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ABSTRACT

The development of the Snake River Plain volcanic
province has been attributed to the passage of the North
American plate over the Yellowstone mantle plume. As
this province was being formed by an eastward progres-
sion of younger silicic volcanic centers, basaltic volcan-
ism has continued through the present day in the western
regions of the “plume track.” Of particular interest isthe
Owyhee Plateau of southeastern Oregon, located at the
westernmost end of the SRP volcanic province. The
Owyhee Plateau preserves the best documented continu-
ous record of mid-Mioceneto Recent basaltic volcanism
inthe northwestern United States, allowing an investiga-
tion of variations in magmatic sources and processes
through time. In addition, thisregion isunderlain by litho-
sphere transitional between that of the Proterozoic-
Archean Wyoming Craton to the east and accreted ter-
ranes younger than 200 Ma to the west. Basaltic prod-
ucts that erupted from a variety of vents on the Owyhee
Plateau illustrate chemical and Sr isotopic diversity that
cannot be solely attributed to lateral lithospheric hetero-
geneities. Rather, this diversity appears to be a function
of eruptive age. For example, Sr isotope datashow asys-
tematic increase in *'Sr/®Sr from 0.704 to 0.707 with
decreasing agefrom 17.5-11 Ma, but decreasing * Sr/*°Sr
to 0.704 from 11-0 Ma. The “peak” in Sr values corre-
sponds to aregional change in the dominant basalt type
erupted, from large volume, strongly fractionated basalts
and basaltic andesites before 11 Mato smaller volume,
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more primitive high-alumina olivine tholeiites after 11
Ma. A preliminary model is offered that calls for tempo-
ral variations in magma production, lithospheric struc-
ture, and the rel ative contributions from lithospheric and
sublithospheric source reservoirs.
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INTRODUCTION

The initiation of flood basalt volcanism in the north-
western United States at approximately 17.5 Ma marks
the onset of a time and longitudinally transgressive se-
quence of volcanic activity attributed to the passage of
the North American plate over the hypothesized
Yellowstone mantle plume (Pierce and Morgan, 1992;
Geist and Richards, 1993; Camp, 1995). Theearliest pulse
of flood basalt eruptions (17.5-14 Ma) are represented
by the Clarkston Basalt of the Columbia Plateau (Hooper
and Hawkesworth, 1993) and Steens Mountain Basalt of
the Oregon Plateau (Carlson and Hart, 1987, 1988; Hart
and Carlson, 1987). These basalts were erupted from a
narrow array of ventsextending for nearly 1,000 km from
southeastern Washington to central Nevada. Thisarray is
believed to represent arift in the back-arc region of the
Cascadearc (Christiansen and McK ee, 1978; Carlson and
Hart, 1987; Zoback and others, 1994). After 14 Ma, erup-
tive activity along this rift contracted in a north-south
direction, becoming focused in the Owyhee Plateau of
the Oregon-1daho-Nevadaborder region (Figure 1). Sub-
sequent magmatism to the east formed the Snake River
Plain (SRP). It isimportant to note that, as the SRP was
being formed by an eastward progression of silicic erup-
tive centers, basaltic vol canism has continued essentially
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through the present day in the western regions of the
“plume track.”

Determining the ultimate mantle sources of and the
processes responsible for the evolution of these basalts
has been hindered by the complication of contamination
of the primary magmas by chronologically and chemi-
cally heterogeneous lithospheric materials (Leeman and
others, 1992). Regional geochemical and isotopic infor-
mation, combined with regional patterns of crustal de-
formation, has led some researchersto argue that the ini-
tial, large volume flood basalt eruptions were related to
the arrival of the Yellowstone plume head at the base of
the lithosphere (Geist and Richards, 1993; Hooper and
Hawkesworth, 1993; Camp, 1995). Other researchers
have used the same evidence to argue that these basalts
were erupted as a result of rifting behind the Cascade
volcanic arc (Christiansen and McKee, 1978; Carlsonand
Hart, 1987). Obviously, the current data base is ambigu-
ous with regard to these issues, and questions concern-
ing sources and processes cannot be answered until the
influence of the lithosphere on the primary magmas can
be adequately determined (Hart, 1997; Hart and others,
1997).

The Owyhee Plateau (Figure 1) provides an excel-
lent opportunity to explore variationsin the geochemical
and isotopic characteristics of late Cenozoic northwest-
ern United States basaltsthrough time. The basaltsin this
study congtitute ageochemically and isotopically diverse
suite erupted over the past 17.5 Ma from vents located
within ageographically restricted area between approxi-
mately lat 42°00'N. and 43°15'N. and long 116°45'W. and
118°15'W. This area is underlain by lithosphere transi-
tional between that of the Proterozoic-Archean Wyoming
craton to the east and accreted terranes younger than 200
Mato the west (Leeman and others, 1992). Here, the ba-
saltic magmas are assumed to have passed through, and
consequently to have had the opportunity to interact with,
the same chronologically similar “package’ of litho-
spheric materials. Thus, by eliminating the distinct i soto-
pic signatures attributed to regional, lateral lithospheric
variations, a significant variable to investigate is time.

Figure 1. Location of the study area, in relation to major volcanic and
tectonic features of the western United States. (a) Generalized map of
the major late Cenozoic vol canic provinces of the northwestern United
States. C: Cascade arc; CP: Columbia Plateau; OP: Oregon Plateau;
WSRP: Western Snake River Plain; BR: Basin and Range; MTJ:
Mendocino Triple Junction. (b) Digital elevation model of the Owyhee
Plateau study area, modified from Sterner (1997). SM: Steens Moun-
tain; OM: Owyhee Mountains;, OIG: Oregon-ldaho Graben; NNR:
Northern Nevada Rift; O: Owyhee Plateau and Owyhee River Canyon
region. Locations of tectonic and structural features adapted from
Bohannon and Parsons (1995), Zoback and others (1994), Carlson and
Hart (1987), and Ferns (1997).
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Furthermore, to our knowledge, the Owyhee Plateau con-
tains the most complete record of mid-Miocene to Re-
cent basaltic volcanismin the northwestern United States.
Thus, it is uniquely suited to an exploration of the tem-
poral variations in lithospheric and sublithospheric con-
tributions to this late Cenozoic basaltic volcanism.

SPATIAL AND TEMPORAL
RELATIONSHIPS

Previousinvestigations of post-17.5 MaOregon Pla
teau basaltic volcanism by Carlson and Hart (1987, 1988),
Hart and Carlson (1987, 1992), and Draper (1991) docu-
mented a significant change about 11 Ma in the domi-
nant basalt type erupted (Figure 2a). The older eruptions
(SteensMountain Basalt) produced strongly fractionated
tholeiitic basalts and basaltic andesites. Post-11 Maerup-
tions were dominated by less fractionated low-K, high
auminaolivinetholeiites(HAQOT). Thischange coincides
not only with the regional shift from large volume, fis-
sure-fed eruptions to small volume eruptions from dis-
crete eruptive centers, but also with the onset of regional
lithospheric thinning due to diffuse extension through-
out the entire Oregon Plateau area (Hart and Carlson,
1987; Hooper, 1990; Draper, 1991).

L eeman and others (1992) documented that the maxi-
mum diversity in ¥Sr/*Sr for late Cenozoic northwest-
ern United States basalts occursin alongitudinal “band”
corresponding to approximately 117°to 118° west longi-
tude (Figure 2b). This region of maximum diversity co-
incides with the transition between the Proterozoic-
Archean cratonic lithosphere to the east and accreted ter-
ranesyounger than 200 Mato the west (Leeman and oth-
ers, 1992; Elison and others, 1990; Wright and Wooden,
1991). Importantly, the Owyhee Plateau overliesthisre-
gion of transitional lithosphere (Figure 1).

Hart (1997) further explored the rel ationshi psbetween
age and location of eruption and Sr isotope compositions
of northwestern United States basalts (Figure 3). Figure
3 substantiates the observations of Leeman and others
(1992) that awide range in basalt ®Sr/*Sr values occurs
aong approximately 117°west longitude, with higher and
lower ¥Sr/*°Sr val ues occurring east and west of thisline,
respectively. Additionally, Figure 3 shows that those
basalts representing the earliest pulse of volcanism
(Steens, Clarkston, and Picture Gorge basalts) have lower
¥Sr/*Sr values than many of the samples representing
younger eruptions (e.g., SRP and Saddle Mountains
basalts). Furthermore, samplesfrom the Owyhee Plateau
define awide range in ¥'Sr/*Sr, from less than 0.704 to
greater than 0.707. Another interesting relationship is
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Figure 2. Important regional geochemical and isotopic observations.
(&) Nlustration of the regional change in basalt geochemistry on the
QOregon Plateau, from strongly fractionated basalts and basaltic andes-
ites before approximately 11 Ma to relatively unfractionated basalts
after approximately 11 Ma, after Hart and Carlson (1987). (b) Longitu-
dinal variationin Sr isotope compositionsof basaltic rocks, after Leeman
and others (1992). The area of focus for this study coincides with the
cratonic boundary, where the greatest diversity in #Sr/%°Sr is observed.

found when the data are plotted versus the age of erup-
tion. Sr-isotope valuesincrease with decreasing age from
theinitiation of volcanismto about 11 Ma, at which point
the data diverge. Except for the young Yellowstone area
basalts that span nearly the entire observed range in
¥Sr/*°Sr, SRP basalts retain radiogenic signatures while
Owyhee Plateau basalts trend toward lower *'Sr/®Sr val-
uesfrom 11 Mato 0 Ma. Therest of this paper will focus
only on the Owyhee Plateau basalts.
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Figure 3. Compilation of Sr isotope data for northwestern United States basalts, after Hart (1997). Where possible, the longitude of the eruption site
is used. Data are from Carlson (1984), Carlson and Hart (1987), Carlson and others (1981), Hart (1985), Hart and others (1989), Hooper and
Hawkesworth (1993), Lambert and others (1995), Leeman and others (1992), Leeman (1982), Leeman and Manton (1971), Mark and others (1975),

Noble and others (1973), and this study.

DATA

CHRONOSTRATIGRAPHY

Careful sampling of basalt flow sequences exposed
in fault scarps and in canyons of the Owyhee River and
itstributaries (see Figure 1b) combined with new (Table
1) and previously reported (Hart and Mertzman, 1982,
1983; Hart and Carlson, 1983, 1985; and Hart and oth-
ers, 1984) chronologic data has allowed usto construct a
composite chronostratigraphic section representing the
history of basaltic volcanism on the Owyhee Plateau over
the last 17.5 Ma. Four new “Ar/*Ar method age deter-
minations (Table 1) were obtained in order to better con-
strain the timing of the older pulse of Owyhee Plateau
basaltic volcanism. Age estimates were interpolated for
samples with relatively tight (approximately 2 m.y. or
less) stratigraphic constraints based on K-Ar or “Ar/*Ar
age data. These estimated ages are marked with an aster-
isk (*) in Teble 2.

Onthebasisof eruptive age, the sample suite has been
divided into five groups as indicated in Figure 4. These
groups are described briefly below:

17.5-14 Ma. Thisinterval representstheinitial, large
volume eruptive phase of Oregon Plateau basaltic volca-
nism, temporally correlative with the eruption of the
Clarkston Basalt of the Columbia Plateau (Hart and
Carlson, 1985; Hart and others, 1989; Hooper and
Hawkesworth, 1993). These flood basalts typically were
erupted from isolated fissures and large fissure systems.
Magmas erupted at this time were strongly fractionated
basalts to basaltic andesites with tholeiitic to calc-aka-
line affinities.

14-11 Ma. Thisinterval represents the waning stages
of SteensMountain Basalt eruptions. Basalt compositions
are similar to those of the older age group, but the vol-
umes erupted are significantly smaller and individual
flows are less areally extensive (Hart and Mertzman,
1982; Hart and Carlson, 1985).

11-6 Ma. Thisinterval marks the regional changein
dominant basalt type erupted, from the strongly fraction-
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Table 1. New “Ar/**Ar age data.

Sample Age FArK Age +2sd.
number Analysis steps (x 10™ mol) % *Ar K/Ca (Ma) (Ma)
H85-10A plateau 6 46.6 82.2 0.33 16.27 0.17
JV96-2 plateau 5 334 75.2 0.09 12.37 0.48
JV96-4 plateau 7 27.8 73.1 0.20 14.61 0.35
JV96-7 plateau 7 90.1 66.0 0.28 13.87 0.39

Correction factors:

(*®Ar/*"Ar)Ca= 0.00070 + 0.00005
(**Ar/*Ar)Ca= 0.00026 + 0.00002
(®BAr/PAnK = 0.0119

(“Ar/®ArK = 0.0002 + 0.0003

ated basalts and basaltic andesites of the early phase of
volcanism to relatively unfractionated basalts. This is
accompanied by a change from primarily fissural flood
basalt activity to a combination of eruptions from local
fissures associated with extensiona features and from
isolated low shield cones similar to those found within
the SRP proper. Compositions range from low-K, low-
Ti, high alumina olivine tholeiites (HAOT) to high-K,
high-Ti Snake River Plain-typeolivinetholeiites (SROT).
A full spectrum of compositions transitional between
these end members (transitional basalts, TB) is present
(Hart and others, 1984; Hart, 1985).

6-3Ma. Thisinterval isdefined primarily by increased
magmatism between 5-4 Mafollowing a brief period of
low magmatic output (Hart and others, 1984; Figure 3).
Magmatism during this interval is dominated by small
volume HAOT to SROT eruptions from local fissures
and low shield cones (Hart and others, 1984; Hart, 1985).

3-0 Ma. Thisinterval again follows a brief period of
low magmatic output and is dominated by small volume
HAQT eruptions (Hart and others, 1984). |n addition, the
only alkaline basalts observed on the Oregon Plateau were
produced during this interval (after 1 Ma) and were
erupted from low shield and tephra cones (Hart and
Mertzman, 1983; Russell and others, 1988; Hart, 1996).

ELEMENTAL AND SR-ISOTOPE
GEOCHEMISTRY

Major and trace el ement geochemical, Sr-isotope, and
chronologic data for the sample suite of this study are
giveninTable 2. Major element analyseswere performed
by both X-ray fluorescence and direct current argon
plasmaspectrometry (DCP) methods. Samplesfor which
both Fe,O, and FeO are reported were analyzed for ma-
jor elements by XRF at Franklin and Marshall College
according to the methods described by Boyd and
Mertzman (1987); FeO for these sampleswas determined

Basaltic
frachyandesite

Basaltic
andesite

Na-0 + K>0
o

A 1411 Ma
11-6 Ma
@ 6.3 Ma

SiO2

Figure4. Total akali-silicadiagram of Le Basand others (1986), show-
ing classification of Owyhee Plateau basalts. Total Fe has been parti-
tioned prior to normalization of analyses to 100 percent anhydrous,
according to the method of Le Maitre (1976). Age groups are described
in the text.

by titration. Samples for which only Fe,O; is reported
wereanalyzed for major elementsby DCP at Miami Uni-
versity by the method of external standards, using 7-8
international standards to define calibration curves. All
trace elements were analyzed by XRF, with the excep-
tion of Sc, V, and Cr, which were determined by DCP
using external standards. Sr isotope ratios were deter-
mined by thermal ionization mass spectrometry at Mi-
ami University and at the Department of Terrestrial Mag-
netism, Carnegie I nstitution of Washington. Geochronol-
ogy by the®Ar/*Ar method was performed at the New
Mexico Geochronologic Research Laboratory.

Most of the samples are basalts, although some pre-
11 Ma samples plot in the basaltic andesite field of Le
Bas and others (1986; Figure 4). The samples are domi-
nantly subalkaline, with the exception of some of the
samples representing the most recent pulse of eruptive
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activity, and some more evolved members representing
the earlier pulse of activity.

Figures 5 and 6 illustrate the relationships between
selected major and trace elementsand MgO. MgOisused
here as an indicator of overall degree of basalt differen-
tiation. Given the wide range in ages, vent locations, and
¥Sr/*Sr ratios of these basalts (Figures 3 and 4), thereis
no reason to consider trends between age groups to be

indicative of differentiation from a common parental
magma. However, major element variations within each
age group (Figure 5), such as decreasing SiO, and CaO
andincreasing TiO,, K,0, and P,O, with decreasing MgO,
do suggest that fractional crystallization hasplayed asig-
nificant rolein Owyhee Plateau basalt evolution, particu-
larly inthetwo older (Steens Basalt) age groups. In addi-
tion, the wide range of Ca0O, Al,O,, TiO,, K,0, and P,Og
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Figure 5. Major element variations with MgO content. Symbols are explained in Figure 4. All oxides reported in weight percent.
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contents at the high MgO end of the spectrum suggests
that variable depths and degrees of partial melting or the
melting of heterogeneous sourcelithologies, or both, have
exerted a primary control on basalt chemical signatures.

Thetrace element characteristicsillustrated in Figure
6 support the above suggestions. For example, the corre-
lated decreases in Ni and MgO within most age groups
and decreasesin Sc and MgO withinthe 14-17.5 Magroup
suggest olivinefractionation was ubiquitous and hint that

clinopyroxene removal was important during the pro-
tracted crystallization experienced by pre-11 Mabasalts.
The large ion lithophile (Ba), light rare-earth (La), and
high field strength (Zr) element variations also are con-
sistent with variable degrees of crystallization, but the
scatter in Ba and Zr above approximately 8 weight per-
cent MgO suggests that multiple geochemical reservoirs
probably contributed to the overall geochemical patterns.
The most intriguing relationships are displayed in the Sr
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Figure 6. Trace element variations with MgO content. Symbols are explained in Figure 4. All trace elements reported in ppm.
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versus MgO plot. The basalt suiteis divided into high Sr
(greater than 400 ppm) and low Sr (less than 300 ppm)
groups. The high Sr samples span the entire observed
range of differentiation and include al of the younger
than 1 Ma mildly alkaline basalts and most of the older
than 11 Ma lavas. These relationships, particularly the
occurrence of high (approximately 650 ppm) and low
(approximately 200 ppm) Sr content samples at identical
high (approximately 9 weight percent) MgO contents,
again suggest an important role for partial melting or
source composition complexities.

The combined incompatible element characteristics
of the least fractionated members of each eruptive age
group (i.e., samples with high Mg*/(Mg*+Fe*) (Mg
number), high Ni, and low SIO,) are illustrated in the
NMORB normalized trace element diagram of Figure 7.
These samples have similar overall patterns character-
ized by strong relative enrichmentsin Baand lesser rela-
tiveenrichmentsin Nb. The samplewith the most MORB-
like affinitiesfrom Lathrough Y (lessthan 3MaHAOT)
has the lowest concentrations of all elements shown, yet
il has Sr, K, Rb, and particularly Ba concentrationsin
excessof NMORB. These characteristicshave previously
been suggested to indicate a back-arc basin
tectonomagmatic setting (Hart and others, 1984; Hart,
1985). Although similar patterns are observed through
time, the absol ute abundances appear to change asafunc-
tion of time, as do many incompatible element ratios.
Thesefeatures suggest that similar heterogeneous magma
sourcesand differentiation processes have beeninvolved,
but to varying degrees asafunction of time, in the evolu-
tion of Owyhee Plateau basaltic magmatism.

Asshown in Figure 3, basalts from the Owyhee Pla
teau have a wide range in Sr-isotope values. Close ex-
amination of these Sr-isotope characteristics for basalts

100 "Least Fractionated"

T 1 IIIIIII

10

LI IIIIIII
11 IIIIIII

Rock | NMORB

T IIIIIII
1 IIIIIII

Sr K RbBaNbLaCe P Zr Ti Y

Figure 7. NMORB normalized spider diagram of trace element charac-
teristics of samplesrepresenting theleast fractionated members of each
age group. Symbols are explained in Figure 4.

restricted to the area outlined in Figure 2b revealsan in-
triguing rel ationship between theinitial *'Sr/**Sr compo-
sition and the age of eruption (Figure 8). The most radio-
genic Sr is associated with the basalts erupted between
11 and 6 Ma, coincident with the regional changein domi-
nant basalt type erupted (Figure 2a). The systematic de-
creasein ®'Sr/*Sr from this maximum to valuesless than
or equal to 0.704 in both the oldest and youngest basalts
implies a decoupling between isotope and bulk chemical
characteristics.
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Figure 8. Variationsin Sr isotope composition of Owyhee Plateau basalts
with age of eruption. Symbols are explained in Figure 4. Samples plot-
ted in this figure include only those thought to be erupted from within
the area outlined in Figure 2b, thus not al Oregon Plateau samples
plotted in Figure 3 are included. Note that the peak in ¥Sr/%Sr around
11 Ma coincides with both the change in dominant basalt type erupted
and the onset of Oregon Plateau-wide lithospheric extension.

DISCUSSION

Thedatasofar presented clearly illustrate that Owyhee
Plateau basalt bulk chemical, trace element, and isotopic
parameters vary as a function of age. These variations,
while systematic, often are decoupled. For example,
basalts with Mg number values around 60 span nearly
theentire Srisotopic range. The discussion below focuses
on theseissuesin an attempt to understand the processes
leading to the observed features.

Figure 9 illustrates the relationships between the Sr
isotopic composition and the Sr concentration and Rb/Sr
ratios of the Owyhee Plateau basalts. Samples with Sr
contents |l ess than 300 ppm span arange of *Sr/*Sr from
0.7043 to the highest value measured at 0.7072 (Figure
9a). These samples have Rb/Sr ratios between approxi-
mately 0.01 and 0.05 (Figure 9b). In contrast, samples
with Sr contents in excess of 400 ppm have Rb/Sr ratios
that range from 0.01 to 0.09 and amore limited range in



324 Tectonic and Magmatic Evolution of the Snake River Plain Volcanic Province

¥Sr/**Sr from 0.7038 to 0.7055. In particular, post-1 Ma
and pre-14 Ma high Sr concentration samples (with one
exception) all have *'Sr/*°Sr values less than 0.7045 and
define within age group trends of nearly constant *Sr/
#Sr with increasing Rb/Sr. Similar trends with flat or
dightly positive slopesin *'Sr/*Sr versus Rb/Sr are ob-
served for al other age groups with the exception of the
14-11 Ma Steens Basalts. Although defined by only three
samples in Figure 9, the 14-11 Ma group occupies an
intriguing “intermediate” position in terms of combined
Sr concentration, *Sr/*Sr, and Rb/Sr characteristics.
These characteristics may in part reflect mixing between
an end member with high ®Sr/*Sr and low Sr and Rb/Sr
(11-6 Ma basalts) and an end member with low ¥'Sr/*°Sr
and high Sr and Rb/Sr (high Sr sample suite).
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Figure 9. Variations in Sr isotope composition with Sr concentration
and Rb/Sr ratio in the context of the eruptive age groups. () Relation-
ship between ¥Sr/*Sr and Sr concentration. (b) Relationship between
85r/®sr and Rb/Sr ratio. Symbols are explained in Figure 4.

Theaboverelationshipsdo not rule out arolefor felsic
upper crustal contamination that in the Owyhee Plateau
area could involve heterogeneous lithologies with #Sr/
¥Sr of 0.705 to greater than 0.710 (Leeman and others,
1992 and references therein). For example, contamina-
tion of alow Sr concentration basaltic magma by felsic
material at the radiogenic end of thisrange certainly could
contributeto the high ¥ Sr/*°Sr of the 11-6 Magroup. Such
acontaminant would likely have an elevated Rb/Sr ratio;
thus the low Rb/Sr ratios of the 11-6 Ma basalts are at
odds with significant felsic crustal addition. This inter-
pretation is extended to the remainder of the Owyhee
Plateau basalt suite considering the observed within-group
¥Sr/%°sr, Rb/Sr, and Sr concentration relationships. There-
fore, weinterpret the relationships displayed in Figure 9
to indicate that felsic crustal contamination was not a
dominant contributor to the overall geochemical charac-
teristics observed, that distinct mantle source reservoirs
wereinvolved in Owyhee Plateau magmageneration, and
that magmas erupted just before the regional change in
basalt geochemistry at approximately 11 Ma may pre-
serve evidence for acombination of pre- and post-11 Ma
source and process inputs.

Additional combined chemical and Sr isotope char-
acteristics of basalts from the Owyhee Plateau are illus-
trated in Figure 10 in the context of the eruptive age
groups. The decoupling of isotope and chemical char-
acteristicsisfurther highlighted by examining variations
in differentiation indices such asMg number (Figure 10a)
and trace element ratios such as K/P and Zr/Nb (Figure
10b, 10c) relative to the age of eruption and Sr isotope
compositions.

Theplot of Mg number versus age (Figure 10a) again
illustratestheregional change from strongly fractionated
basalts and basaltic andesites before about 11 Mato rela-
tively unfractionated basalts after about 11 Ma. The same
Sr isotope composition, however, can occur over awide
range of Mg number values. This implies that upper
crustal assimilation accompanying crystal fractionation
exerted little influence on the observed Sr isotope com-
positions. Thus, thefirst-order variationsinisotopic com-
position are likely due to variations in relative contribu-
tionsfrom different mantle sources through the course of
Owyhee Plateau devel opment.

The K/Pratio (Figure 10b) has been used to monitor
contamination of low K/P mafic magmas by high K/P
upper crustal materials (Carlson and Hart, 1987). In the
Owyhee Plateau basalt suite K/P showstheleast crustlike
signatures at the most radiogenic Sr isotope values, and
vice versa. Thus, if crustal contamination is occurring,
either it isnot the dominant factor controlling the chemi-
cal characteristics of these basalts, or it istaking place at
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Figure 10. Variationsin Mg number, K/P, and Zr/Nb in Owyhee Plateau basalts with age and & Sr/*Sr. Symbols are explained in Figure 4.

depth where the crust is likely to be more “basaltic” in
composition. The relationships may be best explained by
changes in the relative contributions of various source
reservoirs. For example, the high ¥'Sr/*°Sr values seenin
the basalts erupted during the change in basalt geochem-
istry (approximately 11 Ma) may represent meltsderived
dominantly from the subcontinental lithospheric mantle

(SCLM) that subsequently interacted little with upper
crustal rocksor melts. The older and younger basalts may
have a more complex history involving a larger contri-
bution from less radiogenic sublithospheric mantle
sourcesplusrelatively greater, but still minimal amounts
of local crustal contamination. If this is the case, it is
significant that the peak in ®Sr/*Sr values and the change
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in basalt chemistry approximately coincide with the on-
set of Oregon Plateau-wide lithospheric extension (Hart
and Carlson, 1987; Hooper, 1990; Draper, 1991). Such
extension would significantly thin thelithosphere, allow-
ing decompression melting of the SCLM (McKenzieand
Bickle, 1988; Gallagher and Hawkesworth, 1992). It
would also significantly reduce the thickness of crust that
the magmas would have to traverse before eruption, re-
sulting in less differentiated basalt chemistries.

In contrast to K/P, Zr/Nb (Figure 10c) appears only
to decrease dightly with decreasing age throughout the
full age spectrum. Zr and Nb should not be fractionated
from each other during typical melting or crystalization
processesin relatively anhydrous basaltic systems. While
thistrend is also apparently decoupled from the trend in
¥Sr/**Sr values, the implications of this relationship are
not as clear. Only afew outliersin the data set, however,
approach normal MORB values (Zr/Nb = 30); most
samplesfall in between values for continental crust and
ocean island basalts (Weaver, 1991). These characteris-
ticsmay lend support to the presence of subduction-modi-
fied sublithospheric upper mantle beneath the Owyhee
Plateau (Carlson and Hart, 1987; Hart and others, 1997).

The aforementioned relationships suggest that the
temporal development of rifting and extension in this
narrowly defined region of transitional lithosphereis ex-
erting astrong control on (1) basalt source parameters, in
particular the reservoirs involved in the genesis of these
magmas, and their relative contributions at various stages
during the past 17.5 Ma; and (2) the subsequent mag-
matic differentiation histories of these basalts.

In light of these observations, the following prelimi-
nary model is offered and is keyed to the Sr isotope ver-
sus age plot of Figure 11.

Sage 1. Theinitial, 17.5-14 Ma, large volume flood
basalts are generated from hot, upwelling sublithospheric
mantle. Although these magmas may be contaminated
by small amounts of melt from the SCLM and by crustal
lithologies, they retain their less radiogenic Sr isotopic
signature because the volume of sublithospheric mantle-
derived melt is so great. In addition, these basalts have
Sr concentrationsin excess of 400 ppm, thusfurther mini-
mizing the effects of crustal contamination accompany-
ing upper level differentiation on the Sr isotopic compo-
sition. Significant residencetimein crustal magmacham-
bersis suggested by the evolved bulk compositions char-
acteristic of thistimeinterval and is consistent with the
presence of thick crust at the onset of rifting.

Sage 2. The waning stages of the Steens Mountain
Basalt eruptions (14-11 Ma) reflect smaller volumes of
melt being generated from the sublithospheric mantle.
These melts interact with melts of the SCLM as before.
However, because the volume of sublithospheric mantle-

derived melt is now much less, melts derived from the
SCLM exert astronger control on the Sr isotopic compo-
sition and trace element characteristics of the resulting
magmeas (Figures 9, 10a, and 10c)

Stage 3. The onset of Oregon Plateau-wide litho-
spheric extension at about 11 Ma allows decompression
melting of the SCLM, particularly easily melted mafic
congtituents (Harry and Leeman, 1995). Basalts erupted
during the 11-6 Ma interval reflect the higher *'Sr/*°Sr
values of the SCLM material s as melts derived therefrom
dominated over sublithospheric melts. Crustal residence
timeand input arelesssignificant during thisinterval due
to the active extension of already thinned crust. While
some degree of crustal contamination cannot beruled out,
its influence on basalt chemistry is more cryptic. This
may reflect theinvolvement of more mafic crustal litholo-
gies present as a result of the previous pulses of flood
basalt activity.

Sage 4. With much of the easily melted portion of
the SCLM removed, small volume magmas are produced
that represent varying degrees of mixing between
sublithospheric and SCLM melts, with the contribution
from the SCLM lowest in the young, mildly alkaline
basalts. Thus, basalts erupted during short intervals be-
tween 6 Ma and the present have more widely varying
geochemical signatures.

Further testing and refinement of this model await
further detailed modeling of possible basalt source melt-
ing scenariosand melt regime physical parametersaswell
asNd, Pb, and Osisotopic work on samples spanning the
ranges shown in Figures 9-11. In addition, further field
and analytical work isin progress south of the areashown
in Figure 1b in aregion where numerous basalt vent lo-
calities have been identified.

0.708

s 87Sr / 8GSr o
0.707 | @ 1
L A .
0.706 F o -
d "\5‘9 ﬂ@ -
0.705 F -
L o % .
0.704 F -

0-703 I '] '] I I ']
0 3 6 9 12 15 18

Age (Ma)
Figure 11. Preliminary model for the devel opment of observed Sr iso-

tope and geochemical characteristics of Owyhee Plateau basalts. Sym-
bols are explained in Figure 4.
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CONCLUSIONS

The observed geochemical and isotopic diversity in
Owyhee Plateau basalts apparently cannot be attributed
solely to lateral lithospheric heterogeneities or to crustal
contamination accompanying upper-level differentiation.
Rather, this diversity appears to be a function of the age
of eruption. Furthermore, thefirst-order processesrespon-
sible for the generation and evolution of these magmas
are apparently controlled by temporal variationsnot only
in magmatic volume and lithospheric structure, but also
in relative contributions from lithospheric and
sublithospheric sourcereservoirs. Theresults of thisstudy
emphasize the importance of time asavariablein evalu-
ating the evolution of magmas, magmatic processes, and
magma source regions in complex continental igneous
provinces.
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