 1990). Not only is maﬁc magmatism abundant
in this region but it extends for over 100 km from the fore-arc into
the back-arc (Guffanti and Weaver, 1988) and encompasses all of
the compositional diversity identiﬁed within the Cascades (Conrey
et al., 1997) (see below). The study area for this work lies within
the intra-arc graben in the vicinity of the Three Sisters, between
the stratovolcanoes of Mt. Bachelor and Three-Fingered Jack, and
also extends to Newberry Volcano, a shield volcano located ~ 50 km
east of the arc axis that has been interpreted as a rear-arc center
analogous to Medicine Lake or Mt. Adams (Donnelly-Nolan et al.,
2008) (Fig. 1). The slab in this region of the arc lies at a depth of
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~ 70–100 km (McCrory et al., 2006; Obrebski et al., 2010) and dips
~ 50°E (Roth et al., 2008; Xue and Allen, 2007). The crust is interpreted to be ~ 40–45 km thick (Catchings and Mooney, 1988; Eagar
et al., 2011; Leaver et al., 1984; Stanley et al., 1990).
An extensive history of previous work in the Cascades has identiﬁed, largely on the basis of trace element systematics, at least ﬁve distinct maﬁc compositions, all of which have been recognized in central
Oregon (Bacon, 1990; Bacon et al., 1997; Conrey et al., 1997; Hughes,
1990; Hughes and Taylor, 1986; Leeman et al., 2005; Rowe et al.,
2009, Schmidt et al., 2008). Leeman et al. (2005) proposed a broader
classiﬁcation based on the inferred degree of subduction ﬂuid involvement in magma genesis. Group I lavas contain a weak ﬂuid signature and are interpreted to be derived from a source little modiﬁed
by a subduction component and include two sub-groups: low-K tholeiites (LKTs; also called MORB-like basalts or high-alumina olivine
tholeiites (HAOT) by some workers) and intraplate type lavas (called
OIB-like, or high ﬁeld strength element (HFSE)-enriched, or enriched
intraplate (EIB) basalts by some workers) (Leeman et al., 2005). In
contrast, Group II lavas contain a stronger ﬂuid signature and are
interpreted to be derived from a source that has been more substantially modiﬁed by a subduction component and include at least three
sub-groups: typical calc-alkaline arc basalts (CABs), shoshonitic
lavas (SHO), and high-Mg basaltic andesites (BAs).
In addition to N-MORB or OIB-like trace element concentrations,
Group I lavas have low water contents (Anderson, 1973; Le Voyer et al.,
2010; Sisson and Grove, 1993), MORB-like δ7Li (Leeman et al., 2004)
and generally lower 87Sr/86Sr than CABs from the same region (Schmidt

Fig. 1. Shaded relief map of the study area in central Oregon. Sample localities, grouped on the basis of vent location, are indicated with small symbols. Black squares = Sand Mountain group; red circles = Belknap group; blue triangles = Yapoah group; green diamonds = Newberry group; yellow stars = pre-Mazama group. Larger symbols mark approximate
vent locations for the ﬁrst three groups. Prominent stratovolcanoes are labeled: TFJ = Three Fingered Jack, MW = Mt. Washington, NS = North Sister, SS = South Sister, BT =
Broken Top, MB = Mt. Bachelor, and NC = Newberry Caldera. Black lines are faults, ball and bar on downthrown side. Thin lines are faults with displacement b 300 m, thick
lines are faults with displacement > 300 m. Major towns and roads in the area are marked. Inset shows general tectonic setting of the Cascadia margin (after Luedke and Smith,
1982). Thick black line is the trench, teeth on overriding plate. Shaded area shows the extent of the Quaternary High Cascades. Prominent volcanoes are indicated with circles
and labeled. The study area lies in central Oregon in the vicinity of the Three Sisters and Newberry volcano, marked with triangles.

380

E.C. Mitchell, Y. Asmerom / Earth and Planetary Science Letters 312 (2011) 378–389

et al., 2008). These lavas are interpreted to be low pressure, high
temperature, anhydrous decompression melts of a little modiﬁed
source, a view supported by petrologic studies and high-pressure
phase relations (Bartels et al., 1991; Elkins-Tanton et al., 2001). The
LKT source is inferred to be essentially MORB-like, whereas the
intraplate lavas are interpreted to require a distinct, more enriched
mantle source present only locally along the arc (e.g. Conrey et al.,
1997; Leeman et al., 1990, 2005; Schmidt et al., 2008).
CABs are the dominant Group II lava and are found throughout
the arc. They have been described as “the paradigmatic arc suite”
(Hildreth, 2007, p. 79) and display trace element characteristics typical of arc lavas globally, such as enrichments in large ion lithophile
elements (LILE) and light rare earth elements (LREE), as well as
HFSE, notably Nb and Ta, depletions (Bacon et al., 1997; Borg et al.
1997; Conrey et al., 1997; Leeman et al., 2005; Reiners et al., 2000;
Rowe et al., 2009). Fractionated REE proﬁles suggest that these lavas
originated within the garnet stability ﬁeld. Water contents and 87Sr/
86
Sr are higher than Group I lavas (Anderson, 1979; Grove et al.,
2002; Le Voyer et al., 2010; Ruscitto et al., 2010; Schmidt et al.,
2008; Sisson and Grove, 1993), δ 7Li values are more variable
(Magna et al., 2006) and the lavas are more oxidized (Righter,
2000). These characteristics are usually interpreted to reﬂect a ﬂux
melting origin for such lavas. 87Sr/ 86Sr and 143Nd/ 144Nd data for
CABs from central and southern Oregon are consistent with derivation from the same mantle source as LKTs, with only modest ﬂuid
input (Schmidt et al., 2008).
Despite this extensive body of prior work important questions remain. For example, the timing of ﬂuid addition and style of melting
that generated the Group II lavas is uncertain, with Leeman et al.
(2005) suggesting that these lavas may result from decompression
melting of a source containing a metasomatic component inherited
from earlier stages of subduction. In contrast, Reiners et al. (2000)
suggested that both groups could be derived by ﬂux melting alone.
The depth of generation of CABs is also debated, with conﬂicting
evidence for lithospheric and asthenospheric sources (e.g. Baker
et al., 1994; Borg et al., 1997, 2002; Conrey et al., 1997; Hildreth,
2007; Leeman et al., 2005; Reiners et al., 2000). The time sensitive
nature of uranium-series isotopes makes them ideally suited to differentiate between ﬂux melting of the mantle and decompression
melting of a previously metasomatized source. Furthermore, to a
ﬁrst order U–Th fractionation is controlled by source mineralogy,
and thus depth of melting, enabling the delineation of lithospheric
from asthenospheric sources.
3. Materials and methods
A total of eighteen samples were collected from sixteen separate
maﬁc ﬂows in the Three Sisters region of the Oregon Cascades, and a
further six samples from six separate ﬂows were collected from the
ﬂanks of Newberry Volcano (Fig. 1). The Three Sisters samples are divided into four groups on the basis of vent location (Sand Mountain,
Belknap, and Yapoah groups), with four older samples grouped separately (pre-Mazama group). The Newberry samples comprise a ﬁfth
group (Fig. 1).
Whole-rock major and trace element concentrations were determined by X-ray ﬂuorescence (XRF) and inductively coupled plasma
mass spectrometry (ICP-MS) at the University of New Mexico. XRF
analyses were conducted in the Analytical Chemistry Laboratory on
fused glass disks comprised of a 9:1 Li2B4O7 ﬂux:sample mixture,
using a Rigaku ZSX Primus II wavelength dispersive spectrometer.
Analytical accuracy, based on analysis of known standards (Table
S1), is estimated at ± ≤1% for most elements. ICP-MS analyses were
conducted in the Radiogenic Isotope Laboratory using a Thermo
X-Series II quadrupole instrument. A known amount (~ 0.25 g) of
powder was thoroughly mixed with ~1.25 g of ultra pure LiBO2 ﬂux,
fused for 10 min at 1100 °C, poured directly into ~ 150 mL of 3%

HNO3 containing a 10 ppb In internal standard and stirred continuously with a magnetic stirrer until complete dissolution had been
achieved (typically b 10 min). A ~ 1 g aliquot of this solution was subsequently diluted a further 100× for analysis of high concentration
trace elements (e.g. Sr, Ba, Zr, V, Cr, Ni). Analytical accuracy, based
on analysis of known standards (Table S1), is estimated at ± ≤3%
for most elements.
U–Th–Ra–Sr–Nd isotope analyses were performed at the Radiogenic
Isotope Laboratory, University of New Mexico, on a single powder batch
following the dissolution and U–Th separation procedure described in
Asmerom and Edwards (1995) and Asmerom (1999). Elemental separation and puriﬁcation of Ra–Sr–Nd followed a procedure modiﬁed
from Chabaux et al. (1994) and Turner et al. (2000). Approximately
200–250 mg of whole rock powder was weighed into a PVA bomb containing an HF–HNO3 mixture and dissolved at 110 °C for ~48 h. Following dissolution the solution was transferred to a 30 mL PFA beaker
containing ~1 g of a mixed 228Ra– 229Th–233U– 236U spike and ﬂuxed
with perchloric and boric acids to ensure breakdown of ﬂuoride compounds and complete spike-sample equilibration. A co-precipitation
step with iron hydroxides was employed before the sample was dissolved in 7 N HNO3 for element separation and puriﬁcation. U and Th
were isolated and puriﬁed using Biorad AG 1-X8 anion exchange
resin, eluting with H2O, HBr, and HCl respectively. The load and
washes from this column were dried and dissolved in 2.5 N HCl and
passed through Biorad AG 50 W-X8 cation exchange resin to separate Ra, Sr, and the REEs. Ra was puriﬁed with further passes through
cation resin and Ra–Ba separation was achieved using Eichrom Sr
resin. Sr was puriﬁed with Eichrom Sr resin and Nd was separated
from the REEs with Eichrom LN resin.
Ra analyses were conducted on a Micromass Sector 54 thermal
ionization mass spectrometer (TIMS) equipped with a Daly ion counter and WARP energy ﬁlter. U, Th, Sr, and Nd isotope ratios were measured on a Neptune MC-ICP-MS. Sr and Nd isotopes were analyzed in
Faraday cups, monitoring 83Kr and 85Rb for interference during Sr
runs and 147Sm during Nd runs. NBS-987 Sr standard and the La Jolla
Nd standard were run at the beginning and end of each analytical session, yielding average values (n= 8) of 0.71026 ± 2 and 0.511830± 6
(2σ) respectively. Sr ratios are normalized to 86Sr/88Sr = 0.1194 and
Nd ratios are normalized to 146Nd/144Nd = 0.7219. U and Th were analyzed in static mode using a combination of Faraday cups ( 229Th, 232Th,
233
U, 235U, 236U and 238U) with 1010–1012 Ω resistors, and a secondary
electron multiplier (SEM) for 230Th and 234U. SEM-Faraday gain was
monitored using NBL-112 U standard for U and an in-house Th standard
for Th. Mass fractionation was corrected for using the spike 233U–236U
ratio of 1.00046. Repeat analyses of spiked NBL-112 U standard yielded
average δ234U = −37.16 ± 0.74‰ (n= 9) in agreement with published
values (Cheng et al., 2000; Edwards et al., 1993) (δ234U is the per mil
deviation of the 234U/ 238U from the secular equilibrium ratio).
4. Results
4.1. Major and trace elements
Major and trace element data are presented in Table S1, and a
variety of major and trace element data are plotted in Fig. S1. The
majority of samples plot within the basalt or basaltic andesite ﬁelds
in a silica vs. total alkalis plot (Fig. S1a) and all plot within the calcalkaline ﬁeld in a plot of SiO2 vs. K2O (Fig S1b). Ni concentrations
vary from ~ 20–200 ppm and MgO content ranges from ~ 3 to 9 wt.%
(Fig. S1c and d) with Mg# (molar MgO/(MgO + FeO) ∗ 100) ranging
from 44 to 64. The Sand Mountain group samples are generally the
most primitive, although a small number of Belknap and pre-Mazama
group samples also appear equally primitive.
Primitive mantle-normalized incompatible element ‘spidergrams’,
and chondrite-normalized REE proﬁles, are shown in Fig. 2. Sand
Mountain group samples generally have the lowest incompatible
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element abundances with moderate Ba and Sr spikes. More evolved
samples have more pronounced K and Sr spikes and Nb–Ta troughs.
One pre-Mazama group sample (08-WIC-01) has elevated Nb and
Ta concentrations (Fig. 2), with higher Nb/Zr and lower Ba/Zr ratios
(Fig. S1e), more typical of Group I intraplate lavas. REE proﬁles are
relatively smooth, with LREE enrichment and moderate negative Eu
anomalies in the more evolved samples.
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than typical N-MORB (Su and Langmuir, 2003), and are within the
range of previously published data for the Cascades (Schmidt et al.,
2008). Sample 08-WIC-01 is indistinguishable from the other samples. Schmidt et al. (2008) divided the Cascade arc into four segments
on the basis of Sr and Nd isotopes, putting the boundary between the
Columbia and Central segments between Mt. Jefferson, just to the
north of the study area, and the Three Sisters. Our Sr and Nd data indicate that the Columbia segment should be extended to the south to
encompass the study area (Fig. S1f).

4.2. Sr and Nd isotopes
Sr and Nd isotope ratios exhibit little variation and, with the exception of sample 08-EC-01 ( 87Sr/ 86Sr = 0.70391; εNd = 3.67), 87Sr/
86
Sr varies from 0.70317 to 0.70356 and εNd varies from 4.64 to 5.97
(Table 1, Fig. S1f). These values are, respectively, higher and lower

4.3. U-series isotopes
All samples display 230Th enrichment ((230Th/238U)>1) or are in secular equilibrium ((230Th/238U)=1), with a range of non-equilibrium

Fig. 2. Trace element data for central Oregon lavas. Panel (a): Incompatible element spidergrams, normalized to primitive mantle (Palme and O'Neill, 2003). Lavas are plotted in
groups as deﬁned in Fig. 1 and in the text. Primitive samples in each group (08-LL-01, 08-SM-01, 08-WBB-01, 07-FCA-01, 08-WIC-01 and 08-CYC-01) are plotted with larger symbols. Pre-Mazama group samples CYC and LC are shown with the Yapoah and Newberry groups respectively. Panel (b): Chondrite-normalized REE plots, with normalization values
from Palme and Jones (2003). All samples are enriched in LREEs over HREEs and most have slight negative Eu anomalies.
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Table 1
U–Th–Ra–Sr–Nd isotope data for central Oregon lavas.
Sample ID

07-YC-02
08-CYC-01
08-EC-01
08-LC-01
08-LL-01
08-NCSW-01
08-SM-01
08-SMCL-01
08-WBB-01
08-WIC-01
Newberry
08-FRF-01
08-LBF-01
08-LCFF-01
08-MBF-02
08-SF-01
08-SPBF-01
Ryan Std.

Th/238U

(230Th/232Th)

(238U/232Th)

(234U/238U)

(230Th/238U)

(226Ra/
Th)i

87

230

230

0.205 ± 3
0.204 ± 2
0.301 ± 3
0.237 ± 2
0.192 ± 3
0.199 ± 2
0.250 ± 3
0.239 ± 7

1.067 ± 15
1.047 ± 10
1.112 ± 13
1.001 ± 10
1.050 ± 14
1.122 ± 12
1.193 ± 13
1.046 ± 30

+ 95
1.251−70
+ 67
1.176−51
+ 32
1.220−38
n.d.
+ 86
1.187−64
+ 61
1.411−84
+ 259
2.245−229
+ 143
1.135−99

0.703417 ± 5
0.703456 ± 4
0.703529 ± 5
0.703407 ± 6
0.703404 ± 5
0.703463 ± 7
0.70323 ± 1
0.70341 ± 1

0.512887 ± 4
0.512879 ± 3
0.512876 ± 5
0.512927 ± 2
0.512881 ± 3
0.512886 ± 4
0.512925 ± 2
0.512876 ± 4

4.86 ± 0.08
4.70 ± 0.06
4.64 ± 0.10
5.64 ± 0.04
4.74 ± 0.06
4.84 ± 0.08
5.60 ± 0.04
4.64 ± 0.08

1.076 ± 4

0.250 ± 8

1.059 ± 35

+ 169
1.176−118

0.703375 ± 8

0.512884 ± 5

4.80 ± 0.10

1.000 ± 1
1.001 ± 1
1.001 ± 1
1.003 ± 1
1.001 ± 1
1.001 ± 1

1.078 ± 5
1.016 ± 4
1.019 ± 4
1.280 ± 5
1.231 ± 5
1.315 ± 5

n.m.
n.m.
n.m.
0.224 ± 4
0.219 ± 2
0.240 ± 4

n.m.
n.m.
n.m.
1.197 ± 19
1.138 ± 12
1.146 ± 20

n.d.
n.d.
n.d.
+ 84
1.455−73
+ 206
1.889−179
+ 252
1.740−182

0.703561 ± 5
0.703913 ± 5
0.703489 ± 4
0.703509 ± 6
0.703425 ± 6
0.703271 ± 9

0.512895 ± 4
0.512826 ± 5
0.512903 ± 4
0.512927 ± 3
0.512888 ± 4
0.512938 ± 4

5.01 ± 0.08
3.67 ± 0.10
5.17 ± 0.08
5.64 ± 0.06
4.88 ± 0.08
5.85 ± 0.08

1.032 ± 4
1.174 ± 4
1.128 ± 4

0.996 ± 1
1.002 ± 1
0.998 ± 1

1.299 ± 5
1.102 ± 4
1.172 ± 7

0.243 ± 3
0.179 ± 5
0.169 ± 2

1.155 ± 15
1.080 ± 32
1.004 ± 11

+ 82
1.546−73
+ 63
1.145−59
n.d.

0.70317 ± 2
0.703374 ± 1
0.703417 ± 9

0.512931 ± 5
0.512941 ± 4
0.512944 ± 4

5.72 ± 0.10
5.91 ± 0.08
5.97 ± 0.08

1.145 ± 5
1.145 ± 5
1.167 ± 4
1.126 ± 4
1.153 ± 4
1.149 ± 4
0.521 ± 2

1.000 ± 1
1.000 ± 1
1.001 ± 1
1.001 ± 1
1.001 ± 1
1.002 ± 1
1.004 ± 1

1.085 ± 4
1.064 ± 4
1.061 ± 4
1.060 ± 4
1.059 ± 4
1.106 ± 4
1.002 ± 4

0.284 ± 3
n.m.
n.m.
0.631 ± 15
n.m.
0.214 ± 12
0.433 ± 5

0.999 ± 11
n.m.
n.m.
1.014 ± 24
n.m.
0.980 ± 53
1.010 ± 13

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

0.703544 ± 7
0.703552 ± 7
0.703547 ± 5
0.703505 ± 6
0.703530 ± 4
0.703509 ± 5

0.512896 ± 4
0.512890 ± 5
0.512893 ± 4
0.512909 ± 4
0.512899 ± 4
0.512921 ± 4

5.03 ± 0.08
4.92 ± 0.10
4.97 ± 0.08
5.29 ± 0.08
5.09 ± 0.08
5.52 ± 0.08

U

Th

(ppm)

(ppm)

>2883 ± 175
>2883 ± 175
1600 ± 100
1980 ± 160
2883 ± 175
b2590 ± 150
b3850 ± 215
>1980 ± 160
b2883 ± 175
>1980 ± 160
b2883 ± 175
>MMA
>MMA
>MMA
1950 ± 150
b3850 ± 215
>2750 ± 45
b3850 ± 215
b2750 ± 45
1400 ± 100
>MMA

0.511 ± 1
0.512 ± 1
0.866 ± 3
0.694 ± 2
0.483 ± 1
0.439 ± 1
0.460 ± 1
0.634 ± 1

1.284 ± 5
1.300 ± 3
2.094 ± 5
1.811 ± 5
1.236 ± 3
1.151 ± 3
1.360 ± 3
1.626 ± 4

2.598 ± 11
2.626 ± 9
2.498 ± 11
2.696 ± 15
2.646 ± 9
2.708 ± 9
3.058 ± 10
2.650 ± 9

1.342 ± 8
1.346 ± 6
1.292 ± 6
1.204 ± 6
1.329 ± 5
1.411 ± 5
1.384 ± 6
1.263 ± 6

1.207 ± 5
1.194 ± 4
1.255 ± 5
1.163 ± 5
1.185 ± 4
1.158 ± 4
1.025 ± 3
1.183 ± 4

1.003 ± 1
1.000 ± 1
1.002 ± 2
1.000 ± 2
1.001 ± 1
1.002 ± 1
1.001 ± 1
1.001 ± 1

1.112 ± 6
1.127 ± 5
1.029 ± 5
1.035 ± 5
1.121 ± 4
1.219 ± 5
1.350 ± 5
1.067 ± 4

0.650 ± 1

1.660 ± 4

2.639 ± 9

1.278 ± 5

1.188 ± 4

1.004 ± 1

0.475 ± 1
0.442 ± 1
1.033 ± 2
0.432 ± 1
0.462 ± 1
0.471 ± 1

1.279 ± 4
0.996 ± 3
2.682 ± 6
1.305 ± 3
1.241 ± 3
1.403 ± 4

2.782 ± 11
2.329 ± 9
2.682 ± 9
3.119 ± 11
2.772 ± 10
3.079 ± 11

1.215 ± 6
1.368 ± 6
1.191 ± 5
1.287 ± 5
1.393 ± 6
1.339 ± 5

1.127 ± 4
1.346 ± 5
1.169 ± 4
1.005 ± 3
1.131 ± 4
1.018 ± 4

0.479 ± 1
0.445 ± 1
0.425 ± 1

1.409 ± 4
1.150 ± 3
1.142 ± 3

3.039 ± 11
2.670 ± 9
2.780 ± 9

1.340 ± 6
1.294 ± 5
1.322 ± 8

5960 ± 100
6160 ± 70
6320 ± 110
n.d.
6030 ± 90
n.d.

0.777 ± 2
1.191 ± 3
0.833 ± 2
1.739 ± 4
1.097 ± 3
0.585 ± 1
1.262 ± 3

2.058 ± 5
3.158 ± 8
2.165 ± 5
4.684 ± 11
2.887 ± 7
1.545 ± 4
7.348 ± 18

2.739 ± 9
2.739 ± 9
2.687 ± 9
2.783 ± 9
2.718 ± 9
2.730 ± 9
6.015 ± 21

1.243 ± 5
1.218 ± 5
1.238 ± 5
1.195 ± 5
1.222 ± 5
1.271 ± 5
0.522 ± 2

226

Ra

(pg/g)

(226Ra/
Th)

Sr/86Sr

143

Nd/144Nd

εNd

Ratios in parentheses represent activity ratios (the number of atoms times the decay constant, λ). Decay constants used are as follows: λ226 = 4.33 × 10−4 yr−1, λ230 = 9.1577 × 10−6 yr−1, λ232 = 4.9475 × 10−11 yr−1,
λ234 = 2.8263 × 10−6 yr−1, λ238 = 1.5513 × 10−10 yr−1. All uncertainties are 2σ measurement errors. Spikes were prepared from pure metals (U and Th) and Ra was milked from NIST 3159 232Th Standard. An inhouse secular equilibrium
standard was processed and measured with each batch of samples. U standard NBL-112 was also measured during each analytical session yielding a mean δ234U value of −37.16 ± 0.74‰ (n = 9) in agreement with published values of
−37.1 ± 1.2‰ (Edwards et al., 1993) and −36.9 ± 2.1‰ (Cheng et al., 2000). (226Ra/230Th)i ratios are initial values corrected back to the time of eruption using calibrated ages in sidereal years based on 14C ages (“>MMA” = older than
the Mt. Mazama ash horizon, approx. 7.65 ka). Sr standard NBS-987 and the La Jolla Nd standard were analyzed at the beginning and end of each analytical session, yielding average values (n = 8) of 0.71026 ± 2 and 0.511830 ± 6 (2σ)
respectively. εNd = [((143Nd/144Nd)sample − (143Nd/144Nd)CHUR) / (143Nd/144Nd)CHUR] ∗ 10,000, where (143Nd/144Nd)CHUR = 0.512638, relative to 146Nd/144Nd = 0.7219.
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(230Th/238U) vales of 1.029–1.350 (3–35% 230Th enrichment) and
(230Th/232Th) values ranging from 1.191 to 1.393 (Table 1, Fig. 3a).
Sand Mountain group samples have the largest 230Th excesses. Enrichment in 230Th over 238U is unusual for most arc lavas, which typically
show 238U enrichment (Turner et al., 2003a), although 230Th enrichment is the norm in the Cascades. The samples also display modest
226
Ra enrichment, although a greater number of samples are in Ra–Th
secular equilibrium (Table 1). Measured non-equilibrium (226Ra/
230
Th) values range from 1.046 to 1.197, with (226Ra/230Th)i values
(age-corrected to the time of eruption) ranging from 1.085 to 2.245
(9–125% 226Ra enrichment) (Fig. 3b). These ranges are consistent
with typical MORB (Lundstrom, 2003) and are lower than values frequently measured in arc lavas, which range up to ~6 (Turner et al.,
2003a).
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5. Discussion
5.1. Comparison with existing Cascade lava types
The major, trace element, and isotopic data presented in Figs. S1, 2
and 3 demonstrate that these samples are typical of lavas erupted in
the central Cascades. On the basis of Figs. S1b and e in particular,
the majority of samples are interpreted to be Group II calc-alkaline
basalts (CABs). This includes the six samples from the rear-arc Newberry Volcano, which are indistinguishable from the arc-axis Three
Sisters samples. One sample (08-WIC-01) is interpreted to be a
Group I intraplate basalt. The U-series data are broadly consistent
with existing mass spectrometry data for the Cascades, although our
data do extend the range of both ( 230Th/ 238U) and ( 226Ra/ 230Th)
measured in Cascades lavas to higher values (Fig. 3).
Previous trace element and isotopic studies of the Cascades have
been largely restricted to primitive lavas, deﬁned by characteristics
such as Ni > 100 ppm, Cr > 200 ppm, SiO2 b 55 wt.%, MgO > 6 wt.%
and Mg# > 55 (i.e. Leeman et al., 2005). Our dataset includes almost
every lava in the study area young enough to be suitable for Useries work, and ranges from primitive samples with the characteristics noted above (e.g. 08-LL-01, 08-WBB-01, 08-WIC-01, 08-CYC-01)
to highly evolved basaltic andesites and andesites (the majority of
the Yapoah and Newberry group samples). In the following section
we brieﬂy consider the process(es) that may have generated the
evolved lavas, before investigating the petrogenesis of the most primitive samples in subsequent sections.
5.2. Crustal processing

Fig. 3. U-series isotope data for central Oregon lavas, symbols as Fig. 1. Panel (a): (238U/
232
Th) vs. (230Th/232Th) ‘equiline’ plot. Error bars are smaller than symbol size. Published mass spectrometry data for other Cascades volcanoes are also shown (St Helens
data: Volpe and Hammond, 1991; Shasta data: Volpe, 1992; Medicine Lake data: Reagan
et al., 2003; Mt. Adams data: Jicha et al., 2009b). Black line labeled ‘Equiline’ represents
the steady-state condition of secular equilibrium, where (230Th/238U)= 1. Melting will
generally move samples to the left ((230Th/238U)> 1), while ﬂuid addition will move samples to the right ((230Th/238U)b 1). Aging will move samples vertically back toward the
equiline. All central Oregon data, and the majority of Cascades data, plots to the left of
the equiline in the Th-enrichment ﬁeld, similar to MORB and in contrast to typical arc
lavas, which generally show U over Th enrichment (i.e. Lundstrom, 2003; Turner et al.,
2003a). Panel (b): (230Th/238U) vs. (226Ra/230Th)i plot, with other Cascades volcanoes
where Ra data are available. (226Ra/230Th) ratios are corrected back to the time of
eruption on the basis of ages in Table 1. Newberry samples are in Ra–Th secular equilibrium and are not plotted. Error bars on Ra measurements reﬂect both analytical uncertainty and age uncertainties, but are dominated by the latter.

The crust beneath the central Oregon Cascades is ~45 km thick
(Catchings and Mooney, 1988; Eagar et al., 2011; Leaver et al., 1984;
Stanley et al., 1990), and interaction with this crust has been identiﬁed
as an important process in this region of the arc (e.g. Conrey et al.,
2001; Schmidt and Grunder, 2011). Hyperbolic trends in incompatible
element ratio plots (e.g. Rb/Sr vs. K/Rb, Th vs. Ba/Th, Rb vs. K/Rb), and
linear trends in reciprocal plots (e.g. 1/Th vs. Ba/Th, 1/Sr vs. Rb/Sr, 1/Rb
vs. K/Rb), suggest mixing plays a dominant role in the generation of
the evolved lavas (Fig. 4). In detail, trace element behavior is complex,
and offers insights into the processes operating at the crustal level. As
would be expected, compatible element (i.e. Ni, Cr, Co) abundances
decrease, both between and within groups, as samples become more
evolved (as determined from SiO2, MgO, Mg#, etc.). Similarly, extremely incompatible element (i.e. Rb, Cs) abundances increase, between and within groups, as samples become more evolved.
However, a number of elements, such as Sr, Ba, La, and Eu, show a pattern of decreasing between the most primitive sample in each group,
with the Sand Mountain group having the highest concentrations,
but increasing within groups as samples become more evolved. An exception is the Newberry group, where Sr and Eu concentrations decrease as samples become more evolved.
These observations suggest that variable assimilation of a low-Sr–
Ba–La–Eu component may be responsible for generating the
differences between the various groups, while fractional crystallization
may generate within group differences. The characteristics of this
assimilant are qualitatively consistent with partial melting of an
incompatible element depleted maﬁc crustal source with signiﬁcant
residual plagioclase. A similar component has been implicated in
the generation of North Sister-type basaltic andesites (Schmidt and
Grunder, 2011).
The increase in Sr concentrations as samples become more
evolved within the Sand Mountain and Belknap groups, but decrease
as Newberry group samples become more evolved, suggests that plagioclase is not a signiﬁcant part of the fractionating assemblage in the
former groups but is in the latter group, consistent with AFC calculations (Fig. 4). This also implies that the negative Eu anomaly observed
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in the majority of samples is a feature of the assimilated melt, not a
product of fractional crystallization. While it is not the purpose of
this work to explain in detail the generation of the more evolved samples, these calculations demonstrate that many of the trace element
differences between the more and less primitive lavas can be
explained by a simple A(FC) model. The implicit assumption that a
single magma is parental to all the groups will be explored further
later.
5.3. Mantle sources and slab components
A point of considerable debate regarding the spectrum of basaltic
lavas erupted in the Cascades is whether the various magma types
(LKT, CAB, etc.) can be derived from the same source, or whether different magmas require distinct (e.g. garnet-bearing vs. garnet-free)
sources (e.g. Hildreth, 2007; Leeman et al., 2005; Rowe et al., 2009;
Schmidt et al., 2008). Leeman et al. (2005) noted that LKTs typically
display relatively ﬂat, unfractionated REE patterns, inconsistent with

Fig. 4. Crustal contamination modeling for central Oregon lavas, symbols as Fig. 1. Panel
(a): Rb vs. K/Rb plot. Line marked ‘FC’ is fractional crystallization curve for the assemblage plagioclase (60%) + olivine (20%) + clinopyroxene (20%). Initial magma has
7.3 ppm Rb and 6200 ppm K. Line marked ‘AFC’ is an assimilation–fractional crystallization trend (DePaolo, 1981) for the same initial magma and fractionating assemblage.
Assimilant has 15 ppm Rb and 2500 ppm K. Assimilation to crystallization ratio (r) is
0.85. Tick marks are the proportion of the initial magma remaining, in 5% increments,
as labeled. AFC trend is insensitive to the fractionating assemblage, with a plagioclase
(20%) + olivine (60%) + clinopyroxene (20%) assemblage producing nearly indistinguishable results. D values are from Claeson and Meurer (2004). Panel (b): Rb/Sr vs.
(230Th/238U) plot. Dashed line is a mixing curve between primitive lava with Rb/
Sr = 0.007 and (230Th/238U) = 1.35 and a secular equilibrium assimilant with 15 ppm
Rb and 450 ppm Sr. Solid lines are AFC trends for different r values for the same assimilant and the fractionating assemblage shown in panel (a). Fractional crystallization is
assumed to have no effect on (230Th/238U). Tick marks are the proportion of the initial
magma remaining, in 5% increments, as labeled. AFC trends are again largely insensitive to the fractionating assemblage, with the higher plagioclase mode only required
to produce the higher Rb/Sr values of the Newberry samples.

a garnet-bearing source, a conclusion supported by their inferred segregation pressures, as well as experimental results (Bartels et al.,
1991). In contrast, intraplate lavas typically do exhibit fractionated
REE patterns, implying a separate, deeper source (Leeman et al.,
2005), consistent with Sr and Nd isotope systematics (Schmidt et al.
2008). The role of garnet in the generation of CABs is less clear.
Both Baker et al. (1994) and Reiners et al. (2000) suggested that garnet was not required to generate CABs from Mt. Shasta and central
Washington respectively, while a number of studies of CABs along
the length of the arc have suggested that garnet is required (Bacon
et al., 1997; Borg et al., 1997, 2002; Conrey et al., 1997; Green and
Sinha, 2005; Jicha et al., 2009a; Leeman et al., 1990; Righter et al.,
2002). Leeman et al. (2005) inferred that Group II lavas have shallower segregation depths than Group I lavas, which do not have a
garnet signature, a conclusion consistent with experimental data
(Gaetani and Grove, 2003).
One proposed explanation of these data is that Group II lavas
originated near the slab in the garnet stability ﬁeld, inheriting both
a garnet and ﬂuid signature, but subsequently ‘froze’ at shallower
depths. Later re-melting of these ‘pods’ of basaltic material, possibly
by hot ascending Group I magmas, allowed them to be erupted
(Harry and Leeman, 1995; Leeman et al., 2005). This scenario, speciﬁcally the decoupling of ﬁnal melting from slab and garnet signature inheritance, is directly testable with U-series isotopes.
Fig. 5 employs a La/Yb vs. Tb/Yb plot (Jicha et al., 2009a; Turner et al.,
2003b) to investigate both source composition and mineralogy. The
chosen mineralogy varies from Ol:Opx:Cpx:Grt:Spl= 62:22:14:0:2 for
the garnet free source, to Ol:Opx:Cpx:Grt:Spl = 61:21:13:3:2 for
the 3% garnet source, similar to previous modeling studies (e.g.
Borg et al., 1997). The ﬁrst salient observation is that an enriched
mantle source (in this case the OIB source of Borg et al., 1997; Jicha
et al., 2009a (Table 2)), invoked by many workers as the source of intraplate basalts (e.g. Hildreth, 2007), cannot be the source of any of
our samples, as the OIB source Tb/Yb ratio is greater than the highest
measured Tb/Yb ratio, and melting serves only to increase that ratio
(Fig. 5). The second pertinent observation is that the enricheddepleted MORB mantle (E-DMM) source of Workman and Hart
(2005) cannot generate the elevated La/Yb ratios observed in the
samples. However, the peridotite source of Reiners et al. (2000),
which is intermediate between the OIB and E-DMM sources, is able
to reproduce both the La/Yb and Tb/Yb ratios of the most primitive
CAB and intraplate samples through ~ 3–5% melting of a source

Fig. 5. La/Yb vs. Tb/Yb modeling plot for central Oregon lavas, symbols as Fig. 1. Red and
blue lines are batch melting trajectories of E-DMM and peridotite sources, respectively.
Amount of garnet in the source is labeled. Tick marks are 1% melting increments from 1
to 10%, except for peridotite 3% garnet curve, which is 2–10%. OIB source composition is
also shown for reference. D values for La, Tb, and Yb range from 0.0084, 0.0487, and
0.0511 respectively for the garnet-free source to 0.0082, 0.0679, and 0.1687 respectively for the 3% garnet source. Composition of mantle sources can be found in Table 2.
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Table 2
Composition of mantle sources and slab components, and partition coefﬁcients, used in modeling.

La
Tb
Yb
Sr
Nd
Ba
Nb
Zr
U
Th
Ra
La/Yb
Tb/Yb
Nb/Zr
Ba/Zr
87
Sr/86Sr
143
Nd/144Nd

DMM
source

E-DMM
source

Peridotite
source

OIB
source

0.192
0.070
0.365
7.664
0.581
0.563
0.149
5.082
0.0032
0.0079

0.253
0.076
0.382
9.718
0.703
1.219
0.246
6.087
0.0052
0.0157

0.815
0.09
0.50
18
1.4
9.0
1.5
25
0.020
0.070

1.48
3.34
0.20
0.72
0.56
2.63
28.7
142
2.97
9.62
13.1
12.2
1.13
2.99
26.4
89
0.028
0.18
0.160
0.14

0.526
0.192
0.029
0.111

0.662
0.199
0.040
0.200
0.7027
0.51301

1.630
0.180
0.060
0.360
0.7030
0.512989

2.643
0.357
0.043
0.496

AOC

1.270
0.274
0.034
0.137
0.7030
0.51301

Bulk
sediment

AOC ﬂuid

Sediment
ﬂuid

Sediment
melt

Partition coefﬁcients
Ol.

Opx.

Cpx.

Grt.

Spl.

21.75
0.80
2.20
216
21.79
746
10
146
2.92
6.63

3.544
0.00
0.00
261
1.454
114
0.556
3.61
0.187
0.064

13.01
0.00
0.00
236
15.319
718
3.436
59.8
0.981
1.656

12.83
0.00
0.00
538
8.579
1235
7.594
101
3.967
8.696

0.0004
0.0015
0.0015

0.002
0.019
0.049

0.054
0.31
0.28

0.01
0.75
4.03

0.01
0.01
0.01

0.00011
0.01
0.01
0.00006
9.5 × 10−6
1.1 × 10−6

0.0005
0.025
0.18
0.0052
0.002
7.5 × 10−6

0.00068
0.0
0.3
0.01
0.0083
2.7 × 10−5

0.001
0.04
0.5
0.0
0.003
1 × 10−7

0.00
0.01
0.07
0.00001
0.00001
0.00

9.886
0.364
0.068
5.110
0.7071
0.51253

0.154
31.579
0.7030
0.51301

0.057
12.007
0.7071
0.51253

0.075
12.228
0.7071
0.51253

DMM and E-DMM sources: Workman and Hart (2005); Peridotite source: Reiners et al. (2000); and OIB source: Borg et al. (1997). AOC composition from northern EPR N-MORB
(Klein, 2003). Sediment composition from Plank and Langmuir (1998). Sediment Sr and Nd data from White et al., 1987. AOC ﬂuid represents 4% dehydration using the 4 GPa,
800 °C partition coefﬁcients of Kessel et al. (2005). Sediment ﬂuid represents 4% dehydration using the 2 GPa, 700 °C partition coefﬁcients of Johnson and Plank (1999). Sediment
melt represents 12% melt using the 2 GPa, 900 °C partition coefﬁcients of Johnson and Plank (1999). REE partition coefﬁcients from McKenzie and O'Nions (1991). Ba–Nb–Zr partition coefﬁcients from Borg et al. (1997) Table 4. U–Th–Ra partition coefﬁcients from Blundy and Wood (2003).

containing 2–3% garnet. This observation suggests derivation of
these lavas from a depth near the spinel/garnet transition
(~ 60–90 km), consistent with our understanding of the geometry
of the sub-arc mantle in this part of the arc (McCrory et al., 2006;
Obrebski et al., 2010). However, the REE data alone cannot constrain
the time at which the garnet signature was acquired and are also
consistent with the re-melting scenario described above. These competing hypotheses will be re-evaluated later in light of the U-series
data. Interestingly, both CAB and intraplate samples require garnet
in their source at some stage, suggesting that both could be derived
from the same general source region.
Next we use 87Sr/ 86Sr, 143Nd/ 144Nd, Nb/Zr, and Ba/Zr data to
investigate the extent of ﬂuid involvement in the generation of
these lavas, and the likely source of any such ﬂuid (Fig. 6). Fig. 6a
shows mixing curves between various slab components and sources
with E-DMM Sr and Nd concentrations (Table 2) ( 87Sr/ 86Sr and
143
Nd/ 144Nd = 0.7027 and 0.51301 respectively) and peridotite Sr
and Nd concentrations (Table 2) ( 87Sr/ 86Sr and 143Nd/ 144Nd =
0.703 and 0.512989 respectively). The 87Sr/ 86Sr and 143Nd/ 144Nd ratios of the most primitive CABs and intraplate lavas can be modeled
by addition of ~ 0.7–1% of a sediment-derived ﬂuid to the E-DMM
source or ~ 0.8–1.5% of the same ﬂuid to the peridotite source. Adding an AOC component to the ﬂuid has little impact on the mixing
trajectory, but requires a larger ﬂuid contribution (~ 1.5–2% for
both sources).
The Nb/Zr vs. Ba/Zr plot has commonly been used to illustrate the
differences between the various primitive magmas erupted in the
Cascades (e.g. Leeman et al., 1990) and we use such a plot to further
investigate the composition of mantle sources and slab ﬂuids
(Fig. 6b). The Ba and Nb concentration estimates of the peridotite
source are too high to match the central Oregon CAB data, although
addition of 1–2% of the same sediment-derived ﬂuid and 8–9% melting can reproduce the intraplate sample. Addition of 0.8% sedimentderived ﬂuid to the E-DMM source, and ~ 7–10% melting, can reproduce the primitive CAB sample characteristics. The trace element
data are more consistent with a minimal AOC contribution to the
ﬂuid component. The most primitive Belknap sample (08-WBB-01)
is intermediate between the intraplate and the remainder of the
CAB samples in this plot, and could be reproduced by greater ﬂuid
addition to the peridotite source or lesser ﬂuid addition to the

E-DMM source, consistent with slightly more mantle-like Sr and Nd
isotope ratios (Fig. 6a).
This model only considers a slab component derived from AOC or
sediment dehydration, although at the elevated temperatures
expected in the sub-arc Cascade mantle, melting of the subducting
sediments and/or slab must be considered. Using the sediment melt
partition coefﬁcients of Johnson and Plank (1999) addition of a sediment melt is inconsistent with the 87Sr/ 86Sr and 143Nd/ 144Nd data
(Fig. 6a). Furthermore, the primitive lavas do not possess the elevated
Sr/Y, La/Yb, or Tb/Yb of western Aleutian lavas, regarded by
Yogodzinski and Kelemen (1998) and Kelemen et al. (2003) as characteristic of the involvement of a slab partial melt.
In summary, the Sr–Nd, trace element, and REE systematics of the
most primitive CAB and intraplate lavas can be modeled as small degree (b10%) melts of a garnet-bearing mantle with a composition
similar to the peridotite source of Reiners et al. (2000), or intermediate between this source and the E-DMM source of Workman and Hart
(2005). 87Sr/ 86Sr, 143Nd/ 144Nd and trace element data require modiﬁcation of this source by a slab-derived component. Addition of ~1%
of a ﬂuid derived by 4% dehydration of bulk subducting sediment is
the best match for this slab component. Minimal ﬂuid involvement
is consistent with recent olivine-hosted melt inclusion volatile measurements made on a number of the same samples studied here,
which show H2O concentrations elevated relative to MORB, but low
when compared to other arcs and the southern Cascades (Ruscitto
et al., 2010). The generation of both CAB and intraplate lavas by similar degrees of melting and ﬂuid addition is consistent with the close
spatial existence of veins or ‘pods’ of more and less depleted mantle
(Hildreth, 2007), explaining how both groups can be generated in
close spatial and temporal proximity. The characteristics of sample
08-WBB-01 suggest a continuum of variably ﬂuid-modiﬁed sources
may exist beneath the central Oregon Cascades.
5.4. U-series isotopes and mantle melting
The model presented above can be extended to include the
behavior of U-series isotopes to provide further constraints on
magma generation, and speciﬁcally, to address the outstanding
issue of whether the slab component identiﬁed in these lavas (and
commonly observed throughout the Cascades) is a modern slab-
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Fig. 6. Slab component modeling plot for central Oregon lavas, symbols as Fig. 1. Panel
(a): 87Sr/86Sr vs. 143Nd/144Nd plot. Red and blue circles represent E-DMM and peridotite source compositions respectively. Solid lines are mixing curves with a sedimentderived ﬂuid. Ticks marks are 0.1% increments to 1%, then as labeled. Long dashed
line is a mixing curve with a sediment partial melt, with % melt indicated. Short dashed
line is a mixing curve with a ﬂuid derived from the altered oceanic crust (AOC) and
sediment in the ratio 40:60, ticks at 1%, 2% and 3% ﬂuid. Panel (b): Nb/Zr vs. Ba/Zr
plot. Stars are mixing curves between the respective source and sediment-derived
ﬂuid in 0.2% increments to 1% for DMM sources, and in 0.5% increments to 2% for peridotite source. Solid lines are melting trajectories of sources modiﬁed by sedimentderived ﬂuid. Dashed line is melting trajectory of E-DMM source modiﬁed by addition
of 1.5% of the same 40:60 AOC/sediment-derived ﬂuid shown in panel (a). Ticks are 1%
melting increments from the labeled value to 15% melting. DBa, DNb and DZr are
0.000277, 0.01295 and 0.0912 respectively. Composition of mantle sources and slab
components can be found in Table 2.

derived ﬂuid, the addition of which initiates ﬂux melting of the
mantle wedge (e.g. Reiners et al., 2000), or whether these are decompression melts of a mantle source containing a ‘stored’ component from some earlier episode of Cascadia subduction (e.g.
Leeman et al., 2005). In this latter scenario “earlier” is constrained
by the half-life of 230Th only to be >~350 ka (~ 5 half-lives). The Useries data also permit us to distinguish between shallower garnetfree (lithospheric) and deeper garnet-bearing (asthenospheric) sources
(e.g. Asmerom, 1999; Asmerom and Edwards, 1995; Asmerom et al.,
2000). Re-melting of shallow material, while still preserving a garnet
REE signature, would generate 238U excesses due to the absence of garnet and the presence of aluminum-poor clinopyroxene with DU/DTh b 1
(e.g. Lundstrom, 2003 and references therein). It should be noted that
DU/DTh for aluminum-rich clinopyroxene becomes greater than 1 at
~ 1.5 GPa, meaning that Th excesses can be generated below this
depth in the absence of garnet (Landwehr et al., 2001; McDade
et al., 2003; Salters et al., 2002; Wood et al., 1999). However, the degree of U/Th fractionation is less in cpx than in garnet, so correspondingly smaller degrees of disequilibria are created, all else being equal.

The results of simple batch and fractional melting models of the
same ﬂuid-modiﬁed peridotite source used earlier are shown in
Fig. 7a. This plot clearly shows that such time-independent models
cannot generate the observed 230Th excesses. These results suggest
that more complex ingrowth models, incorporating the timedependency of U-series nuclides, and accounting for the duration
of melting, are necessary. This requirement for time-dependent
melting, whether dynamic (e.g. McKenzie, 1985; Williams and Gill,
1989) or equilibrium transport (Spiegelman and Elliott, 1993)
models, would seem to cast doubt on static melting of a lithospheric
source as a viable explanation.
Below we investigate the results of the Williams and Gill (1989)
model, an expanded version of the dynamic melting model of
McKenzie (1985). The primary variables in such a model are the
maximum degree of melting (F), the solid mantle upwelling velocity
(Vo) and porosity (ϕ). The degree of melting is constrained by trace
element variations, especially the REEs (Fig. 5). Mantle upwelling velocity is harder to estimate, but constraints can be inferred from
the velocity of the subducting slab if it is assumed that corner ﬂow
in the mantle wedge is responsible for mantle upwelling beneath
the arc (e.g. Currie et al., 2004; Furukawa, 1993). Given a convergence rate of ~ 4 cm yr −1 (Wilson, 2002) a range of upwelling velocities of 1–5 cm yr −1 seems reasonable. However, Currie et al. (2004)
suggested that such a model of ‘forced convection’ was unable to
account for the high heat ﬂow observed in Cascadia, and that a component of thermal driven free convection was required. This is easier
to reconcile with the requirement that melting begins in the garnet
stability ﬁeld, but makes placing constraints on upwelling velocity
more difﬁcult. Constraining porosity is even more problematic, and
we use a range of values from 0.1 to 2%, consistent with other studies
(Lundstrom, 2003; Turner et al., 2003a).
The peridotite mantle source and bulk subducting sediment
have calculated ( 238U/ 232Th) ratios of 0.889 and 1.370 respectively,
and are plotted in Fig. 7b assuming they are in secular equilibrium before ﬂuid addition or dehydration. Instantaneous addition of 1% of a
sediment-derived ﬂuid would result in a mantle source with ( 238U/
232
Th) = 1.073, ( 230Th/ 232Th) = 0.978, and ( 230Th/ 238U) = 0.911
(Fig. 7b). The results of melting this source using the model of
Williams and Gill (1989) are shown in Fig. 7b. This model is able to
replicate the ( 238U/ 232Th) and ( 230Th/ 232Th) ratios of the most primitive Sand Mountain samples with a reasonable range of parameters
(F = 1–5%, Vo = 1–5 cm yr −1, ϕ ≤ 0.5%). Furthermore, the degree of
melting inferred from these results (1–5%) is in good agreement
with the results of the trace element modeling (b10%). Melting with
a garnet-free source is capable of reproducing the U–Th data of the
most primitive lavas only under a very narrow range of conditions
(F ≤ 1%, Vo ≤ 1 cm yr −1, ϕ ≤ 0.2%) (Fig. 7b).
Fig. 7c shows the same model extended to include the ( 226Ra/
230
Th) pair. Without information on the Ra concentration of the mantle source or slab components this model assumes the source is in
( 226Ra/ 230Th) secular equilibrium, although this has minimal effect
on model output. Additional consideration of the ( 226Ra/ 230Th) data
generally conﬁrms the U–Th modeling, although smaller extents of
melting are required. If the 226Ra excesses are mantle melting signatures then effectively instantaneous transport through the crust is required to preserve those excesses. However, it is important to note
that 226Ra excesses can also be generated within the crust and may
not be related to mantle metasomatism or melting (e.g. Dufek and
Cooper, 2005; Huang et al., 2011; Saal and Van Orman, 2004; Van
Orman et al., 2006).
It is interesting to note that the most primitive samples from different groups do not cluster together on the equiline diagram, suggesting that differences exist in the combination of mantle source/
slab ﬂuid/melting process that gave rise to each group. This is supported by closer consideration of the ( 238U/ 232Th) and ( 230Th/ 232Th)
data, which shows that trends from the most to least primitive
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sample within each group appear to converge at a common point,
marked with a red star in Fig. 7b. This point has a lower kappa (K)value (atomic 232Th/ 238U) than the samples, closer to the MORB
value of ~ 2.5, and a ( 230Th/ 238U) value of ~ 1.15–1.20 (15–20% Th excess). A small degree partial melt of garnet-bearing maﬁc lower crust,
similar to the component invoked by Jicha et al. (2009b) at Mt.
Adams, is consistent with these requirements and the assimilant
used to model the trace element variations between primitive and
evolved lavas (Section 5.2). The vertical trend within the Newberry
group as samples become more evolved is consistent with differentiation dominated by fractional crystallization and/or bulk assimilation.
The U-series modeling conﬁrms the interpretation, based on the
REE data, that the high ( 230Th/ 238U) samples require dynamic melting
of a garnet-bearing source. Static melting, or a garnet-free (lithospheric) source, is unable to generate large 230Th excesses (Asmerom,
1999; Asmerom et al., 2000). This interpretation implies that the

387

garnet signatures observed in the REE and U-series data were
obtained at the same time in an asthenospheric source, and cannot
be reconciled with the suggestion (Leeman et al., 2005) that Group
II lavas could represent re-melting of shallow lithospheric mantle
containing a garnet signature inherited from earlier, deeper melting.
While the U-series data can effectively rule out re-melting of a
lithospheric source, the necessarily small degree of ﬂuid involvement
implied by the long-lived isotope and trace element data, and the correspondingly small 238U excess generated in the pre-melting mantle,
do not permit us to distinguish between scenarios where limited ﬂuid
addition to the mantle wedge was the trigger for melting, as proposed
at most arcs and by some workers in the Cascades (e.g. Reiners et al.,
2000), and scenarios where melting occurs solely in response to mantle upwelling and decompression, and the ﬂuid signature is inherited
>350 ka prior to the onset of melting (e.g. Leeman et al., 2005). However, Beier et al. (2010) recently proposed a model for the Manus
Basin in which addition and storage of a subduction component in
the mantle wedge results in elevated oxygen fugacity, and a corresponding change in DU, such that DU ≪ DTh, and therefore dynamic
melting leads not to 230Th excesses but 238U excesses. If this model
is applicable to the Cascades then it could provide evidence in favor
of recent ﬂuid addition and ﬂux melting.
Regardless of the timing of ﬂuid addition, the U-series data rule
out substantial modiﬁcation of the central Oregon sub-arc mantle
source by any slab-derived component. Despite the evidence for
greater ﬂuid involvement in the southern Cascades, no signiﬁcant
along-arc differences are obvious in the growing body of U-series isotope data (Fig. 3a), suggesting that any along-arc variation in modern
slab-input is similarly limited. This would seem to indicate that the
majority of the ﬂuid signature observed in southern Cascade lavas
must be inherited from earlier subduction and/or added to the shallow mantle wedge >350 ka prior to melting.

6. Conclusion
Maﬁc magmas from the central Oregon Cascades display elemental and isotopic characteristics consistent with previously described
Group II calc-alkaline basalts (CABs). One sample shares characteristics with Group I intraplate basalts. Trace element data suggests that
the most primitive CABs can be derived by b10% melting of a garnetbearing enriched-mantle source that has been modiﬁed by addition
of ~ 1% of a ﬂuid derived from subducting sediments. The intraplate
basalt can be derived by similar degrees of melting of a slightly
more enriched source that has been modiﬁed by a similar amount

Fig. 7. U-series isotope modeling plots for central Oregon lavas, symbols as Fig. 1. Panel
(a): La/Yb vs. (230Th/238U) plot. Solid and dashed lines represent batch and fractional
melting models of the peridotite source modiﬁed by addition of 1% of the sedimentderived ﬂuid used previously (addition of the ﬂuid component has very minimal impact
on La/Yb ratio). Source contains 3% modal garnet. Tick marks are 1% melting increments.
DLa and DYb as in Fig. 5, DU and DTh given below. Panel (b): (238U/232Th) vs. (230Th/
232
Th) plot showing results of the dynamic melting model of Williams and Gill (1989).
Black line is the equiline, gray lines are Th excess lines. The model assumes a 45 km long
melting column, starting at 90 km depth. Densities of the solid and melt are 3300 and
2900 kg m−3 respectively. Upwelling velocities of 1, 5, and 10 cm yr−1 correspond to
melting rates of 7.33× 10−6, 3.67 × 10−5, and 7.33× 10−5 respectively. DU and DTh values
are 0.00303 and 0.00159 respectively for a source containing 3% garnet. The pre-melting
peridotite source has been modiﬁed by addition of 1% of a sediment-derived ﬂuid as discussed in the text. Red, green and blue lines represent 1, 5, and 10% melting respectively
(F= 0.01, 0.05, 0.1). Solid lines with plusses, and dashed lines with crosses, represent upwelling velocities (V) of 1 and 5 cm yr−1 respectively. Plusses/crosses indicate porosities
of 0.1, 0.4, 0.8, 1.2, 1.6 and 2.0%. Smaller porosities result in greater degrees of disequilibrium. The dash-dot line is for a garnet-free source at F = 0.01, V = 1 (DU = 0.00258,
DTh = 0.00161). Panel (c): (230Th/238U) vs. (226Ra/230Th)i plot showing results of the
same models shown in panel (b). All lines and symbols as in panel (b). All lines represent
melting of a secular equilibrium source containing 3% garnet as discussed in the text unless labeled otherwise. DRa = 5.8 × 10−6 for a 3% garnet source and 6.1 × 10−6 for a 0% garnet source.
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and composition of ﬂuid. Uranium-series data ( 238U– 230Th– 226Ra)
are consistent with dynamic melting of such a ﬂuid-modiﬁed source,
although the data do not permit us to constrain the timing of ﬂuid
addition relative to melting. However, the amount of ﬂuid involvement is minimal and melting is dominantly occurring in response
to decompression. Limited along-arc variation in U-series isotopes
suggests modern ﬂuid involvement elsewhere in the arc is also
limited. REE and U-series data require ~ 2–3% garnet in the source,
implying that these lavas are asthenospheric melts, not melts of
metasomatized subcontinental lithospheric mantle or ‘frozen’ basaltic ‘pods’ within the lithosphere. Trace element and U-series data
indicate assimilation of a lower crustal melt of maﬁc (LKT-like) material in the generation of evolved basaltic andesite lavas.
Supplementary materials related to this article can be found online
at doi:10.1016/j.epsl.2011.09.060
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