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Figure 2. °'Sr/”"Sr versus = Pb/”" Pb diagram for the main eruptive

stages of the Columbia River Basalt Group, with emphasis on the
expanded range of Steens basalt compositions from this study. Imnaha,
Grande Ronde, and Picture Gorge data from: Carlson et al. (1981);
Carlson (1984); Hooper and Hawkesworth (1993); Brandon et al. (1993);
Camp and Hanan (2008). Lower B (open blue circles) and upper (open red
squares) from Wolff et al. (2008). Blue and red fields encompass the full
range of lower B and upper Steens Basalt data presented in this study, and
lower A Steens Basalt samples fall in the region where the blue and red
fields overlap (see Figure 12 for detail). C1 and C2 are mantle end-member
components of Carlson (1984). IC is the Imnaha component defined by
Wolff and Ramos (2013), which is similar to C2 and is interpreted by many
to be a plume component (e.g., Brandon & Goles, 1988; Hooper et al., 2007;
Wolff & Ramos, 2013). The star labeled OFT is a representative the Olds
Ferry Terrane composition (Table 3). Black arrows show the direction
toward Idaho Batholith (Gaschnig et al., 2011) and Pacific sediment
compositions, after Wolff & Ramos, 2013. The Pacific mid-ocean ridge
basalt (MORB) field (Stracke et al., 2003) extends to lower 875r/8Sr and
206py,/204py, beyond the scale of this diagram.

2. Geologic Setting and Petrologic Context

The Steens Basalt flows cover an area of 53,000 km? and have a total esti-
mated volume of 31,800 km> or ~15% of the 210,000 km?> estimated
volume of the entire CRBG (Camp et al., 2013; Reidel et al., 2013;
Figure 1). The Steens Basalt erupted as early as 17.0 Ma ago (Moore
et al., 2018) and together with the Picture Gorge Basalt of north-central
Oregon (17.2-16.1 Ma; Cahoon et al., 2020) represents the onset of
Columbia River Flood Basalt volcanism, 95% of which erupted between
16.7 and 15.9 Ma (Kasbohm and Schoene, 2018). At Steens Mountain,
locus of many Steens dikes, the stack of sequential Steens Basalt flows is
the thickest and the compositional range is the widest (Figures 1 and 3;
Johnson et al., 1998; Brueseke et al., 2007; Bondre & Hart, 2008; Camp
et al., 2013; Moore et al., 2018). A kernel density function analysis of 49
Steens ages (compilation of Camp et al., 2013; Moore et al., 2018) suggests
greatest activity (most ages) between 16.8 and 16.4 Ma and lingering activ-
ity to ~16 Ma. At Steens Mountain, the ~1 km-thick basalt section overlies
Oligocene volcanic rocks. The basement of eastern Oregon consists of
accreted Paleozoic to Mesozoic mafic arc terranes stitched together by
Mesozoic plutons (Walker et al., 1991). Just to the northeast of Steens
Mountain, the midcrustal basement rocks are part of the late Triassic to
Cretaceous Olds Ferry arc terrane (Kurz et al., 2017).

The earliest flows of the Steens Basalt are of reversed polarity and transi-
tion to normal polarity around the 16.7-16.5 Ma Steens magnetic reversal
(Jarboe et al., 2008, 2010; Mahood & Benson, 2017) during the upper
Steens Basalt eruptions (Figure 3). Shortly after the magnetic reversal
and coeval with the third, waning stage of the Steens eruptions, volcanism
of the CRBG shifted north-northeast to the Columbia Plateau where flows
emanated from the Chief Joseph Dike Swarm first to produce the Imnaha
Basalt and then the most voluminous of the CRBG formations, the

Grande Ronde flows (Figures 1 and 3). These units (Figure 3) constitute
the bulk of CRBG volcanism, though eruptions continued until ~6 Ma
(Reidel et al., 1989).

The type section of Steens Basalt at Steens Mountain (Camp et al., 2013) has been well sampled and studied
throughout the full thickness of the section (Camp et al., 2013; Gunn & Watkins, 1970; Helmke &
Haskin, 1973; Johnson et al., 1998; Moore et al., 2018). Compositional distinctions with stratigraphic order
resulted in an informal designation between lower and upper Steens Basalt (Camp et al., 2003; Camp
et al., 2013; Johnson et al., 1998). Moore et al. (2018) modify the stratigraphy by dividing the lower section
into lower A Steens Basalt overlain by lower B Steens Basalt, which in turn is overlain by upper Steens
Basalt. The Steens Basalt is known for flows with very large (1 cm to as long as 6 cm) and abundant plagio-
clase phenocrysts, also described in other CFB as giant plagioclase basalts (e.g., Cheng et al., 2014; Higgins &
Chandrasekharam, 2007; Sheth, 2016). These flows are present in each Steens Basalt stage but vary in texture
throughout the section (Moore et al., 2018). #”Sr/*°Sr of plagioclase from a variety of lava textures in the
Steens Basalt are generally in equilibrium with whole rock *’Sr/*°Sr, indicating the bulk of the crystals grew
within the Steens magmatic system and are not xenocrystic (Toth, 2018). Giant plagioclase basalts also occur
in the Imnaha Basalt (Hooper et al., 1984; Reidel et al., 2013) and in the Picture Gorge Basalt (Bailey, 1989) of
the CRBG.

Moore et al. (2018) establish a three-stage evolution of the onset, waxing, and waning of a major pulse of
basalt interacting with the crust on its way to eruption to produce the Steens Basalt. The earliest stage, the
lower A Steens Basalt, has relatively low eruption rate and produces the smallest volume of lavas. The lavas
are characterized by initially heterogeneous compositions, ranging from tholeiitic to slightly alkaline basalts,
that are derived from variable recharge proportions and crystal fractionation (Figure 3). The second stage,
represented by lower B Steens Basalt, has the highest eruption rate and volume. This waxing stage

MOORE ET AL.

3 0f 33



o~
AGU

ADVANCING EARTH

Geochemistry, Geophysics, Geosystems

10.1029/2020GC008910

AND SPACE SCIENCE

m W Upper Steens || 1,500
i .. @ Lower B Steens|| ’
o | F @Lower A Steens|[~ 1,400 570550 r 750
= = B L&
D > ' R | 0.70348
c £ ' 1,300 | .
oa ! [ | .
g g ! 0.70381 - 1,200 ," o o{0.70333 700
it i o |
© ' I i [0.70366 -
E B i .' ‘ - 1,000 ~£708
. ' s | _
| - 900 A‘ o ® L 600 g
:" ___!w,,,;soo i o oo °e z
Grande L ’ ".-: [0.70348, =)
Ronde L - 700 . 550 :¢|l:>
L eb. | S ° H
o <& ® [ 600 ~.°
- Steens | ! S SL L e F 500
~16.5 Ma S S 500 °
Picture Basalt ' | o® S .
! 5 [
Imnaha Gorge Upper |/ ,ST_A_gg,O,T’_ L [ 400, o 070385 | 450
oot LowerB || @ F300 \f.° C ALT03E0
RO ‘ - ' .
17.2-16.9 Ma Lower A ' - 200 e 400
Ll @e @ 070358 [ 100 4567891011213
P & . MgO (wt.%)

3456789 10111213
MgO (wt.%)

Figure 3. Schematic regional stratigraphy for the informally designated main stage eruptions of the CRBG and MgO
compositional variation with stratigraphy (height in meters) for the three stages of the Steens Basalt. The Steens
reversal (RO to NO) is estimated at 16.6 Ma (Baksi, 2010; Jarboe et al., 2008), at 16.7 (Jarboe et al., 2010), and is revised to
16.5 Ma (Mahood & Benson, 2017). Range of Picture Gorge Basalt from Cahoon et al. (2020); we note that there is

not yet paleomagnetic cross correlation on these new ages. Blue transparent bars highlight the high and low MgO trends
in the lower B Steens stage, and emphasize the early increasing magnesian character at consistent AMgO. Values in
black rectangles are 878r/%%Sr for select samples to show detail of changing composition across and within the three
stages. The stratigraphic section to the far-right shows detail of 878r/80sr changes up section within the lower B Steens
stage. Paleomagnetic stratigraphy from Jarboe et al. (2008, 2010). Age of initiation of Steens Basalt, MgO data and
Steens Basalt stage designations from Moore et al. (2018). Other age estimates from Barry et al. (2013), the compilation of
Camp et al. (2013), Kasbohm and Schoene (2018), and Cahoon et al. (2020). Stratigraphic section modified from Camp

and Ross (2004), Camp and Hanan (2008), and Wolff and Ramos (2013).

contains the most primitive, dominantly olivine-phyric tholeiitic lavas, with compositions that are poor in
incompatible trace elements. Recharge dominates over crystal fractionation early in this stage, as deduced
from a general trend of increasing MgO low in the section (Figure 3). Notably, MgO increases upsection
for both of two distinct MgO trends, a high and low MgO array (Figure 3), which display consistent
AMgO of ~4-5 wt.% (the difference in MgO concentration of samples at approximately equivalent
stratigraphic height; Figure 3). The low-MgO array is interpreted as the fractionated daughters (~15%
fractionation) of the strongly recharging high-MgO array. Fractionation is in some cases accompanied by
minor assimilation of cumulates, intercumulus melt, or more rarely wall rock, to explain variations in Fe,
incompatible elements, and isotopic composition (Figure 4; Moore, 2018; see below). Similar repeated
cycles of recharge and differentiation are observed for thick sections of basalt flows cored on the Snake

River Plain (Potter et al., 2018; Shervais et al., 2006).

Fractional crystallization outpaces recharge late in stage B, as evident in the more evolved compositions up
section (Figure 3), which signal a waning stage with less frequent eruptions, called the upper Steens Basalt.
During eruption of the upper Steens stage, the magmatic system becomes more evolved, producing more
alkalic compositions ranging to basaltic trachy-andesite with higher incompatible trace element abundances
and more radiogenic Sr and Pb isotopic ratios (Figures 2 and 3; Wolff et al., 2008; Wolff & Ramos, 2013;
Moore et al., 2018). This is a consequence of both reduced basaltic recharge relative to fractional crystalliza-
tion and a contribution by crustal assimilation, which is facilitated by prolonged magmatism that has ther-
mally primed the crust. Major element modeling of the lower B and upper Steens Basalt stages using the
Magma Chamber Simulator (MCS; Bohrson et al., 2014) indicate that recharge masses in the lower B
Steens are nearly double those of the upper Steens, but conversely that fractional crystallization masses
are nearly double in the upper Steens compared to the lower B stage (Bendafia et al., 2017
Graubard, 2016). Assimilation of crustal melts in the lower B stage is minor but becomes significant in the
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144 3. Analytical Methods
13- New isotopic data are presented for samples collected from several strati-
25 - 87G /35Sy graphic sections along Steens Mountain (Moore et al., 2018) and from
samples collected by Johnson et al. (1998) from the type section at
204 o - ﬁigh_AI_Tre_nd - Steens Mountain (Camp et al., 2013). Whole rock major and trace element
E 15 ® o - - compositions for NMSB-series samples are reported in Moore et al. (2018)
s ] PY Fractionation Path and for the JS- and MF94-series samples in Johnson et al. (1998) and Wolff
~ et al. (2008).
Q
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o 3.1. Radiogenic Isotopes
[ ]

L4 ° Preparation and analysis of samples for Sr, Nd, Pb, Hf, and Os were per-

0 ° formed at the Carnegie Institution for Science Earth and Planets

ot NV Laboratory (EPL) and for Sr, Nd, and Pb at New Mexico State University

4 5 6 7 8 101 12 13 Analytical Geochemistry Research Laboratory (NMSU). Analytical meth-
MgO (wt.%)

Figure 4. Al,O3 and Rb versus MgO for the lower B Steens Basalt. Gray
dashed line shows a trend in the lower B Steens data toward high Al,03
but low Rb, consistent with assimilation of plagioclase cumulates. Red lines
show the fractionation trend from a basaltic parent of 12 wt.% MgO and
0.5 wt.% H0O at 400 MPa, calculated using the MELTS program (Gualda
et al., 2012); the arrow points in the direction of increasing amounts of
fractionation. Samples outlined in light blue define the high Al,O5 trend
and have 37sr/%0sr compositions as shown in the black outlined boxes.
Al,03, MgO, and Rb compositions from Moore et al. (2018).

ods for NMSU are detailed in Bendaiia (2016); Pb and Nd analysis was on
the ThermoFinnigan Neptune Plus MC-ICP-MS, Sr by thermal ionization
mass spectrometry using a VGSector54. The procedures used at EPL are
most recently described in Carlson et al. (2018). For the data measured
at EPL, Sr data were obtained using static multicollection with 8 s integra-
tions with a signal size from 3 to 27 x 10™"" amps of *Sr. Potential Rb
interference was monitored at ®Rb. The ®**Rb/**Sr was below 1 x 10~°
for all analyses. Mass fractionation was corrected using exponential mass
dependency and *°Sr/*®sr = 0.1194. The Sr standard NBS987 was mea-
sured multiple times during analytical sessions and averaged
0.710243 + 0.000002 for n = 10, where uncertainty is 2o. Uncertainties for the individual sample runs are
reported in the supporting information. In all cases, the uncertainty on ®’Sr/**Sr was <0.00003, with typical
errors <0.000003. Nd data also were obtained by static multicollection. Each ratio reported in Table 1 is the
average of 240-270 ratios obtained using 8 s integrations with a signal size from 1.1 to 2.6 x 10~'" amps of
144Nd. Mass fractionation was corrected using exponential mass dependency and “**Nd/***Nd = 0.7219.
The Nd standard JNdi was measured multiple times during analytical sessions and averaged
0.5121213 + 0.0000018 (n = 2), 0.5121027 + 0.0000015 (n = 2), and 0.5121150 + 0.0000018 (n = 5), with
the differences in values reflecting the aging of the faraday cups between analytical sessions. The reported
uncertainties are 2. Data for the samples are adjusted to a JNdi value of 0.512115 (Tanaka et al., 2000) based
on the average value determined for JNdi during the separate analytical sessions. Uncertainties for the sam-
ples are provided in the supporting information. In all cases, the uncertainty on 13Nd/***Nd was <0.00002,
with typical errors <0.000005.

Lead and Hf isotopic compositions were measured on the Nu HR multicollector ICP-MS and Nu Plasma IT
multicollector ICP-MS at EPL. Lead samples were introduced into the plasma in 0.5 ml 0.4 N HNO; using a
Teflon nebulizer with a 50 ml/min uptake and a glass cyclonic spray chamber. Each ratio reported in Table 1
is the average of 41-50 ratios obtained using 10 s integrations. 2°®Pb signals ranged from 0.1 to 5.5 x 10"
amps, and Tl was added to generate a *>>Tl signal of ~1 x 10~'" amps. Mass fractionation was corrected first
to 29°T1/2°*T1 = 2.3875 and then adjusted for the difference between the NBS981 Pb standards measured
every three samples and the reported value for the standard (Todt et al., 1996). Average values for NBS981
obtained during analytical sessions for n = 13 measurements were “**Pb/?**Pb = 36.701 + 0.005, 2°’Pb/
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Table 1

Sr, Nd, Pb, Hf, and O Isotopic Compositions for the Steens Basalt

Sample  37Sr/%0sr M3Nd/MNd eNd 2%°Pb/?%*Pb  2°7Pb/2%Pb  2°°Pb/2%*Pb  2%®Pb/2°°Pb 2°7Pb/2°°Pb 2%*Pb/*%°Pb  Momf/!”’Hf ef '®0

Upper Steens

NMSB—Zb 0.704030 0.512892 5.0 38.62 15.62 19.02 2.0312 0.8214 0.0526 0.283080 10.4

JS62b 0.704040 0.512870 4.5 38.58 15.62 19.00 2.0307 0.8219 8.5

STM20b 0.703758 0.512927 5.6 38.54 15.61 18.90 2.0395 0.8259 0.0529 0.283100 11.1

STM 6 0.703758 0.512928 5.7 38.54 15.61 18.90 2.0391 0.8257 0.0529 0.283100 11.1

JS66 0.703950 0.512870 4.5 38.55 15.61 18.95 2.0348 0.8240

JS63 0.703890 0.512900 5.1 38.60 15.63 18.97 2.0348 0.8242

JS60 0.704020 0.512840 39 38.54 15.60 18.93 2.0358 0.8241

JS58 0.703890 0.512870 4.5 38.77 15.70 19.05 2.0353 0.8243 6.18

STM 44 0.703781 0.512914 54 38.60 15.63 18.94 2.0373 0.8250 0.0527 0.283090 10.8

JS57 0.703860 0.512860 4.3 38.57 15.61 18.98 2.0324 0.8226 6.25

STM 37 0.703898 0.512853 4.2 38.50 15.60 18.88 2.0395 0.8265 0.0529 0.283050 9.3

JS55 0.703690 0.512920 5.5 38.63 15.67 18.95 2.0387 0.8268

STM 34 0.703693 0.512929 5.7 38.46 15.59 18.84 2.0408 0.8271 0.0530 0.283102 11.2

STM 33 0.703714 0.512936 5.8 38.48 15.59 18.85 2.0407 0.8270 0.0530 0.283100 11.1

JS52 0.703780 0.512900 5.1 38.45 15.59 18.87 2.0379 0.8261

JS46 0.703840 0.512900 5.1 38.46 15.60 18.88 2.0372 0.8264

JS45 0.703740 0.512910 5.3 38.47 15.60 18.88 2.0372 0.8259 5.91/
6.02

STM 15 0.703686 0.512932 5.7 38.48 15.59 18.87 2.0391 0.8262 0.0530 0.283097 11.0

JS44 0.704095 0.512916 5.4 38.69 15.60 19.00 2.0363 0.8212 0.0526 0.283000 7.6  6.75

JS41 0.703970 0.512890 49 38.51 15.93 18.43 2.0350 0.8244 6.15

JS39 0.703680 0.512910 5.3 38.51 15.61 18.91 2.0368 0.8254 6.01/
6.12

JS34 0.703690 0.512900 5.1 38.54 15.60 18.97 2.0315 0.8225 6.19

JS32 0.703850 0.512870 4.5 38.53 15.60 18.98 2.0303 0.8219

JS31 0.703770 0.512930 5.7 38.52 15.62 18.91 2.0371 0.8260

Lower B Steens

NMSB-23b 0.703531 0.512981 6.7 38.64 15.65 19.00 2.0344 0.8236 0.0506 0.283140 12.5

NMSB-ZSb 0.704021 0.512895 5.0 38.80 15.70 19.09 2.0324 0.8227 0.0515 0.283080 10.4

JS29 0.703600 0.512950 6.1 38.64 15.68 18.96 2.0378 0.8268

JS26 0.703480 0.512970 6.5 38.62 15.69 18.92 2.0413 0.8291 5.96

JS23 0.703560 0.512890 4.9 38.43 15.60 18.86 2.0374 0.8269

JS22 0.703331 0.513028 7.6 38.48 15.62 18.81 2.0451 0.8302 0.0524 0.283170 13.6 6.15

NMSB-21 0.703739 0.512925 5.6 38.61 15.61 18.93 2.0405 0.8248 0.0528 0.283090 10.8

NMSB-20A  0.703660 0.512921 5.5 38.61 15.61 18.93 2.0404 0.8248 0.0528 0.283110 11.5

JS19 0.703700 0.512920 5.5 38.52 15.59 18.90 2.0382 0.8250 6.10/
6.24

NMSB-19 0.703463 0.512993 6.9 38.60 15.60 18.94 2.0382 0.8239 0.0525 0.283180 13.9

MF9472 0.703640 0.512930 5.7 38.53 15.60 18.93 2.0352 0.8240 6.49

NMSB-18 0.703727 0.512943 6.0 38.58 15.60 18.91 2.0397 0.8249 0.0528 0.283100 11.1

MF9471b 0.703560 0.512940 5.9 38.91 15.77 19.09 2.0377 0.8262

MF9471% 0.703560 0.512950 6.1 38.55 15.63 18.92 2.0376 0.8263

MF9469 0.703693 0.512951 6.1 38.58 15.61 18.94 2.0367 0.8241

MF9468 0.703670 0.512930 5.7 38.62 15.61 18.99 2.0342 0.8224

NMSB-13 0703590  0.512916 5.4 na. na. na. na.‘ na. n.a.‘ 0.283120 118

MF9467 0.703880 0.512930 5.7 38.61 15.62 18.95 2.0374 0.8243 6.24

NMSB-5 0.703850 0.512916 54 38.64 15.63 18.95 2.0396 0.8244 0.0525 0.283080 104

MF9466 0.703805 0.512910 53 38.92 15.75 19.11 2.0365 0.8240 6.07/
6.34

NMSB-36 0.703468 0.513000 7.1 38.40 15.60 18.79 2.0436 0.8301 0.0528 0.283130 12.2

MF9464 0.703530 0.512963 6.3 38.44 15.58 18.83 2.0412 0.8275 0.0530 0.283110 11.5

MF9463 0.703547 0.512943 5.9 38.39 15.58 18.82 2.0400 0.8278

Lower A Steens

NMSB—7Ob 0.703957 0.512861 4.4 38.58 15.61 18.94 2.0362 0.8240 0.0528 0.283056 9.5

NMSB-69 0.703708 0.512930 5.7 38.49 15.59 18.88 2.0389 0.8259 0.0530 0.283111 11.5

NMSB-64 0.703547 0.512981 6.7 38.45 15.57 18.92 2.0326 0.8231 0.0528 0.283119 11.8

Note. 5180 of plagioclase in per mil, two values reported where replicate analysis performed. Uncertainties are presented in the supporting information.
aSamples with reported 176Hf/177Hf were analzyed at DTM, all others at NMSU.  °Samples are in stratigraphic order, excepting samples with this superscript,

which are dikes and thus lack stratigraphic context.

NMSB 13.

“Signal strength of Pb was insufficient for accurate isotope ratio measurements for two aliquots of sample
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204pp = 15.492 + 0.002, and 2°°Pb/?**Pb = 16.940 + 0.002 where uncertainty is 2o. Uncertainties for the
samples are provided in the supporting information. In all cases, the uncertainty on 208pp/2%Ph was
<0.07, on **’Pb/***Pb < 0.03, on **°Pb/***Pb < 0.03, on ***Pb/**°Pb < 0.0002, and on **’Pb/**°Pb < 0.0002.

For Hf, each ratio reported in Table 1 is the average of 52-80 ratios obtained using 10 s integrations where
signal size of '"®Hf ranged from 0.8 to 10.9 x 10™'! amps. Mass fractionation was corrected to '"*Hf/
177Hf = 0.7325. The average of JIMC475 obtained during analytical sessions for n = 13 measurements were
Y76Hf/MHf = 0.282166 + 0.000002 where uncertainty is 20. Reported *"°Hf/*”’Hf values (Table 1) were
adjusted by the offset between the average of the JMC475 standards run in each session and the reported
value of 0.282160, which overlaps within uncertainty with the value of 0.282163 reported by BlichertToft
et al. (1997). Uncertainties for the samples are provided in the supporting information. In all cases, the
uncertainty on *"°Hf/*”"Hf was <0.000007.

Os isotopic determinations were made using the Thermo-Fisher Triton thermal ionization mass spectro-
meter at EPL by peak hopping on an electron multiplier measuring all Os isotopes and '®°Re for potential
interference. Mass fractionation was corrected to **20s/*#%0s = 3.08259. The EPL Johnson-Matthey Os stan-
dard was measured multiple times during analytical sessions and averaged '*’Os/***0s = 0.17383 + 0.00006
for n = 3 where uncertainty is 2o0. Replicate Os isotopic analyses on two separate dissolutions of two samples
indicate reproducibility in Os concentration and '*’0s/*®*Os of 4% and 0.8%, respectively, for NMSB5 and 6%
and 1.4%, respectively, for NMSB18.

To test for interlaboratory bias, sample JS44 was analyzed at both EPL and NMSU. The isotopic standards
used at both labs are identical for Sr, Nd, and Pb. Reproducibility between laboratories for 87Sr/35sr,
3Nd/MNd, 2°°Pb/?**Pb, 2°7Pb/***Pb, and 2°®Pb/***Pb are 0.007%, 0.002%, 0.6%, 0.4%, and 0.3%, respec-
tively. Samples with reported values for *’°Hf/*””Hf in Table 1 are those analyzed at DTM, and the remain-
der were analyzed at NMSU.

3.2. Oxygen Isotopes

Plagioclase mineral separates were extracted from crushed samples from 15 flows. The crushed samples
were sieved to a grain size >0.3 mm, magnetically separated to remove groundmass, and the freshest plagi-
oclase was hand-picked at 20X magnification. Oxygen isotopic compositions (Table 1) were measured via an
integrated CO, laser fluorination MAT 253 isotope ratio mass spectrometer system, using BrFs as reagent, at
the University of Oregon (Bindeman, 2008; Loewen & Bindeman, 2015). 80 ratios are reported in per mil
(%0) deviations from Vienna Standard Mean Ocean Water in the delta (§) notation. The range of material
analyzed from each sample was 1.2 to 1.5 mg. The in-house Gore Mountain Garnet standard (UOG, accepted
8'80 = 6.52%0) was measured five times during the analytical session to correct data to the international
Vienna Standard Mean Ocean Water scale (Loewen & Bindeman, 2015). Analytical precision of UOG ana-
lyses from the session was 0.08% (20). Some slight variability between replicate analyses from separate ali-
quots of four samples is likely due to within sample variability in plagioclase.

3.3. Helium Isotopes

Helium isotope analyses on olivine separates from two samples were performed using a Nu Instruments
noble gas mass spectrometer at Oregon State University, following procedures described in Graham
etal. (2014). Helium concentrations were determined by peak height comparison to standards of known size.
Over the course of this study the “He blank level was 2.2 x 10! std cm?®. Blank-corrected “He concentra-
tions in the samples (NMSB19 olivine, 243 mg, and NMSB49 olivine, 101 mg) were 0.72 and 0.86 X 107°
std cm?/g, respectively. Both analyses were below the *He detection limit of 2.5 x 107® std cm? (6,700
atoms), which is estimated from the *He blank variability (defined as 3 standard deviations about the mean).
The maximum *He/*He ratio in the samples is therefore 0.25 R ([2.5 X 107/0.72 x 10™°]/1.4 x 10~°), indi-
cating that at such low helium concentration levels, radiogenic crustal helium is dominant.

4. Results
4.1. Sr, Nd, Pb, and Hf Isotopic Compositions

Steens Basalt samples generally plot as an array between mid-ocean ridge basalt (MORB)-like (global/Pacific
MORSB fields) and more incompatible element enriched OIB-like compositions in most isotopic spaces
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Figure 5. 143Nd/M**Nd versus (a) 87Sr/%%sr and (b) 178p1£/77HE for the
Steens Basalt and other main stage formations of the CRBG. Some Steens
Basalt data and all other CRBG data from Hooper and Hawkesworth
(1993), Camp and Hanan (2008), and Wolff et al. (2008). Global OIB, global
MORB, and Pacific MORB fields from Stracke et al. (2003). IC is the Imnaha
component defined by Wolff and Ramos (2013). Black arrow shows the
direction toward Idaho Batholith (Gaschnig et al., 2011) and Pacific
sediment compositions (after Wolff & Ramos, 2013). Mantle array in (b)
from Graham et al. (2006).

(Figures 2 and 5). All samples fall within the mantle array field (Hart
et al., 1986) in ***Nd/"**Nd versus ®’Sr/*°Sr (not shown; Figure 5a) and
near the mantle array line (Graham et al., 2006) in 43N d/MNd versus
7oHf/'7"Hf (Figure 5b). At a given °°Pb/?**Pb, the lower Steens Basalt
samples tend to have lower *’Sr/*®Sr (Figure 2) and higher **Nd/***Nd
and "7°Hf/""7Hf than the upper Steens. In general, samples from the lower
B Steens Basalt fall closer to the MORB fields, whereas most upper Steens
Basalt lavas plot within the OIB fields. The lower A Steens Basalt compo-
sitions fall near the overlap of samples from the other two stages but are
more similar to lower B stage lavas on the whole (Figure 5). In comparison
to the other formations of the CRBG, lower B Steens Basalt overlaps with
some Picture Gorge Basalt compositions, though the Picture Gorge Basalt
has more MORB-like character overall (Figures 2 and 5). The upper Steens
Basalt overlaps in *’Sr/*°Sr with Imnaha Basalt compositions but does not
range as high in values of ¥’Sr/®¢Sr and 2°°Pb/***Pb (Figures 2 and 5).
These results are consistent with previous isotopic data reported for the
Steens Basalt (Camp & Hanan, 2008; Carlson & Hart, 1987, Wolff
et al., 2008), but the new data exhibit an expanded range of compositions
(Figures 2 and 5).

4.2. Os Isotopic Compositions and Concentrations

18705/1880s for lower B Steens Basalt samples are remarkably homoge-
nous (Figure 6). Though the lavas span MgO compositions from ~6-
11 wt.%, ¥70s/*¥80s only ranges from 0.1292 to 0.1311 and 18705/1880s;
from 0.1282 to 0.1296 (Figures 6 and 7 and Table 2). This limited range
of *870s/*#80s falls within the range of global MORB and at the low end
of reported compositions for global OIB (Figure 6) and, therefore, does
not distinguish lower B Steens Basalt as having more MORB or OIB-like
character. Although '®’0s/'®0s is restricted in this stage of the Steens
Basalt, the samples span the full range of 8’Sr/%°Sr for all lower B Steens
Basalt (Figures 5 and 7). The lower B Steens Basalt plots within or near
the field of Pacific MORB in both **70s/*®%0s versus *’Sr/*®Sr and
18705/1880s versus 2°°Pb/***Pb (Figure 7). A decrease in ¥’Sr/®°Sr and
206pp/294ph is roughly correlated with an increase in stratigraphic height
within this stage of the Steens Basalt (Figures 3 and 7). Os concentrations
are unusually high in the lower B Steens Basalt (~0.3-0.9 ppb) relative to
the bulk of MORB and OIB (Figure 6a) and are high for given MgO rela-
tive to basaltic rocks from diverse tectonic environments worldwide
(Figure 6b).

1870s/'%80s from the upper Steens Basalt is much more radiogenic (0.2824) than in the lower B Steens Basalt
stage; Os concentration is also very low (0.0015 ppb). The upper Steens Basalt flow analyzed for Re-Os is
located approximately 250 m into the upper Steens Basalt section at Steens Mountain, where the total thick-
ness of that stage is ~650 m. The MgO content of the sample is ~7 wt.%, comparable to the lower end of MgO
among samples analyzed for Re-Os from the lower B Steens Basalt (Figure 6) but among the most mafic in
the upper Steens Basalt (Figure 3). Even so, the upper Steens Basalt is significantly higher in **’0s/**®0s, as
well as ¥’Sr/%6Sr and 2°°Pb/?°*Pb than the lower B Steens Basalt (Figures 2, 5, and 7). 18703/1880s and Os
concentrations in upper Steens Basalt are similar to those in the Grande Ronde Basalt, though slightly less

radiogenic (Figure 6).

Osmium generally behaves compatibly in the Steens Basalt; Os decreases with decreasing MgO, Ni and Cr
(Figures 6b and 8) and the Steens Basalt is at the high end of the array for CRBG (Figure 6b). Osmium var-
iation with FeO and Cu is more scattered. Within the lower B Steens, FeO decreases with decreasing Os, but
other samples of the CRBG are displaced to higher FeO for given Os. Osmium and Cu concentrations in the
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