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ABSTRACT

The temporal and magmatic evolution
of central Snake River Plain (SRP; Idaho,
USA) olivine tholeiites erupted within the
past 4 m.y. is evaluated here. This investiga-
tion correlates and merges both geochemi-
cal and paleomagnetic measurements to
constrain the volcanic history recovered
from the 340 m Regional Aquifer Systems
Analysis (RASA) test well located near Wen-
dell, Idaho. Only a handful of studies have
accomplished this task of shedding light on
the chemical stratigraphy of the SRP and
the petrogenesis of basalts with depth, and
therefore through time.

Paleomagnetic relationships suggest that
time breaks between individual lava flows
represent a few years to decades, time breaks
between flow groups represent at least a
couple of hundred years or possibly much
longer, while significant hiatuses in vol-
canism, revealed by thick sediment packages
or polarity reversals (both are evidenced
in this well), are inferred to last thousands
to tens of thousands of years. Major ele-
ment geochemistry from 52 basaltic lava
flows demonstrates near primitive composi-
tions (i.e., ~10 wt% MgO) and tholeiitic iron
enrichment trends, similar to lavas from the
eastern SRP. Trace element concentrations
are similar to those of ocean island basalts,
with enriched Ba and Pb, and light rare earth
element (REE)/heavy REE ratios similar to
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those of many Neogene volcanics of the west-
ern Cordillera. When combined, we identify
a total of 11 flow groups, which we also clas-
sify as fractionation or recharge on the basis
of decreasing or increasing MgO weight per-
cent with depth.

Taking into consideration these trends, we
review the potential recharge, fractionation,
and assimilation processes that character-
ize much of SRP olivine tholeiite, and con-
clude that assimilation, in combination with
fractional crystallization, is the dominant
petrogenesis for the basalts in the central
SRP. Although fractionation of Wendell par-
ent magmas was accompanied by assimila-
tion of crustal material, this could not have
been assimilation of ancient cratonic crust.
The geochemical cycles observed in this well
are inferred to represent fractionation and
recharge of basaltic magma from a series of
sill-like layered mafic intrusions located in
the middle crust, similar to what has been
proposed for the processes that control the
eruptive history of basalts in the eastern SRP.

INTRODUCTION

The Yellowstone—Snake River Plain (YSRP;
western USA) is a broad, flat, arcuate physio-
graphic province that covers much of southern
Idaho, culminating in the Yellowstone Plateau.
Volcanic activity associated with this province
links the voluminous ca. 17 Ma flood basalts of
the Miocene Columbia River province in south-
eastern Oregon to Quaternary volcanic centers
at Island Park, Idaho, and Yellowstone National
Park in Wyoming (e.g., Smith and Braile, 1993,
1994; Pierce et al., 2002). Plains-type basalt

(Greeley, 1982) erupted from numerous shield
volcanoes that now form an axial topographic
volcanic high down the middle of the eastern
Snake River Plain (SRP). Petrologic studies
have shown that this basalt is mostly olivine tho-
leiite (e.g., Geist et al., 2002a, 2002b; Hughes
et al., 2002; Shervais et al., 2005), with rela-
tively large ranges in major and trace element
composition that require some combination of
fractional crystallization, crustal assimilation,
and periodic recharge of magma chambers via
batch melts from the upper mantle (Miller and
Hughes, 2009).

Several deep drill holes are located along
the SRP (Fig. 1A). However, for the past 25
years most of this drilling has been carried out
in the eastern SRP at Idaho National Labora-
tory (INL). This site is northwest of the axial
volcanic high that separates a depression along
the southeastern margin of the plain (the Snake
River drainage) from a similar depression along
its northwestern margin (internal drainage of
the Big Lost River, Little Lost River, and Birch
Creek). Investigations into INL drill cores have
been directed toward understanding the local
volcanic stratigraphy and subsurface geology,
groundwater flow, regional geochemistry, age
relations via paleomagnetism, and petrogenetic
processes responsible for creating the volcanic
rocks of the SRP (e.g., Champion et al., 2002,
2011; Geist et al., 2002a, 2002b; Hughes et al.,
2002; Link and Mink, 2002; Shervais et al.,
2006a; Hanan et al., 2008; Miller and Hughes,
2009). However, only a few of these studies
have focused on the chemical stratigraphy of
SRP basalts and their petrogenesis with depth,
and therefore through time; these studies also
recorded upsection increase or decrease in
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Geochemical and paleomagnetic variations in basalts from the Wendell Regional Aquifer Systems Analysis (RASA) drill core

major elements and incompatible elements and
attributed these trends to complex processes of
fractionation and mixing during magma evolu-
tion, but did not pair these trends to any time
constraints.

Unlike the extensive drilling in the eastern
SRP, the volcanic stratigraphy and geochemistry
of subsurface lava flows from the central SRP
have only been reported by us (this study) and
from Kimama (basalt and sediments) and Kim-
berly (basalt, sediments, and rhyolite) drill cores
from Project Hotspot (Potter et al., 2011; Sher-
vais et al., 2011, 2012). The Wendell Regional
Aquifer Systems Analysis (RASA) hydrologic
test well is a 342.3 m test hole drilled near Wen-
dell, Idaho, and was part of the SRP regional
aquifer study (Whitehead and Lindholm, 1985).
The main purpose for this drilling was to deter-
mine the subsurface geology and its controls
on water movement in the ~60 km reach of the
Snake River from Twin Falls to Bliss, and in par-
ticular in the vicinity of Thousand Springs, the
major discharge area for the Snake River Aquifer
of the eastern SRP. The hole penetrated an upper
basalt unit from 0.3 to 122.8 m, an intermedi-
ate unconsolidated sedimentary unit from 122.8
to 179.8 m, a lower basalt unit from 179.8 to
327 m, and another sedimentary sequence from
327 m to total depth. This stratigraphy approxi-
mates the stratigraphy found in the upper part
of the Kimama drill core, drilled ~30 km to the
east. A lithologic log of the Kimama core shows
that it consists almost entirely of basalt, with
thin intercalations of loess-like sediment in the
upper 200 m of the hole, and somewhat thicker
beds of fluvial gravels, sands, and silts in the
lower 300 m of the hole (Shervais et al., 2012).
The Kimama drill core, however, is more than 5
times greater in depth than the section sampled
at Wendell.

To assess the construction of basaltic lavas in
the central SRP and their evolution, we present
a detailed petrologic, paleomagnetic, and geo-
chemical investigation from the Wendell core.
Our main purpose is to establish the nature and
extent of chemical changes though time at a
single location, where the physical and chemi-
cal aspects of the crust and mantle lithosphere
are relatively fixed. Using paleomagnetic mea-
surements, we first correlate individual lava
flows and flow groups with paleomagnetic time
scales. The identification of these magnetic
groups and the hiatuses between them is entirely
independent of chemistry; however, by merging
geochemical and paleomagnetic measurements,
we define flow groups that are both chemically
related and erupted within relatively short time
spans. We use geochemical data to demonstrate
the chemical stratigraphy and designate flow
groups that represent periods of magma frac-

tionation or recharge. We also use geochemical
data to demonstrate that the lavas in the Wendell
core formed through assimilation—fractional
crystallization, with the assimilating material
being that of previously intruded mafic rocks,
likely sourced from differentiated mafic sills
within the crust. This study allows us to expand
our knowledge of the fractionation and magma
recharge history of basalts farther west of the
INL site and address current models of basaltic
volcanism in the YSRP and how these relate to
the crustal processes at work in the central SRP.

REGIONAL SETTING

The central SRP contains basalt, rhyolite, and
lacustrine sediment (Armstrong et al., 1975;
Pierce and Morgan, 1992). It is considered a
transitional province that lies between the north-
west-trending, normal fault-bounded west-
ern plain and the predominantly downwarped,
not-fault-bounded eastern plain. It is defined
loosely as that part of the eastern SRP between
the Owyhee Plateau, a highland in southwestern
Idaho underlain by mainly Miocene rhyolites,
and the Great Rift, a north-northwest—trending
fissure that extends for ~50 km from Craters of
the Moon National Monument on the north to
the Wapi lava field on the south (Kuntz et al.,
1982, 1992).

The main regional geologic features of the
central SRP include the Twin Falls eruptive cen-
ter and the Mesozoic, Paleozoic, and Miocene
rocks of the highlands located to the south and
north of Twin Falls, Idaho (e.g., Kauffman et al.,
2011; Fig. 1). The Twin Falls eruptive center is a
buried rhyolite eruptive center, observable today
by an ovoid-shaped gravity anomaly (Shervais
etal., 2011). Major ignimbrite volcanism princi-
pally occurred in the Twin Falls eruptive center
from 8 to 10 Ma (Perkins et al., 1995). Rhyo-
litic volcanism ended in the Twin Falls eruptive
center ca. 6 Ma (Armstrong et al., 1975; Bon-
nichsen and Godchaux, 2002, and references
therein). The southern highlands, including the
Cassia Mountains (South Hills), are underlain
mainly by Miocene silicic volcanic rocks, which
generally flowed southward to cover earlier Ter-
tiary volcanic rocks and Mesozoic and Paleozoic
marine sedimentary rocks. The Cassia Moun-
tains and other parts of the southern highlands
mark the separation between the Basin and
Range Province and the YSRP province (Bon-
nichsen and Godchaux, 2002). The northern
highlands, including the Mount Bennett Hills,
are underlain by Miocene silicic volcanic rocks
similar to those in the southern highlands and, in
turn, overlie older Tertiary volcanic rocks of the
Challis Formation and granitic rocks of the Idaho
Batholith. The Mount Bennett Hills are bordered
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to the north by the Camas Prairie, a Pliocene—
Pleistocene east-west—oriented half-graben, in
which there are abundant accumulations of late
Pliocene and Pleistocene YSRP-type basalt and
fluvial and lacustrine sediment (Bonnichsen and
Godchaux, 2002).

The area surrounding Wendell includes late
Neogene to Quaternary basalts, erupted from
shield volcanoes clustered along the axis of the
plain (Fig. 1B). These shield volcanoes overlie
rhyolite from the Twin Falls eruptive center
(Bonnichsen and Godchaux, 2002; Shervais
et al., 2005). Rhyolite, however, was not inter-
sected in this drill core. This area was mapped
in detail (Kauffman et al., 2005; Cooke et al.,
2006a, 2006b; Matthews et al., 2006a, 2006b;
Shervais et al., 2006b, 2006c) and summarized
on the Twin Falls 30" x 60" quadrangle geologic
map (Kauffman et al., 2011). Older shield vol-
canoes (older than 1.0 Ma, e.g., Flat Top Butte,
Johnson Butte) have subdued topography, radial
drainages, and well-developed loess covers and
soils. Many of the older vents appear smaller
than the younger vents because their flanks
have been partially buried by younger lava
flows (e.g., Skeleton Butte, Bacon Butte, and
Lincoln Butte). Flow surfaces from younger
vents (younger than 1.0 Ma, e.g., Owinza Butte,
Rocky Butte, Notch Butte, and Wilson Butte)
are characterized by rugged chaotic topogra-
phy, with inflated flow fronts, collapsed flow
interiors, ridges, and collapse pits. The surfaces
of flows from vents of intermediate age (e.g.,
Crater Butte and Dietrich Butte) have nearly
continuous loess mantles of variable thickness
and well-developed soils, but lack well-defined
surface drainages (Shervais et al., 2005). Lava
flows emanating from some of the buttes men-
tioned here were intersected in the Wendell
RASA well, e.g., lava flows from Notch Butte
were intersected near the top of the Snake River
Group section.

CORE OBSERVATIONS
Stratigraphy

Volcanic rocks intersected in the Wendell
well include two basalt sections, each >100 m
thick, and two ash deposits. The upper basalt
section, identified as Snake River Group, is typi-
cal of Quaternary tholeiitic basalt of the eastern
SRP and constitutes the first 123 m of core (Fig.
2A). A lower basalt section, identified as Ter-
tiary Idaho Group, was intersected from 179.8
to 327.1 m; the term Banbury basalt is often
used for lack of a formal name for these older
basalts. Whitehead and Lindholm (1985) iden-
tified 25 lava flows in the Snake River Group
section and 27 lava flows in the Idaho Group
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Geochemical and paleomagnetic variations in basalts from the Wendell Regional Aquifer Systems Analysis (RASA) drill core

section, ranging from ~1 to 13 m thick (Fig.
2A). Contacts between lava flows were identi-
fied using the occurrence of brecciated flow tops
and sediment intervals, the location of grayish-
red purple basalt with bigger vesicles overlying
less vesicular medium gray basalt, or through
petrography. Two reddish-orange ash depos-
its are observed near the middle of the Idaho
Group, at ~250 and ~260 m below surface (mbs;
Fig. 2A). The lower ash unit separates the upper
Idaho member (180-260 mbs) from the lower
Idaho member (260-327 mbs) and also occurs
at a paleomagnetic reversal (Fig. 2B).

Four sedimentary sections were also observed
in the Wendell well. Two thin sediment hori-
zons, <3 m thick, are observed in the Snake
River Group at ~70 m (clayey sand) and 85 m
(slightly compacted sand and clay). The larg-
est sediment interval is 57 m thick, observed
from 122.8 to 179.8 m, and separates Snake
River Group basalt from Idaho Group basalt
(Fig. 2A). This package fines downward, and
includes gravels and conglomerates with clasts
of rhyolite at the top to sand, clay, and silt hori-
zons at the bottom (Whitehead and Lindholm,
1985). Another significant sediment package,
composed of claystone and sand and silt, under-
lies lower Idaho Group basalt, and makes up
the bottom 15 m of the hole. These sediments
have been found to contain conispiral gastro-
pods and plant fragments (Whitehead and Lind-
holm, 1985).

Lithology

Basalt from the Snake River Group is vesicu-
lar and distinctively grayish-red purple. The
central part is generally much less vesicular and
is mostly gray. The lower part is more crystal-
line, gray, and has a more sugary or equigranu-
lar texture. Basalt from the Snake River Group
is typically more vesicular than Idaho Group
basalt. Some pervasive features from these lavas
include plagioclase-rich and olivine-poor hori-
zons (Fig. 2C), amygdules filled with secondary
minerals, e.g., calcite, pyrite, or zeolites, vesicle
sheets or segregation zones (~51.8 mbs; Fig.
2D), and vesicle pipes (~100.5 mbs; Fig. 2E).

The top 30 m of the upper Idaho Group basalt
is a very cindery, scoriaceous zone with agglu-
tinate and ropey features (Fig. 2F). Below this
zone, basalt is crystalline with few fractures
and vesicles. Throughout much of this part of
the core, basalt has a sugary or equigranular tex-
ture with varying degrees of alteration, i.e., sec-
ondary mineralization of calcite and alteration
to clay. Whitehead and Lindholm (1985) also
recognized fluorite and what they characterized
as serpentinized material in their description of
this core. The ash layers overlie strongly oxi-

dized basalt (Fig. 2G). Scoriaceous basalt clasts
were identified within the matrix of the 250 mbs
ash. Massive lava flows that underlie the lower
ash unit most likely represent a ponded flow or
lava lake; autoliths, interpreted as remobilized
spatter, are observed throughout this section
(Fig. 2H).

METHODS
Paleomagnetic

Paleomagnetic inclination and polarity mea-
surements were conducted on hundreds of
subsamples using the Idaho National Labora-
tory Lithologic Core Storage Library protocols
described in Davis et al. (1997). These samples
were collected independently of samples col-
lected for chemical analysis. Attempts were
made to take at least seven paleomagnetic
samples from the lava flows originally identi-
fied by Whitehead and Lindholm (1985), using
a drill press with a 2.5-cm-diameter diamond
core bit, and drilling at right angles to the ver-
tical axis of the original core. The core plugs
were trimmed to 2.2 cm lengths, and the incli-
nation, unoriented declination, and intensity of
magnetizations were measured using a cryo-
genic magnetometer. Progressive alternating-
field (AF) demagnetization using a commercial
tumbling demagnetizer was performed on one
sample from each core plug to remove any
components of secondary magnetization. Mean
inclination values for each lava flow and 95%
confidence limits about the mean value were
calculated using the method of McFadden
and Reid (1982). These inclination and polar-
ity data obtained from successive lava flows in
stratigraphic order allow us to assess whether
these flows have similar or different remanent
magnetizations.

Analytical

All 62 basalt samples from the 52 lava flows,
in addition to one of the ash layers, were ana-
lyzed for whole-rock major and trace elements.
Samples for major element analysis were first
crushed in a GyralGrinder Shatterbox inside a
tungsten carbide vessel and ground again with
an agate mortar and pestle. Following grind-
ing, sample powders were calcined at 800 °C
for 24 h then mixed with 6 g of a Claisse flux,
with a composition of 35% Li-tetraborate and
65% Li-metaborate; 6 drops of Lil was added as
a releasing agent. That combination was heated
using a Claisse fluxer to convert the mixtures
to glass beads and analyzed on the MagiX Pro
X-ray fluorescence (XRF) instrument at Cali-
fornia State University (Fresno). Rare earth and
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other trace element concentrations were mea-
sured using the PerkinElmer 6000 inductively
coupled plasma—mass spectrometer (ICP-MS)
at Centenary College (Shreveport, Louisiana);
~60 mg of each sample was first dissolved
in 2 mL HF and 3 mL HNO, for 3 h: watch
glasses prevented evaporation. After target time
was reached, watch glasses were removed and
samples taken to dryness. Following this step,
another 3 mL HNO; was added and samples
were left at 50 °C overnight, then dried down at
90 °C. After this second drying, another 3 mL
HNO, was added and dried down immediately.
The sample was brought into solution with 2—3
mL of 50% HNO, and brought up to 50 mL total
by adding 5% HNO,. This analytical protocol
was modified from Jenner et al. (1990) and
Neal (2001).

Table 1 demonstrates the reproducibility of
U.S. Geological Survey (USGS) standard W-2
(USGS Geochemical Reference Materials;
http://crustal.usgs.gov/geochemical_reference
_standards/index.html), via XRF at California
State University (Fresno) (for major elements)
and ICP-MS at Centenary College (for trace
elements). This study was able to reproduce
this standard within standard deviation of the
preferred values. This is reflected in the low
relative standard errors, generally <3.0%. The
instruments at both labs also recorded similar or
lower standard deviations for the W-2 standard.

RESULTS
Paleomagnetic

This study identified stratigraphic intervals
that displayed a normal or reverse polarity, as
well as intervals with similar or different incli-
nation values. There are two normal polarity
sequences and one reverse polarity sequence. In
addition, there are seven inclination intervals in
the Wendell RASA well: five within the Snake
River Group and two within the Idaho Group.

Within the Snake River Group, there are three
intervals with steep inclinations, separated by
two intervals with shallow inclinations. The first
shallow inclination interval (24.3-35.3 mbs) is
composed of 13 paleomagnetic samples, with an
inclination range of 54°-62°, mean of 59°. The
second shallow inclination interval (85.3-88.4
mbs) is composed of 4 paleomagnetic samples
and overlies a sediment interbed; inclination
ranges from 49° to 56°, with a mean inclination
of 52° (Fig. 2B). Paleomagnetic samples taken
from the upper Idaho Group have reversed mag-
netic polarity, with nearly constant reversed
inclination, i.e., —-68° to —=71°. The lower Idaho
Group has normal polarity with an inclina-
tion that ranges from 65.9° to 68.1° (Fig. 2B).
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TABLE 1. REPRODUCIBILITY OF U.S. GEOLOGICAL SURVEY STANDARD W-2

W-2 W-2 Relative
preferred measured Standard standard error

values values deviation (%)
Sio, 52.68 + 0.29* 52.84 0.21 0.2
TiO, 1.06 + 0.01 1.09 0.01 1.9
AlL,O,4 15.45+0.16 15.19 0.11 1.2
Fe,O,4 10.83 £ 0.21 10.79 0.18 0.3
MnO 0.167 + 0.004 0.17 - 1.3
MgO 6.37 + 0.058 6.38 0.09 0.1
CaO 10.86 + 0.078 11.22 0.09 23
Na,O 2.2+0.037 219 0.02 0.3
K,O 0.626 + 0.012 0.6 0.008 3.0
P,Os 0.13+0.03 0.112 0.002 45
Sc 35.9+ 0.8t 34.3 1.3 3.2
\Y 268 +10.0 271 134 0.8
Rb 21+1.0 22 0.2 3.3
Sr 196 +5.0 222 35 8.8
Y 22+1.0 17.2 0.6
Zr 92+4.0 90 5.1 1.6
Nb 75+0.6 7.0 0.3 4.9
Ba 170 = 11* 167 4.7 1.3
La 10.8+0.5 10.7 0.5 0.7
Ce 23.4+0.7 22.7 1.3 22
Pr 3.0+ 0.1 29 0.1 24
Nd 13+ 0.5 13 0.1 0.0
Sm 3.3+0.08 3.3 0.10 0.0
Eu 1.08 £ 0.03 1.1 0.02 1.3
Gd 3.66 £0.12 37 0.10 0.8
Tb 0.62 + 0.03 0.6 0.02 23
Dy 3.79 £ 0.09 3.9 0.20 2.0
Ho 0.79 £ 0.03 0.8 0.02 0.9
Er 25+0.1" 2.6 0.1 2.8
Tm 0.38 + 0.02* 0.35 0.01 5.8
Yb 2.1+0.2" 2.2 0.1 3.3
Lu 0.31 +0.01 0.3 0.02 23
Hf 2.6+0.18* 2.7 0.10 2.7
Ta 0.47 £ 0.04 0.50 0.01 4.4
Pb 9.3+0.6" 9.4 0.2 0.8
Th 24+0.1* 2.3 0.1 3.0
U 0.53 + 0.02* 0.55 0.02 2.6

*Certificate of Analysis (U.S. Geological Survey).
tGeoReM (Geological and Environmental Reference Materials; Max Planck Institut fur
Chemie, Mainz, Germany), unless otherwise noted.

Individual inclination data are provided in the
Supplemental File'.

Where inclination values are consistent, lava
flows accumulated within a time frame of years
to decades; otherwise, the recorded paleomag-
netic character would have evolved to different
values due to geomagnetic secular variation
(e.g., Champion et al., 2011). This time frame
coupled with the range of rates for secular varia-
tion results in single mean inclination-polarity
values regardless of the specific rate of secular
variation. Boundaries between magnetic groups
were found to be at flow contacts and also typi-
cally within sedimentary interbeds that separate
lava flows. The time break across lava flow
boundaries and basalt-sediment boundaries are
at least hundreds of years long, and typically
much longer (e.g., Champion et al., 2011).
Other than the 57 m of sediment observed

'Supplemental File. Paleomagnetic inclination data
from the Wendell RASA drill core. If you are viewing
the PDF of this paper or reading it offline, please visit
http://dx.doi.org/10.1130/GES00914.S1 or the full-
text article on www.gsapubs.org to view the Supple-
mental File.
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between Snake River and Idaho Group basalts,
there are no thick sediment horizons between
individual lava flows that likely represent even
longer hiatuses in volcanism, e.g., tens to hun-
dreds of thousands of years.

Geochemical

Major Elements

Whole-rock major element compositions
are listed in Table 2 (Snake River Group) and
Table 3 (Idaho Group). Wendell RASA lavas are
subalkaline, tholeiitic basalt (Le Maitre, 1976;
Le Bas et al., 1986). Idaho Group and Snake
River Group basalts have similar compositional
ranges, e.g., Si0, = 46.049.0 wt%, Al,O, =
12.0-16.0 wt%, FeO, = 12.0-16.0 wt%, MgO =
7.0-10.0 wt%, CaO = 9.0-11.0 wt%, and K,O
< 0.8 wt%. Loss on ignition (LOI) is generally
low for both groups; however, some samples
within the Idaho Group have LOI to 2.3%.

Overall, Wendell RASA lavas define smooth
to diffuse increasing and decreasing trends on
MgO variation plots. TiO, (Fig. 3A), FeO, (Fig.
3B), and P,O; (Fig. 3D) generally increase with
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decreasing MgO, while SiO,, Al,O,, CaO, and
Cr (Fig. 3C) generally decrease with decreas-
ing MgO. Figure 3 also demonstrates that major
element compositions and trends for Wendell
basalts are similar to eastern SRP tholeiitic
basalts (e.g., Hughes et al., 2002). Wendell
basalts, however, are higher in iron than similar
basalts from the eastern SRP, but less iron rich
than typical ferrobasalts often found in the west-
ern SRP. These trends have also been observed
in other drill cores from the eastern SRP, e.g.,
WO?2 and NPRE at INL (Shervais et al., 2006a),
Test Area North (Geist et al., 2002a, 2002b), and
USGS drill core 132 (Miller and Hughes, 2009).

Trace Elements

Trace element compositions are listed in
Table 2 (Snake River Group) and Table 3 (Idaho
Group). Overall, Wendell RASA lavas have trace
element trends similar to basalts from the east-
ern SRP (Fig. 3). Although similar in general, the
Snake River Group and Idaho Group demonstrate
some variation, e.g., Snake River Group basalts
are generally higher in Rb (Fig. 3E), Sr (Fig. 3F),
Zr (Fig. 3G), and Hf (Fig. 3H) than Idaho Group
basalts. These similarities and differences are
best displayed on primitive mantle normalized
(PM; McDonough and Sun, 1995) multielement
diagrams (Fig. 4). Snake River Group basalts are
heavy REE depleted (3-9x PM) compared to
Idaho Group basalts (6—10.5x PM), but the light
REEs are similar for both suites (20-50x PM).
Snake River Group basalts have a steeper REE
pattern, while Idaho Group basalts have a flatter
REE pattern (Fig. 5). Both suites display similar
incompatible element compositions, i.e., Ba, Pb,
and Rb, to 80x, 40x, and 30x PM, respectively.
The high field strength elements such as Nb,
Ta, Sr, and Ti also have similar normalized con-
centrations, i.e., 20-40x, 20—40x, 10-20x, and
10-20x PM, respectively.

DISCUSSION
Geochemical and Time Relationships

We have used the formal group names to iden-
tify both of the >100-m-thick basalt sequences
discussed herein. We introduce additional terms
such as geochemical, paleomagnetic, and flow
groups here. These are individual lava flows
grouped together based on similar major and
trace element compositions and similar inclina-
tion values, and are subgroups within the larger
basalt sequences.

Stratigraphic Trends

Several trends are observed on plots of ele-
ment concentration versus depth. The trends
observed on these plots allow us to define 11
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TABLE 2. SNAKE RIVER GROUP BULK-ROCK ELEMENTAL ANALYSES

Flow 1 2 3
group
Ember 1 2 3a 3b 4 5 6a 6b 7 8a 8b 9 10 11
Average
depth (m) 3.1 55 7.7 135 274 294 31.2 315 32.3 36.3 38.9 48.8 52.2 54.6
Major elements**
Sio, 46.98 46.94 46.95 46.77 48.12 48.03 48.33 48.26 48.29 46.82 46.77 46.88 46.96 47.09
TiO, 2.82 2.86 2.98 2.84 2.40 2.45 2.30 2.35 2.41 2.30 2.29 2.85 2.88 2.89
Al,O, 14.83 14.63 14.53 14.54 15.27 15.12 15.53 15.37 15.36 15.35 15.03 14.55 14.65 14.58
FeQ, 14.7 14.75 14.98 14.77 13.62 13.78 13.3 13.48 13.52 13.93 13.99 14.99 14.97 15.01
MnO 0.17 0.17 0.18 0.18 0.16 0.16 0.16 0.16 0.16 0.17 0.17 0.18 0.18 0.18
MgO 8.0 8.16 7.76 8.15 8.03 8.17 7.95 8.04 7.82 9.06 9.55 8.23 7.89 7.73
CaO 9.35 9.37 9.44 9.40 9.69 9.60 9.7 9.62 9.69 9.75 9.65 9.69 9.73 9.68
Na,O 2.52 2.49 2.48 2.77 2.32 2.28 2.35 2.32 2.34 2.31 2.28 217 2.24 2.28
K,O 0.52 0.51 0.55 0.52 0.43 0.44 0.43 0.44 0.45 0.34 0.31 0.36 0.40 0.43
P,Os 0.62 0.62 0.65 0.63 0.41 0.42 0.4 0.41 0.41 0.41 0.40 0.51 0.54 0.57
LOI -0.72 -0.87 —0.76 -0.86 —0.56 -0.45 -0.38 -0.44 —0.49 -0.57 -0.65 -0.65 -0.67 -0.69
Mg# 51.9 52.3 50.7 52.2 53.9 54.0 54.2 54.1 53.4 56.3 57.5 52.1 51.1 50.5
Cr 240.6 237.0 225.8 245.5 247.4 256.9 233.6 235.5 224.2 248.5 252.8 243.4 233.3 218.0
K 4309 4255 4579 4326 3582 3671 3581 3653 3747 2837 2602 3006 3332 3534
P 2693 2710 2845 2747 1798 1844 1754 1792 1799 1790 1753 2221 2350 2506
Trace elements$
La 28.1 259 30.3 28.8 22.0 20.0 21.8 23.8 242 1.3 12.7 23.9 24.5 27.5
Ce 61.4 56.4 65.9 63.0 47.7 445 48.8 51.6 47.7 30.0 30.9 53.8 55.2 61.5
Pr 8.2 7.5 8.8 8.4 6.3 5.9 6.5 6.8 7.0 3.7 4.0 7.2 7.4 8.3
Nd 35 33 37 36 27 26 28 29 30 16 18 32 33 36
Sm 7.7 7.4 8.2 8.0 6.2 6.0 6.3 6.6 6.9 3.6 4.3 71 7.3 8.1
Eu 2.70 2.61 2.89 2.81 2.22 213 2.23 2.38 2.46 1.26 1.55 2.54 2.63 2.86
Gd 10.09 9.51 11.30 10.90 8.60 7.67 8.47 9.06 9.77 4.51 5.28 9.50 9.62 10.83
Tb 1.44 1.28 1.60 1.54 1.23 1.06 1.21 1.31 1.40 0.62 0.71 1.32 1.34 1.49
Dy 8.09 7.45 8.90 8.54 6.94 6.23 6.70 7.33 7.86 3.41 4.24 7.34 7.49 8.28
Ho 1.63 1.44 1.78 1.70 1.39 1.21 1.35 1.48 1.59 0.67 0.81 1.46 1.49 1.65
Er 4.5 4.2 5.0 4.7 3.9 3.5 3.7 4.2 4.5 1.8 24 4.1 41 4.6
Tm 0.62 0.54 0.68 0.64 0.53 0.45 0.51 0.57 0.61 0.23 0.30 0.55 0.55 0.62
Yb 4.0 3.7 4.3 41 3.5 3.0 3.2 3.6 3.9 14 2.0 3.5 3.5 3.9
Lu 0.58 0.51 0.63 0.60 0.50 0.42 0.46 0.53 0.57 0.19 0.28 0.51 0.50 0.56
Sc 31.3 28.1 34.2 20.4 32.5 22.0 241 34.7 33.6 35.4 241 31.5 19.4 32.7
Rb 16 14 16 14 13 12 13 15 14 13 9 10 8 12
Sr 306 300 307 287 301 288 286 336 332 314 275 287 226 321
Y 38 30 39 29 33 23 24 37 29 32 18 34 26 41
Zr 283 257 292 274 220 210 217 246 237 203 158 261 193 312
Nb 254 23.3 26.0 24.2 19.6 18.3 18.4 25.7 19.7 21.9 12.0 27.0 22.3 32.6
Ba 472 445 485 449 388 379 367 409 382 332 293 321 390 387
Hf 6.4 5.8 6.6 6.2 5.4 5.0 5.2 5.7 5.8 4.4 5.2 5.3 5.1 6.3
Ta 1.57 1.44 1.56 1.41 1.15 1.1 1.05 1.57 1.23 1.34 1.48 1.51 1.83
Th 1.8 15 1.8 1.0 1.6 1.0 1.1 2.0 1.9 1.3 1.3 1.0 1.3
U 0.54 0.45 0.52 0.49 0.43 0.39 0.42 0.50 0.49 0.40 0.40 0.32 0.40
\ 293 288 314 288 290 302 286 315 311 304 424 297 296 318
Pb 3.6 2.6 0.7 0.7 0.1 0.7 8.4 3.5 4.3 4.6 52 3.2 3.7
(continued)

geochemical groups (Fig. 5). Within the Snake
River Group, there are series of near-surface
lavas that have higher SiO, (49.0 wt%) than the
rest of the group, which averages ~48.0 wt%
(Fig. 5B). K, O, in general, increases upsection
from ~0.4 to 0.52 wt% (Fig. 5D). TiO, dis-
plays a wide range in composition, and is group
dependent, e.g., groups 1 and 2 have nearly
constant compositions, ~2.8 and 2.4 wt%, on
average, group 3 ranges from 2.3 to 2.9 wt%,
group 4 ranges from 2.4 to 2.5 wt%, and group
5 ranges from 2.9 to 3.4 wt% (Fig. 5E). Chro-
mium is ~250 ppm, on average, for groups 1, 2,
and 3, however, it ranges from 230 to 280 ppm
for group 4 and 150 to 260 ppm for group 5
(Fig. 5F). Within the Idaho Group, SiO, gener-
ally increases from ~46.0 wt% near the base to
48.0 wt% near the top (Fig. 5B). K,O displays

a wide range within this group, i.e., 0.1-0.4
wt%, excluding the ash unit (Fig. 5D). TiO,
in groups 6 and 8 averages ~2.8 wt%, while
in other groups has wide ranges, e.g., group 7,
2.3-2.7 wt%; group 9, 2.4-2.8 wt%; group 10,
2.4-3.1 wt%; and group 11, 2.1-2.6 wt%. Chro-
mium below the 250 mbs ash decreases upsec-
tion from 350 to 200 ppm; above this horizon,
chromium decreases upsection from 400 to 250
ppm (Fig. 5F).

Based on this chemical stratigraphy, the
11 geochemical groups are also classified as
fractionation (decreasing MgO and increasing
TiO, upsection), recharge (increasing MgO and
decreasing TiO, upsection), or neither (Fig. 5C).
This well includes five fractionation trends (4,
5,7, 8, and 10), two recharge trends (3 and 11),
and three groups that do neither (1, 2, and 9).
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Group 6 is a possible recharge trend, consistent
with TiO, data, although there were only 2 flows
available for sampling. Flow 16a is grouped
with group 5, while flow 16b is grouped with
group 4. This determination was made by com-
positions shown in Table 2 (especially FeO, and
TiO,) and by the depth-chemistry trends shown
in Figure 5. We explore this occurrence further.

Correlation of Paleomagnetic and
Geochemical Groups

The Snake River Group was divided into five
geochemical groups. Groups 1 and 2 are sepa-
rated by distinct paleomagnetic mean inclination
values. Group 1, with mean inclination of 74°,
and group 2, with mean inclination of 59°, are
separated by at least centuries. These two units
are therefore manifestations of two separate
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TABLE 2. SNAKE RIVER GROUP BULK-ROCK ELEMENTAL ANALYSES (continued)

Flow 4 5

group

Flow 12 13 14 16b 15a 15b 16a 17 18 19 20 21a 21b 22 23
number

Q;’S{ﬁ%;) 59.7 61.8 67.3 85.8 74.8 755 79.6 94.2 96.4 98.1 1003 1070 1094 1123  116.1
Major elements**

Si0, 47.01 4712 4714 4713 46.61 4655 4668 4653  47.04 4699 4689  46.92 4685  46.89  46.91
Tio, 287 290 271 2,52 3.41 3.36 317 332 309  3.04 3.11 293 290 299 2.95
ALO, 1468 1456 14.68 1515 1413 1434 1457 1409 1442 1470 1434 1449 1458 1443  14.35
FeO, 1493 1502 1470  13.99 1642 1634 1617 1610 1559 1539 1561 1541 1554 1544 1550
MnO 018 018 0.7 0.16 019 0.9 018 019 0.8 0.18 018 018  0.18 018  0.18
MgO 780 774 812 8.48 6.81 6.90 700  7.51 7.32 7.20 754 780 767 7.69 7.89
Ca0 973 967 977 0.87 9.20 9.19 9.11 953 957 9.66 954 951 9.52 960  9.48
Na,O 227 225 221 2.25 235 234  2.38 2.21 228 238 227 227 228 227 2.24
K,O 040 043 039 042 053 050 0.48 038 038  0.39 040 038  0.39 0.40 0.38
P,Os 056 057 052 0.45 080 076 0.75 056 056  0.55 0.55 054 054 055 0.55
LOI 074 -063 -047 -0.56 -068 -073 -065 -068 -032 -044 -074 -061 -064 -067 —-0.64
Mg 50.9 505 522 54.5 45.1 456 462 480 482  48.1 489 501 494 497 502
Cr 2301 2241 2511 2824 156.6  162.8 162 226 2191 2016 2320 2460 2360 2407  264.8
K 3345 3585 3274 3510 4437 4156 4000 3180 3191 3197 3335 3187 3241 3327 3195
P 2445 2485 2281 1974 3499 3200 3262 2443 2452 2414 2395 2363 2343 2405 2412
Trace elements$

La 230 2341 239 14.4 208 236 241 16.2 157 13.4 15.1 17.3 14.5 21.4 18.3
Ce 50.2 549 538 35.4 702 615 63.3 427 4041 36.1 413 430 397 50.7 445
Pr 6.9 6.9 6.9 4.6 8.3 6.8 6.9 5.2 5.1 4.2 4.9 5.3 45 7.0 56
Nd 30 31 34 21 36 29 29 23 23 19 22 25 19 32 25
Sm 6.7 6.8 7.9 4.9 7.6 6.2 5.9 5.1 5.1 4.1 4.9 5.6 4.3 7.4 55
Eu 240 230 250 1.81 256 214 2.00 1.85 1.84 1.51 1.78 2,07 153 252 2.03
Gd 9.05 730 910 5.85 907 781 7.29 6.00 564 459 5.52 6.44 465 8.1 5.82
Tb 1.27 1.04 1.10 0.79 1.15 1.07 096 082 079 0.62 076 084  0.63 116 0.87
Dy 7.09 590  7.30 472 657 576 5.09 456 431 337 417  4.98 3.40 6.63 5.11
Ho 1.40 1.20 1.30 0.89 1.19 1.14 098 088  0.84 0.65 0.81 0.92 0.66 133 098
Er 3.9 3.20 4.1 2.6 35 3.2 2.7 24 23 1.8 2.2 27 1.8 3.7 2.7
m 053 040 051 0.32 042 041 0.35 0.31 029 022 0.29 033 023 050 0.35
Yb 3.4 3.6 3.6 2.2 2.8 2.6 2.1 1.9 1.8 13 1.8 22 1.4 3.2 23
Lu 048 040  0.40 0.30 038 037 0.29 026 024  0.18 024 029 0.9 047 031
Sc 308 301 318 228 283 341 313 381 413 33.9 37.8 18.3 37.3 208 267
Rb 1 12 8 10 12 13 12 1 14 11 13 7 13 8 10
Sr 292 320 275 307 347 363 373 361 397 341 363 281 353 280 303
Y 37 31 27 19 38 47 37 36 48 31 44 20 43 27 28
zr 265 298 267 183 339 377 358 330 346 273 311 233 305 268 247
Nb 26.9 22.0 187 13.3 39.1 475 33.5 227 342 204  30.1 172 302 17.9 17.8
Ba 353 388 387 346 489 486 480 428 512 413 461 385 425 417 375
Hf 55 6.2 5.9 4.3 7.2 7.5 7.7 7.2 7.4 6.2 6.9 5.3 6.3 6.2 5.8
Ta 1.56 1.29 110 085 216 252 201 147 209 1.28 1.93 1.08 1.78 1.10 1.11
Th 12 13 1.1 0.8 15 17 1.7 17 1.9 1.4 17 0.8 1.6 1.3 14
U 034 039  0.30 0.27 046 052 0.49 048 054 042 0.49 033 048 040 0.42
v 280 333 302 342 339 297 392 381 319 364 342 311 324
Pb 3.3 3.7 5.2 5.2 5.0 4.4 5.0 3.9 45 4. 3.7

Note: Major oxides are in weight percent; trace elements and rare earth elements are in parts per million. LOl—loss on ignition. Flow groups as in text.
*Measured by X-ray fluorescence.

*Normalized to 100 wt% on a volatile-free basis.

SMeasured by inductively coupled plasma—mass spectrometer.

batches of magma coming to the surface at two
different times. Groups 3 and 4 have a boundary
at ~58 m, which is in the middle of a consistent
(77° £ 1°) normal polarity interval, probably
emplaced over a short time span, i.e., a few
years to decades. Group 3, based on chemistry,
is arecharge cycle; however, the first 2 lava flows
from group 3 occur within lavas having a mean
inclination value of 71° + 3°, shallower than the
rest of group 3 lava flows, and could represent a
hiatus of a century or two. Paleomagnetic data
suggest that groups 4 and 3 together represent
a fractionation-recharge episode of limited time
duration. The mean inclination value of 76° + 3°
for the top part of group 5 could be paleomag-
netically associated with the short time interval

1326

of groups 3 and later group 4, but Figure 5 does
not suggest any associated trends. In addition,
the top part of group 5 is separated from the
top part of group 4 by a sedimentary interbed
at 73.5 mbs, and is thus time independent, and
only coincidentally similar in mean inclination
value. The upper part of group 5 is separated
from its lower part by a singular lava flow (flow
16b) from group 4. This section has a mean
inclination value of 52° + 6°, completely difter-
ent from both the lower group 5 mean inclina-
tion of 75° + 1° and the upper part of group 5
mean inclination of 76° + 3°. The time frame
to move from 75° to 52° has to be viewed as
at least several centuries, but could range from
thousands to tens of thousands of years. Simi-
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larly, the time frame to move from 52° back to
76° is an additional several centuries to many
thousands of years. Therefore, the overall time
frame from the bottom of group 5 to the top of
group 4 has to be considered close to a thousand
years, but possibly very much longer.

Groups 4 and 5 are the only flow groups in
this core that stratigraphically overlap or inter-
leave, and from the paleomagnetic data, cross
over four different time periods. This finding
is of particular interest because no other SRP
drill core rocks have been shown to exhibit this
behavior. Our interpretation is that two vents
were concurrently active. Alternatively, this
chemical stratigraphy could represent an evolv-
ing magma chamber, giving rise to multiple
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TABLE 3. IDAHO GROUP BULK-ROCK ELEMENTAL ANALYSES

Flow 6 7 8 Ash unit 9
group
Flow 25 26 27 28 29 30 31 32 33a  33b 34 35 36 37 38 40
number
Q;’S{ﬁ%;) 187.7 1965 2120 2151 2239 2279 2297 2324 2380 2422 2514 2529 2549 2579 2504 2623 262.9
Major elements**
Sio, 4741 4750 4698 47.36 47.34 4732 4646 4626 4681 4672 5820 4651 47.35 47.03 4711 46.96 46.98
TiO, 245 255 268 255 242 237 279 261 259 264 1.99 284 260 263 263 282 244
AlLO, 1531 1516 1509 1512 1504 1523  14.35 14.37 14.66 1447 1870 1487 1502 1509 1501 1453 1527
FeO, 13.93 1429 1473 1430 1421 1413 1491 1453 1430 1445 1127 1575 1503 1529 1532 1564 14.96
MnO 017 017 018 017 015 0.5 018 017 017 0.16 0.16 019 013 018 018 019 0.7
MgO 822 7.88 797 798 878 891 857 887 890 9.19 3.20 740 802 7.38 732 748 801
Ca0 10.16 1008 1019 10.19 10.00 9.83 1020 1076 10.08 10.12 3.74 975 956 955 954 944 939
Na,O 211 213 202 202 207 203 203 199 213 200 1.17 230 214 241 237 235 234
K,O 027 026 011 011 001 003 025 023 020 003 1.40 029 006 040 043 047 0.4
P,O, 036 039 043 043 037 037 063 058 057 058 0.42 055 051 052 052 059 049
LOI -0.36  0.01 028 -049 215 229 -021 016 -048 -0.48 6.95 —003 39 -018 002 -044 -0.41
Mg# 53.9  52.2 517 525 550 556 532 547 552 557 36.0 482 514 489 486 486 515
Cr 2692 2621 2531 2767 3119 3160  379.8 4031 3984 391.2 72.7 2145 2330 2142 2191 1995 2296
K 2204 2119 893 2524 82 247 2040 1869 1627 245 11621 2441 493 3346 3590 3896 3416
P 1588 1714 1877 1755 1631 1603 2746 2521 2481 2538 1833 2396 2205 2274 2274 2561 2138
Trace elements’$
La 148 199 312 230 163 155 227 201 207 229 27.3 277 256 283 261 332 210
Ce 353 482 704 534 375 375 548 462 498  52.6 57.4 617 564 619 612 731 4738
Pr 4.8 6.8 101 74 49 52 7.5 6.2 6.7 7.2 7.7 8.4 75 8.3 8.1 9.9 6.4
Nd 23 31 46 34 26 25 34 31 31 33 34 36 33 36 36 44 29
Sm 5.6 7.6 113 82 6.2 6.0 7.9 74 741 7.6 7.9 8.4 50 84 83 101 67
Eu 198 265 389 285 192 2.1 267 222 241 260 2.04 279 517 2580 268 324 227
Gd 6.34  8.00 1231 883 7.61 6.6 782 861 703 993 8.91 1123 888 11.12 817 1036 7.35
Tb 090 1.21 187 134 101 096 114 110 102 139 1.22 162 135 161 121 152  1.02
Dy 556  7.22 11.08 7.96 6580 5.86 664 7.31 607 795 7.71 911 806 906 729 909 6.19
Ho 1.08  1.46 226 163 120 1.13 131 132 120 157 1.44 186 160 185 144 183 1.20
Er 3.2 4.1 64 46 393 34 36 4.1 33 45 4.61 52 45 5.2 4.1 5.2 35
Tm 041 055 0.89 065 091 043 049 053 044  0.60 0.64 071 061 072 056 071 045
Yb 2.8 3.6 5.8 42 360 29 3.1 36 28 3.9 4.2 46 4.1 4.7 36 47 3.1
Lu 039 052 0.85 060 044  0.41 045 041 039 056 0.61 066 057 068 050 068 042
Sc 283  39.0 491 369 333 209 487 319 359 295 19.4 366 285 311 447 346 232
Rb 7 10 7 10 3 2 10 5 8 3 45 10 7 13 17 13 10
Sr 233 273 344 256 181 228 357 183 285 258 249 269 264 273 332 274 259
Y 22 33 43 30 26 19 43 27 32 32 28 45 32 45 45 39 24
zr 159 205 273 197 183 156 331 215 234 228 212 249 219 248 301 267 188
Nb 121 156 208 151 131 119 237 148 178 182 20.2 233 191 234 261 232 165
Ba 204 340 400 303 222 238 389 240 280 286 727 436 318 477 503 381 350
Hf 4.0 5.3 7.2 50 45 39 72 29 5.7 5.4 5.9 6.5 54 62 74 65 4.6
Ta 0.80  1.01 150 097 082 077 152 094 115  1.14 1.31 154 118 142 164 139 099
Th 0.8 14 1.8 13 1.2 0.7 17 141 13 1.1 5.0 2.1 16 20 25 2.1 1.1
U 025 037 045 035 03 029 050 03 037 033 1.12 049 045 055 067 057 037
Y 348 445 306 307 421 282 331 320 342 204 314 425 347
Pb 3.4 4.1 3.3 4.7 4.1 16 2.1 3.2 14 5.6 5.2
(continued)

vents, or the reversal may represent tapping
of a new magma storage chamber, or nonuni-
form distribution of the erupted lava. These
interpretations are unsatisfactory because the
three lava flows that overlie flow 16b (~86.0
mbs) continue the fractionation trend observed
from the lower part of group 4. The three lava
flows that compose the upper part of group 5
continue the fractionation trend observed in the
lower part of group 5. In these other proposed
scenarios, the continuation of these trends
would be considered coincidences. In addition,
the magma chamber would require complete
overturn in the magma supply, in order to erupt
the primitive-like compositions observed in
flow 16b (Table 2) and completely overwhelm
remnants of magma from the previous fraction-
ation cycle.

Idaho Group basalts were divided into six
geochemical groups. Groups 6 and 7 are sepa-
rate parts of a consistent (—71° + 1°) reversed
inclination interval, lasting ~100 yr. Groups
8 and 9 have a mean inclination of —68° + 2°;
however, group 9 is separated from groups 6,
7, and 8 by the 250 mbs ash unit. Two lines of
evidence support the conclusion that groups 9
through 6 erupted in ~100 yr: (1) the consis-
tent steep reversed inclinations, and (2) the
ash between groups 8 and 9 may be an indica-
tion of an instantaneous event; if so, groups 8
and 9 would be considered a recharge period,
followed by fractionation and weak recharge
(i.e., groups 6-8). However, if the ash between
groups 8 and 9 is on a long-term surface, the
groups 6-8 sequence represents fractionation
followed by weak recharge, and group 9 is an
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earlier unrelated event. The reversal in polar-
ity between groups 9 and 10 is an indication
that they are separated by at least several thou-
sands, if not tens of thousands, of years. Groups
10 and 11 are separated based on chemistry
into a recharge cycle, followed by a fraction-
ation cycle. However, they record a consis-
tent mean normal polarity inclination value
(67° = 1°). These two flow groups occur within
an ~50-m-thick package of massive basalt that,
based on paleomagnetism, represents a single
eruption cycle requiring at most a few decades
to erupt and be emplaced. It is difficult to imag-
ine that the fractionation-recharge cycles repre-
sented by groups 10 and 11 originated from one
vent. It seems more likely that these two cycles
erupted from different vents, each with its own
plumbing system that erupted unrelated lavas

1327



Jean et al.

TABLE 3. IDAHO GROUP BULK-ROCK ELEMENTAL ANALYSES (continued)

Flow 1

group

Flow 41 43 44 45 48 49 50a  50b 592  51b  52a 5%  52c  52d 52
number

Q;’S{ﬁ%;) 2664 2674 2682 2710 2744 2768 2798 2830 2859 2933 2077 301.8 3059 3145 3215 3224
Major elements**

Sio, 4651 4691 4657 4676 4695 4673 46.66 4677  46.74 46.99 4701 4674 47.08 4693 46.86 46.10
TiO, 241 264 307 247 284 315 259 256 259 215 218 234 226 224 256 242
AlLO, 1544 1499 1415 1549 1497 1423 1507 1502 15.03 1518 1510 1503 1515 14.95 1497 1479
FeO, 13.98 1482 1554 1427 1523 1583 1479 1478 1478 1370 13.81 1426 1379 1386 1479 1527
MnO 017  0.18 0.2 018 018 019 017 017 017 017 017 017 016 017 017 017
MgO 8.04 7.5 6.88 797 722 7.1 841 844 840 931 916 895 916 918 846 856
Ca0 11.25 1053 1119 10.65 10.19 1029 989 983  9.83 1032 1035 1024 1033 1050 9.77  10.43
Na,O 200 207 207 200 202 202 220 220 223 204 2.1 210 204 207 221 2.1
K,O 014 021 016 013 024 028 0.2 022 022 015 014 017 002 009 018  0.16
P,O, 043 056 056 045 053 056 044 043 043 035 037 040 038 038 043 039
LOI 024 -035 -020 -003 -023 -034 -066 -069 -0.74 -060 -056 083 039 012 129 -0.30
Mg# 532 501 467 525 484 470 530 531  53.0 574 568 554 568 568 531 526
Cr 2271  209.9 2363 2301 2295 2377 2695 2717 2620 3493 3537 3165 3469 3481 2702 247.7
K 1152 1709 1311 1065 1974 2295 1627 1866 1862 1218 1133 1397 163 747 1483 1304
P 1860 2438 2455 1981 2292 2456 1925 1877 1872 1537 1617 1729 1672 1659 18.62 1714
Trace elements®

La 191 221 314 194 253 247 217 162 259 128 190 197 170 135 219 186
Ce 432 504 727 444 572 565 489 367  58.1 294 428 447 387 310 491 424
Pr 6.1 7.0 10.0 6.2 7.8 6.8 5.0 8.0 4.0 5.9 6.1 5.3 42 6.8 5.8
Nd 28 33 46 29 35 30 24 36 20 26 27 24 20 30 26
Sm 2.5 7.9 4.0 2.5 8.4 2.5 5.9 4.6 49 23 43 2.1 5.0 25 6.3
Eu 6.88 276 1140 6588 299 28 725 201  7.39 169 647 460  6.01 172 733 222
Gd 729 1030 1237 737 1160 898 794 725  10.21 591 718 723 659  6.11 779 858
Tb 1.21 146 201 123 169 1.4 133 098  1.66 08 119 118 108 084 130 127
Dy 772 873 1253 758 958 872 830 628  10.18 543 747 731 695 549 805  7.37
Ho 154 173 252 152 194 171 166 117 207 102 150 147 1.4 1.02 163 152
Er 4.3 5.1 7.0 4.2 4.8 4.7 3.7 5.9 3.2 4.2 4.2 4.0 3.2 45 43
Tm 057 066 094 056 075 064 064 044  0.80 039 058 058 054 039 061 060
Yb 3.9 45 6.4 3.9 43 4.3 3.2 5.4 2.9 4.0 3.9 3.7 2.9 4.2 3.9
Lu 055 064 090 053 070 059 061 043 076 039 056 054 051 039 059 057
Sc 391 296 628 357 359 346 376 284  59.0 285 397 373 446 245 365 329
Rb 6 6 8 6 8 8 8 12 6 7 7 2 3 8 10
Sr 256 238 317 258 256 264 240 374 205 236 242 222 144 271 239
Y 30 32 49 29 35 32 24 45 20 30 30 27 20 32 35
zr 200 232 329 196 261 203 176 278 148 179 183 169 155 204 182
Nb 147 166 238 143 204 184 172 144 225 118 140 148 134 125 166  16.1
Ba 266 330 431 265 317 241 229 335 198 221 227 198 182 244 248
Hf 5.0 5.4 8.0 4.9 6.0 55 4.2 7.0 3.6 4.5 46 4.2 3.8 5.1 4.5
Ta 100 103 160 095 133 118 125  0.91 153 075 094 096 086 079 110  1.00
Th 1.0 0.9 17 1.1 16 17 1.1 2.1 0.8 14 15 13 0.8 16 14
U 028 030 045 029 043 040 042 031 055 025 033 036 037 028 044 037
v 333 347 549 297 362 351 533 314 331 346 364 307
Pb 3.1 2.1 4.8 4.2 4.0 5.5 35 3.9 3.3 46

Note: Major oxides in weight percent; trace elements and rare earth elements in parts per million. LOl—loss on ignition. Flow groups as in text.

*Measured by X-ray fluorescence.
*Normalized to 100 wt% on a volatile-free basis.

SMeasured by inductively coupled plasma—mass spectrometer.

during nearly simultaneous eruptions. Based on
the consistency of the intra—lava flow inclina-
tion values, Idaho Group lava flows must have
erupted within only months to decades, with a
maximum of ~100 yr; eruptions that last longer
than 100 yr generally will not preserve the same
paleomagnetic inclination (Champion et al.,
2002, 2011).

Wendell Chronostratigraphy

Most of the surface of the central SRP is
covered with normal-magnetic-polarity basalts,
erupted during the Cln Brunhes Normal Polar-
ity Chron, which has been dated as younger
than 781 ka (Gradstein et al., 2005). Lava flows
within the Snake River Group are thought to be
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younger than 400 ka, based on inclination cor-
relation to nearby surface outcrops and “Ar/*Ar
dating (Tauxe et al., 2004). With ~120 m of
basalt in the Snake River Group, this suggests
an emplacement rate of ~30 m/100 k.y. This
emplacement rate agrees with the range in
emplacement rates observed at INL drill cores,
i.e., 16-67 m/100 k.y. (Champion et al., 2002).
The two sediment units offer additional
clues into the chronostratigraphy of this well.
Both sediment intervals (122.8-179.8 m and
325.0-340.0 m) are thought to be equivalent in
age with the Glenns Ferry Formation (ca. 4.0—
3.2 Ma: Hart and Brueseke, 1999; Link et al.,
2002; Kauffman and Othberg, 2004; Ruez,
2009). The top of the sediment interval between
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Snake River and Idaho Group basalts contains
gravels and conglomerates with clasts of rhyo-
lite. This section is comparable to the late Plio-
cene Tuana Gravel (ca. 2.5 Ma; Sadler and Link,
1996; Link et al., 2002; Beranek et al., 2006).
The Tuana Gravel is interpreted to represent
several cycles of progradation and also contains
clasts of rhyolite. In other places in the central
SRP, the Tuana Gravel has been found to uncon-
formably overlie the uppermost Glenns Ferry
Formation (Beranek et al., 2006). Detrital zir-
con populations from the middle sediment unit
are as young as 3.5 Ma (sample 1.67PLO5 from
Hodges et al., 2009), while detrital zircon popu-
lations from the lower sediments are as young
as 7.1 Ma (sample J.68PL0O5 from Hodges et al.,
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Figure 3. Selected major and trace element compositions of Wendell Regional Aquifer Systems Analysis (RASA)
basalts compared to eastern Snake River Plain (ESRP) olivine tholeiites (Hughes et al., 2002). Snake River Group
basalts are shown in blue squares, upper Idaho Group basalts are shown in dark gray squares, lower Idaho
Group basalts are shown in light gray squares, and ESRP olivine tholeiites are shown in small gray squares.
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Figure 4. Primitive mantle normalized (McDonough and Sun, 1995)
multielement spider diagrams. (A) Snake River Group. (B) Idaho
Group basalts. Trace elements are arranged in order of decreasing

compatibility from right to left.

2009). These zircons probably record drainage
from the paleo—Wood and Lost River systems;
the zircons were likely sourced from the 3—6 Ma
Magic Reservoir volcanic field (Honjo et al.,
1992) and the 8-12 Ma central SRP rhyolites
exposed in the Mount Bennett Hills and Lake
Hills (Oakley and Link, 2006), respectively;
both are north-northeast of Wendell (Hodges
et al., 2009).

Hart and Brueseke (1999) and Link et al.
(2002) chronicled similar strata of basalt and
sediments at Hagerman Fossil Beds National
Monument and proposed an early to mid-
Blancan age (North American Land Mammal
Age). The emplacement of the entire Idaho
Group could therefore be bracketed from ca.
2.5 to 4.0 Ma. One key feature from this sec-
tion is the change from normal polarity in the
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lower Idaho Group to reversed polarity in the
upper Idaho Group. Multiple normal-reverse
chron packages are within the Blancan mammal
age. We propose two plausible scenarios: the
reverse-polarity upper Idaho Group represents
<100 yr of the lower Gilbert Chron (C2Ar),
and the normal-polarity lower Idaho Group
represents <100 yr of the C3n.1n Cochiti sub-
chron; alternatively, these lavas erupted exclu-
sively within the Gauss (C2An) Chron, with the
reverse-polarity upper Idaho Group represent-
ing <100 yr of the C2An.3n subchron, and the
normal-polarity lower Idaho Group representing
<100 yr of the Mammoth subchron (Gradstein
et al., 2005). Additional time constraints on the
time represented by Idaho Group basalts could
be achieved by age dating of the ash and paleon-
tological evaluation of the origin of conispiral
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gastropods and plant fragments present in the
slightly cemented siltstone near the bottom of
the hole. In the first scenario, the normal-reverse
transition takes place ca. 4.2 Ma, while in the
second scenario, the normal-reverse transition
takes place ca. 3.4 Ma (Fig. 5).

Petrologic Evolution of Wendell Basalts

The major and trace element compositions,
in conjunction with the geochemical depth-time
relationships detailed above, imply the opera-
tion of several different processes throughout
the volcanic history of the area intersected by
the Wendell well and the central SRP. Some
of the mechanisms that can operate within
continental basalt systems include fractional
crystallization (FC), bulk mixing (BM), and
assimilation—-FC (AFC).

Crystallization Models

Previously, workers suggested that the domi-
nant process controlling the evolution of YSRP
olivine tholeiite is low-pressure fractional
crystallization of olivine and plagioclase (e.g.,
Leeman and Vitaliano, 1976; Leeman, 1982a,
1982b, 1982c; Geist et al., 2002b). We inves-
tigate this by using the FC-AFC-FCA-mix-
ing Excel spreadsheet of Ersoy and Helvaci
(2010). We model these processes by treating
high-MgO compositions as parent magmas, two
each from the Snake River Group and the Idaho
Group. Lava flow 8b (parent magma 1: MgO =
9.55 wt%) and a hypothetical Snake River Group
composition (parent magma 2) represent the par-
ent magmas for Snake River Group basalts. Lava
flows 51a (parent magma 3: MgO = 9.31 wt%)
and 52b (parent magma 4: MgO = 9.16 wt%)
represent the parent magmas for Idaho Group
basalts. These lava flows are some of the most
primitive lavas within their respective groups.
Results are shown in Figure 6.

The models demonstrate that FC plays only
a minor role in the formation of Wendell RASA
basalts. In our model, the fractionating phases
were olivine and plagioclase in a 40:60 ratio.
Changing this ratio or even adding a small
proportion of clinopyroxene as a fractionating
phase does not change these results. In the Snake
River Group, lava flows 5, 14, 16b, and 25 are
on or close to the FC trend generated from par-
ent magma 1 and represent 12%, 25%, and 40%
FC, respectively (Fig. 6A). No lava flows can be
generated by FC from the Snake River Group
hypothetical parent (Fig. 6B). Within the Idaho
Group, lava flows 40 and 32 are on or close to
the FC trend generated from parent magma 3
and represent 20% and 35% FC, respectively
(Fig. 6C). No samples are on the FC trend gen-
erated from parent magma 4 (Fig. 6D). Overall,
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Figure 6. Crystallization models. (A, B) Snake River Group (SRG) basalts. (C, D) Idaho Group (IG) basalts. Fractional crystallization (FC)
numbers are shown in percent crystallization, in increments of 5% ; bulk mixing numbers are shown in percent assimilated, in increments
of 10 %. Assimilation—fractional crystallization numbers are shown in percent crystallization in increments of 5%; r ratios presented at end
of corresponding line. GPI is Graveyard Point Intrusion.

fractional crystallization alone cannot account
for the limited range in major element and trace
element concentrations observed in Wendell
RASA basalts.

In the scenario of two-component mass bal-
ance mixing, we mixed our parent magmas with
an average composition for gabbroic rocks from
the Graveyard Point Intrusion (White, 2007;
gabbro includes granular gabbro, laminated
gabbro, and poikilitic gabbro). The Graveyard
Point Intrusion is located near the Oregon-Idaho
boarder ~100 km west of Boise, Idaho. This
pluton is a good model for shallow subvolcanic
magma chambers in the YSRP because the
chilled margins of the Graveyard Point Intru-
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sion have a composition that is intermediate
between high-alumina olivine tholeiites from
the northwestern margin of the Basin and Range
province and the more evolved olivine tholeiites
typical of the younger (younger than 3 Ma) SRP
basalts (White, 2007). It is clear that bulk mix-
ing cannot replicate Wendell RASA basalt com-
positions because no Wendell RASA samples
plot on any of the bulk mixing trends (Fig. 6).
Therefore, bulk mixing is not a viable process
within the central SRP.

Much of the chemical complexity shown by
Wendell RASA basalts might be accounted for
if crystallization were accompanied by assimi-
lation (e.g., AFC). To further test AFC in the
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central plain, we assimilated the average Grave-
yard Point Intrusion gabbro composition used
for the bulk mixing models, while fractionating
our parent magma compositions. One impor-
tant variable in these calculations is the r value,
which represents the ratio of assimilated mate-
rial to crystallized material (DePaolo, 1981). An
r value of 0 represents fractional crystallization,
while an r value of 1 represents bulk mixing.
AFC agrees very well with the observed com-
positions from Wendell RASA, when r ranges
from 0.2 to 0.6, modeled with 5% increments
(Fig. 6). Most of the Zr/Y variation observed
within the Snake River Group can be captured
with 20%—60% assimilation of Graveyard Point
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Intrusion gabbro, but requires as much as 45%
crystallization (Figs. 6A, 6B). Similarly, Zr/Y
variations observed within the Idaho Group can
be captured with similar amounts of assimila-
tion and crystallization (Figs. 6C, 6D). These
AFC results are consistent with the hypothesis
(Shervais et al., 2006a) for the partial assimila-
tion of previously intruded mafic magmas by
later YSRP basalts.

These models are not meant to reproduce the
exact paths followed by Wendell RASA lavas,
which is impossible without knowing the true
assimilant and all parent magma compositions,
but only to constrain the types of processes
involved and their relative importance in con-
trolling observed chemical trends.

Evidence of a Central SRP Mafic
Sill Complex

Geophysical studies conducted in the east-
ern SRP (e.g., Sparlin et al., 1982; Peng and
Humphreys, 1998; Humphreys et al., 2000)
have imaged a relatively high velocity layer in
the middle crust, with seismic velocities (~6.5
km/s) intermediate between mafic lower crust
and the more felsic intermediate crust. This has
been interpreted as a mid-crustal sill complex,
measuring ~10 km thick by 90 km wide, with
the top of the high-velocity layer at 15-25 km
depth (Stachnik et al., 2008). This mafic sill is
inferred to represent basaltic melts that were
intruded into the crust, where magmas rose
buoyantly and collected at their level of neutral
buoyancy. Geochemical studies have confirmed
this interpretation. Geist et al. (2002b) proposed
that lavas sampled in the Test Area North drill
core evolved by AFC of high-P,O; ferrogabbro
contained within a differentiated mafic intru-
sion emplaced at mid-crustal levels. Miller and
Hughes (2009) suggested that the compositional
variations expressed by surface vents and core-
hole USGS-132 resulted from mixing between
chemically primitive and evolved compositions,
where their end-member compositions are
likely to be found in differentiated mafic sills in
the crust.

There are several lines of evidence indicating
that this sill complex extends into the central
SRP. Geophysical evidence of a central SRP sill
complex was advanced by Yuan et al. (2010),
and they demonstrated, through shear veloci-
ties, that the mid-crustal layer starts at the north-
east end of the eastern SRP beneath the Island
Park caldera and extends to below the Picabo
caldera (figs. 11A, 11B in Yuan et al., 2010).
Beneath the Heise caldera field, the sill complex
is between 18 and 32 km depth and is 14 km
thick. At the southeast end of the eastern SRP, or
underneath the central SRP, the top of this high-
velocity mid-crustal layer deepens by ~5 km.

Additional evidence is provided by cumulate
gabbro xenoliths (olivine + clinopyroxene +
plagioclase + Fe-Ti oxide) noted in some lava
flows emanating from vents within the central
SRP (e.g., Sid Butte: Matthews et al., 2006b).

CONCLUSIONS

This study provides one of the most complete
examinations of the construction and evolu-
tion of the central SRP for the past 4 m.y. The
Pliocene to Quaternary lavas sampled by the
RASA well represent episodic eruptions from
volcanoes similar to those observed on the sur-
face today.

Using paleomagnetic data, in conjunction
with geochemistry and borehole stratigraphy,
we show that Wendell lavas were constructed
on three different time scales: individual lava
flows represent decadal to at most century
time scales, geochemical groups (fractionation
and recharge) represent multiple centuries for
emplacement, and basalt groups (Snake River
and Idaho) represent multimillennia time scales.
These magnetic groupings are an important and
independent confirmation of groupings based
on chemistry. Although Wendell RASA basalts
have major and trace element compositions
similar to those of basalts from the eastern plain,
we have shown that these lavas form a series
of upward fractionation cycles and reversed
cycles that represent fractionation of individual
magma batches and progressive recharge of
crustal magma chambers. We interpret that most
of these cycles represent an eruption from one
vent or plumbing system. However, the chemi-
cal stratigraphy supports the possibility, and
likelihood, that two vents or plumbing systems
were concurrently active. These interpretations
are complicated by the fact that the manifesta-
tion of the geochemistry observed in the drill
core occurred solely due to the different paths
that the lava flows took over the future drill
site. Eruptions, even a short distance away from
the drill site, might not be sampled if the vol-
canic topography prevented flows from reach-
ing the future drilling location. A reevaluation
of the chemical stratigraphy at other SRP drill
holes is warranted, given this possibility.

Fractionation of Wendell parent magmas was
accompanied by assimilation of crustal mate-
rial, but this crust could not have been ancient
cratonic crust. Our models indicate that the
dominant assimilant was previously intruded
mafic rocks. Geophysical evidence points to a
sill complex underlying the central SRP. The
Graveyard Point Intrusion provides the best
example of the mafic compositions necessary
to assimilate with more primitive magmas to
produce the observed trends. Fractional crystal-
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lization remains a possibility, but individual lava
flows would require separate parent magmas.
Further evidence of the influence of a central
YSRP sill complex comes from the stratigraphic
cyclic trends and the crystallization models,
which resulted from mixing between chemi-
cally primitive and evolved compositions. The
upward fractionation sequences are inferred to
represent fractionation cycles identified in lay-
ered intrusions, whereas reversed intervals
document the progressive influx of new magma
batches. Each cycle may represent a single erup-
tive episode from a single volcano, or alterna-
tively, individual volcanoes may include more
than one fractionation-recharge cycle.
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