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Abstract

Chemically primitive late Cenozoic tholeiitic basalts from the northwestern U.S.A. have Os-isotopic compositions more
radiogenic than observed for most basalts from the ocean basins. This result is inconsistent with the simple petrogenetic
model that explains the geographically correlated Sr-, Nd- and Pb-isotopic variation in these basalts as resulting solely from
melting of metasomatized lithospheric mantle peridotite of varying age across this area. A magma source composed of a
mixture of peridotite and pyroxenite /eclogite also fails because at the high percentage of mafic component required to
explain the observed Nd-Os isotope systematics, this mixed source would not produce melts that match the major- and
trace-element compositions of the observed olivine tholeiites. A more likely explanation for the observed isotopic
compositions involves interaction of sublithospheric primary melts that are similar in composition to mid-ocean ridge basalt
(MORB) with high-'¥70s/ 1%80s materials in the lower crust or lithospheric mantle. Though not uniquely defined,
mass-balance calculations suggest that the lithospheric component is mafic—potassic in composition, possibly a small-volume
melt of mafic material in the lower crust or upper mantle. If the radiogenic Os is attributable to such interaction, the isotopic
compositions of the tholeiites can be satisfied by 2-25% addition of the lithospheric component to a primitive MORB
parental magma. These results show that the Os-isotope system in continental basalts can provide a clear distinction between
magmas derived by melting isotopically evolved peridotitic lithosphere and those produced from a sublithospheric primary
melt contaminated by mafic material in the lithosphere. © 1997 Elsevier Science B.V.
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1. Introduction

Basalts erupted in continental regions often carry
trace-element and Sr-, Nd- and Pb-isotopic signa-
tures suggestive of interaction with crustal and/or
enriched lithospheric mantle components. Elucidat-
ing the details of this interaction often is ambiguous

* Corresponding author. Fax: + 1-202-364-8726.

since both crust and enriched mantle can impart
similar characteristics [1]. A clear answer to this
question is necessary for our understanding of the
genesis of continental basaltic volcanism. Because
theoretical models of mantle melting suggest that dry
lithospheric mantle is too cold to provide significant
volumes of basaltic melt [2,3], one interpretation is
that lithospheric signatures in continental basalts are
primarily signs of contamination of sublithospheric
melts by either lithospheric mantle or continental
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crust. Another interpretation is that melting of conti-
nental lithosphere is aided by the presence of water
and/or low-melting temperature mafic veins that
will allow the lithospheric mantle to be the main, or
sole, contributor to continental basaltic volcanism in
areas of extensional tectonism [4,5].

In an attempt to resolve this dilemma, we have
determined the Os-isotopic composition of a set of
high-Mg, ‘‘primitive’’, tholeiitic basalts from the
northwestern U.S.A. These basalts previously were
studied for their major- and trace-clement and O-,
Sr-, Nd- and Pb-isotopic characteristics [6]. The lim-
ited elemental concentration variation and nearly in-
variant O-isotopic compositions of these basalts were
used to argue against significant crustal contamina-

tion [6]. The basalts display a well-defined correla-
tion between geographic position of eruption and Sr-,
Nd- and Pb-isotopic composition that was interpreted
as reflecting a change in lithospheric mantle source
from young, newly accreted, lithosphere in the west
to old, isotopically evolved, lithospheric mantle in
the east [6].

We have returned to these basalts for Os-isotope
analysis because Os should be particularly sensitive
at resolving magma components derived from litho-
spheric peridotite as opposed to crustal material.
Lithospheric peridotites tend to have unradiogenic
Os independent of their Sr-, Nd- and Pb-isotopic
composition [7,8], whereas crustal materials tend
toward radiogenic Os. A possible caveat to this
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Fig. 1. Locations for the seven HAOT samples studied in this work are plotted with respect to the major physiographic and tectonic
provinces of the northwestern U.S.A. including: light shading, Cascade volcanic arc; stippled pattern, Oregon Plateau; diagonal line
pattern, Snake River Plain.
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simple distinction between crust and mantle, that will 2. Review of sample characteristics

be discussed in some detail, is the role played by

mafic veins or layers in generally peridotitic mantle. Late Cenozoic basaltic volcanism in the north-
Such mafic material will have high Re/Os and western U.S.A. has been variously ascribed to sub-
potentially radiogenic Os [9-11]. duction-related arc, extensional back-arc, and mantle
Table 1

Elemental and Sr-, Nd-, Pb-isotope data

Sample GC-2B H9-111A DC-1 H9-27 H9-6A CM92-1 MF92-1
Longitude (“W) 121.63 121.58 118.75 117.33 115.33 113.48 111.40
Age (Ma) 0 2.69 0 5.04 5.08 0.5 0.5
$i0, 47.43 47.93 47.43 47.71 46.75 47.52 4729
TiO, 0.69 0.68 1.25 0.81 1.19 0.99 1.59

AL O, 16.86 17.27 16.75 16.54 16.54 15.92 15.41
Fe,0; 1.86 1.87 1.68 1.63 2.74 1.20 3.62
FeO 7.44 7.20 9.08 8.72 8.00 8.62 7.95
MnO 0.16 0.16 0.18 0.17 0.16 0.17 0.18
MgO 1036 10.29 8.47 9.22 9.76 10.95 9.57
Ca0 11.74 11.59 11.36 12.19 11.31 11.65 10.96
Na,O 2.34 2.25 2.90 2.29 2.20 1.91 2.21
K,O0 0.10 0.09 0.35 0.11 0.17 0.11 0.38
P,0; 0.07 0.06 0.14 0.11 0.21 0.08 0.26
LOI 0.51 0.59 1.02 0.89 0.79 0.80 0.79
Total 99.56 99.98 100.61 100.39 99.82 99.92 100.21
Rb 1.9 0.9 44 1.6 23 1.9 7.2

Sr 164 261 274 174 182 154 234

Ba 14 36 168 421 166 105 306

Zr 34 37 80 51 75 68 145

Y 20 20 25 22 24 14 27

Nb <1 3.8 2.2 5.4 4.1 12

Pb 0.58 0.89 1.76 0.75 0.22
Nd 4.59 4.11 7.05 6.14 11.9 3.86 18.4

Sm 1.67 1.53 2.21 1.91 3.11 1.28 4.29

Ni 182 179 115 165 204 95 85

Cr 199 277 226 298 409 511 487

\s 200 224 279 235 233 234 281

Sc 39 42 41 40 32 37 37

Cu 130 109 105 89 65 24 44
MgO/FeO* 1.137 1.158 0.800 0.905 0.933 1.129 0.854
Ca0/AlL0, 0.696 0.671 0.678 0.737 0.684 0.732 0.711
K,0/P,0; 1.429 1.500 2.500 1.000 0.810 1.375 1.462
#75r /805t 0.70320 0.70348 0.70418 0.70591 0.70616 0.70654 0.70562
"INd/ N 0.512982 0.513020 0.512827 0.512622 0.512515 0.512489 0.512475
X6 pp, s 204pp 18.723 18.866 18.885 18.715 18.748 18.143 17.238
7pp 7 2%4pp 15.547 15.608 15.593 15.631 15.674 15.606 15.476
28 pp, / 204pp 38.281 38.452 38,580 38.838 39.318 38.436 38.162

Major- (wt%) and trace- (ppm) element data by XRF. Rb, Sr, Sm and Nd concentrations by isotope dilution. Sr-, Nd- and Pb-isotopic
compositions for all samples except MF92-1 and CM92-1 from [6].
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plume related magma generation [12,13]. For the
purposes of this study, we concentrate primarily on
basalts from a west to east transect beginning just
east of the Cascades, extending across the Oregon
Plateau, and ending in the eastern Snake River Plain
(Fig. 1).

Most samples studied here derive from the Ore-
gon Plateau which is bounded by the flood basalts of
the Columbia Plateau to the north, the active Cas-
cade arc to the west, the Basin and Range proper to
the south and southeast, and the Snake River Plain to
the east. Since its inception as a continental exten-
sional basin approximately 15—-17 Ma ago, the Ore-
gon Plateau has been host to widespread basalt-
dominated bimodal volcanism [14]. The early history
(e.g., 12 to 17 Ma) of volcanism in this area is
marked by the eruption of large volumes of evolved,
Fe-rich, flood basalts, such as those found at Steens
Mountain. Since approximately 11 Ma ago, the most
widespread magma type erupted on the Oregon
Plateau is a little fractionated, mid-ocean ridge basalt
(MORB)—like high-alumina olivine tholeiite, previ-
ously designated as HAOT [15]. HAOT not only is
widespread throughout the Oregon Plateau [15,16],
but is found to the west in the Cascades [15,17,18] to
the north and northeast in the Picture Gorge and
Powder River basalts [19,20], and along the Snake
River Plain as far east as Yellowstone [21]. While
HAOT eruptions occurred across a large area, the
total volume of HAOT erupted over the last 11 Ma is
small (< 1%) in comparison to the volume of basalt
erupted during the ca. 15-17 Ma flood basalt episode.

An important feature of the distribution of HAOT
is that it erupted in a variety of physiographic/tec-
tonic environments; from young accreted or newly
formed lithosphere of oceanic affinity in the western
portion of its occurrence to ancient cratonic litho-
sphere to the east [14,22]. In all cases, HAOT erup-
tions are associated with structural features indica-
tive of local or regional crustal extension. As a
magma type, HAOT is remarkably uniform in bulk
chemical composition, with primitive end-member
varieties present throughout its aerial distribution
(Fig. 1; Table 1). Primitive HAOT composition lig-
uids are near saturation with olivine, orthopyroxene,
augite, plagioclase and spinel at about 1.1 GPa [23],
indicating either melting of a mantle source at depths
as shallow as 30-35 km or crystallization of a more

primitive magma en route through the lithospheric
mantle. Many HAOT display a small positive Eu
anomaly [16] suggestive of interaction with plagio-
clase that also supports a shallow last equilibration
for these magmas.

These characteristics, together with systematic re-
gional Sr-, Nd- and Pb-isotopic variations led to a
working model that calls for HAOT derivation from
primarily oceanic-type mantle in the west, and pri-
marily ancient lithospheric mantle to the east within
the Snake River Plain [6]. How such petrologically
similar magma can arise from such diverse sources is
a challenge to explain. At least the most primitive
HAOT appear to have experienced little, if any,
post-generation crustal contamination, although re-
cently this interpretation has been questioned [20],
and will be further examined in this study. The wide
distribution, primitive nature, and systematic Sr-,
Nd- and Pb-isotopic variations make HAOT an ideal
candidate for evaluating their Re—Os isotope system-
atics and the implications they may have for petroge-
nesis of continental basaltic volcanism.

3. Analytical details

Seven HAOT samples, all younger than 6 Ma,
chosen to represent a west to east transect across the
main region of HAOT occurrence, have been ana-
lyzed for Re and Os concentrations and Os-isotopic
composition. Important bulk chemical, trace-element
and isotopic characteristics for the HAOT are sum-
marized in Fig. 1 and Table 1.

Re and Os analyses were carried out using either
HF-HCI digestions in Teflon vessels [24] or aqua-re-
gia digestions in sealed Carius tubes [25]. Os was
separated after dissolution by distillation from 5 N
H,SO, and Re separated from the distillation residue
by anion-exchange chromatography using the tech-
niques described in [24] and [25].

Multiple dissolutions of the same sample powders
show Re concentration reproducibility of +1% or
better, independent of dissolution technique, while
Os concentration varies more widely. Samples di-
gested in Carius tubes tend towards higher Os con-
centrations, but not for all samples. Given the good
reproducibility of Re concentrations independent of
digestion technique, we suspect that the variation in
Os concentrations may relate to occasional incom-
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plete spike-sample equilibration during the HF—HCI
digestions [25], to inhomogeneous distribution of
ultra-trace Os-rich phases in these very low-Os con-
tent rocks, or to dissolution of relatively Os-rich
PGE alloys that are soluble in aqua regia, but not
HF-HCI. During the course of these measurements,
processing blanks were Re =20 pg, Os =35 pg for

the HF—HCI digestion and Re = 2 pg, Os = 2 pg for
Carius tube digestions. The "*’Os/ '*80s measured
for the chemical processing blank is 0.18. Re- and
Os-isotopic compositions were determined by nega-
tive ion thermal ionization mass spectrometry. De-
tails of this procedure, as applied at DTM, are
described by Shirey [26]

Table 2
HAOT Re-Os data
Sample /method [Rel(ppb) [Os] (ppb) 187Re / 1880 8705/ 18805

measured blank corr. measured blank corr. initial
H9-111A
ADI1 n.d. 0.0896 0.0884 n.d. 0.1520 + 0.0006 0.1517 0.1507
AD2 0.3965 0.0545 0.0534 35.9 0.1514 4 0.0050 0.1508 0.1493
AD3 0.3964 0.0502 0.0498 38.7 0.1532 + 0.0009 0.1530 0.1513
CT 0.3991 0.2099 0.2084 9.25 0.1551 £+ 0.0003 0.1550 0.1546
GC-2B
ADI1 n.d. 0.0122 0.0113 n.d. 0.1634 + 0.0041 0.1619 0.1619
AD2 0.2658 0.0108 0.0101 127 0.1627 + 0.0039 0.1615 0.1615
DC-1
ADI1 n.d. 0.0575 0.0566 n.d. 0.1700 + 0.0019 0.1698 0.1698
AD2 0.5768 0.0212 0.0204 137 0.1713 £ 0.0008 0.1710 0.1710
CT 0.5752 0.0837 0.0830 33.6 0.1708 + 0.0009 0.1708 0.1708
H9-27
AD1 0.4860 0.0460 0.0452 524 0.2086 £ 0.0010 0.2092 0.2049
AD2 0.4896 0.0454 0.0450 53.1 0.2066 + 0.0018 0.2070 0.2026
CT 0.4870 0.0676 0.0673 353 0.2186 + 0.0005 0.2190 0.2161
H9-6A
ADI1 0.3109 0.0930 0.0921 16.4 0.1780 £ 0.0008 0.1780 0.1766
AD2 0.3066 0.0474 0.0462 32.1 0.1863 1+ 0.0103 0.1865 0.1838
CT 0.3040 0.0922 0.0916 16.1 0.1876 + 0.0038 0.1876 0.1863
CM92-1
ADI1 0.1390 0.0017 0.0014 566 1.1875 +£ 0.0110 1.606 1.602
AD2 n.d. 0.0013 0.0010 nd. 0.9933 1 0.0060 1.472 1.465
CT1 nd. 0.0057 0.0039 n.d. 1.2331 £ 0.1740 1.914 1.909
MF92-1
AD1 0.1151 0.0040 0.0030 186 0.1950 + 0.0184 0.1998 0.1983
AD2 n.d. 0.0037 0.0034 n.d. 0.1898 + 0.0009 0.1913 0.1898

AD corresponds to HF—HCI digestion, CT to Carius tube digestion.
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4. Results

As shown in Table 2, the basalts display a wide
range in Os concentration (0.0010-0.208 ppb), but a
restricted range in Re content (0.12-0.58 ppb) aver-
aging 0.33 £ 0.17 (1) ppb. The average Re content
of HAOT is similar to that of average ocean island
basalt (Re =0.26+0.12 ppb, when corrected for
olivine fractionation to a Mg# of 0.73 [27]), but
lower than the MORB average Re content of 0.93 +
0.34 ppb [27]. Re concentrations show vague correla-
tions (e.g., correlation coefficient > 0.7) only with
the elements Al, Na and Cr and the poorest correla-
tions with the highly incompatible elements K and
Ba. There is no correlation of Os concentration with
the concentration of other elements (e.g., Cu, Ni, Fe)
that might be sensitive to possible fractionation of
sulfide phases from these magmas.

Re and Os concentration variations also are inde-
pendent of geographic location, as is the case for
most other HAOT elemental parameters. Three ex-
ceptions are noted. Al,O, and Cu display systematic
decreases from west to east while Cr increases to the
east (Fig. 2). At present, these trends are difficult to
interpret given the otherwise homogeneous nature of
HAOT across the entire region, but they may suggest
an eastward increasing role of pyroxene over plagio-
clase during HAOT evolution. This, in turn, may be
indicative of increasing depths of melting and/or
fractionation.

HAOT Re and Os concentrations are within the
range reported for oceanic basalts, whereas their
Os-isotopic compositions are more radiogenic. Only
one sample (H9-111A) has "*’Os/ '**Os within the
range observed for ocean island basalts [28-33].
Ocean island basalts with Os as radiogenic as found
for H9-111A, however, either yield Pb-isotopic sig-
natures very different from H9-111A (e.g., HIMU
island of Mangaia [33]) or are considered to have
been affected by interaction with old, radiogenic
oceanic crust beneath the volcano [30,31,34]. Some
MORB have '*’Os/ '*¥0s high enough to overlap
the HAOT values reported here [35]. Since MORB
have extremely low Os concentrations [36], there is
considerable uncertainty as to whether the more ra-
diogenic values (e.g., ° Os/ '*0s 0.135) reported
for MORB represent igneous values, seawater alter-
ation [35], or in-situ Re decay. Abyssal peridotites,
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Fig. 2. Compositional characteristics of the studied HAOT that
correlate with geographic position of eruption of the individual
samples.

which have Os contents high enough to be relatively
insensitive to seawater Os addition, have
%705 / 18805 < 0.127, well below the HAOT compo-
sitions [29,35,37]. In addition, peridotite xenoliths
from the Simcoe volcano in the Cascades have
*70s / 18805 < 0.131 [38], again well below even the
least radiogenic Os seen for the HAOT.

No consistent relation between Os concentration,
Re/Os or '*’0s/ '®80s are observed in the HAOT,
although the lowest-Os content HAOT yields the
highest '*’Os/ '*¥0s (CM92-1) and the highest-Os
content sample yields the lowest '*’Os/ '#80s (H9-
111A). '®0s/ '#0s increases from west to east
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Fig. 3. Isotopic variation of the HAOT from west to east across the sample area.

across the sample area (Fig. 3), but the trend is
punctuated by two samples offset to much more
radiogenic Os. The eastward increase in '*’Os / **0s
is akin to previously observed longitudinally corre-
lated changes in Sr-, Nd- and Pb-isotopic composi-
tions (Fig. 3) documented for a larger suite of HAOT,
as well as for other late-Cenozoic volcanic products
in this region.

5. Discussion

HAOT share many chemical similarities with
MORB or primitive island arc tholeiites, but have
regionally varying Sr-, Nd- and Pb-isotopic composi-
tions that distinguish them from any oceanic basalt.
The radiogenic Os found for the HAOT analyzed
here further enhance this distinction (Fig. 4). Esti-
mates of the Os-isotopic composition of undifferenti-
ated mantle range from '*’Os/ *¥0s = 0.1287 to as
high as 0.132 based, respectively, on chondritic
analogs for mantle Re and Os abundances [39] and
on the Os-isotopic composition range observed for
ocean island basalts [29]. Thus, the HAOT data
require identification of a source of radiogenic Os
that is either in the source of the parental magmas or
is added by contamination at some stage during the
transit from source to eruption.
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Fig. 4. Os-Nd isotope mixing systematics for the addition of
different radiogenic Os componeats to peridotite. For curves A
and B, the peridotite has [Nd]=1.5 ppm, "“’Nd/'**Nd=
0.51315, [Os]=3 ppb, '®’0s/'*80s =0.13. The Nd and Os
concentrations and isotopic compositions listed in the figure for
component A are those of a websterite xenolith from the High-
woods Mountains of Montana [10}; for component B, a websterite
xenolith from Chino Valley Arizona [46]; and component C is a
hypothetical composition chosen to approximate a subduction-re-
lated mixture of altered oceanic crust and pelagic sediment. The
peridotite end-member for component C has Os concentration
reduced to 0.65 ppb, Nd increased to 2 ppm with "*Nd /14 Nd =
0.5129 to approximate the average composition of arc-mantle
peridotite xenoliths from Simcoe volcano in the Cascades [38].
Large squares show the data for HAOT excluding sample CM92-1
which plots at '*’0s/'880s 1.5 with '’Nd/'*Nd = 0.51249.
Symbols along the curves denote 2% additions of contaminant for
curve A, and 10% additions for curves B and C. Nd concentra-
tions listed in the figure are in ppm while those for Os are in ppb.



110 W.K. Hart et al. / Earth and Planetary Science Letters 150 (1997) 103-116

Because of the moderately incompatible nature of
Re, but compatible behavior of Os during melting of
mantle peridotite, melt extraction from the mantle
generally leaves behind Re-depleted peridotites that
will evolve less radiogenic Os than undifferentiated
mantle. If the higher '*’Os / '**Os measured for some
MORB are ascribed to seawater contamination [35],
Re removal accompanying past melt depletion prob-
ably explains the lower than ‘‘bulk-mantle’” Os-iso-
topic compositions observed for MORB-related
oceanic peridotites. In addition, Re-depleted peri-
dotites, some with very low '*'Os/'®¥0s, are a
pervasive component of cratonic lithospheric mantle
and seem to retain their unradiogenic Os even if
affected by later metasomatic events that raise their
incompatible-element contents and lead to evolved
Sr-, Nd- and Pb-isotopic compositions [7,8,10].

An exception to this simple model of Re depletion
by melt extraction might occur in convergent margin
settings where more oxidizing melting conditions in
the mantle wedge above the subducting plate may
promote decomposition of Os-bearing phases in the
peridotite with resultant loss of Os [38]. Relatively
low Os concentrations (0.3-1.0 ppb) have been re-
ported for peridotite xenoliths from the Simcoe vol-
cano in the Washington Cascades, but these samples
also have Re/Os near or below bulk-Earth values
and "*’Os/ '330s < 0.131 [38]. Consequently, radio-
genic Os is not expected, nor has it been observed, in
mantle peridotite. Thus, the radiogenic Os-isotopic
compositions found for HAOT deny simple petroge-
netic models that describe HAOT as unfractionated,
uncontaminated, melts of peridotitic mantle.

5.1. A mafic, not peridotitic, source for HAOT?

An interesting possibility to consider is that the
source of HAOT is predominantly mafic composi-
tion material in the upper mantle or lower crust. In
many respects, the composition of HAOT, particu-
larly the low Ti and high Al contents, mirror the
composition of primitive island arc tholeiites that
some have argued derive from melting a quartz-eclo-
gite, rather than peridotitic, source [40). While not
directly related to subduction zone volcanism, HAOT
occur in an area with an extensive magmatic history
ranging from Mesozoic to Recent arc-, Miocene

flood basalt-, and Miocene to Recent extensional-
volcanism. The long magmatic history of this area
could provide sufficient mafic material in the lower
crust—upper mantle to serve as potential source ma-
terial for HAOT during late Cenozoic extension [5].
Indeed, some workers have suggested that the largest
volume of basalt in this area, the Columbia River
flood basalts, derive from the melting of a
pyroxene-rich, mafic source [41,42].

A relatively young mafic component is required
by the HAOT data to explain the quite high
"“>Nd/ '“*Nd yet high "®'0Os/'®*0s found for the
sample with least radiogenic Os, H9-111A. For ex-
ample, a mafic material could evolve '*’Os /¥ 0s
from 0.13 to the 0.151 found for H9-111A in only 15
Ma given a high, but not unreasonable, '*’Re / '330s
of 84 and would require a '*’Re / '**Os of only 13 to
create this Os-isotopic difference in 100 Ma. For
time periods of 100 Ma or less, given the likely
Rb/Sr, Sm/Nd and U /Pb of potential source mate-
rials for HAOT, only imperceptibly small changes
would occur in Sr-, Nd- and Pb-isotopic composi-
tion. Older mafic components would likely evolve
sufficiently distinct Sr-, Nd- and Pb-isotopic compo-
sitions as to cause greater offsets from ‘‘oceanic’
values than observed in the least isotopically evolved
HAOT.

Several characteristics of the HAOT composi-
tions, however, are hard to reconcile with a purely
mafic source. First is the issue of whether a mafic
source could produce melts with the *‘primitive’’
compositional features of HAOT, e.g. high Mg /Fe,
high Ni and Cr? In other words, can one produce a
primitive high-alumina olivine tholeiite composition
by melting a basaltic source? Though we consider
mafic source materials an often overlooked, but po-
tentially important, component for other types of
continental volcanism [43], HAOT major-element
compositions have yet to be produced by melting
mafic sources [44]. Second, the very low contents of
highly incompatible elements (e.g., Rb, Ba) observed
for the most primitive HAOT are unlikely to result
from melting a mafic, as opposed to ultramafic,
source. Finally, the observed correlation between Os-
and Nd-isotopic variation would require a surpris-
ingly regular change in Re /Os or age across the area
of HAOT occurrence.
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5.2. Nd-Os isotope mixing systematics

The Os data for HAOT show a general eastward
increase in '*’Os/ '8%0s that follows the previous
geographically correlated trends observed in the Sr-,
Nd- and Pb-isotopic composition of these basalts
(Fig. 3). To address the cause of this variation, we
explore HAOT isotope systematics in terms of inter-
action between various source and contaminant com-
positions that are likely to be present in the mantle
and crust across this area as outlined by previous Sr-,
Nd- and Pb-isotopic studies of basalts from the
Pacific Northwest [45]. Because the range of Sm /Nd
in rocks is much more limited, and more predictable,
than Rb/Sr and U /Pb variation, we will focus our
discussion on the implication of the observed Nd-
and Os-isotopic variation in HAOT for the petrogen-
esis of these lavas.

Compared to most melt compositions, mantle
peridotite will have low Nd, but high Os concentra-
tions. Consequently, mixing trajectories on plots of
Nd- vs. Os-isotopic composition will be quite differ-
ent in cases where the radiogenic Os component is
introduced as a source component (e.g., mafic veins
in a peridotitic mantle source) as opposed to contam-
ination of a melt, for example, in a crustal magma
chamber. This is shown in Figs. 4 and 5 by consider-
ation of a number of hypothetical mixing models. All
models start with a peridotitic source or parental
melt with Nd- and Os-isotopic compositions similar
to those expected for northern Pacific MORB. A
peridotitic source with ‘‘plume’’ isotopic character-
istics similar to FOZO [33] could be substituted with
little effect on the following arguments. Since there
is little or no direct information on the characteristics
of the source of radiogenic Os in these samples, the
following models consider first the rough systemat-
ics of mixing in the Os—Nd isotope systems to
illustrate the requirements imposed by the data on
the nature of the mixing components.

5.2.1. Source contamination

In the source contamination models, peridotite is
mixed with hypothetical ‘‘mafic vein’’ materials.
Fig. 4 shows the isotopic effects caused by mixing
peridotite with: (A) a websterite xenolith from the
shallow mantle beneath Montana [10]; (B) a web-
sterite xenolith from the mantle beneath central Ari-
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Fig. 5. Os—Nd isotope mixing curves expected for contamination
of both primitive and evolved basaltic melts by various hypotheti-
cal components likely to reside in the lithosphere of this region.
The large squares show the data for the analyzed HAOT with the
exception of sample CM92-1. Symbols along the curves denote
2% increments in the amount of contaminant in the mixture. Nd
concentrations listed in the figure are in ppm while those for Os
are in ppb.

zona [46]; and (C) a hypothetical composition se-
lected to represent a possible subduction component
derived from pelagic sediment. While none of these
‘‘contaminant’’ compositions necessarily must be
present in the area of the HAOT sources, they repre-
sent a fair range of compositions for underplated
mafic melts and/or subduction-derived fluids that
might be present given the geologic history of this
region. They also cover a wide range in Nd and Os
concentrations and isotopic compositions to illustrate
the effects of such variations on the mixing curves.

For this type of source contamination, because of
the very low Nd/Os of the peridotite compared to
all “‘contaminants’’, the mixing trajectories in Os—Nd
isotope space (Fig. 4) are strongly hyperbolic with
rapid deflection in Nd-isotopic composition, but little
change in Os-isotopic composition until the Nd-iso-
topic composition of the contaminant is approached.
As seen in Fig. 4, 6% addition of the Montana
websterite xenolith to peridotite will cause the Nd-
isotopic composition of the mixture to equal that of
the lowest '**Nd/'**Nd measured for samples in
this study, yet the "*’Os/'®*Os will change only
from 0.130 to 0.132. More dramatic shifts in Os-,
compared to Nd-, isotopic composition can be
achieved if the mafic component is assumed to be
less LREE enriched, such as for the example using
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the Arizona websterite, but no single mafic compo-
nent can recreate the shallow slope of the Nd-Os
correlation displayed by the HAOT data. This is
particularly true in the example using the ‘‘subduc-
tion component’’, even if the Os concentration of the
peridotite is lowered to the 0.65 ppb average ob-
tained by Brandon et al. [38] for Simcoe peridotite
xenoliths. Consequently, the mixing relationships
shown in Fig. 4 provide a strong argument that the
eastward increase in '*'Os/ '®80s observed in the
HAOT is not caused by melting a source consisting
of varying amounts and /or age of high-'#"0s / ¥ Qs
mafic veins in a generally low-'¥’0Os/380s peri-
dotitic matrix.

5.2.2. Melt contamination

The shallow-sloped correlation between Nd- and
Os-isotopic composition displayed by the HAOT
data, with the notable exception of sample CM92-1
which has extremely radiogenic Os, suggests that if
two-component mixing is responsible for this varia-
tion, the two mixing components have similar Nd /Os
concentration ratios. As indicated in the preceding
discussion, this is unlikely to occur if peridotite is
involved because of its low Nd/Os, but is a likely
situation for interaction between a basaltic melt and
most mafic to silicic igneous rock compositions that
would be found in the continental lithosphere. This
type of mixing, termed melt contamination, is evalu-
ated with the models depicted in Fig. 5.

In Fig. 5, the effect of variable Nd and Os con-
centration in both primary melt and contaminant is
shown. One set of calculations is for a relatively
unevolved primary melt with low Nd concentration
(5 ppm) and moderately high Os content (0.2 ppb)
mixing with either hypothetical *‘primitive’’ ({Nd] =
10 ppm, [Os}=0.5 ppb) or ‘‘evolved™ ([Nd] =20
ppm, [Os] = 0.2 ppb) contaminants. The second set
of curves considers contamination of a more evolved
melt with [Nd] = 10 ppm and [Os] = 0.05 ppb. The
Os-isotopic composition of the contaminants is cal-
culated assuming a constant Re concentration of 0.5
ppb and an age of 2 Ga. Varying the age of the
contaminant primarily will change the percentage of
contaminant required to reach any point on the mix-
ing curves show in Fig. 5, but will not greatly
modify their shape. Thus, the varying age of the
crustal basement across the area of HAOT occur-

rence is unlikely to significantly modify conclusions
about the nature of mixing end-members that are
derived from the shape of the mixing curves in
comparison to the HAOT data.

These models of melt contamination produce rela-
tively linear mixing curves in Fig. 5, but with con-
siderably different slopes depending on whether the
melt undergoing contamination is ‘‘primitive’’, with
high Os and low Nd contents, or ‘‘evolved’’, with
high Nd and low Os. The two curves calculated
assuming simple binary mixing of a primitive magma
with either contaminant pass through the data for
most of the HAOT. For the compositions modeled in
Fig. 5, the sample with highest "*Nd/'**Nd re-
quires 3-7% contamination to explain its Nd- and
Os-isotopic compositions starting from a MORB par-
ent magma, whereas 16-40% contaminant is re-
quired to reach the isotopic composition of the sam-
ple with lowest '*’Nd/ **Nd. Clearly, these mixing
percentages depend strongly on the Nd and Os con-
centration and isotopic composition of the end-mem-
bers, but demonstrate that the Nd-Os correlation
found for the HAOT, with the exception of CM92-1,
can be reproduced by contamination of primitive
MORB-like magmas. The Os—Nd correlation shown
in Fig. 5 is too crude to allow distinction between a
MORB or OIB primary magma on the basis of
isotopic composition. However, the shallow slope of
the data in Fig. 5 is most easily explained if the
primary magma has Nd concentration of 5 ppm or
less, as observed for some HAOT (Table 1), which is
more similar to typical primitive-MORB composi-
tions than to most OIB.

The very radiogenic Os found for sample CM92-1
is unlikely to reflect greater degrees of contamina-
tion than for other HAOT because CM92-1 has
among the lowest LIL-element contents of the HAOT
studied here. In the mixing models shown in Fig. 5,
to reach the extreme Os-isotopic composition ob-
served for CM92-1 could be accomplished by: low-
ering the Os concentration of the starting magma;
raising the Os concentration of the contaminant; or
raising the '*’Os/ '®80s of the contaminant. If the
magma undergoing mixing started with 0.01 ppb Os
or 0.001 ppb Os, instead of the 0.05 ppb Os used in
case D in Fig. 5, to produce the Os-isotopic compo-
sition of CM92-1 would require 20% or 2% contami-
nant, respectively, in the mixture. Alternatively, if
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the *’0s/ '#80s of the contaminant were increased
from 4.2 to 10, the amount of contaminant needed to
explain the Os-isotopic composition of CM92-1 in
the mixing model of Fig. 5, case D, would decrease
from 55% to 30%. These calculations demonstrate
the sensitivity of the Os-isotope system in reflecting
contamination of low-Os content melts.

5.3. Implications for HAOT petrogenesis

Fig. 6 and Table 3 present the results of a numeric
mixing model using mixing components chosen to
reflect the varying age of the lithosphere throughout
the area of HAOT occurrence as well as the isotopic
end-members identified by previous Sr-, Nd- and
Pb-isotopic studies of the basalts of the Pacific
Northwest [6,14,45]. A three-component mixing
model was employed to account for contamination of
low-'%70s / '8 0s MORB melts (the C1 component
of [45]) by material with more radiogenic Os derived

0.707 T T T
& 0706 (@) Mixed - |

& 0705F vYoung E

5 0.704 | Lithosphere
N
® 0703}

0‘702 1 1 1 1 A 1 1 L

0.22
0.20
0.18
0.16
0.14
0.12

187Qg { 188Qg

:
222} (c) a
216 ]
210} a

208ppy / 206pp

204F M i

1 L 1 1 1 1 Il L

12 10 8 6 4 2 0 -2 4
(West) € Nd (East)

Fig. 6. Results of a three-component mixing model using the
end-member compositions given in Table 3. This model approxi-
mates the changing age and composition of the lithosphere across
the area of HAOT occurrence based on Sr-, Nd- and Pb-isotope
variation observed in many basalts from the Pacific Northwest
{14.45]. 2OSPb/ 206pp is plotted because it simultaneously illus-
trates the geographically correlated changes in *Pb/ **Pb and
208pp, 7 204py that occur in basalts of this region.

Table 3
Ternary mixing model

MORB melt Mafic Contaminant

cn Young (west)  Old (east)

(c2) (c3)

End-member parameters
[Sr] (ppm) 120 320 230
IS AN 0.70270 0.70600 0.71300
[Nd] (ppm) 5 15 15
“INd/ "*4Nd 0.51315 0.51260 0.51150
[Pb] (ppm) 0.5 4 4
26 py, 7 204py, 18.8 19.1 16.5
207pp, / 204pp 15.5 155 155
208py, s 204pp, 38.5 38.7 37.5
[Os] (ppb) 0.05 0.10 0.10
18705/ 18805 0.125 0.250 0.330
Mixing proportions
West—start 100 0 0
West—end 80 20 0
Middle 1—start 80 20 0
Middle l—end 75 15 10
Middle 2—start 75 15 10
Middle 2—end 75 10 15
East—start 75 10 15
East—end 80 0 20

Cl1, C2, C3 correspond to the isotopic end-members defined for
the Columbia River basalts [43].

from young arc-related lithosphere (C2 of [45]) and
ancient (ca. 2500 Ma) cratonic lithosphere (C3 of
[45]). The radiogenic Os end-member could include
mafic components in the lithospheric mantle, or melts
derived from them, as long as the surrounding peri-
dotite is not significantly involved. To explain the
rapid increase in "¥’Os/'*®*Os from abyssal peri-
dotite values (0.125) to the values observed in the
western HAOT requires that C2 have isotopic com-
positions more evolved than expected for young, i.e.
Cenozoic, lithosphere unless the arc basement in this
area contained substantial input from fluids derived
from subducted pelagic sediments [38]. The model
was applied in a step-wise fashion to simulate the
transition from Cenozoic to Archean lithosphere
across the area of HAOT occurrence. Given the lack
of direct samples of the lithospheric contaminant
involved, the model is necessarily ad-hoc, but it
serves to illustrate that a contamination scenario such
as outlined above can be reconciled with the Sr-,
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Fig. 7. Ba, CaO/Al,0,, MgO/FeO" and Ni concentrations of
HAOT, excepting sample CM92-1, plotted against Os-isotopic
composition. FeO ™ is total iron concentration expressed as FeO.

Nd-, Os- and Pb-isotopic variation observed in
HAOT.

The isotopic results do not uniquely define the
composition of the lithospheric component, but this
can be investigated further by examination of the
combined isotope—trace element systematics of
HAOT. Of the elemental characteristics that distin-
guish HAOT from MORB, the most prominent is the
tendency of HAOT towards relatively high Ba con-
tents. With the exception of the extremely radiogenic
sample CM92-1, the remaining samples display a
good correlation between Ba content and Os-isotopic
composition (correlation coefficient = 0.94, Fig. 7),
suggesting that the component contributing radio-
genic Os also has moderately high Ba concentration.

From the isotope mixing systematics discussed
previously, the range in isotopic compositions ob-
served for HAOT require a minimum of 15% input
of the contaminant to explain the isotopic difference
between the samples with highest (H9-111A) and

lowest (MF92-1) '’Nd/ '**Nd. To assess the allow-
able composition of the contaminant, we can calcu-
late the required concentrations in the contaminant
which when added to H9-111A in a 15:85 (contami-
nant: H9-111A) mixture produces MF92-1. For in-
compatible elements, the contaminant is calculated to
contain 2.02 wt% K,0, 1.4% P,0,, 43 ppm Rb and
1840 ppm Ba, and for TiO,, CaO and Al,0,, 6.7%,
7.4% and 4.9%, respectively. The calculated contam-
inant composition is more similar to that of a
mafic—potassic melt than to any intermediate to fel-
sic crustal material.

A particularly sensitive indicator of contamination
by intermediate to felsic crust is the K,0/P,O4 ratio
[14] since most evolved crustal rocks have high
K,0/P,0;, generally, greater than 5. Contamination
of H9-111A with 15% of even a relatively primitive
Cascade basaltic andesite composition would raise
the K,0/P,0; of the mixture to above 3, yet only
one of the HAOT analyzed here have K,O/P,0s
above 1.5 (Table 1). Furthermore, HAOT show little
or no correlation between isotopic composition and
K,O/P,0;. If any trend exists, increasing sr /% Sr,
705/ 1#80s, and decreasing '“’Nd/ '**Nd tend to
be accompanied by lower K,0/P,04 in HAOT.

An additional argument against the involvement
of contaminants more evolved than basalt in HAOT
petrogenesis is provided by the extremely rough
positive correlation between Ca/Al and Os-isotopic
composition in the HAOT (Fig. 7). This correlation
suggests that the contaminant is not a low-Ca/Al
material, chemically like pelagic sediment [20] or an
evolved, e.g. intermediate to felsic, igneous composi-
tion. Obviously, the CaO and Al,O, abundances of
these magmas are extremely sensitive to plagioclase
and pyroxene fractionation. In the HAOT, however,
there is no correlation between Ca, Mg or Ni concen-
tration with Os-isotopic composition (Fig. 7), which
suggests that the contamination is not accompanied
by significant removal of either olivine or pyroxene.
In other words, contamination does not appear to be
accompanied by fractional crystallization in HAOT
genesis. This observation may support the model of
HAOT genesis that involves mixing between sub-
lithospheric primary magmas and low-volume melts
of mafic material in the lithosphere rather than inges-
tion of a crustal contaminant in a cooling, fractionat-
ing, crustal magma chamber.
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Based on these observations, we suggest that
HAOT form as the end-product of MORB-like pri-
mary melts that suffered minor, e.g. a few percent,
contamination by small-volume melts of mafic mate-
rial in the lithosphere. The regional variation in
isotopic composition of HAOT is then due, in this
model, to progressively greater involvement of older
mafic material moving from west to east. Our prefer-
ence for a MORB-like, as opposed to OIB-like,
primary magma is based less on the isotopic compo-
sition of HAOT than on their major- and trace-ele-
ment characteristics. Primitive HAOT have Al, Ti,
and Fe contents, very low alkali contents (K,0 <
0.1%, Rb <1 ppm) and chondrite-normalized
La/Sm ratios less than one, all of which are more
like MORB than ocean island tholeiites. Though we
cannot unequivocally rule out the possibility that the
variable isotopic compositions of HAOT result from
crustal contamination, the lack of evidence for ac-
companying crystal fractionation, the high calculated
Ca/Al and low K,0/P,0O5 of the contaminant, the
high compatible-element contents of HAOT, and
their near saturation with peridotitic mineralogy at
depths of 30-35 km [23] suggest that this interaction
occurred in the shallow lithospheric mantle.
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