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Abstract

The timing and petrogenesis of mid-Miocene flood basalt volcanism in the northwest United States has been extensively
addressed, yet the chemical characteristics and temporal details of the Steens Basalt, exposed on the Oregon Plateau, are poorly
defined. Steens Basalt volcanism has generally been accepted to have occurred at ~16.6 Ma, coeval and/or just prior to the onset of
Columbia River Basalt Group volcanism to the north. New major and trace element analyses and nine *’Ar/*? Ar ages ranging from
15.51+0.28 to 16.58+0.18 Ma were obtained on Oregon Plateau flood basalt lava flows from stratigraphic sections in close
proximity to Steens Mountain. Additionally, new *’Ar/*’Ar ages were obtained on the uppermost and thirty-first lava flow down
from the top of the ~ 1 km section of Steens Basalt exposed at Steens Mountain and yield eruption ages of 16.59+0.10 and 16.55+
0.10 Ma, respectively. Field relations between these basalt sections suggest that multiple eruptive centers were present in the
vicinity of Steens Mountain.

The chemical and chronologic data presented in this study illustrate that flood basalts with the “Steens Basalt” chemical
signature erupted across the southern Oregon Plateau over a much greater timespan than what is typically quoted for the Steens
Mountain type section. These data suggest that the main volume of Steens Basalt volcanism erupted over at least an ~1 m.y.
duration from eruptive loci in the vicinity of Steens Mountain, while likely much less voluminous volcanism and lithospheric input
of mafic magma appears to have occurred for >2 Ma across the Oregon Plateau. These new geochemical and geochronological
constraints verify a common temporal link between Steens, Malheur Gorge-region, and Columbia River Basalt Group (CRBG)
volcanism. This direct temporal link requires that petrogenetic and tectonic models of mid-Miocene northwestern U.S. flood basalt
volcanism recognize that the northern (Columbia Plateau) and southern (Oregon Plateau) portions of this mid-Miocene basalt
province were erupting simultaneously during portions of the regional event.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction and regional geology

Large volumes of dominantly tholeiitic basalts and
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6613. Northwest of the United States from loci juxtaposed
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These eruptions occurred during a cessation in regional
subduction- and extension-related calc-alkaline volca-
nism (Carlson and Hart, 1987; Hooper, 2000; John,
2001). This mid-Miocene magmatic event is dominated
by the Columbia River Basalt Group (CRBG) and
Oregon Plateau mafic lava flows, both of which are the
manifestations of the Yellowstone/Newberry melting
anomaly (hotspot) and/or regional tectonic interaction
between the underlying mantle and reactivated litho-
spheric structures (Christiansen and McKee, 1978;
Carlson and Hart, 1987; Zoback et al., 1994; Dickinson,
1997; Humphreys et al., 2000; John and Wallace, 2000;
Wagner et al., 2000; Christiansen et al., 2002; Glen and
Ponce, 2002; Jordan et al., 2004; Camp and Ross, 2004).
The CRBG is widely recognized as one of Earth’s
modern flood basalt provinces, and following the defi-
nitions and descriptions of other flood basalt provinces
provided by Walker (1993), we consider the temporally
similar and volumetrically substantial Oregon Plateau
mafic lava package to define a flood basalt sequence.
The stratigraphic and chronologic details of CRBG
flood basalt volcanism are fairly well constrained (Tolan
et al., 1989; Baksi and Farrar, 1990), whereas the
stratigraphic details and temporal relationships of Ore-
gon Plateau flood basalt volcanism (cf. Steens Basalt)
are less well understood. Additionally, unlike the
eruptive products of the CRBG, it is often asserted
that the Steens Basalt erupted in one brief magmatic
event at ~ 16.6 Ma (Swisher et al., 1990; Hooper, 1997,
Johnson et al., 1998; Hooper et al., 2002; Camp et al.,
2003; Camp and Ross, 2004), contemporaneous with
and/or preceding the earliest Imnaha Basalt of the
CRBG. The thickest exposures of Oregon Plateau mafic
volcanism tend to be found in the vicinity of Steens
Mountain (Steens Basalt sensu-stricto), however, erup-
tive loci (dikes) and eruptive products are present across

the southern Oregon Plateau and its margins (Larson
et al., 1971; Hart and Carlson, 1985; Mankinen et al.,
1987; Brueseke et al., 2003; Brueseke and Hart, 2004;
Colgan et al., 2006; Brueseke and Hart, in press) (Fig. 1a
and b). Some workers have interpreted these data to
indicate that Steens Basalt volcanism was initially
widespread across the Oregon Plateau, and gradually
shifted to one large eruptive center situated at Steens
Mountain (Mankinen et al., 1987). Accompanying this
spatial shift, one large magmatic event then occurred
centered at Steens Mountain, forming the upper part of
the ~75 to 100 flow, ~900 to 1000 m thick section of
Steens Basalt, with outflow found as far west as Abert
and Poker Jim Rims, Oregon and as far south as
northern Nevada (Hart and Mertzman, 1982; Carlson
and Hart, 1983; Hart and Carlson, 1985; Mankinen
et al., 1987). Earlier paleomagnetic results on the Steens
Basalt type section documented a N/R (normal polarity
over reversed) paleomagnetic reversal within the upper
portion of the flood basalt section and this reversal, the
presence of thin lava flows, and the lack of thick
interflow sedimentary horizons, were taken to indicate
that the entire sequence of lava flows was erupted over a
very short period of time (2000—50,000 yr; Baksi et al.,
1967; Gunn and Watkins, 1970; Grommé et al., 1985;
Mankinen et al., 1985; Mankinen et al., 1987).

Prior “°Ar/*°Ar geochronology yield indistinguish-
able ~16.6 Ma chronologic results for the uppermost
and 31st (down from the top) flows of the Steens Basalt
type section (Swisher et al., 1990), and additional
“OAr/*Ar ages from below these stratigraphic levels
yield similar ages (Baksi and Farrar, 1990; Baksi et al.,
1991). The data and interpretations of Hart and Mertz-
man (1982), Carlson and Hart (1983), Hart and Carlson
(1985), and Carlson and Hart (1987) left open the
possibility that the type Steens Basalt section might not

Fig. 1. (a) Map of the northwestern United States depicting select Cenozoic volcanic and tectonic features. Shaded region is the approximate extent of
mid-Miocene flood basalt volcanism (after Hart and Carlson, 1985; Camp and Ross, 2004). Also shown are major flood basalt dike swarms/eruptive
loci (black lines), Malheur Gorge-region (MG), Oregon—Idaho graben (OIG) and Northern Nevada rift (NNR) and associated magnetic anomalies
corresponding to zones of lithospheric extension/mafic magma emplacement (black dashed lines; Cummings et al., 2000; Glen and Ponce, 2002),
commonly depicted volcanic fields of the Yellowstone—Snake River plain province (dashed circles); BJ, Bruneau—Jarbidge (~12.5 to <11 Ma); TF,
Twin Falls (~10 to 8.6 Ma); PC, Picabo (~ 10 Ma); HS, Heise (~6.7 to 4.3 Ma); and YS, Yellowstone (<2.5 Ma), and age isochrons (dashed lines,
ages in Ma) of Oregon High Lava Plains silicic volcanism (N, Newberry Volcano; after Jordan et al., 2004). These two trends originate in the Oregon
Plateau, which was characterized by abundant silicic volcanic loci and volcanic fields during the mid-Miocene (e.g. McDermitt, Santa Rosa—Calico).
Also illustrated are the initial ¥’Sr/*°Sr 0.706 and 0.704 isopleths (after Armstrong et al., 1977; Kistler and Peterman, 1978; Leeman et al., 1992;
Crafford and Grauch, 2002), which are commonly interpreted to demarcate the western edge of the Precambrian North American craton (the 0.706
isopleth) and a zone of transitional lithosphere between the older craton and Mesozoic accreted terranes to the west (between the 0.706 and 0.704
isopleth). (b) Shaded digital elevation model of the southeastern Oregon Plateau depicting documented flood basalt eruptive loci, study area (dashed
box) and sampled section locations, and regional geographic and tectonic features. White circles indicate southeastern Oregon Plateau flood basalt
eruptive loci/shallow intrusive bodies. Notice widespread location of Steens Basalt eruptive loci and lack of loci identified/exposed on the Owyhee
Plateau portion of the Oregon Plateau. SM, Steens Mountain fault scarp and its southern continuation, the Pueblo Mountains; OIG, Oregon—Idaho
graben; OM, Owyhee mountains; WSRP, western Snake River Plain, OWP, Owyhee Plateau; BR-T, Bull Run—Tuscarora Mountains; NNR, eastern
northern Nevada rift; SC, Santa Rosa—Calico volcanic field; MD, McDermitt volcanic field.
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be representative of the entire Steens Basalt, and hence
Oregon Plateau flood basalt magmatic event. Regard-
less, subsequent workers have typically quoted the
~16.6 Ma type section age as solely representative of
the entire duration of Steens Basalt volcanism. In this
study we demonstrate that Oregon Plateau flood basalt
eruptive activity was more complex than is commonly
recognized and that the temporal characteristics of
Oregon Plateau flood basalt volcanism are similar to
other mid-Miocene Pacific Northwest flood basalt
eruptions. Additionally, this study is the first detailed

geochemical and geochronological examination of mid-
Miocene Oregon Plateau basaltic volcanism and
provides a model for future chemo- and chronostrati-
graphic studies of lava flow packages and flood basalt
provinces.

Renewed interest has recently highlighted some of
the stratigraphic and chronologic issues associated with
the onset and duration of mid-Miocene flood basalt
volcanism in the northwest United States (Hooper et al.,
2002; Camp et al., 2003; Camp and Ross, 2004). Newly
suggested stratigraphic relationships within eastern
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Oregon Plateau flood basalts have helped tentatively
correlate lava flows erupted in the vicinity of Steens
Mountain with tholeiitic volcanism further north.
However, this link and its relationship with lava flows
erupted throughout the entire areal extent of the Oregon
Plateau are still somewhat poorly constrained. Here, we
(1) present new geochemical data and *°Ar/*’Ar ages
obtained on mafic lava flows from the southern Oregon
Plateau, including two previously dated samples from
the Steens Basalt type section, (2) normalize published
Oregon Plateau flood basalt and Steens Basalt ages to a
common *°Ar/*’Ar fluence monitor age (i.e. standard)
to obtain an internally consistent eruption age for at least
the upper 450 m of the Steens Mountain type section
and to facilitate regional interpretations, and (3)
reconsider the areal extent, duration, and regional
implications of flood basalt volcanism on the Oregon
Plateau. These new data document at least an ~1 m.y.
duration of flood basalt volcanism in close proximity to
Steens Mountain. Furthermore, major and trace element
geochemistry and petrography link regionally exposed
Oregon Plateau lava flows with at least the upper
package of Steens Basalt exposed at Steens Mountain.
Collectively, the lava flows in question are generally
relatively thin and are characterized by a lack of
interflow sediments, aphyric to coarsely plagioclase
phyric textures, and mid-Miocene eruptive ages. These
lava flows were originally studied by Fuller (1930,
1931) and later defined by Baksi et al. (1967) and Gunn
and Watkins (1970) based on the sequence exposed at
Steens Mountain. They are also well exposed along the
Steens Mountain fault scarp to the south in the Pueblo
Mountains (i.e.. the Pueblo Mountains basalt of Avent,
1970; Hart et al., 1989). Analyzed Steens Basalt samples
vary chemically from olivine tholeiite and high-alumina
basalt to more evolved, and sometimes mildly alkalic,
basaltic andesites, trachybasalts, and basaltic trachyan-
desites (Gunn and Watkins, 1970; Carlson and Hart,
1983; Hart et al., 1989; Johnson et al., 1998; Camp et al.,
2003; this study).

The chemical characteristics we present and discuss
support earlier observations by Hart and Mertzman
(1982), Carlson and Hart (1983, 1987), Hart and
Carlson (1985), and Hart et al. (1989) who suggested
that exposed flood basalts in this region span a greater
temporal range than what is represented by the Steens
Basalt type section. While presenting these observa-
tions, Hart and Carlson (1985) and Carlson and Hart
(1987) divided southern Oregon Plateau ~17 to
~14 Ma flood basalt lava flows into two types:
(1) mafic lava flows that are temporally, chemically,
and isotopically similar to the Steens Basalt at Steens

Mountain and (2) mafic lava flows with similar
chemical characteristics to the Steens Basalt exposed
at the type section but different temporal and isotopic
characteristics. The first group was considered to be
Steens Basalt that erupted from a source at Steens
Mountain ca. ~16.6 Ma and primarily flowed west and
south (Hart and Carlson, 1985; Carlson and Hart, 1987;
Swisher et al., 1990). This group includes lava flows
exposed as far west as Poker Jim and Abert Rims (OR),
as far south as the Black Rock desert (NV) (Hart and
Carlson, 1985; Carlson and Hart, 1987), and potentially
as far east as the margin of the Santa Rosa—Calico
volcanic field (NV) (Larson et al., 1971; Brueseke and
Hart, in press). The second group of isotopically
dissimilar lava flows, termed “Steens-Type” Basalt by
Hart and Carlson (1985), includes shallow intrusive
bodies, lava flows, and flow packages that are primarily
exposed to the east of Steens Mountain. Stratigraphic,
chronologic, chemical, and isotopic data from these lava
flows indicate that they erupted between ~17 and
14 Ma (Hart and Mertzman, 1982; Hart and Carlson,
1985; Carlson and Hart, 1987). Dikes and eruptive loci
of this group are well exposed in the Santa Rosa—Calico
volcanic field, NV, as well as in other locations on
and peripheral to the Oregon Plateau (Steens dikes
and eruptive loci; Fig. la and b). In their study, Hart
and Carlson (1985) also included much younger
(~12+1 Ma), chemically and isotopically distinct
tholeiitic basaltic lava flows and thin flow packages
into this second, “Steens-Type” group. These younger
(~12+1 Ma) basalts are characterized by slightly higher
TiO, (2-3 wt.%), P,0s5 (typically >0.5 wt.%),
Ba (>600 ppm), and Zr (>300 ppm) concentrations
than the older basalts, though they are petrographically
and chemically similar in all other respects (Hart and
Mertzman, 1982). Hart and Mertzman (1982) speculated
that these younger basalts may be the Oregon Plateau
equivalent of the <14 Ma Saddle Mountains Basalt of
the Columbia River Basalt Group (CRBG); however,
more work must be performed to better document their
volume, areal extent, and regional significance. Based
on data and interpretations that have surfaced over the
past two decades, including those presented in this
paper, we suggest the “Steens-Type” nomenclature be
abandoned totally or at least restricted to the description
of these poorly understood ~12+1 Ma lava flows. As
part of this study, we demonstrate that at least some of
the regional ~16+1 Ma Oregon Plateau mafic lava
flows originally termed “Steens-Type” Basalt are
compositionally and temporally correlative to Steens
Basalt lava flows and should be considered part of the
Steens Basalt eruptive sequence, even though they
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erupted over a greater timespan and areal distribution
than the flood basalt lava flows exposed at Steens
Mountain.

2. YAr/¥Ar methodology and age assignments

“0Ar/*? Ar geochronology was conducted on eleven
groundmass concentrates and one plagioclase separate
at the New Mexico Geochronology Research Laborato-
ry (NMGRL). Nine of the samples are from Oregon
Plateau flood basalt lava flows collected from five
stratigraphic sections within the study area, whereas two
samples are from Steens Mountain. Also, one sample
(MB97-2) is from an andesite lava flow exposed within
a package of four compositionally similar flows that
disconformably cap one of the basalt stratigraphic
sections. All samples were analyzed by the furnace
incremental heating age spectrum method using be-
tween nine and eleven heating steps (Table 1; Appendix
A; Argon data repository). The basalts from Steens
Mountain were analyzed in order to better directly
compare age results from the entire study area and to
determine the intercomparability of data from the

Table 1
Summary of **Ar/’Ar methods

NMGRL with previously published data. In addition
to standard age spectrum analysis, the basalts from
Steens Mountain were also analyzed by a 2-step age
spectrum method that reproduces the analytical protocol
used by Swisher et al. (1990). A summary of the
analytical methods is presented in Table 1 and complete
argon isotopic results are compiled in Appendix A. All
new age data cited in the text are quoted at 2¢ unless
specifically noted otherwise.

Age and K/Ca spectrum diagrams along with isotopic
correlation plots are given in Figs. 2 and 3 for the
furnace step-heated samples. These samples yield age
spectra with variable levels of complexity and methods
for age assignment require some discussion. A variety of
criteria for age assignment for step-heating data have
circulated throughout the *°Ar/*’Ar literature (cf.
McDougall and Harrison, 1999). This variety is very
evident when working with basaltic groundmass con-
centrate age spectra and adherence to strict criteria can
be both beneficial and detrimental to the geochronolog-
ical study. The benefits of using a pre-determined set of
criteria is that it is straightforward to decide which
samples yield reliable eruption ages based on the

Sample preparation and irradiation:

Groundmass concentrates obtained by hand-picking 1-2 mm rock fragments free of visible phenocrysts. Samples rinsed in dilute HCI followed by a
thorough ultrasonic wash in distilled water. CH82 samples were picked free of coarse plagioclase, reacted with dilute HCI and HF and followed by
boiling in distilled water for 1 h. Plagioclase separate hand-picked from crushed sample, washed in dilute HCI and ultrasonically cleaned in

distilled water.

Samples were loaded into machined Al discs and irradiated in 3 separate packages in the D-3 position, Nuclear Science Center, College Station, TX.

NM-89 and NM-110 were 7 h irradiations whereas NM-179 was 14 h.

Neutron flux monitor Fish Canyon Tuff sanidine (FC-2). Assigned age=28.02 Ma (Renne et al., 1998).

Instrumentation:

Mass Analyzer Products 215-50 mass spectrometer on line with automated all-metal extraction system.

Most samples were step-heated in a double vacuum Mo resistance furnace.
CHB82 samples also step-heated using a defocused Synrad 50 W CO, laser.
Flux monitor single crystal sanidines fused by a 50 W Synrad CO, laser.

Furnace analysis: Reactive gases removed during a 7 min heating with a SAES GP-50 getter operated at ~450 °C.
Additional cleanup (6 min) following heating with 2 SAES GP-50 getters, 1 operated at ~450 °C and 1 at 20 °C.

Gas also exposed to a W filament operated at ~2000 °C.
Laser step-heating analysis: Samples heated for 0.5—1 min.

Reactive gases removed during heating followed by a 5 min reaction with 2 SAES GP-50 getters.
1 operated at ~450 °C and 1 at 20 °C. Gas also exposed to a W filament operated at ~2000 °C and a cold finger operated at —140 °C.

Analytical parameters:

System sensitivities: NM-89 furnace=2.3; NM-110 furnace=3.0; NM-179 furnace=2.88; NM-179 laser=1.65. All values times 10~ 16 mol/pA
Total system blank and background: Furnace NM-89=130, 1.4, 0.1, 0.9, 0.6 x 10" "mol for masses 40, 39, 38, 37, 36, respectively.

Total system blank and background: Furnace NM-110=1400, 2.6, 1.3, 0.8, 5.6 % 10" mol for masses 40, 39, 38, 37, 36, respectively.

Total system blank and background: Furnace NM-179=100, 0.7, 0.4, 0.4, 0.5x 10" 7 mol for masses 40, 39, 38, 37, 36, respectively.

Total system blank and background: Laser NM-179=52, 1.5, 0.1, 0.1, 0.3 x 10~ ' mol for masses 40, 39, 38, 37, 36, respectively.

J-factors determined to a precision of £0.1% (1 s) by CO, laser-fusion of 46 single crystals from each of 610 radial positions around the irradiation

tray.

Correction factors for interfering nuclear reactions were determined using K-glass and CaF, and are as follows:
NM-89 and 110: (**Ar/*°Ar),=0.0£0.0004; *°Ar/”Ar)c,=0.000280+0.000005; and (*°Ar/*’ Ar)c,=0.00070+0.00002.
NM-179: (*Ar?Ar)=0.0£0.0004; (*°Ar/” Ar)c,=0.0002878 £0.000003; and (*°Ar/*” Ar)e,=0.0006765+0.000005.
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Fig. 2. a—j. “°Ar/*° Ar age and K/Ca spectra for dated lava flows from stratigraphic sections peripheral to Steens Mountain. Plateau age errors are 1o
Isotope correlation diagrams report intercept results determined by York (1969) linear regression results and errors are 1o.
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Fig. 2 (continued).
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objective criteria. The disadvantage to this is that the
pre-determined criteria may not always be applicable to
all data sets in the study and there is no a priori way to
know if the set criteria represent a geologically correct
statistical model. Also, taking a fairly complex spectrum
that happens to yield 3 consecutive steps that contain
50% of the total **Ar overlapping at 2¢ and concluding
it has a well-behaved plateau (i.e. Fleck et al., 1977) can
alleviate the responsibility to look more closely at the
rest of the spectrum that is disturbed. It is possible that
this disturbance is also influencing the integrity of the
“plateau.” Perhaps all would agree that some sort of
statistical test is required to justify an age assignment,
but there is considerable disagreement on how to deal
with data that violate (at some level) the predetermined
statistical model. Isochron data have also been used to
evaluate groundmass *°Ar/*°Ar data (Singer and
Pringle, 1996; Baksi, 1999; Heizler et al., 1999). Singer
and Pringle (1996) suggest that isochron data of the
chosen plateau steps should yield a *°Ar/*°Ar; value
within error of the atmospheric *°Ar/*°Ar value of
295.5. Baksi (1999) suggests the same; however he also
requires the MSWD (mean square weighted deviate)
value of the weighted regression to be less than 2.5. We
view both of these criteria as useful approaches towards

looking at the age spectrum data, but also recognize that if
data chosen for the plateau age are statistically sound (i.e.,
normally distributed), the isochron data should yield the
required atmospheric “°Ar/*°Ar initial value (cf. Heizler
et al., 1999). Also, choosing a cut-off value of 2.5 to
distinguish between an isochron or errorchron might be
misleading as the MSWD value needs to be evaluated
based on the number of data points (Mahon, 1996).

For this study we are fortunate that many of the
samples produce age spectra that yield at least 6
consecutive heating steps containing no less than 70%
of the total *°Ar released and have MSWD values that
fall within the 95% confidence window for n—1 degrees
of freedom (Figs. 2 and 3; Table 2). By any reasonable
criterion, these groundmass samples can be considered
as well behaved, despite having some discordance for
early and late heating steps. Three samples (MB97-24;
MB97-40; MB97-2) are more complex, but are still
interpreted to yield useful data for determining eruption
ages. MB97-2 reveals a significant age gradient that
presumably records argon loss (Fig. 2b). This spectrum
begins at about 5 Ma and climbs to about 16 Ma with the
final 5 steps defining a normal distribution of ages with
a weighted mean of 15.17+0.36 Ma and an MSWD of
1.90. However, these five steps only contain about 34%
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Table 2
Summary of **Ar/*°Ar age results
Sample Section location Age analysis Total steps Steps used %> °Ar MSWD Age +20
(Ma) (Ma)
MB97-2 FFW Plateau 9 5 343 1.90 15.17 0.36
MB97-40 MB Plateau 9 6 76.3 443! 15.51 0.28
MB97-32 R78N Plateau 11 11 100.0 0.34 16.03 0.30
MB97-24 FFW Plateau 9 6 77.0 437! 16.06 0.36
MB97-25 R78N Plateau 9 6 71.0 0.76 16.24 0.50
86-29 FFE Plateau 9 6 88.8 1.34 16.31 0.20
MB97-87 MF Plateau 9 7 92.9 0.87 16.33 0.20
CHS82-22B Steens Mt Plateau 9 6 84.0 1.91 16.55 0.10
CHS82-22G Steens Mt Plateau 9 4 75.6 0.15 16.59 0.10
MB97-65 MF Plateau 9 8 98.1 0.90 16.40 0.18
MB97-47 MB Plateau 9 6 84.4 1.67 16.48 0.30
MB97-55 MB Plateau 9 4 51.5 1.62 16.58 0.18

Section location abbreviations are as follows: FFE, Folly Farm East; FFW, Folly Farm West; R78N, Route 78 North; MF, Miranda Flat; MB, Mickey
Butte. Samples selected for geochronology were analyzed at the New Mexico Geochronology Research Laboratory via the incremental heating age
spectrum method (see Appendix A for detailed information). Groundmass concentrates were used for each analysis with the exception of the coarsely
plagioclase-phyric sample, MB97-32, where plagioclase was analyzed. All of the new plateau ages are interpreted to represent eruptive ages. The ages
listed are calculated relative to FC-2 Fish Canyon Tuff sanidine interlaboratory standard at 28.02 Ma and errors include 0.2% (20) error in J.

! MSWD outside of 95% confidence window for n—1 degrees of freedom.

of the total *°Ar released and we are not confident that
the final heating steps have not also been disturbed by
argon loss and therefore suggest that the assigned age
represents a minimum age of eruption. Samples MB97-
24 and MB97-40 yield very similar age spectra with
climbing initial steps that reach a maximum before
decreasing for the higher temperature steps (Fig. 2c, h).
In both cases, combining steps D—I yield MSWD values
of approximately 4.4 and fall outside the 95%
confidence window. This suggests that these steps do
not record a normal distribution of apparent ages and
warrant some caution when considering these dates as
representing eruption ages. In the case of MB97-24,
steps D—I have a weighted mean age of 16.06+0.36 Ma
with step H being the cause of the high MSWD (Fig. 2c¢;
Appendix A; Argon data repository). It is possible that
step H is simply a random statistical outlier that could be
tested by additional analyses, or the discordance could
be related to geological affects (argon loss) or
irradiation-induced artifacts (*°Ar recoil). One alterna-
tive way to assign an age to this sample is to combine
steps D—G to obtain a weighted mean age of 16.15+
0.30 Ma and MSWD of 2.72. This method uses greater
than 50% of the *°Ar released and produces an MSWD
that falls within the 95% confidence window for 3
degrees of freedom. Additionally, steps E—G yield a
weighted mean of 16.20+£0.20 Ma and an MSWD of
1.09. These data are clearly a population, but only
comprise 45.8% of the total ** Ar. Because the 50% rule
for the plateau segment is not upheld, workers such as
Baksi (1999) would define this as a marginal plateau.

Similar combinations of steps can be used to evaluate an
age for MB97-40. For instance, the final 4 heating steps
that contain about 48% of the total *°Ar released yield
an age of 15.21+0.20 Ma and an MSWD of 1.04. We
choose to combine steps D—I that yield an age of 15.51+
0.28 Ma in the recognition that this discordance for this
part of the spectrum could be caused by *°Ar recoil
redistribution. The main point of this discussion of age
assignment is that there is no accepted (and perhaps there
should not be) method to calculate eruption ages from
somewhat disturbed spectra. It is however, important to
evaluate different methods to see if these different
methods might lead to age determinations that influence
a geological interpretation. In the above three examples
(MB97-24; MB97-40; MB97-2) the main observation is
that the spectra seem to indicate argon loss and perhaps
any age determined from these samples should be
considered as minimum values for basalt eruption.

The remaining six Oregon Plateau samples are less
disturbed. Two of the samples (MB97-65 groundmass
and MB97-32 plagioclase) are flat over 100% of the *°Ar
released and presumably record accurate eruption ages
(Fig. 2e, f). The final samples generally yield initial age
gradients indicative of minor argon loss that are followed
by significant plateau segments (Fig. 2a, c, d, g). The
initial disturbance of the spectra is probably related to
argon loss; however we suggest that the plateau seg-
ments are recording accurate eruption ages. The age
spectrum for MB97-55 is slightly different compared to
the other Oregon Plateau basalts in that it has some
relatively old steps before decreasing to a well-defined
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flat segment (16.58+0.18 Ma; MSWD=1.62) for the
remaining four heating steps (Fig. 2j). This pattern could
result from *?Ar recoil and/or excess argon; however
despite this complexity we suggest that the assigned age
records an accurate eruption age.

The isotope correlation data from the Oregon Plateau
basalts are consistent with the ages provided by the age
spectra. In no case is the isochron age significantly
different from the assigned plateau ages; however there
are a couple of cases where initial trapped *’Ar/*°Ar
components differ slightly from atmosphere (e.g.
Fig. 2cc, hh, ii, jj). In most of these cases the MSWD
values are slightly elevated and perhaps are recording
regression of heating steps with non-isochronous ages
(i.e., age gradients) or are recording anomalous behavior
related to *°Ar recoil.

The two samples from Steens Mountain (CH82-22B
and CH82-22G) are overall highly radiogenic and yield
precise individual apparent ages (Fig. 3a, c¢; Appendix
A; Argon data repository). Their spectra are somewhat
different compared to the samples discussed above as
they exhibit a slight age decrease across the spectrum
with the final 10 to 20% of the *°Ar released yielding
steps with a more dramatic age drop. Especially in the
case of CH82-22G, the spectrum looks like a classic
3Ar recoil pattern with *°Ar being displaced from
relatively high K locations into low K locations that
degas at high temperature (Fig. 3c). If recoil redistribu-
tion is the cause for the age spectra discordance, it could
be argued that the integrated ages of 16.36+0.10 Ma for
CHS82-22B and 16.38+0.20 Ma for CH82-22G are the
accurate eruptions ages. However both spectra also
record well-defined plateau segments with apparent
ages of 16.55+0.10 Ma and 16.59+0.10 Ma (Fig. 3a, ).
A best age for these samples is aided by precise dating of
sanidine from silicic volcanic rocks that stratigraphically
overlie Steens Basalt just to the south of Steens
Mountain in the Pueblo Mountains (the ~16.4 Ma tuff
of Oregon Canyon; Perkins and Nash, 2002; Henry
et al., 2006), which indicate that the Steens Mountain
section is older than 16.5 Ma. Recently reported ages
from Steens Basalt lava flows from within the Steens
Mountain section (Jarboe et al., 2003, 2006) also agree
with our results and further indicate that the plateau
segment of our spectra is most accurate. Due to data
clustering, the isochron data for these samples do not
significantly enhance age assignment (Fig. 3b, d). At the
2-sigma confidence level the isochron ages recorded by
the plateau steps are not distinguishable from the plateau
ages, but may not be meaningful because of probable
recoil issues. There are large errors on the initial trapped
“OAr/*° Ar components due to the low number of heating

steps and due to the high and fairly constant radiogenic
yields of individual steps used to define the linear
regressions. For these reasons we do not apply great
significance to the trapped component values, but
recognize that the apparent value of 210+£60 (20) for
CH&82-22B is analytically less than the atmospheric value
0f 295.5, further suggesting possible recoil problems.

Eight and nine aliquots of CH82-22B and CH82-22G,
respectively were step-heated in two or three increments
(Figs. 4 and 5). These are the identical samples analyzed
by Swisher et al. (1990) and we attempted to reproduce
their results. Swisher et al. (1990) combined the “B” steps
of the two-step spectra to obtain a precise weighted mean
age for each sample. This method was utilized to remove
the relatively non-radiogenic, disturbed low temperature
gas prior to sample fusion and thus attainment of a more
accurate age compared to simple total fusion analyses.
Our analyses are very similar to those of Swisher et al.
(1990) as the first heating step is relatively non radiogenic
followed by a fusion step that is typically about 90%
radiogenic (Figs. 4 and 5). The B-steps for CH82-22B
yielded a weighted mean age of 16.48+0.06 Ma
(MSWD=3.05). Eight of the nine B-steps from CHS82-
22G yield a well-defined (MSWD=1.22) weighted mean
age of 16.46+0.06 Ma. Run number 55006-22 for CH82-
22G yields an anomalously old apparent age of 17.27+
0.26 Ma and also has a low radiogenic yield of only 43.9%
(Appendix A; Argon data repository). Perhaps this aliquot
contains a phenocryst with excess argon or has an
incompletely degassed xenocryst that is resulting in an
inaccurate result. The 16.46 Ma B-step fall between the
plateau ages (~16.56 Ma) and the total gas ages
(~16.36 Ma) obtained from the higher resolution spectra
(Fig. 3) and are consistent with the low-resolution
homogenization of the overall age variations observed
in the higher resolution age spectrum runs.

2.1. Eruption ages and normalization of published results

For all but sample MB97-2 of the Oregon Plateau
lava flows, the assigned plateau or preferred ages are
interpreted to record accurate eruption ages. The high
degree of argon loss evident in MB97-2 (Fig. 2b)
requires a cautious interpretation and the assigned age of
15.17+0.36 Ma perhaps represents a minimum age for
eruption. In all cases the eruption ages are consistent
with stratigraphic relationships (see next section)
attesting to the robustness of the data set.

Regional comparisons for the basalt geochronology
reported by other workers are hampered somewhat by
difficulty in normalizing all data to a common standard.
Below we present data from the area that is compiled
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Fig. 4. **Ar/*°Ar age and K/Ca spectra diagrams for low resolution laser heating analyses for Steens Basalt at Steens Mountain. Errors are 1¢. Sample

CHB82-22B is from the 31st flow down from the top.
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from a variety of publications (Table 3). This compila-
tion shows that at least 5 different fluence monitors were
used with only some having well determined intercal-
ibration values (e.g. Renne et al., 1998). We have
attempted to normalize all data to Fish Canyon (FC) tuff
sanidine at 28.02 Ma such that discussion of the ages
can be done from a consistent platform. Recall that we
have also analyzed two samples from Steens Mountain
so that our data is more readily compared to previous
work by Swisher et al. (1990), Baksi and Farrar (1990),
and Baksi et al. (1991). All of these studies suggest that
a significant number of the Steens Mountain lavas were
erupted over a short interval and/or that the N/R paleo-
magnetic transition at Steens Mountain was established
within the resolution of the ages below and above the
transition. The relative duration (<0.1 Ma) of the re-
versal is agreed upon by all datasets, however the
reported age for it varies by about 0.5 Ma. Swisher et al.
(1990) dated the top flow and the 31st down from the
top (both stratigraphically higher than the N/R reversal)
and obtained ages of 16.583+0.048 Ma and 16.589+
0.022 Ma, respectively. Baksi and Farrar (1990) report
plateau ages of 16.06+0.10 Ma and 16.08+0.12 Ma for
transitional basalts at Steens Mountain. Baksi et al.
(1991) dated 11 samples (2 above, 2 below and 7 within
the transition zone, all within the upper 450 m of the
~900 to 1000 m section; Mankinen, personal commu-
nication) and found no resolvable age difference and
report an age for all samples at 16.2+0.1 Ma.

Each of these studies used a different fluence monitor
that is likely contributing to some of the apparent
discrepancies (Table 3). Our Steens Mountain samples

Table 3

(CHS82-22G, CHS82-22B) are identical to those analyzed
by Swisher et al. (1990) with sample preparation also
being identical (Table 1). Our preferred eruption ages are
16.59+0.10 Ma for CH82-22G (top flow) and 16.55+
0.10 Ma for CH82-22B (31st down from top). Like
previous studies, we cannot resolve an age difference
between individual flows, and at first inspection these ages
are identical to those reported by Swisher et al. (1990).
However, considering that they used a basalt flux monitor
standard that was internally calibrated to FC sanidine at
27.84 Ma (Swisher, personal communication) their ca.
16.59 Ma reported ages become 16.70 Ma and are about
0.1 to 0.15 Ma older than our preferred eruption age.
Because the Swisher et al. (1990) data only appear in an
abstract and were monitored with a basalt flux monitor
with uncertain intercalibration with Fish Canyon sanidine
we suggest that the Swisher et al. (1990) age be abandoned
as a robust absolute age for the Steens Basalt exposed at
Steens Mountain. Their highly precise results are still very
useful for documenting the relative duration of eruptions at
Steens Mountain.

The other pertinent published data from Steens
Mountain come from Baksi and Farrar (1990) and Baksi
et al. (1991). The Baksi and Farrar (1990) data of 16.06+
0.10 Ma and 16.08+0.12 Ma combine to yield a weighted
mean of 16.07+0.08 Ma. This age is relative to SB-3
biotite at 162.9 Ma which is intercalibrated with FC
sanidine at 27.57 Ma (Lanphere and Baadsgaard, 2001).
Therefore the Baksi and Farrar (1990) age of 16.07+
0.08 Ma relative to FC at 28.02 Ma becomes 16.33+
0.08 Ma and is about 0.25 Ma younger than our preferred
eruption age. The 16.2+0.1 Ma result of Baksi etal. (1991)

Summary of new and published Oregon Plateau flood basalt radiometric ages

Location Unit Range or weighted Type (K—Ar Fluence monitor Ages relative to FC

mean age (Ma+20) or “Ar*°Ar) and age at 28.02 Ma (+20)
Regional OP! Oregon Plateau basalt 17+1 to 14+1 K-Ar
Pueblo Mts.? Oregon Plateau basalt 17.0+0.3 to 16.0+0.4 K-Ar
Steens Mountain®  Steens Basalt 16.58+0.10 to 16.59+0.04 *°Ar °’Ar ~ BCR-2 basalt, 15.6 Ma'' 16.70£0.04'°
Steens Mountain®  Steens Basalt 16.20+0.20 OAAr Hbgr3 hornblende, 1071 Ma 16.30+0.20
Steens Mountain®  Steens Basalt 16.06£0.20 to 16.08+0.24 “°Ar/ °Ar SB-3 biot, 162.9 Ma 16.33+0.16'"°
Malheur Gorge® Hunter Creek Basalt 15.8+0.6 OAAr GA1550 biot, 98.8 Ma 15.8+£0.6
Malheur Gorge®  Birch Creek Basalt ~ 15.7+0.1 “Ar°Ar - GA1550 biot, 98.8 Ma 15.7+0.1
Malheur Gorge®  Upper Pole Creek 16.840.6 to 15.2+5.6 VA Ar GA1550 biot, 98.8 Ma 16.840.6 to 15.2+5.6
Malheur Gorge®  Lower Pole Creek ~ 17.0+1.6 to 15.8+£5.6 “Ar°Ar  GA1550 biot, 98.8 Ma 17.0+1.6 to 15.8+£5.6
Owyhee Mts.” Oregon Plateau basalt 16.10+0.17 OAAr FC san, 27.84 Ma 16.20+0.17
SC volcanic field®  Oregon Plateau basalt 16.73=0.04 to 14.35+0.38 “°Ar°Ar ~ FC san, 28.02 Ma 16.73£0.04 to 14.35+0.38
Steens Mountain’  Steens Basalt 16.59£0.10 to 16.55+0.10 *°Ar*°Ar  FC san, 28.02 Ma 16.59+0.10 to 16.55+0.10
Steens Mt. vicinity” Oregon Plateau basalt 16.58+0.18 to 15.51+0.28 “°Ar’Ar ~ FC san, 28.02 Ma 16.58+0.18 to 15.51+0.28

"Hart and Carlson (1985), *Hart et al. (1989), *Swisher et al. (1990), *Baksi et al. (1991), *Baksi and Farrar (1990), *Hooper et al. (2002), ’Shoemaker
and Hart (2003), ®Brueseke and Hart (in press) (SC, Santa Rosa—Calico), Brueseke et al. (2003), *this study; '°weighted means were calculated from
age ranges and then normalized to 28.02 Ma; ''information of flux monitor provided by C. Swisher.
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was reported relative to Hbgr3 homblende with an
assigned age of 1071 Ma. Personal communication with
Chris Hall at the University of Michigan reports that
Hbgr3 intercalibrates well with Mmhb-1 hornblende at
520.4 Ma, the latter which has been intercalibrated by
Deino and Potts (1990) with FC sanidine at 27.84 Ma.
Thus, the 16.2+0.1 Ma result of Baksi et al. (1991)
becomes 16.30+0.10 Ma relative to FC at 28.02 Ma.
Thus, the Baksi and Farrar (1990) and the Baksi et al.
(1991) results are internally consistent, but significantly
lower than our new data, Swisher et al.’s (1990) data,
and in contradiction to the feldspar ages reported by
Jarboe et al. (2003, 2006) and Henry et al. (2006). There
are likely many reasons for overall variability between all
of the Steens age assignments and intercalibration of
standards is perhaps the main problem. At present, we
consider the plateau ages reported here to be the best
available eruption age for Steens Mountain as the data
are the most modern, of highest resolution, and were
analyzed relative to one of the most well studied and
characterized fluence monitors.

3. Stratigraphic results

Flood basalt lava flows crop out throughout the
southern Oregon Plateau, but are best exposed in the
vicinity of Steens Mountain (Fig. la and b). Steens
Mountain and its southern extension the Pueblo Moun-
tains, delineate an ~ 130 km north—northeast trending
Cenozoic fault scarp. In contrast to CRBG lava flows,
Steens Basalt (Oregon Plateau) lava flows are thinner (~ 1
to 12 m versus ~ 50+ m thick) and typically show little to
no columnar joint development. Steens Basalt lava flows
are also commonly compound, consisting internally of
flow lobes with rubbly and brecciated flow surfaces.
These lava flows vary petrographically from aphyric
flows and flow packages to extremely plagioclase-phyric
(dominated by ~1 to 4 cm plagioclase crystals) flow
packages and also include sparsely plagioclase phyric
textured lava flows (hereafter termed intermediate-
plagioclase), independent of stratigraphic position or
geographic location. While interflow sediments are
sparse, they do exist within packages of lava flows
investigated in this study. In some cases the interflow
horizons have been interpreted as regionally exposed tuffs
by previous workers and have been used to mark the
upper stratigraphic boundary of the Steens Basalt and
separate it from petrographically similar basaltic lava
flows (Sherrod et al., 1989; Johnson, 1995). While useful
in field mapping, these boundaries are not supported by
petrographic or chemical constraints from the lava flows
themselves (Brueseke and Hart, 2002).

In order to assess the chronological implications of
these observations, five new stratigraphic sections
(~100 to ~350 m thick exposures) in proximity to
Steens Mountain (Figs. 1b and 6) were investigated in
detail. Section locations were chosen to maximize the
number of lava flows exposed in continuous strati-
graphic context, thereby allowing flow-by-flow descrip-
tion and sampling. In the field, no attempt was made to
discern discrete flow packages. However, based on up-
section petrographic and chemical variations it is
apparent that many of the “individual flows” that were
sampled are from discrete flow packages of similar
material that were likely emplaced as inflated pahoehoe
lobes. Geographically, two of the sections lie on or
within the main Steens Mountain fault scarp ~50 km
north of the type section and two additional sections lie
less than 15 km across the Alvord Valley from the
summit of Steens Mountain (Fig. 1b).

3.1. Folly Farm East

The Folly Farm East section lies in the northwest
quarter of section 4 of the Johnny Creek NW quadrangle
and extends into the Folly Farm quadrangle (T30S,
R37E). At this location, ~271 m of section is exposed
and 30 individual lava flows were sampled (Fig. 6).
While all three Steens Basalt petrographic types are
present (aphyric, intermediate-plagioclase, plagioclase-
phyric), this section is dominated by intermediate-
plagioclase bearing lava flows. Additionally, it appears
that most of these lava flows were emplaced as lobes,
capped by ~3 to 12 m of aphyric lava flows. The
intermediate-plagioclase and aphyric package is repeat-
ed three times and may represent the eruption of a
stratified magmatic system, similar to what is present
throughout the Steens Basalt type section (Gunn and
Watkins, 1970; Stewart, 1992). Approximately 58 m of
plagioclase-phyric lava flows occur near the top of the
section and comprise the thickest flow unit exposed at this
location. In addition to the aphyric lava flows interspersed
throughout the section, two zones of brecciated and
blocky lava flows are exposed near its base. The basal lava
flow exposed at this location yields a “°Ar/*°Ar age of
16.31+0.20 (Fig. 6; Table 2). Additionally, unpublished
paleomagnetic data from this section indicate that the
entire package of lava flows erupted during a normal
geomagnetic interval (Smith, 1987).

3.2. Folly Farm West

The Folly Farm West section lies in sections 14 and 23
of'the Lambing Canyon quadrangle (T29S, R36E). Here,
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Folly Farm West
345m, 22 flows total

~16.4 Ma Tuff
of Oregon Canyon?

70m

-—-T 16.06 £ 0.36 Ma

Folly Farm East
271m, 30 flows

16.31 £ 0.20 Ma

Route 78 North

105m, 14 flows

Mickey Butte
365 m, 46 flows

15.51 £ 0.28 Ma

16.48 + 0.30 Ma
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16.24 + 0.50 Ma

Miranda Flat
104m, 24 flows
16.40 + 0.18 Ma
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Plagioclase-phyric

Younger andesite Intermediate-plagioclase Blocky a’a-like

Fig. 6. Petrographic and stratigraphic relationships of sampled sections. For details of each stratigraphic section, see discussion under Stratigraphic
results section. “°Ar/*°Ar ages obtained at each section are illustrated and each dashed horizontal line either indicates a dated lava flow or other
horizon of geologic interest (T, tuffaceous/sedimentary horizon; U, unconformity or disconformity; D, dike). The entire section at Folly Farm East
consists of normal polarity lava flows and the reverse to normal polarity transition at Mickey Butte is shown at its approximate stratigraphic level. The

scale near the Folly Farm West section is applicable to all sections.

22 lava flows are present and each was sampled (Fig. 6).
Along with the lava flows/flow units, three tuffaceous/
sedimentary horizons are present within this package.
Disconformably overlying the uppermost exposed flood
basalt flow are four ~3 to 6 m thick aphyric, tholeiitic
andesite lava flows. The second andesite flow down
section yields a minimum *°Ar/*°Ar age of 15.17+
0.36 Ma. Compositionally similar flows have been
documented regionally (e.g. Rytuba and McKee, 1984;
Mankinen et al., 1987), but the relationship of these lava

flows with the older flood basalts and/or local eruptive
systems warrants further investigation. Because of their
highly evolved nature, we exclude these from further
discussion throughout the remainder of this paper. The
remaining 300 m of the ~ 345 m section is composed of
aphyric, intermediate-plagioclase, and plagioclase-phy-
ric textured mafic lava flows that can be grouped into
five flow units based on petrography and chemical
variations. The basal lava flow from the lowermost
unit yields a “°Ar/°Ar age of 16.06+0.36 Ma.
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Approximately 27 and 67 m above the lowest exposed
lava flow lie two thin tuffaceous horizons, both less than
I m thick. Additionally, a third, thinner tuffaceous
horizon crops out ~ 80 m from the top of the flood basalt
section within a package of intermediate-plagioclase
textured lava flows. The lowermost exposed tuffaceous
horizon may be correlative with the ~16.4 Ma tuff of
Oregon Canyon (Perkins and Nash, 2002; Henry et al.,
2006). The presence of these tuffaceous and sedimentary
horizons indicate periods of local magmatic quiescence,
followed by later volcanism.

3.3. Route 78 North

The Route 78 North section lies in the northwest
quarter of section 30 of the Folly Farm quadrangle
(T28S, R37E). Fourteen lava flows are present and all
were sampled in ~ 105 m of section exposed in a fault
block within the Brothers fault zone (Fig. 6). This
section is dominated by plagioclase-phyric lava flows in
its lower half. Plagioclase separates extracted from a
lava flow exposed approximately in the middle of the
section yield a “°Ar/*?Ar age of 16.03+£0.30 Ma. Five
intermediate-plagioclase to aphyric textured lava flows
are exposed in the upper ~50 m of section. The
uppermost exposed lava flow of this group and the
section yields a “°Ar/°Ar age of 16.24+£0.50 Ma,
constraining the age of this section to <16.3 Ma.

3.4. Miranda Flat

This section lies directly across Miranda Flat from
the main Steens Mountain fault scarp and is in the
western half of section 4 of the Miranda Flat quadrangle
(T33S, R35E). Twenty-four lava flows were sampled in
succession from 104 m of section (Fig. 6). Similar to the
upper portion of the Mickey Butte section (see below),
lava flows exposed here are much thinner (~5 m
average) than at other sampled sections. Exposed lava
flows range from aphyric to plagioclase-phyric in
texture and the upper half of the section is composed
of two ~30 m packages that grade up-section from
plagioclase-phyric, to intermediate-plagioclase, to aphy-
ric lava flows. At this location, the uppermost lava flow
yields a “’Ar/°Ar age of 16.40+0.18 Ma, while the
second lava flow from the base of the section yields a
YOAr/*?Ar age of 16.33+0.20 Ma.

3.5. Mickey Butte

This section lies along the western flank of Mickey
Basin, a northern extension of the Alvord Valley in the

southeast quarter of section one of the Mickey Springs
quadrangle (R35E, T33S). From the valley floor to the
summit of Mickey Butte is ~ 608 m of section, of which,
~ 365 m was investigated (Fig. 6). Within this section 19
of 46 lava flows were sampled. Like the other sections,
petrographic type was variable, though intermediate-
plagioclase lava flows dominate the upper portion of the
sampled section. When variations do occur, they appear
to represent packages of petrographically similar flows,
but do not exhibit the apparent cyclicity of petrographic
types present at Folly Farm East or Miranda Flat.
Individual lava flows range from ~1 to ~24 m in
thickness and the upper portion of this section is
dominated by thin (~<5 m average) sheet-like lava
flows that are interpreted as near-vent facies.

Two features set Mickey Butte apart from the other
sections: (1) the presence of local dikes and (2) a distinct
difference in eruptive age between the upper and lower
portions of the investigated section. Three dikes are
exposed at the Mickey Butte section and their average
trend is N13°E. The best exposed dike cuts through
~250 m of section and appears to feed lava flows in the
upper, unsampled portion of the section. The other dikes
cut through the basal portion of the section and are all
petrographically similar to Steens Basalt lava flows.
Three lava flows from this section were selected for
“OAr/*?Ar analyses. Two of these lava flows, exposed
near the bottom and upper portion of the package yield
similar ages of 16.58+0.18 Ma and 16.48+0.30 Ma,
respectively. The lava flow directly underlying the
uppermost sampled flow yields a YA Ar age of

Na,0+K,0
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¥ FollyFarmEast /\ Route 78 North [] Mickey Butte

O Steens Basalt

@ FollyFarm West (3 Miranda Flat from Steens Mountain

Fig. 7. (a) Total alkali vs. silica diagram (LeBas et al., 1986)
illustrating similarities between Steens Basalt lava flows from Steens
Mountain and Oregon Plateau flood basalts presented in this study.
B=basalt; BA=basaltic andesite; A=andesite; TB=trachybasalt;
BTA=basaltic trachyandesite; TA =trachyandesite. (b) Same diagram
with only the newly dated samples illustrated. All values on both
diagrams in wt.%.
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Table 4
Major and trace element geochemical data for dated Oregon Plateau lava flows
Sample MB97-2 MB97-24 MB97-25 MB97-32 MB97-40 MB97-47 MB97-55 MB97-65 MB97-87 86-29 CH82-22B CHS82-22G
Si0, 59.46 51.22 49.39 50.21 53.36 50.73 51.17 47.98 47.38 50.39 47.30 47.30
TiO, 2.03 2.55 1.93 2.32 2.56 2.58 2.28 2.09 2.06 2.14 220 2.38
ALL,O3 1345 13.18 15.16 17.32 14.40 14.97 15.17 15.92 16.30 15.68 16.40 15.70
Fe,03 8.86 14.78 13.18 11.83 12.11 13.65 12.52 13.49 13.43 13.15  13.90 15.10
MnO 0.14 0.22 0.19 0.16 0.19 0.20 0.15 0.18 0.18 020  0.19 0.19
MgO 2.13 4.16 6.09 4.00 3.46 433 5.15 6.24 6.34 4.88 5.09 5.73
CaO 5.51 7.64 9.11 9.18 6.78 7.16 8.76 8.53 8.77 8.35 8.79 8.25
Na,O 3.28 3.34 2.88 3.25 3.42 3.56 3.16 3.16 3.25 3.62 3.00 3.14
K,0 2.80 1.52 0.59 0.95 2.32 1.90 1.17 0.92 0.89 1.27 1.29 0.99
P,05 0.39 0.36 0.31 0.35 0.65 0.64 0.56 0.41 0.32 044 037 0.34
LOI 1.08 —0.06 0.21 0.28 1.05 1.26 1.11 0.42 0.40 1.50 031 0.47
Total 99.13 9891 99.04 99.85 100.30 100.98 101.20 99.34 99.32 101.62 98.84 99.59
Ba 1226 561 419 397 742 314 525 374 345 620 - -
Ce 64 38 30 36 62 38 46 27 31 52 - -
Co 40 41 45 36 28 50 40 49 52 38 - -
Cr 25 31 36 33 11 43 3 44 23 - 60 70
Cu 17 244 25 92 162 90 41 212 177 62 - -
Ga 20.6 26.1 25.1 27.4 25.0 24.6 24.2 24.2 24.0 23.5 — —
La 30 20 16 17 33 14 25 14 12 27 - -
Nb 15.5 11.6 14.9 134 17.6 14.3 159 10.7 10.4 14.2 - -
Ni 12 22 27 53 12 118 48 129 136 66 - -
Pb 15 9 5 6 11 5 5 5 4 - - -
Rb 78 35 12 22 53 8.2 18 15 13 29 13 14
Sc 25.6 335 273 25.6 24.9 29.3 23.9 27.7 27.7 - - -
Sr 333 397 463 498 461 479 511 490 532 514 553 476
Th 8.2 4.6 34 44 7.8 2.6 5.4 43 3.8 5.1 - -
U 2.8 1.5 1.6 1.2 1.6 0.6 1.1 0.2 1.3 0.4 — —
\% 330 406 254 265 275 334 299 350 352 212 - -
Y 44 37 25 30 43 30 32 29 29 36 - -
Zn 131 118 117 103 132 127 134 114 111 109 - -
Zr 282 194 135 166 270 171 197 151 144 213 140 100

Note: Major element concentrations are reported as weight percent oxides and expressed as raw data; trace element concentrations are reported in
ppm. Major elements were analyzed by the techniques outlined in Katoh et al. (1999) at Miami University by DCP-AES (Direct Current Argon
Plasma Atomic Emission Spectrometry), except for CH82-22B and G. Trace elements were analyzed by XRF (X-ray fluorescence) at Franklin and
Marshall College by techniques outlined in Mertzman (2000) except for CH82-22B and G. Major and trace element compositions for CH82-22B and
G were determined by XRAL Ltd. by XRF and originally reported in Carlson and Hart (1987).

15.51+0.28 Ma, suggesting the presence of a within-
section unconformity. Hook (1981) investigated the
entire Mickey Butte section and his work indicates that
all but the upper ~45 m of the ~243 m of section not
investigated in this study is composed of lava flows that
he identified as identical to those exposed down section.
This implies that at least a 550 m thick package of flood
basalt lava flows is exposed at Mickey Butte. Hook
(1981) also documented a normal over reverse paleo-
magnetic polarity change at this location and its
approximate location within the Mickey Butte section
is shown in Fig. 6. Hook (1981) suggested that this N/R
reversal was correlative to the Steens Mountain reversal
and this interpretation agrees with our results, indicating
that this polarity change is the same reversal. All of
these data combined appear to indicate the presence of at

least a local magmatic hiatus near the top of the sampled
section and indicate that the Mickey Butte region was
characterized by local eruptive activity.

3.6. Steens Mountain

In comparison to the newly sampled sections, the
Steens Basalt type section at Steens Mountain is much
thicker (~900 to 1000 m) and exposes at least 75 to 100
lava flows (Gunn and Watkins, 1970; Johnson et al.,
1998). Exposed lava flows are petrographically similar
to flows sampled in this study and range from aphyric to
plagioclase-phyric varieties (Gunn and Watkins, 1970).
These lava flows also vary petrographically throughout
the section and at the type section, meter scale flow
packages of extremely plagioclase-phyric lava flows are
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often interbedded with aphyric varieties (Gunn and
Watkins, 1970; Mankinen et al., 1985). The age results
of these Steens Mountain basalts are discussed above
and it is here suggested that the upper ~450 m of the
section falls within a tight age range of 16.57+0.04 Ma.
The fact that only the top ~450 m of the section is well
dated leaves open the possibility that older lava flows
are present; however, the presence of older lava flows
would be at odds with the rapid eruptive rates calculated
by earlier workers for the entire ~900 to 1000 m section
(Baksi et al., 1967; Gunn and Watkins, 1970; Grommé
et al., 1985; Mankinen et al., 1985; Mankinen et al.,
1987).

In summary, the presence of dikes, local near-vent
facies, and the chronologic differences that reveal the
intra-section unconformity at Mickey Butte, help dem-
onstrate that basaltic volcanism in the region peripheral
to Steens Mountain was complex. Furthermore, the
distal facies of regional silicic pyroclastic units and thin
interflow sedimentary zones found at Folly Farm West
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the tholeiitic vs. calc-alkaline affinities of Steens Basalt lava flows
from Steens Mountain and Oregon Plateau flood basalts presented in
this study. (b) Same diagram with only the newly dated samples
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1-4 T T T T
12 R
1.0

0.8

P.O,

0.6

04

0.2

0.0 L ' ' '
12} (b)| 4

10 | R

08 b

P.0,

06 " ..; . 1

o
-
T
1

0.2 | foET g - Folly Farm West -]
N e Andesite

0.0 1 1 1 1
1.0 1.5 2.0 2.5 3.0 3.5
Tio,
¥ FollyFarmEast /\ Route 78 North [] Mickey Butte
s~ Malheur Gorge @ Folly Farm West O Miranda Flat
.

"y salts
, Steens Basalt CD “Venator Ranch
from Steens Mountain Basalts”

Fig. 9. (a) Plot of TiO, vs. P,0s (wt.%) illustrating compositional
variation of Oregon Plateau flood basalts from this study and Steens
Basalt lava flows from Steens Mountain (Johnson et al., 1998). Also
depicted are fields for the Malheur Gorge-region tholeiitic flood
basalts (Camp et al., 2003) and Venator Ranch basalts (Camp et al.,
2003). Notice that most of the Oregon Plateau flood basalts from this
study fall along the array defined by the Steens Basalt from Steens
Mountain. Eight samples from this study plot above the Venator Ranch
field, defining a local subgroup exposed at the Miranda Flat section.
(b) Same diagram with only the newly dated samples illustrated.

separate dissimilar geochemical and petrographic flow
packages. These data combined with the new *°Ar/*’ Ar
ages demonstrate that periods of mafic volcanic
inactivity were present over at least an ~ 1 m.y. duration,
as local volcanism stopped and then resumed at different
eruptive loci. We feel that the presence of multiple
eruptive centers and irregular paleorelief created by pre-
and syn-volcanic extension has resulted in extensive
interfingering of these lava flows.

4. Chemostratigraphy of Oregon Plateau flood basalts

The chemical diversity of Oregon Plateau flood
basalts from locations peripheral to Steens Mountain has
received little attention, even though the geochemical
diversity of Steens Basalt lava flows has been well



M.E. Brueseke et al. / Journal of Volcanology and Geothermal Research 161 (2007) 187-214 205

1) Folly Farm East
271m, 30/30

70m

16.31 £0.20 Ma

48 50 52 54 56 100 150 200 250 0 40 80 120160
Sio, zr Ni

5) Mickey Butte
365m, 19/46 . o, , 028 Ma

16.48 + 0.30 Ma

16.58 £ 0.18 Ma

48 50 52 54 56 100 200 300 O 40 80 120160
Sio, zr Ni

2) Folly Farm West
300m, 18/18

47 49 51 53 55 57 100 200 300

16.06 + 0.36 Ma

0 40 80 120160
SiO, Zr Ni

49 51 53 55 57 50 100 150 200

3) Route 78 North
105m, 14/14
16.24 + 0.50 Ma

16.03 £ 0.30 Ma

TN T T T | L L L

0 40 80 120160
SiO, Zr Ni

4) Miranda Flat
104m, 24/24

47 49 51 53 55 57 100 200 300

16.40 £ 0.18 Ma

16.33 £ 0.20 Ma

1
0 40 80 120160
Sio, Zr Ni

Fig. 10. Chemostratigraphic variation diagrams from sampled stratigraphic sections, discussed in this study. All five sections are depicted to scale and
each point represents the stratigraphic position of sampled lava flows. Numbers below the section name are the thickness (m) and the number of
sampled lava flows out of the total lava flows exposed. SiO, is expressed as weight percent oxide; Zr and Ni are expressed as ppm. The scale near the

Folly Farm East section is applicable to all sections.

documented at their Steens Mountain type section (Gunn
and Watkins, 1970; Carlson and Hart, 1983, 1987;
Johnson et al., 1998) and from corresponding exposures
to the south in the Pueblo Mountains (Hart et al., 1989).
Oregon Plateau and Steens Basalt lava flows are
dominantly basaltic, but also may be more chemically
evolved, ranging in composition from ~48 to ~ 56 wt.%
SiO, (Fig. 7a, b; Table 4; Appendix B; Chemistry).
Additionally, Steens Basalt lava flows are tholeiitic to
mildly alkaline, unlike other mid-Miocene and younger
mafic calc-alkaline units that are exposed regionally and
primarily associated with localized graben-forming
events (Cummings et al., 2000; Hooper et al., 2002;
Camp et al., 2003). Fig. 8a, b illustrate the relative iron
enrichment of Steens lava flows from the type section as
well as those Oregon Plateau flood basalts reported in

this study. Two lava flows from this study plot as
transitional to calc-alkaline. However, like those from
the type section, the remainder of the samples are clearly
tholeiitic. The two samples that are mildly calc-alkaline
also have 53—57 wt.% SiO, and K/P> 10 suggesting that
their calc-alkaline nature may be a function of interaction
with Fe-poor material coupled with fractional crystalli-
zation. A role for AFC processes has previously been
suggested to account for some of the observed Oregon
Plateau flood basalt geochemical variability (Carlson
and Hart, 1987; Hart et al., 1989).

Camp et al. (2003) used lower TiO,/P,05 ratios and
other chemical criteria (e.g. lower average Sr and Ba
values) to differentiate Steens Basalt lava flows from a
group of chemically similar mid-Miocene tholeiitic lava
flows they called Venator Ranch basalts. These Venator
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Fig. 11. Chemostratigraphic variation of the Steens Basalt at Steens Mountain (data from Johnson et al., 1998 hung at approximate stratigraphic
position to depict within section chemical variation and is shown to illustrate the broad chemical variation within the section). “*Ar/*°Ar ages from
Baksi and Farrar (1990), Baksi et al. (1991), and Swisher et al. (1990) are also shown at their approximate stratigraphic positions and normalized to a
28.02Ma age for the Fish Canyon tuff standard. Also, the approximate stratigraphic “zone” that the N/R polarity change present at this location is
found within is depicted in gray (based on the detailed stratigraphy of Mankinen et al., 1985). “Upper” and “lower” Steens Basalt division of Binger

(1997), Johnson et al. (1998) and Camp et al. (2003) is also depicted.

Ranch lava flows are primarily exposed to the north and
west of the study area, but a few lava flows with Venator
Ranch chemical signatures appear to be interbedded
with Steens Basalt near the top of the Steens package at
Steens Mountain (Camp et al., 2003). Fig. 9a, b
illustrates the TiO,/P,Os variation of Oregon Plateau
lava flows from this study and Steens Basalt lava flows
from Steens Mountain, as well as the other tholeiites
discussed by Camp et al. (2003). It is apparent that most
of the lava flows sampled in this study have TiO,/P,05
values similar to the Steens Basalt lava flows from
Steens Mountain and lie along the same general trend of
increasing TiO, and P,Os. Also noticeable is that a
number of samples from the Miranda Flat section have
P,Os5 values more similar to or higher than Venator
Ranch lava flows. However, these lava flows have
higher average Sr (623 to 730 ppm) and Ba (753 to
1023 ppm) values than Venator Ranch lava flows (Camp
et al., 2003; Fig. 8a). These Venator Ranch-like samples
are only found at the Miranda Flat section, where they
are primarily exposed in its lower portion as two
packages of three to four lava flows. These may either
reflect the presence of a localized magmatic system or
regionally derived lava flows that flowed to Miranda
Flat.

At a regional level, major and trace element
concentrations of Steens Basalt are consistent with

their derivation via fractional crystallization of more
primitive magmas, coupled with open-system processes
(e.g. crustal assimilation; Carlson and Hart, 1987; Hart
et al., 1989). Hart et al. (1989) studied ~17 to ~16 Ma
flood basalts exposed in the Pueblo Mountains (the
southern continuation of Steens Mountain) and demon-
strated that the same isotopic and geochemical varia-
tions found at the Steens Basalt type section are found in
an ~ | km section of flood basalt lava flows to the south
and can be attributed to assimilation-fractional crystal-
lization (AFC) processes. These identical variations
(increasing incompatible element abundance and more
radiogenic *’Sr/**Sr isotope ratios that correspond to
increased stratigraphic level) demonstrate that Steens
Basalt crops out to the south, at least to the Nevada
border. Similar up-section chemical variations led
Binger (1997), Johnson et al. (1998), and Camp et al.
(2003) to divide the Steens Basalt at Steens Mountain
into “upper” and “lower” Steens Basalt. While up sec-
tion chemical and isotopic variations are virtually
identical between the Steens Basalt at Steens Mountain
and the Steens lava flows in the Pueblo Mountains, the
presence of abundant dikes in close association with the
Pueblo flood basalts suggests that some of the exposed
lava flows in this region were erupted locally (Hart et al.,
1989). Recent paleomagnetic work (Jarboe et al., 2003)
reveals a N/R polarity reversal in the Pueblo Mountain
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section, supporting the chemical and age data of Hart
et al. (1989) that links this package of Steens Basalt to
the lava flows exposed at Steens Mountain.

In the following discussion we present data that
verifies the chemical correlation between Steens Basalt
and the ~16+1 Ma basalts from this study. For clarity,
these regional ~16+1 Ma flood basalts will be termed
Oregon Plateau flood basalts throughout the remainder of
this section. Additionally, for geochemical comparison,
we have also divided Steens Basalt lava flows from the
type section into the “upper” and “lower” Steens Basalt of
previous workers (e.g. Binger, 1997; Johnson et al., 1998;
Camp et al., 2003). Without discussing each section in
detail, Figs. 10 and 11 illustrate the broad chemical
variation of Oregon Plateau flood basalts and the Steens
Basalt exposed at Steens Mountain. It is clear that within-
section chemical variability of Oregon Plateau flood
basalts is common at all locations (Fig. 10). In addition,
while less evolved compositions are present within the
lower ~400 m of lava flows exposed at Steens Mountain
(Fig. 11; e.g. higher Ni, lower Zr and other incompatible
trace element concentrations, lower average SiO,),
chemically similar lavas flows are occasionally exposed
in the upper portion of the section. Additionally, similar,
less evolved lava flows are exposed at all of the newly
sampled locations (Fig. 10). Between section correlations
of individual lava flows and flow packages from this
study and Steens Basalt from Steens Mountain based on
petrographic and bulk chemical characteristics were
attempted through a number of statistical means, but in
all cases, proved unsuccessful (Brueseke and Hart, 1999).
We believe that this is not due to the inherent geochemical
heterogeneity within individual lava flows, but rather is a
direct result of the volcanic systems that were active in this
region. For example, at the Mickey Butte location, the
substantial age difference near the top of the section
corresponds with significant major and trace element
chemical differences (Fig. 10). These variations at Mickey
Butte and the other investigated locations, likely reflect
the presence of multiple, localized eruptive systems.

While correlation of lava flows and flow packages
between the stratigraphic sections reported in this study
proved unsuccessful, the gross chemical characteristics
of these Oregon Plateau flood basalts allow them to be
placed into a regional stratigraphic context. At Steens
Mountain, “lower” Steens Basalt chemical signatures
dominate the lower one-third of the section, while
“upper” Steens Basalt chemical signatures occur pri-
marily in the remaining two-thirds (Camp et al., 2003).
K,0 and Ba concentrations have been utilized as good
discriminators of “upper” and “lower” Steens Basalt
chemical signatures in previous work at the Steens type

section (e.g. Camp et al., 2003; Vic Camp, personal
communication). There, the lava flows identified as
“upper Steens” have Ba concentrations greater than
300 ppm and K,O concentrations typically greater than
1 wt.%. Fig. 12 illustrates the TiO,/P,0s, K,0, and Ba
values for the Oregon Plateau flood basalts from this
study and the Steens Basalt from Steens Mountain. On
these diagrams, it is apparent that the majority of
samples from this study have wt.% K,O>1 and
Ba>300 ppm, most similar to the “upper Steens”
Basalt. Only 12 Oregon Plateau flood basalts have Ba
concentrations <300 ppm, like the “lower” Steens
Basalt. These observations suggest that the majority of
the Oregon Plateau lava flows from this study should be
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Fig. 12. (a) Plot of TiO,/P,0s vs. K,O (wt.%) comparing the
compositional variation of Oregon Plateau flood basalts from this
study and Steens Basalt lava flows from Steens Mountain (Johnson
et al., 1998). It is apparent that many of the newly sampled lava flows
have K,O values >1 wt.%, similar to the “upper” Steens Basalt.
Dashed line drawn at 1 wt.% K,O. (b) Plot of TiO,/P,05 vs. Ba (ppm)
comparing the compositional variation of Oregon Plateau flood basalts
from this study and Steens Basalt lava flows from Steens Mountain
(Johnson et al., 1998). It is apparent that most of the newly sampled
lava flows have Ba >300 ppm, similar to the “upper” Steens Basalt.
Dashed line drawn at 300 ppm Ba.



208 M.E. Brueseke et al. / Journal of Volcanology and Geothermal Research 161 (2007) 187-214

considered “upper” Steens Basalt based on their chem-
ical characteristics. Similar within section variations of
interbedded “lower” and “upper” Steens lava flows are
also noted by Binger (1997) and Camp et al. (2003), at
the northern edge of the Oregon Plateau and are present
in the Steens type section where the transition between
“upper” and “lower” Steens Basalt is present (Johnson
et al., 1998). The chronologic relationships between the
Oregon Plateau flood basalts from this study and the
Steens type section substantiate these chemical similar-
ities and indicate that the lava flows in this study should
be considered as Steens Basalt sensu-stricto.

5. Regional implications and significance

To reiterate, the nine new *’Ar/*° Ar ages obtained on
Steens Basalt lava flows range from 15.5140.28 Ma to
16.58+0.18 Ma and the two lava flows originally dated
by Swisher et al. (1990) from the type Steens section
yield new, essentially identical ages of 16.59+0.10 Ma
(uppermost) and 16.55+0.10 Ma (31st down). Conser-
vatively, these data define a 1.05+£0.46 m.y. duration of
local (to Steens Mountain) Steens flood basalt volca-
nism. This age range does not take into consideration the
15.17+£0.36 Ma age of the upper Folly Farm West
tholeiitic andesite. Also, as previously mentioned, two
of the youngest ages used in this calculation (MB97-40,
15.51+0.28 Ma; MB97-24, 16.06+0.36 Ma) are from
samples that appear to have experienced argon loss and
may only represent minimum eruption ages. However,
the chemical and field evidence present at Mickey Butte
(MB97-40 sampling location) that indicates the pres-
ence of an unconformity between MB97-40 and the
underlying lava flows, lends credence to the validity of
this younger age (Figs. 6 and 9, and unpublished data).
As evident in Table 3, the time period over which much
of the tholeiitic Malheur Gorge-region basalt was
produced in east-central Oregon (Lees, 1994; Hooper
et al.,, 2002) overlaps with Steens Basalt volcanism.
Other age data that are included in this table are from
older and possibly less precise K—Ar age determina-
tions, as well as more recent *°Ar/*’Ar data from
chemically similar mafic lava flows present in the
Owyhee Mountains and Santa Rosa—Calico volcanic
field of northern Nevada (Shoemaker and Hart, 2003;
Brueseke et al., 2003; Brueseke and Hart, in press).

Lees (1994) completed a study linking the flood
basalts of the Malheur Gorge-region with the Imnaha
and Grande Ronde basalts of the CRBG and connected
the plagioclase-phyric and aphyric “lithotypes” found
within the Malheur Gorge-region basalts to the
dominantly plagioclase-phyric Imnaha and dominantly

aphyric Grande Ronde Basalts. During this study it was
suggested that these differing “lithotypes” might be the
eruptive products of different stages of magma chamber
development in multiple eruptive systems located
throughout the Malheur Gorge-region over the duration
of local flood basalt activity. This observation is very
similar to what we observe in the vicinity of Steens
Mountain, where multiple lithotypes of Steens Basalt
crop out in stratigraphic sections independent of
eruptive age. Following Lees (1994), Binger (1997)
and Hooper et al. (2002) documented the geochemical
and petrographic similarities between the Imnaha and
Grand Ronde basalts, the Malheur Gorge-region basalts,
and the “lower” and “upper” Steens Basalt exposed at
Steens Mountain. Binger (1997) also noted that while
the “upper” Steens Basalt is chemically evolved like the
Birch Creek/Hunter Creek Basalts (Malheur Gorge-
region) and the Grande Ronde Basalt, it is a chemically
dissimilar unit. Furthermore, Camp et al. (2003)
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Fig. 13. (a) FeO/MgO vs. silica diagram of Miyashiro (1974)
illustrating the tholeiitic vs. calc-alkaline affinities of Steens Basalt
lava flows from Steens Mountain and Oregon Plateau flood basalts
presented in this study. (b) Same diagram with only illustrating the
tholeiitic vs. calc-alkaline affinities of locally erupted Steens Basalt
from the Santa Rosa—Calico volcanic field, NV (unit Tba of Brueseke
and Hart, in press).
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suggested that the areal/volumetric extent of “upper”
Steens Basalt decreases to the north of Steens Mountain,
while lava flows with the “lower” Steens Basalt
chemical affinity continue northward and physically
link with the Lower Pole Creek lava flows of the
Malheur Gorge-region. *“°Ar/*’Ar ages from these
Malheur Gorge-region lava flows (Table 3; Lees,
1994; Hooper et al., 2002) are temporally indistinguish-
able and span a wide age-range. To better constrain their
eruptive history and refine their age ranges, Hooper
et al. (2002) calculated weighted mean ages for these
Malheur—Gorge area units. Their calculations yield
results of 16.9+0.8 Ma for two Lower Pole Creek flows
(“lower” Steens Basalt equivalent), 16.5+0.3 Ma for
four overlying Upper Pole Creek flows (Imnaha Basalt
equivalent), and 15.74+0.1 Ma for three Birch Creek
flows (Grande Ronde Basalt equivalent), all of which
overlap with the chronostratigraphic results presented in
this study.

Recent work has been performed by Brueseke and
Hart (in press) to better understand the relationship

between mid-Miocene mafic volcanism and the forma-
tion of large, silicic dominated volcanic fields on the
Oregon Plateau (i.e. the early Snake River plain—
Yellowstone volcanic fields). Included in this study are
chemical and chronologic results from mafic lava flows
and shallow intrusive bodies exposed along the southern
Oregon Plateau/northern Nevada rift transition (i.e. the
Santa Rosa—Calico volcanic field). Mafic Santa Rosa—
Calico volcanic field (SC) extrusive and intrusive bodies
are dominantly tholeiitic (Brueseke and Hart, in press)
and are divided into two units that show interbedded
relationships: (1) lava flows that are physically and
chemically similar to the late-Miocene to Recent HAOT
(high-alumina olivine tholeiite; Hart et al., 1984) basalts
that crop out across the Oregon Plateau and (2) more
evolved lava flows and shallow intrusive bodies that
chemically resemble Steens Basalt (Brueseke and Hart,
in press). The more evolved Steens-like unit is also the
most areally extensive and voluminous of the two local
mafic units. Fig. 13 illustrates the similarity between this
SC unit (unit Tba of Brueseke and Hart, in press) and
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Steens Basalt lava flows from the type section and those
from this study. The transitional to mildly calc-alkaline
SC samples on Fig. 13b show extensive petrographic
and chemical evidence indicating that they were affected
by pre-eruptive open-system processes (e.g. assimilation
of Fe-poor local crust and/or interaction with silicic
melts), which can account for their low Fe and higher K
concentrations and mildly calc-alkaline nature (Brue-
seke and Hart, in press; Brueseke, unpublished data).
Fig. 14 illustrates the TiO,/P,0s, wt.% K,O, and Ba
(ppm) values for these SC samples, Steens Basalt lava
flows from the type section, and those from this study. It
is apparent that SC mafic lava flows and shallow
intrusive bodies have similar TiO,/P,O5 values as the
Steens Basalt. Also apparent is that the majority of these
samples could be considered “upper” Steens Basalt
based solely on geochemical criteria. The chemical
similarities illustrated on Figs. 13 and 14 in addition to
other petrographic, geochemical, and isotopic charac-
teristics support the identification of these SC samples
as locally erupted/emplaced Steens Basalt (Brueseke
and Hart, in press). New *°Ar/*’Ar ages obtained on
representative samples from this Santa Rosa—Calico
volcanic field mafic unit document that eruptions and
upper-crustal emplacement of Steens Basalt magmas
occurred locally from 16.73+0.04 to 14.35+0.38 Ma
(standardized to 28.02 Ma Fish Canyon tuff) (Table 3;
Brueseke and Hart, in press). These ages represent a
much greater age range (~2.4 Ma) than those reported
for the stratigraphic sections from this study and indicate
that in the Santa Rosa—Calico volcanic field, lithospher-
ic input (zeruption) of Steens Basalt magmas occurred
over a longer duration than at both Steens Mountain and
the other Oregon Plateau locations discussed in this
study.

The observations discussed above indicate that mid-
Miocene tholeiitic basaltic volcanism occurred over an
~2 m.y. duration at certain locations across the Oregon
Plateau (e.g. the Santa Rosa—Calico volcanic field). This
does not imply that widespread and voluminous flood
basalt volcanism occurred continuously across the
Oregon Plateau during the entire ~17 to ~ 14 Ma time
period that the main phase of CRBG volcanism occurred.
Rather it indicates that tholeiitic magmas with chemical
characteristics identical to the Steens Basalt were
emplaced into the Oregon Plateau lithosphere and
occasionally erupted throughout this period. Additional
work is required to more fully understand the areal extent,
volume, and age of Steens Basalt exposed to the south-
west and east/southeast of Steens Mountain. The time-
transgressive nature of Steens volcanism indicates that the
N/R magnetic reversal present within the upper portion of

the Steens Mountain section may not be the only reversal
present in regionally exposed packages of Steens Basalt.
In summary, the field, chemical, and geochronologic data
presented in this study convincingly reveal that Oregon
Plateau flood basalt volcanism (e.g. Steens Basalt) is more
complex and temporally extensive than often recognized.

6. Discussion and conclusions

New field observations, chemical analyses, and
“0Ar/*? Ar ages help to better document the duration of
mid-Miocene Oregon Plateau basalt volcanism. These
data and recent regional chronologic studies suggest that
the main episode of Steens Basalt volcanism occurred
for an ~1.05+£0.46 m.y. duration and that in specific
locations across the Oregon Plateau, less voluminous
Steens volcanism occurred locally for a greater duration.
Steens Basalt volcanism was intimately linked to both
regional and local tectonomagmatic processes. Region-
ally, the Oregon Plateau has experienced greater
extension in the last 20 Ma than the Columbia Plateau
and likely experienced more widespread, but focused (at
specific locations like the northern Nevada rift)
extensional tectonism during the period of flood basalt
volcanism (Carlson and Hart, 1987; Wells and Heller,
1988; Hooper and Conrey, 1989; Zoback et al., 1994;
Cummings et al., 2000; Brueseke and Hart, in press).
This extension also controlled the availability of
upwelling Steens Basalt magma and led to the wide-
spread areal distribution of Steens Basalt eruptive loci
across the southeastern Oregon Plateau. During the mid-
Miocene flood basalt event, the reactivation of regional
lithospheric structural heterogeneities throughout the
Oregon Plateau likely helped focus the upwelling mafic
magma at locations that were actively extending and
also helped localize the distribution of compositionally
diverse (basalt through rhyolite) volcanism present at
some of these locations (John and Wallace, 2000;
Brueseke and Hart, 2004; Brueseke and Hart, in press;
Brueseke et al., in press). For example, beneath the
Santa Rosa—Calico volcanic field (Fig. 1), the contin-
uous input of Steens magmas into the lithosphere was
one of the primary driving mechanisms for local
intermediate and silicic magma production (Brueseke
and Hart, in press; Brueseke et al., in press). Similar
processes likely occurred at other mid-Miocene Oregon
Plateau silicic volcanic fields and eruptive loci (e.g. the
McDermitt volcanic field).

While the upper portion of the type section at Steens
Mountain only exposes ~16.6 Ma Steens Basalt lava
flows, this flood basalt episode was more widespread
temporally and geographically. Throughout the southern
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Oregon Plateau, eruptive loci of mafic units interpreted
to be Steens Basalt are found in the Owyhee Mountains
(ID/OR), at Catlow Peak (OR), at Orevada View (OR),
and near the Jordan Craters (OR) volcanic field
(Mankinen et al., 1987; Hart, unpublished data). These
mafic units are poorly constrained chemically and
chronologically, so placing them into the “upper” and
“lower” Steens Basalt stratigraphic nomenclature
requires further work. In addition, ~17 to ~14 Ma
mafic lava flows and dikes are found further south within
the northern Nevada rift and its transition with the
Oregon Plateau (Zoback et al., 1994; John and Wallace,
2000; Brueseke and Hart, in press), to the west in
California (e.g. the ~16 Ma Lovejoy Basalt; Wagner
et al., 2000; Coe et al., 2005), and ~ 16.5 Ma mafic lava
flows are present to the east in the vicinity of the Jarbidge
Mountains, ID (e.g. the Seventy-Six Basalt; Hart and
Carlson, 1985; Rahl et al.,, 2002). The widespread
locations of the other eruptive loci besides Steens
Mountain proper (Fig. 1b), the lack of correlation
between Steens Basalt sections on a flow-by-flow
basis, and the presence of multiple flow units within
Steens Basalt stratigraphic sections, reveal that during
the span of Steens Basalt volcanism, numerous eruptive
centers were active across the Oregon Plateau region.
Recent work by Bondre et al. (2004) and Bondre and
Hart (2006; personal communication) on the physical
diversity of Steens Basalt lava flows at and in close
proximity to Steens Mountain verifies this association at
least locally and suggests that these lava flows erupted
from onlapping and superimposed monogenetic volca-
nic systems. Based on these physical observations,
Bondre and Hart (2006; personal communication)
classify the Steens Basalt as a moderate-sized flood
basalt field using the terminology of Walker (1993).
Their physical evidence agrees with the chemical
evidence presented in this study and illustrates a scenario
where much of the Steens Basalt exposed in the vicinity
of Steens Mountain may have been erupted via the
plains-style basaltic volcanism of Greely (1982), similar
to what is found across the present day Snake River
Plain, Owyhee Plateau, and Oregon High Lava Plains,
only at a larger scale. These observations do not preclude
the presence of a large shield volcano centered at Steens
Mountain as suggested by previous workers; they just
indicate that magma evolution and eruptive processes in
the vicinity of Steens Mountain were more complex than
previously recognized. They also suggest that the
eruptive style(s) of mid-Miocene Oregon Plateau flood
basalt volcanism differed from the much more volumi-
nous outpourings that characterized CRBG volcanism
and lava flow emplacement. In essence, throughout the

~1.05£0.46 m.y. duration of local (to Steens Mountain)
Steens volcanism, lava flows and flow units with
chemical and petrographic variations similar to those
exposed at Steens Mountain were sourced from nu-
merous, scattered eruptive loci. During this period, any
lithologic type of Steens Basalt was erupted at any given
vent and likely related to local magma chamber pro-
cesses. The chemical composition of lava flows during
this period was dominated by “upper” Steens composi-
tions regardless of lithologic type and the results of this
study help define their apparent position in the regional
Pacific Northwest flood basalt stratigraphic record
compiled by other workers (Hooper et al., in press).
While the most volumetric tholeiitic volcanism in the
Pacific Northwest may have been present to the north,
contemporaneous lithospheric input (feruption) of
basaltic magmas was occurring on the southern Oregon
Plateau over a longer duration than what is represented
at Steens Mountain. The field observations, chemical
data, and *°Ar/*°Ar geochronology presented in this
study agree with this prior observation and accordingly,
provide a more precise temporal link between eruptions
of the Steens Basalt and other regionally extensive flood
basalts. This refined temporal link requires that petro-
genetic and tectonic models of mid-Miocene north-
western U.S. flood basalt volcanism recognize that the
northern (Columbia Plateau) and southern (Oregon
Plateau) portions of this flood basalt province were
erupting simultaneously at times other than just at the
onset of regional activity. This does not imply that
Oregon Plateau flood basalt volcanism continued with-
out cessation throughout the larger flood basalt event or
was coeval with the entire CRBG. However, the inti-
mate link between the timing of mid-Miocene Oregon
Plateau silicic and intermediate volcanic field develop-
ment (e.g. McDermitt, Lake Owyhee, Northwest Neva-
da, and Santa Rosa—Calico) and Steens Basalt
volcanism implies a petrogenetic connection between
basalt production and the development of regional
polygenetic volcanic fields and caldera complexes. The
availability of upwelling mafic magma into the
lithosphere affected the duration and location of the
coeval intermediate through silicic volcanism in these
systems. In summary, these data indicate that the same
large-scale mantle processes controlling the generation
and eruption of the CRBG on the Columbia River
Plateau were similarly affecting the Oregon Plateau
throughout the mid-Miocene, not just at ~16.7 Ma,
when widespread Oregon Plateau basaltic volcanism
likely initiated. As a result, tectonomagmatic models
(e.g. mantle plume, non-plume, or others) that are
invoked to explain this regional flood basalt event must
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consider the full duration of flood basalt volcanism and
mafic magma lithospheric input on the Oregon Plateau.
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