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Paleomagnetic Results from the Snake River Plain:
Contribution to the Time Averaged Field Global
Database

Lisa Tauxe, Casey Luskin, Peter Selkin

Scripps Institution of Oceanography, University of California, San Diego

Phillip Gans and Andy Calvert

University of California, Santa Barbara

Abstract.

This study presents paleomagnetic results from the Snake River Plain in
southern Idaho as a contribution to the time averaged field global database.
Paleomagnetic samples were measured from 26 sites, 23 of which (13 normal,
10 reverse) yielded site mean directions meeting our criteria for acceptable
paleomagnetic data. Flow ages (on 21 sites) range from 5 ka to 5.6 Ma based
upon °Ar/3Ar dating methods. The age and polarity for the 21 dated
sites are consistent with the Geomagnetic Reversal Time Scale except for a
single reversely magnetized site dated at 0.39 Ma. This is apparently the
first documented excursion associated with a period of low paleointensity
detected in both sedimentary and igneous records. Combining the new data
from the SRP with data published from Northwest U.S. between the latitudes
of 40° and 50°N, there are 183 sites in all that meet minimum acceptability
criteria for legacy and new data. The overall mean direction of 173 normally
magnetized sites has a declination of 2.3°; inclination of 61.4°, a Fisher
concentration parameter (k) of 58, and a radius of 95% confidence (ags)
of 1.4°. Reverse sites have a mean direction of 182.4° declination, -58.6°
inclination, x of 50, and ag5 of 6.9°. Normal and reversed mean directions
are antipodal and indistinguishable from a geocentric axial dipole field at the
95% confidence level. Virtual geomagnetic pole dispersion was found to be
circularly symmetric while the directional data were elongate North-south.
An updated and corrected database for the Northwestern U.S. region has been
contributed to the Magnetics Information Consortium (MaglC) database at
earthref.org.

1. Introduction

The fundamental assumption of many paleomagnetic
studies is that the geomagnetic field, when averaged
over sufficient time is well represented by a geocentric
axial dipole (GAD). Yet recent compilations of pale-
omagnetic data suggest that there are long-lived non-
dipolar features of the field [ Schneider and Kent, 1990,
Gubbins and Kelly, 1993, Quidelleur et al., 1994,

Johnson and Constable, 1995]. Whether or not these
non-dipolar components are real or are artifacts of in-
adequate temporal sampling, imprecise paleomagnetic
measurement techniques, or simple rock magnetic noise
is a question which must be answered.

The Time Averaged Field (TAF) initiative has be-
gun to update the database of geomagnetic observations
over the last five million years (see, e.g., Mejia et al.
[2002]; Tauze et al. [2003]) for 10 degree latitude bands
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up the Americas. The purpose of the present paper is to
compile and augment the data from the Northwestern
sector of North America, between the latitude bands of
40 and 50°.

2. Previous work in the region

Several paleomagnetic studies (Brown and Mertz-
man, 1979; Mitchell et al., 1989; Champion, 1980 and
a compilation by Hagstrum and Champion 2002) have
been published from the northwestern U.S. between 40°
N and 50° N (see Figure 1 for locations). For the pur-
poses of this paper, we have submitted these data sets
to the MaglC PMAG database on earthref.org.

Brown and Mertzman [1979] studied the Medicine
Lake Highland basaltic lavas of northern California (see
Figures 1 and 2a). All 21 sites were normally mag-
netized and the oldest K-Ar date was 0.52+ 0.21 Ms,
consistent with a Brunhes age. The directional data
are plotted in Figure 2a using the transformation of
Hoffman [1984] which places the expected GAD direc-
tion (< D >= 0°,< I >= 61°) at the center of the
diagram. For example, in this projection, data plot-
ting in the upper half of the diagram are “too shallow”
and in the right half are “right handed”. The mean
direction of the Medicine Lake lavas is D = 3.8° and
I =51.1° (ag5 = 5.4° and k = 35). This is far-sided
and “right handed” with an inclination anomaly, AI,
of -11.5° from the expected inclination. The authors
concluded that “the magnetic field is eccentric in the
western United states to a degree not explained by cur-
rent models” [Brown and Mertzman, 1979].

Tauxe et al. [2003] examined the usefulness of var-
ious parameters as a means of selecting data in their
study of lava flows from the Southwestern U.S. They
concluded that excluding sites with Fisher precision pa-
rameters of less than 100 and sites with fewer than
5 separately oriented samples eliminated the most de-
viant directions. The 14 sites in the Brown and Mertz-
man [1979] data set that fail these criteria are indi-
cated by smaller symbols in Figure 2a. While it is
true that the most deviant directions in the Brown
and Mertzman [1979] data set have the lowest val-
ues of x, the average direction of the seven remain-
ing sites is still shallower than the GAD expectation
(< D>=5.7,<1>=49.9,a95 = 5.6).

Mitchell et al. [1989] sampled the Plio-Pleistocene
basalts of the Indian Heaven Volcanic field in the High
Cascade region of southern Washington (see Figures 1
and 2b). All 57 sites from 23 units were normally
magnetized, leading them to hypothesize that the K-
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Ar ages of the sites extending back to 3.75 Ma were
questionable and that all of the data were actually of
Brunhes age (0.78 Ma to present). The mean direction
of the study was D = 3.6°, 1 = 65.6° with an ags of 2.6°.
These directions are indistinguishable from a GAD field
(< I >=64°). Only one site had £ < 100. Excluding
this single site, the resulting mean direction is D =
2.6°, T = 65.2° with an ags of 2.5°.

Champion [1980] conducted a paleomagnetic survey
of Holocene lava flows in the Western U.S., including 29
within our study region (see Figures 1 and 2c¢). Rocks
were dated using '*C and indirect tree ring correlation.
All sites are of Holocene age, and are normally mag-
netized. The mean direction is D = 359.4°, I = 58.6°
with an aygs of 3.0°, very close to the direction expected
from a GAD field. All sites pass the Tauxe et al. (2003)
criteria.

Hagstrum and Champion [2002] compiled 94 esti-
mates of the paleofield from 446 individual volcanic sites
that had been dated by dendrochronology, '4C or his-
torical context (diamonds in Figure 1). We eliminated
those sites duplicated in Champion [1980] and converted
the remaining sites to directions. 72 of the remaining
data points were taken from locations within the region
considered here. 49 of these were averages of multiple
sites as opposed to averages of multiple samples from a
given site as in the other studies. The data were quoted
as virtual geomagnetic pole (VGP) positions with most
having an associated Ag; and estimated x. However,
24 VGPs were based on single sites and had no un-
certainties quoted. All but one of the VGPs with «
estimates had ks well in excess of 100. We plot the
transformed directions in Figure 2d). Removing the
single demonstrably scattered site gives a mean direc-
tion of D = 1.8°,1 = 61.0° with an ags of 1.9°, or
indistinguishable from the expected direction.

Despite the large data set available that meets mini-
mum standards for acceptability, several aspects of the
data suggest that more data are desirable. First, the
age distribution of the data set is heavily skewed to
the very recent past because of the preponderance of
Holocene data in the large studies of Champion [1980]
and Hagstrum and Champion [2002]. While a domi-
nantly GAD field is not in question for the last 10,000
years or so, the character of the time averaged field may
be quite different. Secondly, there are no reversely mag-
netized sites and one persistent question is whether the
normal and reverse fields are different (see, e.g., Schnei-
der and Kent, 1990). In this paper we present new data
from 26 sites in the Snake River Plain volcanics, span-
ning the last five million years from both normal and
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reversely magnetized lava flows.

3. Geological Setting

The Snake River Plain (SRP) is a 100 km wide
crescent-shaped topographic depression that extends
east-southeast from eastern Oregon to southern Idaho
and then east-northeast from southern Idaho to the
Idaho-Wyoming border near Yellowstone (see Figure 3).
Its surface morphology is dominated by Pliocene to Re-
cent basaltic lava flows, shield volcanoes, and rare rhy-
olitic domes. The basaltic lavas of the SRP are esti-
mated to be > 2 km-thick in the central part of the plain
(Kuntz et al, 1992) and overlie rhyolitic ignimbrites
and flows associated with the late Miocene to Pliocene
transgressive sweep of the Yellowstone hotspot [Hughes
et al., 1999]. According to Greely and King [1975], the
SRP is divided into eastern and western structural sec-
tions which meet at 114° 30 W longitude near Twin
Falls, Idaho. Early studies suggested that the east-
ern and western SRP shared a common history, though
Greeley and King [1975] note that the western SRP is
now thought to be a true graben-like structure, while
the subsidence of the eastern SRP has a more complex
history that is not well understood. The interior of the
eastern SRP is a down-dropped aseismic zone, bounded
by a highly faulted parabolically-shaped zone [Anders
et al., 1989]. Some [Scott et al., 1985a,b and Smith et
al., 1985] have attributed the seismicity and tectonic
forces which shaped the plain to crustal heating from
the Yellowstone hotspot.

Late Quaternary and Holocene basaltic centers and
lava fields are widely scattered across the Snake River
Plain and show no clear spatial trends (Hughes and
Thackray, 1999). Small, low-relief, monogenetic cen-
ters produce overlapping flows and, due to the subdued
relief of the plain, typically only the youngest (<600
ka) flows are exposed at the surface. The older (early
Quaternary and Pliocene) history of basaltic volcanism
on the Snake River Plain is poorly known owing to this
extensive cover. Samples from drill core, uplifted ex-
posures along the margins of the plain, and within the
deeply incised Snake River Gorge, suggest the overall
character and spatial distribution of basaltic volcanism
has resembled the Recent activity since perhaps the lat-
est Miocene (Hughes and Thackray, 1999, Calvert and
Gans, 2000).

New paleomagnetic samples were taken from 26 sites,
mainly in the central part of the SRP in southern Idaho
during September of 1999 (see Table 1 and Figure 3).
These samples were collected from young flows exposed
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at the surface of the plain as well as from older lavas ex-
posed on the southern boundary of the SRP and from
the walls of the Snake River Gorge in the vicinity of
Twin Falls, in order to get a representative sampling
for the last 5 Ma. Most of the flows sampled were
basalts, although at least 3 were silicic tuffs. Samples
from 21 of the 26 sites were also dated by the 4 Ar/3Ar
method. Preliminary geochronologic results for some of
these sites were presented by Calvert and Gans (2000).
A detailed discussion of new 4°Ar/39Ar geochronologic
results for these and other samples and their implica-
tions for the history of basaltic volcaniism of the central
and eastern Snake River Plain will be presented else-
where (Gans, Calvert, and Kuntz, ms in preparation).
Here we briefly summarize the geochronologic results
that bear directly on the paleomagnetic samples.

4. Methods

4.1. Sampling

A total of 260 drill cores were taken from 26 sites in
the SRP (Figure 3 and Table 1). All sites were individ-
ual lava flows chosen because of their accessibility and
structural coherence. Anders et al. [1989] found that
a parabolic ring of seismically distorted crust surrounds
the eastern end of the SRP. The zone bounded by the
parabola, where the SRP resides, is seismically undis-
turbed and suitable for paleomagnetic sampling without
tectonic corrections. Care was taken during sampling
to avoid areas possibly affected by some of the faults
which extend from the parabolic zone into the SRP.

Whenever possible, sites located at local lows in ele-
vation were chosen because lightning would not tend to
hit these areas and affect rock magnetization. Within
each flow, samples were taken from blocks which ap-
peared to be in situ.

An average of 10 drill-core samples was taken per site
using a water-cooled gas-powered portable rock drill.
Samples were oriented using both magnetic and sun
compass wherever possible. In most cases, the two agree
within 5°. If sun compass measurements were not pos-
sible, magnetic directions were checked by “backsight-
ing” using a Brunton compass. Backsiting is done by
standing several meters away from the lava flow and
aligning a second compass with the first to check for
possible bias from the magnetization of the lava flow.
The backsited directions are also typically within 5° of
the original directions. Although this method is cum-
bersome, it is sufficiently precise to correctly measure
the azimuth of sample orientation to within 3°.
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4.2. Paleomagnetic methods

Samples were usually between 8 and 12 cm in length
and each sample was cut into approximately 3-4 indi-
vidual specimens in the lab. Specimens were measured
at the Scripps Institution for Oceanography Paleomag-
netic Laboratory in a magnetically shielded room with
an average field of approximately 200 nT. Specimens
were measured on either a CTF or 2G cryogenic mag-
netometer.

Demagnetizations were made using either thermal
or alternating field (AF) demagnetization techniques.
From each site, at least 5 specimens were chosen from
different samples. Some underwent AF demagnetiza-
tion while at least one per site underwent thermal de-
magnetization.

AF demagnetization was carried out on a Sapphire
Instruments SI-4 AF demagnetizer at 10 mT intervals to
40 mT, followed by 20 mT intervals to 180 mT or until
the intensity dropped below 5% of the initial specimen
intensity. After 40 mT, we employed a “double demag-
netization” scheme whereby the specimens were demag-
netized twice at a given field strength, once in the +x,
4y, 4z orientation, measured, and then demagnetized
in the -x, -y, -z orientation and remeasured.

Four specimens were treated to a triple demagneti-
zation scheme (after completion of double demagnetiza-
tion to 180 mT), whereby the specimens were demag-
netized along +y,+z,+x, measured, then demagnetized
along +y, measured and finally along +2 and measured.
This is the protocol of Stephenson [1993] to counteract
the effect of gyroremanent magntetization (GRM) in
anisotropic samples.

The four “GRM” tested specimens were also sub-

jected to an anisotropy of anhysteretic remanence (AARM)

experiment (see McCabe et al. [1985]). Specimens were
first demagnetized in an AF field of 180 mT, then given
an ARM in the first of the 15 positions described by
Jelinek [1977]. Pairs of demagnetization and remagne-
tization measurements were then done in the other 14
positions.

Thermal demagnetizations were conducted in a custom-

built magnetically shielded oven capable of controlling
temperatures to within 0.5° C. Specimens were demag-
netized in 50° increments to 400° C after which we used
25° increments to 575° C. Specimens were evenly sep-
arated by approximately 1-2 cm inside the oven to en-
sure that the magnetization of stronger samples did not
affect the magnetization of neighboring specimens dur-
ing heating and cooling. Samples were initially heated
rapidly to about 40° C below the set point, and held
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at that temperature for 10 minutes. The temperature
was then slowly raised to the set point and held for ap-
proximately 20-30 minutes. This computer controlled
“ramping method” avoids thermal overshoot and allows
reproducibility of temperatures to within ~ 0.5°. After
20-30 minutes at the set point, the oven was turned off
and specimens cooled by fan to room temperature at
which point the specimens were measured.

Fifty specimens from 12 sites were chosen for Thellier-
Thellier analysis (Thellier and Thellier 1959) to ob-
tain absolute paleointensity data. In these experiments,
specimens were heated to a given temperature step and
allowed to cool in zero field. After measuring this “zero-
field” step, the specimens were heated to the same tem-
perature and allowed to cool in a 40T laboratory field
applied along the specimen’s “z” axis (in this case, along
the length of the cylindrical specimens). At the 100,
200, 300, 400, 500, and 550° temperature steps, speci-
mens were heated to a lower temperature and allowed to
cool in the laboratory field. The difference between the
first in-field step and the second (the so-called pTRM
check step) is a measure of changes in the specimen’s
capacity to carry a TRM. Nine of the 50 thellier exper-
iments incorporated a so-called pTRM tail check (Riis-
ager and Riisager, 2001) whereby a second “zero-field”
step was performed after the in-field step. All heating
steps were done in air.

4.3. “°Ar/3° Ar methods

All of the samples were first carefully examined pet-
rographically to determine which were sufficiently fresh
and had the least amount of glass in the groundmass.
Samples for dating were generally collected from the in-
terior portions of individual lava flows, approximately
one third of the distance above the base of the flow,
as experience has shown that the best geochronologic
data is obtained from the more slowly cooled, holocrys-
talline interiors, rather than the quenched (glassy) mar-
gins. Those deemed suitable for dating were crushed
and sieved to varying size fractions (100-200um to 300-
500pm, depending on the sample) and ultrasonically
cleaned in de-ionized water. Standard magnetic separa-
tion techniques and hand picking were used to generate
groundmass concentrates. Splits of each sample rang-
ing from 50 to 200 mg were then encapsulated in copper
packets and loaded into a sealed quartz vial interspersed
with packaged flux monitors. Vials were irradiated in
a cadmium-lined tube at the TRIGA reactor at Ore-
gon State University in three separate irradiations for
durations of 20 minutes to 1 hour depending on the
estimated age of the sample. All samples were then
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analyzed by incremental heating in a Staudacher-type
resistance furnace using the general procedures and sys-
tem described by Gans [1997]. Analyses ranged from 8
to 15 step heating experiments for each sample. Our
22 new age determinations are summarized in Table 4.
All errors given for our estimated (preferred) ages as
reported throughout the text and in Table 4 are 2 o
(95% confidence), and all older K-Ar ages have been
recalculated for the new decay constants (Steiger and
Jager, 1977). A comprehensive discussion of this new
geochronologic data, as well as for other samples from
elsewhere on the Snake Rive Plain will be presented
elsewhere (Gans, Calvert, and Kuntz, ms in prepara-
tion). The flux monitor used for all irradiations was
Taylor Creek Rhyolite with an assigned age of 27.92
Ma [Dalrymple and Duffield, 1988]. For comparison, we
obtain an age of 27.60 Ma on Fish Canyon Tuff Sani-
dine (another widely used standard) when we use Taylor
Creek Rhyolite as our flux monitor.

5. Results

5.1. Directional data

NRM directions of all specimens are shown in Fig-
ure 4. Of the 26 sites 14 behaved as follows. Type
I sites had NRMs that were initially well grouped (see
Figure 5a) and remained well behaved through-out both
thermal (Figure 5b) and AF (Figure 5c) demagnetiza-
tion. Principal components [Kirschvink, 1980] could be
fit to the characteristic directions with maximum angles
of deviation (MADs) less than 5° resulting in a well de-
fined site mean direction (Figure 5d). These sites are
catergorized as Type I.

Ten sites fell into the category of Type II. These had
NRMs that were initally quite scattered (Figure 6a),
but achieved a well constrained site mean through
progressive demagnetization. Type II specimens re-
sponded well to AF treatment, usually yielding a well-
constrained characteristic direction by 10-20 mT (see
Figure 6b) which was estimated with a best-fit line.
Thermal demagnetization was less effective, but re-
vealed a great circle path (see Figure 6¢). These data
are fit with best fit planes [ Kirschvink, 1980] which are
acceptable if they have a MAD < 5°. Best fit directed
lines and planes can be combined using the method of
McElhinny and McFadden [1988] to establish a mean
site direction, and associated Fisher parameters (see
Figure 6d).

The cause of the initial scatter in Type II sites could
be lightning or some other form of overprinting. Given
the relatively random directions of the scatter and the
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often high (>10 A/m) magnetization of samples from
these sites, many of these are likely to be the result
of lightning. Although other studies (e.g., Tauxe et
al. [2003]) had difficulty removing the effects of light-
ning through thermal demagnetization, both thermal
and AF demagnetization techniques were effective in
this study in removing the overprints and isolating a
component of the initial direction of magnetization. To
qualify as Type II, we require a minimum of 4 directed
lines (as opposed to planes) for acceptance of site mean
and specimens from at least 5 separately oriented sam-
ples with MADs (for either lines or planes) of less than
5°.

Four sites fail to qualify for either Type I or Type
IT designations. Two sites (sr20 and sr42) were simi-
lar to Type II sites in that the NRMs were scattered
(Figure 7a), yet all demagnetization data yielded uni-
vectorial decay to the origin (see, e.g., Figure 7b), so
no increase in concentration was observed. These we
classify as Type III. The cause of this behavior could
be error in orientation in the field of the outlying sam-
ples, rotation of the blocks from which the deviant sam-
ples were obtained, profound overprinting by lightning,
or some other secondary magnetization. The median
destructive fields for specimens from site sr42 ranged
from ~ 10 mT to ~ 50 mT (see Figure 7c), much
higher than frequently observed from lightning rema-
nences. Based on field photos, neither block rotation
nor incorrect orientation is a likely cause for the scat-
ter. Thermal demagnetization behavior (see Figure 7d)
indicates the presence of several magnetic phases, sup-
porting the overprint hypothesis, however what sort of
overprint in what sort of geomagnetic field remains un-
known.

Finally, two sites (sr27 and sr37) displayed strikingly
different behavior and are classified Type IV. The NRM
directions are well grouped (Figure 8a) and thermal de-
magnetization results in uni-vectorial decay to the ori-
gin (Figure 8b). AF demagnetization using the dou-
ble demagnetization technique, however, resulted in in-
creasing divergence from the origin (Figure 8c).

To investigate the cause of the Type IV behavior,
we used the triple demagnetization using the protocol
of Stephenson et al. [1993]. In Figure 9 we show the
three separate demagnetization steps (in specimen co-
ordinates) for four specimens, two from Type I sites
(sr01, sr03) and two from the two Type IV sites (sr27
and sr37). Type I sites show identical directions no mat-
ter how the specimen was demagnetized, while Type IV
sites show large deviations between the three different
demagnetization procedures. Stephenson [1993] has as-



Tauxe et al.: Paleomagnetism of Snake River Plain

cribed this behavior to the acquisition of “gyroremanent
magnetization” (GRM) in anisotropic samples.

To explore the origin of Type IV behavior further,
we subjected the same four specimens shown in Fig-
ure 9 to an AARM experiment as described in the meth-
ods section. The 15 measurements were reduced to a
best-fit symmetric 3x3 tensor as described by Tauxe
[1998] for anisotropy of magnetic susceptibility. The
eigenparameters of the best-fit tensors are listed in Ta-
ble 2 whereby the eigenvalues are 7; with 7 being the
maximum and the associated eigenvectors are V,; us-
ing the terminology of Tauxe [1998]. The eigenvalues
(1) (scaled such that they sum to unity) of the best-fit
tensor can be plotted on a ternary diagram (see Tauxe
[1998]) as shown in Figure 10. The use of the ternary
diagram shows the degree of anisotropy (distance from
the center of the diagram and labelled “sphere”) and
shape (oblate, prolate, etc.). The axes of the diagram
shown to the right are elongation (E' = 7 + 0.573)
and roundness (R = sin(60)73). The two Type I sites
are essentially isotropic with anisotropies (100(; — 73)
of <2%, while the two Type IV sites are significantly
oblate with anisotropies of ~9%.

Based on the GRM and AARM results, the origin of
the Type IV behavior is GRM acquired during AF de-
magnetization in anisotropic specimens. One site (sr37)
yielded sufficiently well behaved demagnetization data
(best-fit lines from at least four samples) to pass the
acceptance criteria adopted here. The other (sr27) did
not.

All site mean directions are tabulated in Table 1
along with the number of best-fit lines (N;) and planes
(N,) used to calculate them. We include the Fisher
[1953] parameters of the 95% circle of confidence (ags)
and the concentration parameter (k). We also convert
the directions to their virtual geomagnetic pole (VGP)
positions.

5.2. Paleointensity

We show representative examples of the results of our
Thellier-Thellier experiments in Figure 11. The key as-
sumptions in a Thellier-Thellier experiment are that the
characteristic component of the remanence is thermally
blocked. The magnitude of the remanence is assumed
to be proportional to the ancient applied field. We fur-
ther assume that the acquisition of laboratory pTRMs
is analogous to the original thermal remanence. Al-
teration of the sample after initial cooling can violate
the first and second assumptions respectively. Further-
more, if the magnetic grains are too large (either vortex
state or multi-domain), the second assumption can be
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violated because blocking and unblocking may not be
reciprocal processes.

The Thellier-Thellier experiment allows the calcula-
tion of any number of “quality control” parameters and
a variety have been defined. In this study, we find the
following parameters to be useful:

1. The Deviation of the ANGle (DANG) that the
NRM component used in the slope calcuations
makes with respect to the origin.

2. The Maximum Angle of Deviation (MAD) of
Kirschvink [1980] of that component.

3. The “scatter” parameter (3) which is the stan-
dard error of the slope o (assuming uncertainty
in both the pTRM and NRM data) over the ab-
solute value of the best-fit slope |b| (see Coe et al.
1978).

4. Coe et al. [1978] advocated the use of the param-
eter f which is the fraction of the NRM compo-
nent used in the slope estimation. We find that
while f works well with single component mag-
netizations and reflects the fraction of the total
NRM used in the slope calculation, it is mislead-
ing when there are multiple components. We use
therefore a parameter f,qs which is the fraction of
the total NRM, estimated by the vector difference
sum (VDS) of the entire zero field demagnetiza-
tion data. The VDS “straightens out” the various
components of the NRM by summing up the vec-
tor differences at each demagnetization step.

5. The difference between the original pTRM at a
given temperature step (horizontal component of
the circles in Figure 11) and the pTRM check
(horizontal component of the triangles in Fig-
ure 11), §;, can result from experimental noise or
from alteration during the experiment. Selkin and
Tauxe [2000] normalized the maximum &; value
within the region of interest by the length of the
hypotenuse of the NRM/pTRM data used in the
slope calculation (the solid lines shown in Fig-
ure 11). DRAT is therefore the maximum dif-
ference ratio. In many cases, it is useful to con-
sider the trend of the pTRM checks as well as
their maximum deviations. We find therefore the
sum of these differences y ¢; more useful than the
maximum ¢§;. Here, we normalize this difference
sum by the pTRM acquired by cooling from the
maximum temperature step used in the slope cal-
culation to room temperature. This parameter is
called the Difference RATion Sum or DRATS.
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The behavior of the Snake River Plain specimens, as
characterized by the various quality parameters is il-
lustrated in Figure 13. Most parameters show a clear
inflection point separating “outlier” behavior from the
rest. Inflections are marked for the s at 0.15, the
DANGs at 15°, the DRATSs at about 20%, the fya4ss
at 0.4, and the MADs at 15°. Because there is no ob-
jective way of deciding the selection criteria for pale-
ointensity data, we have chosen to use these inflection
points as a guide for including data points at the site
level. In addition, we have required there to be at least
two pTRM checks prior to the maximum temperature
step used and that the MD checks (where present) be
less than 5%. We note that the complete data set has
been archived in the MaglC repository at earthref.org
so investigators can decide for themselves which criteria
make the most sense in a different context. A total of
19 specimens from 6 sites meet these minimum criteria.

Mean paleointensities were calculated for each site
having specimens meeting the minimum criteria dis-
cussed above. Using a cutoff for the standard deviation
of within site replicates of 15% yields four sites that
meet this criterion. These are listed in Table 3.

The average paleointensity from the four sites meet-
ing minimum acceptance criteria is 53 p'T with an equiv-
alent axial dipole moment (ADM) of 88.6 ZAm? (see
Table 5). This is significantly higher than the average
of 55 ZAm?for the last 5 million years of Juarez and
Tauxe [2000]. However, two of the four sites are from
the last 1 million years and one other (sr 39) is likely
to be quite young given its easterly location. The sin-
gle older site (sr01) has a paleointensity estimate (60
ZAm?) that is closer to the long term average.

5.3. 10Ar/3°Ar dating

All sites meeting our minimal acceptance criteria
were dated using *°Ar/3% Ar techniques except for sites
sr36, sr37, and sr38 (Table 4). Virtually all of the sam-
ples yielded reasonably well-behaved 4°Ar/3?Ar data
with easily interpretable ages and uncertainties. Most
of the samples yielded fairly flat age spectra having
well defined plateaus or “pseudo plateaus” (Figure 12).
Individual spectra range from “hump-shaped” to “U-
shaped” to “L-shaped” , a range of spectral types that
is typical of fresh basalts and basaltic-andesites that
have been dated from other localities (e.g. Nauert and
Gans, 1994). The shapes of these spectra and their
deviation from an idealized flat plateau is readily ex-
plainable in terms of the combined effects but variable
contributions of reactor-induced recoil, low temperature
argon loss, and a non-atmospheric trapped component
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(i.e. excess argon). Reactor induced recoil (e.g., Mank-
inen and Dalrymple, 1972) tends to produce anoma-
lously old apparent ages in the low temperature steps
(e.g. Figure 12g) and may produce anomalously young
ages in the high temperature steps. Argon loss due to
hydration and clay alteration of groundmass glass tends
to yield young apparent ages, especially in the low tem-
perature steps (e.g. Figure 12a). Excess argon tends to
be trapped in the early crystallized phenocryst phases
(e.g. olivine, plagioclase) and is generally most evident
in the highest temperature steps, associated with the
lowest apparent K/Ca ratios (e.g. Figure 12c). All of
these complications may be evident to varying degrees
in a single sample (e.g. Figure 12g) but do not preclude
a fairly precise assessment of the age. In particular, em-
pirical studies by Gans and Bohrson (1998) on basalt
samples whose ages are tightly bracketed by sanidine-
bearing tuffs have shown that the age information from
such spectra can be interpreted with a high degree of
reliability. In particular, the reasonably flat central to
high temperature part of the spectrum corresponding to
the gas released from about 700°C to 950°C provides
a fairly reliable estimate of the age, even if it does not
constitute more than 50% of the gas released or strictly
define a statistical plateau. In cases where the indi-
vidual steps of this segment do not lie within two sigma
analytical uncertainty of each other, we assign an uncer-
tainty corresponding to one standard deviation of the
selected ages a somewhat arbitrary assessment but one
that has proven conservative in other studies (Nauert
and Gans, 1994).

Samples were collected from four groups of basalts
(Banbury Basalt, Glenns Ferry Basalt, Idaho Group
and Snake River Group) as mapped by Covington and
Weaver (1989-1991) in the Snake River Canyon and sev-
eral lavas from shields away from the canyon, including
a few from the eastern Snake River Plain. For all sam-
ples, we analyzed groundmass concentrates of holocrys-
talline lavas. Typical confidence estimates range from
6-20 ka for < 400 ka samples and 20-100 ka for 1-5 Ma
samples. All samples with known stratigraphic con-
text yielded ages in the correct order, thus strength-
ening our confidence in the reliability of these ages
(Calvert and Gans, 2000). Banbury Group basalts
yielded ages of 5.14+0.1 to 3.940.1 Ma, substantially
younger than previous K/Ar data of 8-14 Ma of Arm-
strong (1975). Glenns Ferry samples yielded ages of
3.83+0.06 to 3.57+0.02 Ma. Nine Idaho Group flows
range in age from 3.44+0.1 Ma to 291+32 ka, each sep-
arated by 0.3 to 1.0 Ma. Basalts collected from shields
on the surface of the plain in the vicinity of Twin Falls
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range in age from as old as 2.940.1 Ma near the south-
ern margin of the plain to 95+10 ka. Thus, Snake River
Plain basalt flows exposed in and around the Snake
River Canyon near Twin Falls record consistent, long-
lived mafic volcanism from 5 Ma to the present, making
it an ideal place to examine the time averaged magnetic
field over the past 5 Ma.

6. Discussion and Conclusions

All sites except sr40 have ages and polarities that
are consistent with the time scale of Cande and Kent
[1995]. Site sr40 is reversely magnetized with an age of
0.3940.04 Ma. There are no commonly accepted “rever-
sal excursions” in the Brunhes at this time. However,
Langereis [1997], Guyodo and Valet [1999]. Tauxe and
Love [2003] and Channell and Raymo [2003] all sug-
gest low to very low paleofield intensities at this time.
Perhaps site sr40 has recorded an elusive “Snake River
Plain” excursion with fully reverse directions.

Tauxe et al. [2003] evaluated acceptance criteria for
a similar study from the southwestern US for which
there were approximately 700 sites. There are only 26
in the present study. This number is too few to use
the approach taken in the Tauxe et al. (2003) study,
so we have simply adopted their criteria (Ng;ze > 5 and
k > 100) for the published data in the Northwestern
US sector, except for the sites in the compilation of
Hagstrum and Champion [2002] for which these data
are uniformly not provided. For our new data, we have
used the additional constraints that each site must have
a minimum of four directed lines (IN; > 4 in Table 1).
Using these criteria, we have a total of 183 sites of which
10 are reverse (see Figure 14a) and Table 1. We plot
the means of the normal and antipodes of the reversely
magnetized sites in Figure 14b as well as the direction
expected from a GAD field. The three directions are
indistinguishable. A Fisher distribution [Fisher 1953]
cannot be rejected for the few reversely magnetized sites
(Figure 14a). The normal directions are not Fisher dis-
tributed, however as they are not circularly symmet-
ric. The directional distribution is somewhat elongate
north-south.

The VGP positions from the data compiled in this
paper are shown in Figure 15. The distribution of the
VGPs is Fisherian and the mean pole position is indis-
tinguishable from the spin axis. This result is consistent
with a field geometry with insignificant non-zero non-
axial dipole contributions.
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Table 1. Site locations and summary statistics for paleomagnetic sites shown in Figure 3.

Site Lat.(°N) Long.(°E) D I ags  Ni Ny K Pol. VGP. Lat. VGP Long.
srt01  42.60264 245.60245 330.1 649 2.3 8 0 581.5 N 68.6 47.2
sr03  42.60352  245.5993  151.8 -57.5 3 7 0 405.3 R -68.2 202.1
sr04  42.60104 245.59638 16.5 54.6 4.3 ) 0 316.1 N 75.1 229.5
sr09  42.73656 245.16456 14.6  77.9 3 6 1 4105 N 63.6 125.5
sr11  42.8418  245.11175 346.5 73.7 3 5 2 430.3 N 71.2 93.4
sr12  42.8657  245.12742 153 448 5.1 5 0 227.6 N 69.4 252.7
srl6  42.88822 244.92279 3474 65.6 4 7 0 227.9 N 79.9 58.2
sr19  42.56857 245.70095 169.3 -63.5 2.7 4 0 11979 R -81.9 226
sr20 42.49964 245.84815 334.3 51 8.6 8 0 42.2 X 68.9 9.4
sr21  42.49962 245.85094 1724 -66.9 2.7 5 0 797.1 R -81.2 259.9
sr22 4250001 24584971 6.3 297 33 6 1 335 N 62.9 280.7
sr23  42.52872  245.97898 14 46.6 2.9 ) 1 565 N 71.5 251.8
sr24  42.45559 245.63636 163.3 -62.2 4.2 5) 0 325.8 R -77.8 214.8
sr25  42.48923  245.60009 2.9 619 2.6 ) 0 871.8 N 87.8 186.9
sr26 42.46186 245.61471 358.6 624 5 6 1 153.1 N 88.6 47.1
sr27  42.69156 247.03567 230 70.6 4.7 2 3 350 X 16.9 85.4
sr28  42.65289 246.98823 195.8 -50.6 2.6 7 0 535.2 R -72.7 60.1
sr29  43.30504 247.73219 9.4 62.7 1.6 8 0 12447 N 82.8 190.6
sr30  43.36817  247.3447 7.5 66.7 2.7 7 0 488.6 N 81.9 144.3
sr31  43.42133 247.25587  23.2 54 1.3 8 0 18362 N 69.7 221.1
sr34  43.8859 247.19945 2054 -489 24 7 1 5647 R -65.9 49
sr36 43.84273 24730639 1971 -63.8 43 5 1 2585 R -77.8 9.1
sr37 43.53289 248.29368 175.6 -53.9 6.4 4 1 150.4 R -80.3 130.1
sr39  43.57494 248.26583 187.3 -47.7 5.3 5) 1 167.5 R -74.1 87.5
sr40  44.15663 248.57442 192.9 -60.7 4.2 5) 0 328.1 R -80.3 31.5
srd2  44.18629 248.67201 21.6 52.7 364 5 0 5.4 X 70 226.9

D(I) is the mean declination (inclination).

g5 is the circle of 95% confidence. N; and N, are the number of lines
and planes respectively. k is the estimated precision parameter. Pol. is the polarity: N is normal, R is reverse
and X failed to meet the acceptance criteria discussed in the text. VGP Lat. and Long are the latitude (°N) and
longitude (°E) of the virtual geomagnetic pole positions.

Table 2. Results of the AARM experiments.

Specimen T3 l)\/2 I\/'2 T2 DV2 IV2 T1 D\/'1 IV1
srOle2 0.3304 160.26 19.26 0.3332 297.28 64.47 0.3364 64.47 16.1
sr03d1 0.3242 28.04 83.50 0.3362 282.18 1.8 0.3397 191.98 6.25
sr27cl 0.2773 17797 5859 0.3595 74.66 8.00 0.3632 339.98 30.14
sr37j2 0.2832 157.82 39.53 0.3507 299.38 43.51 0.3661 50.00 20.35

The 7; are the eigenvalues and the Dy; , Iy; are the eigenvector directions of the best-fitting tensors in specimen
coordinates.
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Site NB B(/LT) 1OOXO'B/B VADM (ZAHI2) OV ADM
st01 5 36.1 13.2 60.5 8.0
st30 2 48.8 1.7 81.1 13.3
sr34 3 78.5 4.7 130 7.8
sr39 2 50.2 2.7 83.2 2.2

Np is the number of specimens used in the calculation of the average intensity B for each site. 0B is the standard
deviation of the site average. VADM is the virtual axial dipole moment. Z is 102

Table 4. “°Ar/39Ar Dates

Site Field name Age (Ma) 20! TFA  Isochron Age Comment

sr01 Idaho Group-Qil0 3.40 0.06 3.47 3.414+0.18 Ma Almost a plateau

sr03 Idaho Group-Qi7 2.0 0.10 2.14 2.0740.10 Ma Monotonically decreasing, but flat
sr04 Sand Springs Basalt 0.095 0.010 0.087 89414 ka Nice plateau age.

sr09 Thousand Springs Basalt 0.395 0.020 0.362  344+124 ka Bouncy, but decent plateau
srll Malad Basalt 0.373 0.012 0.381 369116 ka Nice plateau age.

srl2 Madson Basalt 0.404 0.014 0.402  0.408+0.020 Excellent plateau age

srl6 McKinney Basalt 0.052 0.024 0.138 96476 ka Loss profile, nice plateau.
srl9 Idaho Group-Qi3 1.76 0.32 2.69 1.364+0.28 Ma  Extremely low radiogenic yields.
sr20 Idaho Group-Qil2 2.26 0.10 2.13 1.84+0.16 Ma Nice, minor plateau age.
sr21 Idaho Group-Qi6 1.69 0.04 1.8 1.69+0.12 Ma Nice plateau age.

sr22 Idaho Group-Qi4 0.591 0.030 0.644  621+158 ka Nice plateau age.

sr23 Idaho Group-Qil 0.291 0.032 0.295  304+144 ka Nice plateau age, low radiogenic
sr24 Stricker Butte 1.73 0.02 1.87 1.744+0.07 Ma Nice plateau age.

sr25 Hubb Butte 2.89 0.04 3.08 2.944+0.14 Ma  Recoil pattern, but nice plateau.
sr26 Hubb Butte (older) 2.94 0.05 3.09 2.98+0.13 Ma Some recoil, near-plateau.
sr28  Rockland Valley basalt 5.75 0.25 6.2 5.7840.28 Ma Monotonically decreasing
sr29 Hells Half Acre 0.184 0.028 0.101 204 + 84 ka Hump shape with good flat
sr30 Taber Butte 0.191 0.016 0.227 71 £+ 36 ka Slight U-shape, but fairly flat
sr31 Table Legs Basalt 0.124 0.078 0.271 302 £ 76 ka Low radiogenic, recoil

sr34 Circular Butte 0.945 0.06 1.115 930 & 20 ka Massive recoil, small flat
sr40 Henry’s Fork caldera 0.39 0.038 0.413 337 + 90 ka Excellent plateau

!Uncertainties include the uncertainty in the flux parameter (J) but not in the absolute age of the flux monitor.

Table 5. Grand means for the Northwestern US paleomagnetic data (0-5 Ma).

Type of average 1 D Qo5 N K PP Lat. PP Long. Ags
Mean normal (SRP data) 59.7 6.0 7.6 13 30.6 86.2 340.3 9.0
Mean reverse (SRP data) -58.6 182.4 6.9 10 50.1 -86.4 226.4 9.3
Grand mean (SRP data) 59.2 4.4 5 23 38.2 86.9 7.8 6.2

Mean normal (NWUS data) 61.5 2.3 1.4 173 58 88.5 353.6 1.
Grand mean (NWUS data) 61.35 2.3 1.4 183 58 88.6 1.0 1.8
Present direction 68.8 15.4
GAD direction -62 0
N B (uT) o ADM (ZAm?) OADM
Grand mean intensity dipole moment: 4 53.4 18.0 88.6 29.2
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Figure 1. Map showing locations from published paleomagnetic studies in the NW U.S. (between 40° and 50° N

latitude).
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Figure 2. Equal area projections showing site mean paleomagnetic directions from all original published data
from published paleomagnetic studies from the NW U.S. The center of the diagram is the expected direction at
each site. Smaller symbols are sites with x < 100. a) Results from Medicine Lake Lavas, N. California [Brown and
Mertzman, 1979]. b) Results from Indian Heaven Volcanic Field, Washington [Mitchell et al., 1989]. ¢) Results
from from Western USA Holocene Volcanics [Champion, 1980]. d) Results not included in ¢) reported by Hagstrum
and Champion [2002].
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Figure 3. Locations of all sites sampled by this study in the Snake River Plain. Open (closed) symbols are reverse
(normal). Diamonds are sites that fail to meet the minimum criteria.
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Figure 4. Equal area projection of all natural remanent magnetization (NRM) directions of all specimens. Open
(closed) symbols are the upper (lower) hemisphere projections.
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Figure 5. Representative Type I site (sr01). a) Equal area projection of initial NRMs for all site specimens.
NRMs are initially relatively closely grouped around a mean direction. b) Vector endpoint diagram of progressive
thermal demagnetization of specimen. Close (open) symbols are plotted on the horizontal (vertical) plane. ¢) same
as b) for AF demagnetization. d)Equal area projection of characteristic directions obtained for different specimens
using principle component analysis.
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Figure 6. Representative Type II site (sr23). a) Equal area projection of initial NRMs for all site specimens.
NRMs are initially scattered. b) Vector endpoint diagram of progressive AF demagnetization of specimen. ¢) Vector
endpoint diagram of progressive thermal demagnetization of specimen. d) Equal area projections of demagnetization
behavior of all specimens investigated from site. Some data are best interpreted as a great circles and some are
well fit by a line. These lines and planes can be combined using the technique of McElhinny and McFadden [1988]
to estimate the mean direction (triangle) and associated Fisher [1953] parameters.
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Figure 7. Site sr42 (Type III). a) Equal area projection of initial NRMs for all site specimens from sr42. NRMs
are scattered. b) Vector endpoint diagram of progressive AF demagnetization of specimen. c¢) Intensity decay of
specimens during AF demagnetization. d) Intensity decay of specimens during thermal demagnetization.
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Figure 8. Example of Type IV site (sr27). a) Equal area projection of initial NRMs for all site specimens. NRMs
initially form a relatively well-constrained mean. b) Vector endpoint diagram of progressive thermal demagne-
tization of specimen. c¢) Vector endpoint diagram of progressive AF demagnetization. d) Equal area projection
of directions during demagnetization of specimens. Alternating field (AF) demagnetization tends to scatter the
initially well grouped directions while thermal demagnetization leaves directions unchanged. Thus, no reliable site
mean can be established.
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Figure 9. Equal area projections of the directions after the three AF demagnetization steps in the Stephenson
[1993] GRM protocol. Circles are specimens from Type I sites and squares are from Type IV sites (see text).
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Figure 10. Projections of eigenvalues in a ternary diagram. (see Table 2). Type I sites (sr01, sr03) are nearly
isotropic, while the Type IV sites (sr27, sr37) are significantly oblate.
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Figure 11. Representative Thellier-Thellier experiments. Solid symbols indicate data points used in calculation
of slope. Triangles are pTRM checks. The difference § between the pTRM component of the pTRM checks and
the original measurement (circles), normalized by the length of the solid line is the Difference RATio (DRAT). The
sum of the §; prior to the maximum step used and normalized by the total pTRM acquired is DRATS. The squares
are the differences in NRM between the first and second zero field measurements at a given step. The dashed line is
5% of the total NRM. The insets are the vector end-point diagrams of the zero field steps. All data are in specimen
coordinates. a) Specimen sr0la2. Typical of the very best data. b) Specimen sr28cl has a somewhat lower value for
fvds than a), but still passes all selection criteria. ¢) Specimen sr34f3. The f, 45 is low owing to the multi-component
nature of the NRM. The maximum MD check exceeds the 5% line suggesting that the specimen fails the reciprocity
constraint for blocking and unblocking temperatures. d) Specimen exhibits progressive alteration and the usuable
portion of the data (< 400°C) is too short (fyqs < 0.4) for reliable paleointensity determination.
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Figure 12. “°Ar/39Ar age spectra for selected paleomagnetic samples from the Snake River Plain. All data
from incremental heating experiments are plotted as apparent age of each temperature step versus the cumulative
fraction of 3°Ar gas released. Steps used in the weighted mean plateau age calculation and are shaded black.
Temperatures for each step are in °C. All errors (illustrated by each step thickness on the spectra and by the size
of the boxes on the isochron plots) are estimated 1 o errors without the error in J (flux parameter).
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Figure 13.

Cumulative distributions for various quality indices from the Thellier-Thellier experiments.
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The

inflections are marked by solid lines and are used as cutoff values for the data presented here. The dashed portions
of the data are excluded from the site averages (see text).
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b)

Figure 14. a) Directions from site means passing minimum criteria from the Northwestern U.S. sector. The normal
data are not Fisherian, but are somewhat elongate in the North-South direction. b) Grand mean directions. Circle
is the mean normal. The 95% confidence bound is smaller than the symbol. Star is the antipode of the mean

reverse direction. The dashed line is its circle of 95% confidence. The square is the direction expected from a GAD
field.

Figure 15. a) Virtual geomagnetic poles from the data shown in Figure 15a. The solid (open) symbols are the
normal (antipodes of the reverse) VGPs. The diamond is the mean.





