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models that benefit from improved algorithms and additional data from recently deployed flexible array
experiments in the region of the Columbia River Basalts, western Snake River Plain, and Idaho Batholith.
We refine the geometries of previously imaged structures and identify new anomalies beneath the Pacific

Editor: M. Ishil Northwest. A clear separation is resolved between the Wallowa and Idaho structures that extends from
Keywords: the base of the crust to the depth extent of these structures. The separation follows the Precambrian
seismic tomography margin of North America, possibly indicating separate tectonic histories for the two structures. A shallow
ray tracing fast anomaly beneath Idaho Batholith may be responsible for the observed curvature of the Yellowstone
ray weighting track around this batholith. And a strong and unusually deep (180-250 km) slow anomaly is present
Pacific Northwest east of the apparent Juan de Fuca slab gap. Resolving these structures well is important in understanding
53;51‘11(1)3:; the origin of the lithospheric fragments in the mantle, and key to any reconstruction of the evolution
of the Pacific Northwest-Farallon-Kula-Juan de Fuca tectonic system. Of most relevance, understanding
the origin of the imaged high-velocity mantle structures provides strong constraint on their density, that
otherwise would be largely unknown, which controls the evolution of vertical and horizontal stresses
acting at the base of the lithosphere and hence the evolution of topography. Also, resolving the volumes
of partially molten upper mantle shapes our understanding on the origin of the abundant volcanism in
the Pacific Northwest interior.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction initiation of the ignimbrite flareup, eruption of the Columbia River
flood basalts and initiation of Cascade arc magmatism, and tectonic
By providing high-quality continent-wide and lithosphere-deep disruption with core-complex and Basin and Range extension and

continental resolution, and by enabling development of new imag-  a rotation of several tens of degrees over most of the area.
ing techniques, deployment of the Transportable Array of Earth- Pacific Northwest upper mantle structure is largely a product
Scope’s USArray led to important theoretical and observational of Cenozoic activity. However, pre-existing structures play an im-
seismic improvements. Unexpected and surprising structures have portant role in controlling magmatism and deformation. Geochem-

been imaged nearly everywhere beneath the U.S., illustrating that ical and isotopic evidence for 98-53 Ma Idaho Batholith emplace-
much about active and inactive continent is not well understood. ment indicate an increasing dominance of a crustal source and
The Pacific NW is especially rich with upper mantle structures, re-  giminishing mantle contributions (Fig. 1, Gaschnig et al, 2011).
flecting the especially active tectonic and magmatic evolution of During this time, Sevier and Laramide thrusting thickened the

theArleglon.h Cordill he Pacific NW . fund crust in the volcanic arc (e.g., Livaccari, 1991). Across the west-
ong t e Lordiieran orogeny, the Paci N OCCupies a tunda- ern U.S,, the Laramide orogeny is characterized by arcs turning off

mental position of transition between continent defined by Meso- L . .
and strong thrusting in the Rocky Mountains crust (e.g., Hamilton,

zoic arc terrane accretlor} to the north and non-accr.etlona.r y sub- 1989). These features have been attributed to slab flattening, al-
duction to the south. During the course of the Cenozoic, Pacific NW . . .
though in the Pacific Northwest the possible presence of the Kula-

lithosphere experienced regional construction with the accretion of Farall di i d di f th
the Siletzia ocean plateau, major magmatic modification with the arafion spreading center may complicate our ,un grstan ‘“fc’ of the
Laramide orogeny there. At ~53 Ma, the Siletzia large igneous

province accreted to North America (Duncan, 1982; Wells et al,,

* Corresponding author. 2014), followed immediately by the large Challis magmatic event
E-mail address: cstanciu@uoregon.edu (A.C. Stanciu). in Idaho, 53-45 Ma (Fig. 1, Foster et al., 2001). This is thought to
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Fig. 1. (A) Region included in this study, showing seismic stations used (Wallowa2 and IDOR experiments - inverted blue triangles; US_TA array - black squares; flexible
arrays and other deployments - inverted black triangles). (B) Map showing the major magmatic events in the last 100 Ma (after Reidel et al., 2013; Mueller et al., 2011;
Gaschnig et al., 2011). Blue triangles show the location of the Cascade volcanoes. The brown shaded irregular patches show the age progressive calderas of Yellowstone silicic
volcanism, with ages in m.y. (after Smith et al., 2009). Red triangle marks the location of McDermitt caldera. Thick continuous and dashed black lines mark the known and
inferred location, respectively, of the 87Sr/36Sr 0.706 and 0.704 isopleths. Tan shaded area corresponds to Precambrian North America. Inset shows the time progression of
the main eruptive phases of Idaho magmatism (Gashnig et al., 2011) and the CRBs (after Kasbohm and Schoene, 2018). (For interpretation of the colors in the figure(s), the

reader is referred to the web version of this article.)

represent foundering of the flat Farallon slab from beneath west-
ern Montana and Idaho, creating the high-velocity Idaho curtain
anomaly (Schmandt and Humphreys, 2011).

After a period of volcanic quiescence, Columbia River Basalt
(CRB) volcanism erupted from eastern Oregon and nearby areas
(Fig. 1) through crust immediately west of Precambrian North
America (as represented by the 87Sr/36Sr 0.706 isopleth, Armstrong
et al, 1977; Manduca et al, 1993), where Cenozoic magmatism
had not occurred. This volcanism initiated at ~16.7 Ma (Jarboe et
al., 2010; Kasbohm and Schoene, 2018) from vents in SE Oregon
and northern Nevada, approximately where and when it would be
expected by back-projecting the Yellowstone hotspot track (Fig. 1).
CRB volcanism is commonly thought to represent arrival of the Yel-
lowstone plume to North America (e.g., Brandon and Goles, 1988;
Camp and Hanan, 2008). Because there is good evidence that this
hotspot created the Siletzia large igneous province before being
overrun by North America ~55 Ma (Duncan, 1982; Wells et al.,
2014), CRB magmatism probably is not due to the arrival of a
plume head created in the lower mantle. In the view of an already-
active Yellowstone plume, the initiation and rather large size of
the CRB involved arrival to North America of the large volume of
plume mantle that accumulated beneath the subducting Farallon
slab (Geist and Richards, 1993). Hales et al. (2005) suggested that
delamination drove asthenospheric ascent and topographic uplift,
and Darold and Humphreys (2013) argue that this ascent was im-
portant in amplifying plume-related volcanism.

CRB volcanism is characterized by a northward progression of
geochemically distinct large volume flows (Camp and Ross, 2004;
Wolff and Ramos, 2013, Fig. 1). The first to erupt were the Steens
basalts in SE Oregon. From here volcanism migrated quickly north-
ward, erupting the Imnaha and then the Grande Ronde flows be-
fore waning as magmatism reached the west-trending part of the
suture with Precambrian crust in southern Washington (Fig. 1). The
Grande Ronde lavas, comprising nearly three fourths of the total
flood basalt volume (Reidel et al., 2013), represent a rapid expan-

sion of volcanic activity 100s of kilometers north of the site of
initial volcanism. These lavas contain a plume component similar
to Imnaha, but unlike the earlier lavas, Grande Ronde lavas have an
unusually high silica concentration. This indicates to most workers
that this magma assimilated a large amount of continental crust
(e.g., Wolff and Ramos, 2013). Furthermore, the lead isotopic signa-
ture indicates that these lavas are contaminated with cratonic crust
similar to that of the Idaho Batholith (Wolff and Ramos, 2013),
suggesting the Grande Ronde magma system extended east of the
Precambrian suture.

Our paper reexamines upper mantle seismic structure beneath
the Pacific NW interior using a recently enlarged dataset and tech-
nically upgraded teleseismic tomography algorithms.

Dataset enlargement includes the addition of the IDOR and
Wallowa2 flex-array datasets to the preexisting data from the
High Lava Plains and Wallowa1 flex-array deployments, the Trans-
portable Array, and a few other small arrays. The most important
tomographic improvements result from the use of 3-D ray tracing
and the increased data density. Our goal is to provide more accu-
rate images of the Pacific NW mantle structure, with a focus on
the region in and around NE Oregon.

Previous tomography studies in this region identified two major
high-velocity anomalies in the upper mantle beneath central Idaho
and NE Oregon. Schmandt and Humphreys (2011) imaged a slab-
like high-velocity structure extending to depths of 200-600 km be-
neath central Idaho and portions of adjoining states. They interpret
this anomaly as a delaminated fragment of previously flat Farallon
oceanic lithosphere abandoned during Siletzia accretion ~50 Ma;
its delamination is associated with the earliest termination of the
Laramide orogeny and initiation of the ignimbrite flareup. Darold
and Humphreys (2013) image the upper mantle Wallowa anomaly,
located beneath NE Oregon. They suggest this anomaly was created
by delamination of a flat fragment of Farallon lithosphere that was
triggered by the arrival of Yellowstone to SE Oregon ~16 Ma.
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We image the Wallowa and central Idaho structures with
greater resolution, finding them to be separate structures that
may have somewhat separate histories. More regionally, two major
low-velocity structures are imaged, as reported in previous pub-
lications. One is beneath eastern Snake River Plain (extending to
~180 km), and the other beneath the Cascadia backarc in central
Oregon.

2. Data and methods
2.1. Data

Our model includes data from 315 broadband Transportable Ar-
ray (TA) stations and multiple flexible array deployments (Fig. 1)
that each collected ~2 years of data. Flex arrays include: Wallowa2
(33 stations, 2016-2018), IDOR (85 stations, 2011-2013), HLP (118
stations, 2006-2009), and other minor and legacy contributions
from the compilation of Schmandt and Humphreys (2010b). Sta-
tion spacing varies across the model, including ~75 km for the TA,
10-35 km for IDOR, 15-20 km for HLP, and 5 km for Wallowa2.

We use ~120,000 P and ~39,000 S delay times derived from
events at 30-105° epicentral distance with my > 5.5 and addi-
tional delay times from steeply incident PKPdf and SKS phases
(Fig. S1). Delay times were determined using multi-channel cross-
correlation (VanDecar and Crosson, 1990). P-wave delays used in
finite-frequency modeling are derived from four frequency bands:
0.5-1.5 Hz, 0.2-0.8 Hz, 0.1-0.5 Hz, and 0.04-0.16 Hz, with central
frequencies of 1.0, 0.5, 0.3, and 0.1 Hz, respectively. S-wave delays
are derived from three frequency bands: 0.1-0.7 Hz, 0.04-0.16 Hz,
and 0.01-0.09 Hz, with central frequencies of 0.4, 0.1, and 0.05 Hz.
The root mean square (RMS) of all P and S delay times before cor-
rections is 0.42 s and 1.2 s respectively. The RMS of P delay times
ranges between 0.40-0.44 s across all frequency bands. The RMS
of S delay times are within 1.19 and 1.22 s.

The temperature and the presence of any partial melt in the
shallowest mantle will have the greatest effects on velocity varia-
tion, and composition will have the least effect (e.g., Karato, 1993;
Goes et al., 2000). Low temperature is thought to be the cause of
seismically fast regions, while high temperature and partial melt
create depressed velocities. To gain additional insight into these
correlations, we use the slope of the best-fit linear regression of
P and S delay times (Fig. 2) to estimate the integrated ray path
dlnVs/9InVp (Hales and Doyle, 1967). This allows some under-
standing of how upper mantle Vp and Vs are affected by variations
in temperature, anisotropy, composition, and the presence of par-
tial melt. Neglecting the P and S ray-path geometry variations, we
can estimate a depth average

dIlnVg _ Sts Vs,
olnVp a Stp Vp,

(1)

where §tp and §ts are the P and S delay times, and Vp, and Vs, are
the depth average upper mantle velocities of our reference model
(IASP91, Kennett and Engdahl, 1991).

The regression analysis takes into consideration the uncertain-
ties associated with the P and S delay time measurements. Initially
we use all delay times for common event-station pairs and calcu-
late a slope of 2.86. If we assume a Vp/Vs = 1.81 for the upper
mantle (IASP91) we obtain a dInVs/dInVp of 1.58. In a second
regression we ignore delay times slower than 1.5 s, which may
well be influenced by the presence of partial melt, and calculate
a slope of 2.14 corresponding to a dInVs/d1InVp of 1.18. Several
studies indicate that temperature variations in the mantle can ex-
plain a 1In Vs/dIn Vp ranging from 1.2 to 2 (e.g., Goes et al., 2000),
based on assumptions about the attenuation structure. The west-
ern US mantle is characterized by high attenuation (Qs of ~100,

T T T T T [

Slope = 2.86 + 0.11 /

S delay time (s)

P delay time (s)

Fig. 2. Regression of P and S delay times for common event-station pairs. The best
fitting line is plotted in red and has a slope of 2.86 with a standard error of 0.11.
S uncertainty is assumed to be twice that of the P uncertainties. Black line (slope
2.14) ignores the times slower than 1.5 s, presumably influenced by partial melt.

e.g., Dalton et al., 2017), and Qp can be approximated as 2.25* Qg
(Knopoff, 1971) by assuming a Poisson solid and a large bulk mod-
ulus, therefore Qs ~100 will scale to Qp ~225. Using the scal-
ing relations of Karato (1993) we find that our dIlnVs/dInVp of
~1.2-1.6 is consistent with an interpretation of thermal variation.

2.2. Methods

To improve imaging of the upper mantle seismic structure be-
neath the Pacific NW interior, we incorporate a ray weighting algo-
rithm to down-weight arrivals from common source areas, detailed
calculations of crustal delay times, finite-frequency sensitivity ker-
nels, and iterative 3-D ray tracing. The implementation of these
advancements, and the addition of IDOR and Wallowa2 data to
the existing TA and flexible-array data (Fig. 1), are each important
for increasing model resolution. The most significant imaging im-
provements result from the additional data density and the use of
3-D ray tracing. In this section we describe our modeling process;
more details about the methods and resolution tests are presented
in the supplementary material.

High station density allows for a relatively fine model mesh
in the uppermost mantle beneath the study region. The model
space is parameterized with 10,935 nodes distributed on a 3-D
rectangular grid extending from 0 to 590 km depth. Horizontal dis-
tance between nodes is 45 km, and vertical distance increases from
35-40 km at 0-350 km depth to 45-50 km at 350-590 km depth.
Modeled slowness is linear between nodes. Prior to the inversion
we apply event static corrections to remove the dependence of
each event’s average time on the particular set of stations that
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Fig. 3. (A) Distribution of incoming P rays plotted in the ray-parameter - back-azimuth space. Color indicates assigned ray weight, obtained from (B). (B) Ray weight function,
calculated from the local ray density in the ray-parameter - back-azimuth space. Arrivals slower than 4 s/deg are core phases.

recorded that event. This accounts for the fact that the average
arrival time of each event varies depending on Earth structure out-
side of our model volume and errors in event origin parameters.
We account for various arrays operating at different times and in
different geologic settings by applying an array time correction fol-
lowing the method of Humphreys and Dueker (1994). We find that
differences between average arrival times across all arrays are gen-
erally small, for example, 1 Hz P rays are <0.1 s. The exceptions
are Wallowal and HLP, which are ~0.2 s.

The inverse problem is solved using the LSQR damped least-
squares method (Paige and Saunders, 1982). For the P and S inver-
sions we minimize the cost function

& =1Gm — d||* + Amlim||* + A Lm|® + ip|| Dm]? (2)
where G is the sensitivity matrix, m is the model vector, d is
the data vector (with crustal and elevation travel-time corrections
made). Am, AL, and Ap are the weights for the norm damping term,
the Laplacian smoothing matrix L, and the edge damping term D,
respectively. This last term is a diagonal matrix that damps the top
55 km of the model, which is incorporated with the crustal correc-
tions.

The joint Vp/Vs inversion minimizes the cost function in Equa-
tion (3). We simultaneously invert for Vp and Vs and use Equation
(5) to calculate the final model.

EVp/Vs =Evp +bevs +Avp vglly,vsmp s (3)
where €y, and ey, are the individual cost functions for P and S
inversions and Ay, v is the weight applied to the regularization
term. The relative weights of the P and S data sets are kept equal
by scaling Vs with a factor b = 1.8. This value is chosen such that

b=dpll/lds (4)

We regularize the inversion using a gradient operator described
in Equation (E3) (e.g., Hammond and Toomey, 2003). We simul-
taneously impose smoothness constraints on §InVp, §InVs, and
§InVs/§InVp. We use a reference Vp/Vs (from IASP91) to con-
strain the final model, which becomes

% dInVp+1

smfs)zonetl (5)
Vp dInVs+1

where §In Vp and §In Vs are the jointly resolved P and S models.

2.2.1. Ray weighting

A teleseismic ray set is highly heterogeneous in back-azimuth
and ray parameter distribution (Fig. 3). We down-weight rays
of relatively common ray parameter and back-azimuth to mini-
mize the inherit streaking created by corridors of high ray density
(Fig. 3). A weighting function in ray parameter - back-azimuth
space is made from our ray set, using the ray parameter and back-
azimuth of each event to our array center. The ray parameter —
back-azimuth space is meshed and the weight for each 0.25° x
0.25 s/km cell is calculated with

1 In(N+1)
n max (N)

(6)

where w; is the weight given the nth cell, and N is the number
of rays per cell (Fig. 3). The weight of each ray to each station is
found by interpolation in the weighting function.

2.2.2. Crustal and elevation corrections

The upper ~55 km of a tomographic mantle model are gen-
erally poorly resolved due to the lack of ray crossings as the in-
cidence angle is close to vertical and station path convergence.
Accurately resolving the upper mantle portion of the delay time
depends on having an accurate estimate of the crustal travel time.
This is particularly important as the choice of crustal corrections
can artificially affect the imaged amplitude of mantle seismic
anomalies. Fig. S8 shows how crustal model choices affect the to-
mography results. The effects are small but noticeable at shallow
mantle depths. Crustal corrections should prevail over the use of
station statics, which are less precise and could lead to misalloca-
tion of the mantle delays, however estimating crustal delay times
is dependent upon the availability of well-resolved crustal mod-
els.

We construct a high-resolution velocity model of the crust
and uppermost mantle to a depth of 55 km that uses published
results derived from Rayleigh waves and controlled-source stud-
ies (Fig. S7). We use Shen and Ritzwoller (2016) crustal velocity
model, sampled at 0.25° x 0.25°, as our background model, into
which we integrate higher-resolution crustal models from Daven-
port et al. (2017), Cox et al. (2013), and Lerch et al. (2007), and
a Moho surface derived from regional receiver functions studies
(Shen et al., 2013; Gao, 2015; Stanciu et al., 2016). At each station,
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Fig. 4. Station correction average time (seconds) for P rays for the stations used in
our study. Included in these calculations are crust and mantle velocity structure to
55 km (from Shen and Ritzwoller (2016) and various crustal studies discussed in
the supplementary material, Fig. S7). Inset shows station DO1T crustal times plotted
in ray-parameter - back-azimuth space.

topography is included as a layer of velocity 5.0 km/s for P and
2.9 kmy/s for S and thickness based on station elevation. The travel
times calculated through this composite model are subtracted from
the ray’s delay time. Fig. 4 shows the resulting station-average P
delay times. Reasonable choices of crustal model result in small
changes in upper mantle seismic structure that can be evident to
depths of 100 km (Fig. S8). The RMS of P and S crustal time cor-
rections are 0.11 s and 0.19 s respectively. After all corrections are
applied, the RMS of the P and S delay times are reduced from 0.42
to 0.38 s and from 1.2 to 1.1 s.

2.2.3. Finite-frequency effect

We incorporate finite-frequency sensitivity kernels (“banana-
doughnut”), as described in Dahlen et al. (2000) and approximated
by Schmandt and Humphreys (2010a). We calculate the sensitiv-
ity kernel along the 3-D ray path at each depth interface for each
of the overlapping frequency bands (1, 0.5, 0.3, and 0.1 Hz central
frequencies for P and 0.4, 0.1, and 0.05 Hz for S) and stack these
in the G matrix. In all iterations, the frequency-dependent kernels
are conformed to the ray path, i.e., at each depth the center of the
sensitivity kernel is located at the ray position. The correspond-
ing delays are stacked in the data vector d. The differences in P
seismic structures imaged with finite-frequency kernels are minor
compared to inversion using ray theory approximation (Fig. 5), be-
cause the finite-frequency inversion is dominated by data in the
1 Hz frequency band, which has finite-width sensitivity kernels
that are narrow compared to model node spacing. The effect is
more pronounced on S seismic structures because the S wave fre-
quency bands result in Fresnel zones wider than the node spacing.
For example, the first Fresnel zone radius for a 1 Hz P ray increases
from ~28 to ~50 km between 100 and 300 km depth. For a 0.1 Hz
S ray, the radius increases from ~66 to ~117 km over the same
depth range.

2.2.4. 3-D ray tracing

Teleseismic ray tracing in an Earth with velocity depend-
ing solely on depth will mislocate the ray position where a
ray encounters a horizontal gradient in velocity, because the ray
minimum-time path tends to bend towards higher velocities. The

result is an over-estimation of the width of high-velocity struc-
tures and underestimation of the width of low-velocity structures.

Our ray-tracing algorithm uses a 1-D velocity model to calcu-
late travel times outside our model box and a 3-D model for travel
times inside the box. Rays are traced using IASP91 to the boundary
of the inversion box, and traced in 3-D through the intermediary
velocity model (from the previous iteration) within the box. Box
penetration location is chosen such that net travel time is mini-
mized (see supplementary material). The updated velocity struc-
ture is then used as the reference velocity in the next iteration.
In practice, model improvement is negligible after one iteration
of ray tracing and we have applied no additional iterations. Data
variance is reduced by 10-15% relative to inversion using only 1-D
ray tracing. The improved imaging of steeply dipping high-velocity
structures results in a ~10% thickness reduction in the horizontal
direction (Fig. 6).

3. Results

Of the upper mantle imaged by USArray, no region has more
major fast and slow velocity structures than the Pacific NW. These
structures are large in volume and strong in magnitude. They
tend to define coherent entities, although in some places it is not
clear what to include or exclude when defining a given structure.
Previous work has identified and suggested origins for most of
these anomalies (e.g., Schmandt and Humphreys, 2011; Darold and
Humphreys, 2013). The purpose of this paper is to better define
and describe these structures.

Throughout the model space the P and S structures are consis-
tent with one another and negatively correlated with the Vp/Vg
structures (Figs. 7-9). The main differences between the P and S
datasets result from different numbers of available ray paths and
different frequency ranges for measuring the P and S delay times.
The P and S seismic structures are strongest in the top 300 km
and 200 km of the model respectively. The Vp/Vs model ampli-
tudes are similar to those resolved in the P model. Discrepancies
in P and S model heterogeneities (Figs. 7-8) primarily occur be-
low 200 km, where S amplitudes decrease significantly compared
to P.

3.1. Wallowa anomaly

The Wallowa seismic structure beneath the Wallowa Mountains
in NE Oregon is prominent in both P and S-wave images (WA,
Figs. 7-8) and it is not as well defined in the Vp/Vs model (Fig. 9).
It lies beneath the NE end of the accreted Mesozoic Blue Moun-
tains terranes, which are bounded on the north and east sides by
the 875r/36Sr 0.706 isopleth that indicates the presence of Precam-
brian crust to the north and east of the Blue Mountains’ suture
to North America. We image the Wallowa anomaly to depths of
300-350 km. Below 150 km it is 3% fast in the P image and 5.5%
fast in the S model (Figs. 7-8). Cross section through the P model
show a SSE dip at ~10° (Fig. 10). This structure may end above
100 km, or it may connect to the overlaying North American litho-
sphere in a location ~100 km west of the deeper structure. Darold
and Humphreys (2013) attributed this anomaly to a fragment of
Farallon slab that was left flat against the base of the Blue Moun-
tains ~50 Ma and delaminated during the Columbia River flood
basalt event ~16 Ma.

3.2. Idaho curtain

The central Idaho seismically fast structure, the “Siletzia anoma-
ly” of Schmandt and Humphreys (2011), is a north-oriented struc-
ture located east of the Wallowa anomaly (IC, Figs. 7-8). It lies
entirely beneath Precambrian crust and extends from the base of
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Fig. 5. Comparison between ray-theoretical (A) and finite frequency (B) inversions. Same regularization is used in both cases and the inversions do not include the 3-D

ray-tracing effects.

the crust to ~400 km depth (Figs. 7, 10). Although larger in vol-
ume than the Wallowa anomaly, it is not as anomalously fast, less
than 3%, as resolved by our P and S inversions. A possible continu-
ation of this structure trends west across northern Washington at
depths of 125-270 km in the P model (Fig. 7). While this poten-
tial connection is not resolved in the S model, an E-W anomalous
structure is indicated by the Vp/Vs model (Fig. 9).

3.3. Seismically fast structure beneath the Atlanta lobe of the Idaho
Batholith

The P imaging shows a relatively small structure of 1-2% ele-
vated velocity located south of the central Idaho anomaly, beneath
the southern region of the Atlanta lobe and a neighboring por-
tion of the Snake River Plain. This structure extends from the base
of the crust to ~100 km depth (IB, Fig. 7). Due to its shallow
depth, the shape and magnitude of this structure are sensitive to
the choices made during model regularization, but its presence at
this location is persistent through all our modeling efforts. This
structure may or may not be a part of the nearby central Idaho

anomaly. The S and Vp/Vs models do not resolve this structure
well.

3.4. Slow anomalies

There are two prominent low-velocity structures in our model,
and several lesser slow structures. The slow mantle beneath
the eastern Snake River Plain (SRP)-Yellowstone system (SRP-Y,
Figs. 8-10) is the most prominent slow structure above 190 km.
Our models resolve the SRP-Yellowstone structure between the
base of the crust and 165-190 km depth.

A major slow anomaly is present beneath north-central Oregon,
extending from ~160 km to 270 km depth. In this depth range, it
is the slowest structure in the Pacific NW. The seismic amplitude
of the north-central Oregon structure at 200 km depth is ~3% slow
in the P and S model (S1, Figs. 7, 8) and less than 3% fast in the
Vp/Vs model (Fig. 9).

At shallow depths, above 100 km, we resolve a distinct slow
anomaly (~2%) across the Oregon-Idaho border centered at 44° N
and -117° E (S2, Figs. 7, 10). This location is within the footprint

-122° -120° -118° -116° -114° -112° -110°

-122° -120° -118° -116° -114° -112° -110°

Fig. 6. Improved P tomography from 3-D ray tracing. (A) inversion results before ray tracing; (B) inversion results with ray tracing. Note that fast anomalies tend to get

thinner. The same regularization is used in both inversions.



A.C. Stanciu, E.D. Humphreys / Earth and Planetary Science Letters 539 (2020) 116214 7

-120° -110°

44°

42°

-110°

Fig. 7. Upper mantle P tomography depth slices. Colors represent velocity perturbations. Vp seismic structures have strongest amplitude in the upper 200 km. Black and
grey dashed lines show the location of the 87Sr/36Sr 0.706 and 0.704 isopleths. Seismically fast structures: JdF: Juan de Fuca slab; WA: Wallowa anomaly; IC: Idaho curtain
anomaly; IB: Idaho batholith anomaly; F1: north-central Oregon fast anomaly; F2: eastern Oregon anomaly. Seismically slow structures: SRP-Y: Snake River Plain-Yellowstone
anomaly; S1: north-central Oregon slow anomaly; S2: Oregon-Idaho border anomaly; S3: Oregon-Washington border anomaly; S4: Washington-Idaho border anomaly. Wal-
lowa and the Idaho curtain anomalies are separated at depth throughout the model space.

of the Yellowstone mantle plume head impact where Wolff et al.
(2008) propose the location of a large crustal magma chamber that
fed the lavas of the Columbia River flood basalts. A second shal-
low slow structure (S3) is resolved across the boundary between
Oregon and Washington, which extends to depths of ~100 km.
Neither of these structures is resolved by the S and Vp/Vs mod-
els.

An ~1% slow seismic heterogeneity is imaged in the P model
in the 160-270 km depth range, immediately south of a break in

the E-W segment of the Idaho seismic anomaly (S4, Fig. 7). This
structure is not well resolved in the S model.

3.5. Other lesser seismically fast velocity heterogeneities in the Pacific
Northwest interior

Much of the Cascadia backarc is slow to ~160 km depth, es-
pecially beneath NW Nevada. This low-velocity structure often ex-
tends a few hundred kilometers east of the Cascade arc, and it is
not simple along strike.
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-120° -110° -115° -120°

-120°

-10°

AV_/V
S S
-5.5% +5.5%

-110° -115°

Fig. 8. Upper mantle S tomography depth slices. Black and grey dashed lines show the location of the 87Sr/36Sr 0.706 and 0.704 isopleths. Seismic structures: JdF: Juan de
Fuca slab; WA: Wallowa anomaly; IC: Idaho curtain anomaly; F2: eastern Oregon anomaly; SRP-Y: Snake River Plain-Yellowstone anomaly; S1: north-central Oregon slow

anomaly.

We resolve several upper mantle structures >1% faster than
the average asthenosphere located west of central Idaho (Fig. 7).
As high-velocity structures they are thought to be relatively cool.
Because they lie in the forearc of the Cretaceous arc, it seems un-
likely they represent foundered North American lithosphere, and
hence we think these structures are slab fragments. Cumulatively,
these could explain some of the many thousands of km of Juan de
Fuca slab that are missing down-dip of the slab we resolve today
above 400 km. Alternatively, they could be fragments associated
with the westward step of subduction zone that occurred during
Siletzia accretion.

We image a seismically fast structure in the 55-90 km depth
range beneath north central Oregon (near -119°E and 45°N) that
is west of the Wallowa anomaly (F1, Fig. 7). It is located approxi-
mately above the slow anomaly imaged in the 160-270 km depth
range. It does not appear to be connected with any of the deeper
fast structures, but it's strength and proximity to the Wallowa
anomaly suggests a possible relation. This structure is less resolved
by the S model, where it is observable at an amplitude of <1%.

Beneath eastern Oregon, in the 270-400 km depth range, we
observe an irregularly shaped low amplitude ~1% seismically fast
structure roughly connecting the Wallowa anomaly to the southern
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120° -110° -115° -120°

-110° -115°

Fig. 9. Depth slices through the Vp/Vs model. Seismic structures: JdF: Juan de Fuca slab; WA: Wallowa anomaly; IC: Idaho curtain anomaly; F2: eastern Oregon anomaly;

SRP-Y: Snake River Plain-Yellowstone anomaly; S1: north-central Oregon slow anomaly.

Oregon Juan de Fuca slab, and effectively defining the southern
boundary of the central Oregon slow anomaly (F2, Figs. 7-9). While
clearly resolved in both P and S models, we can only trace it down
to about 300 km in the S and Vp/Vs models.

4. Discussion

The Pacific NW is exceptional for its complex Cenozoic geologic
history, distinct from British Columbia to the north or California to
the south. The diversity of tectonic and magmatic events includes
a subduction jump following Siletzia accretion and magmatism
occurring nearly everywhere in the region, including arc initia-

tion, ignimbrite flareup, and Columbia River flood basalt eruptions
(Fig. 1). How these events are related to one another is not well
understood, and mantle structures provide important constraints
on this history.

4.1. Physical state of Pacific Northwest interior upper mantle

The factors that can affect upper mantle seismic velocity varia-
tions are temperature, composition, anisotropy, and the presence of
partial melt (e.g., Karato, 1993; Goes et al., 2000). Composition has
little effect in the upper mantle (e.g., Lee, 2003; Schutt and Lesher,
2006). Velocity perturbations that are more than 1% faster than
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Fig. 10. (A) E-W cross-sections through the P tomography model showing the lateral separation of Wallowa and Idaho curtain anomalies (emphasized with a black dashed
line); Location of the profiles is shown in (C) and (D); (B) N-S cross-sections through the Wallowa anomaly, as imaged in the P tomography model. (C) 195 km depth P

tomography section; (D) map with the main geological features (for details see Fig. 1).

average are attributed to relatively cool temperatures. At 200 km
depth, Cammarano et al. (2003) estimate the anharmonic effects
of cooling by 100 °K leads to a respective 0.7% and 1.25% increase
in P and S velocity. Relatively low upper mantle temperatures are

created near the surface, and when they are found below the litho-
sphere it is inferred they descend into the upper mantle. Because
most of our study area was forearc continent prior to ~50 Ma, we
do not expect thick continental lithosphere in this region. Hence,
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the imaged high-velocity structures are thought to be fragments
of oceanic lithosphere, such as Farallon ocean lithosphere. Assum-
ing temperature effects alone, a 3% fast upper mantle Vp structure
could represent a 400 °C lateral variation in temperature.

Anomalously slow upper mantle is usually associated with
anomalously hot mantle and can indicate the presence of partial
melt. The sensitivity of seismic velocity on temperature increases
with temperature because of the increasing effect of anelasticity. At
200 km depth, the temperature derivatives of seismic velocity in-
crease by about 50% (Cammarano et al., 2003). In addition, higher
temperatures can create partial melt, especially in the presence of
vapor. Hammond and Humphreys (2000) calculate the effect of 1%
partial melt on mantle velocity to represent a reduction of about
3.6% and 7.9% in P and S wave velocity, respectively. In our model
area, regions of very low velocity and large Vp/Vs that are con-
sistent with the presence of partial melt are Snake River Plain and
central Oregon anomalies.

4.2. Complex subduction and outstanding questions the imaged
structure informs

We image three prominent and several minor high-velocity
upper mantle structures. The tectonic evolution of the PNW is
thought to require each of the three major structures to be
subducted ocean lithosphere (Schmandt and Humphreys, 2010b;
Darold and Humphreys, 2013). In the western part of our study,
between -122°E and -121°E, the subducting Juan de Fuca slab is
easily identified to depths of ~300 km. To the east, the Idaho cur-
tain is thought to be Farallon lithosphere that foundered ~50 Ma.
If so, it has resided stably near its present location for this dura-
tion, a feat attributed to young slab age (modest negative buoy-
ancy), the depleted (buoyant) nature of ocean lithosphere, and the
inevitable loss of stalled slab crust. In the center of our study re-
gion, the Wallowa anomaly is found to be structurally distinct from
the Idaho curtain. This lithosphere is thought to have delaminated
from the base of North America ~16 Ma (Darold and Humphreys,
2013). Its seismic strength is greatest at ~250 km depth. Directly
above the strong seismic anomaly, its seismic strength diminishes
greatly, and at shallower depths it appears to join with high-
velocity mantle 150 km to the southwest (Fig. 7). The overall sense
we get for these high-velocity structures beneath the Pacific NW
interior is one in which much of the subducted Farallon left flat
against the base of North America during the Laramide orogeny
has foundered since occurrence of the eastward jump in subduc-
tion that initiated Cascadia.

A minor high-velocity structure extends to depths of ~100 km
beneath the Atlanta lobe of the Idaho Batholith, and the Snake
River Plain low-velocity anomaly arcs south of this structure. Possi-
ble explanations for the Atlanta lobe structure include a preserved
fragment of North America lithosphere, or a fragment from the
Cretaceous slab associated with the initial emplacement of the
Idaho Batholith (Gaschnig et al., 2011).

Several seismically slow bodies are present beneath the PNW.
Beneath the eastern Snake River Plain (but not western Plain), the
upper mantle is very slow to depths of ~170 km. The upper man-
tle is slow in much of the Cascades back arc; beneath the shallow
northern California back arc it is very slow, as it is beneath the
deep (180-250 km) northern Oregon back arc. As one follows this
structure to depths of ~400 km, it trends to the northeast into a
region beneath east-central Washington.

The strong slow anomaly beneath north-central Oregon is the
deepest anomaly slower than 2% yet imaged beneath the U.S. Ideas
for its origin include remnants of the hot Yellowstone plume drawn
NW by oblique subduction (e.g., Draper, 1991; Kincaid et al., 2013),
and eastward flow of hot asthenosphere through a tear in the Juan
de Fuca slab (Hawley and Allen, 2019) (Figs. 7-8). Normal scal-

ing relations suggest these entities owe their origin to elevated
temperature and the presence of interstitial melt. At these depths,
the presence of CO; is inferred to be the primary driver for melt
generation (Dasgupta et al., 2013). The deep Oregon anomaly can
be attributed to melting of carbonated peridotite in the presence
of oxidizing conditions and elevated temperatures at depths of
~300 km (e.g., Dasgupta et al., 2013; Villagémez et al., 2014).

4.3. Northeast Oregon and the Columbia River flood basalts

The 16 Ma Columbia River basalt (CRB) eruptions covered most
of eastern Oregon and extensive regions of Idaho and southern
Washington (Fig. 1). Both bottom-up and top-down processes have
been put forward to explain the origin and evolution of these
eruptions. The bottom-up processes are based on the ~17 Ma
Yellowstone plume arrival at the base of North America some-
where beneath north-central Nevada to east-central Oregon, ini-
tiating volcanism at McDermmitt caldera and the Steens Mountain
area (Fig. 1). Flood basalt chemistry has a plume signature, often
mixed with depleted mantle lithosphere and, for the Grande Ronde
lavas, Archean crust (Wolff and Ramos, 2013). However, a plume-
only model does not explain for the northward propagation of the
CRB eruptions, the associated increasing volume of erupted lava, or
the creation of kilometer-scale uplift in northeast Oregon, where
some of the largest eruptions occurred.

Top-down processes incorporate the foundering of gravitation-
ally unstable lithosphere (Hales et al., 2005) or extension-induced
localized melting of the upper mantle (e.g., Hooper et al., 2002).
While Wolff et al. (2019) argue that the absence of a deep-seated
upwelling mantle signature (lack of magnesium-rich melt), and
the presence of subduction-related chemical signature (LILE en-
richment) are evidence against a mantle plume, they propose a
reconciliation of the geochemical signatures with a hybrid model
that includes both regional lithospheric instabilities and plume up-
welling. Similarly, our preferred model for the CRB (from Darold
and Humphreys, 2013) includes the impingement of Yellowstone
plume from below, which triggered northward-delamination of the
Farallon lithosphere lying flat against eastern Oregon before 17 Ma.
Farallon slab rollback beneath NE Oregon enabled Wallowa root
foundering. Our imaging of upper mantle structure beneath Ore-
gon and central Idaho is consistent with the previous tomographic
studies, but the improved resolution provides the basis for a more
specific interpretation.

4.4. Wallowa anomaly

The Wallowa seismically fast anomaly was interpreted by
Darold and Humphreys (2013) to be Farallon lithosphere that de-
laminated from south to north beneath the base of North America,
driving the evolution of the CRB. Our new imaging brings three
new constrains: (a) the Wallowa anomaly is nearly or completely
separated from the overlying lithosphere, (b) there is a clear sep-
aration between Wallowa and central Idaho seismic structures,
and (c) this separation coincides with the Precambrian margin
of North America. Because the high-velocity Wallowa anomaly
appears only weakly connected to high velocity mantle above
100 km and ~150 km to the SW (Figs. 7, 10), we propose that
the Wallowa anomaly is detached, or currently detaching, from the
overlying lithosphere. The separation between the Wallowa and
Idaho curtain anomalies could indicate an independent origin and
physical nature of the two structures. And the striking correlation
with the western edge of Precambrian North America - as de-
fined by 87Sr/%6Sr 0.706 isopleth (Fig. 7, 10) - suggests a control of
the Precambrian North American margin during foundering of the
Wallowa anomaly from the base of North America.
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4.5. Physical origin of the Wallowa and Siletzia anomalies

Compared to the high-velocity Idaho curtain, the Wallowa
structure has higher amplitude and is more compact in shape
(Fig. 10). The two neighboring structures are spatially separated
from one another from the base of the crust to their terminations
at depth (Fig. 10). Synthetic resolution tests (supplementary ma-
terial, Fig. S2) indicate that we can resolve a vertical gap that is
50 km wide between these structures. This vertical separation co-
incides with the Precambrian margin of North American craton
along the 87Sr/86Sr 0.706 isopleth. Depending on the location of
the spreading center between the Kula/Resurrection and Farallon
plates at ~65-55 Ma, this juxtaposition is consistent with either
of two general scenarios. (1) The Wallowa and Idaho structures
have different origins, e.g., the Idaho anomaly is a fragment from
the southern part of the Kula or Resurrection Plate, while Wallowa
originated from the northern end of the Farallon plate. (2) Alter-
natively, these anomalies could represent fragments of the same
plate that have been disrupted by subsequent tectonic deforma-
tion such as Siletzia accretion, Pacific NW rotation or delamination
of the Wallowa or central Idaho slabs. The northward delamina-
tion and roll back of the flat Farallon plate could have occurred
along the edge of the Precambrian craton margin, independent of
the Idaho anomaly. This is consistent with the separation we im-
age between the seismic structures along the edge of the margin,
and the great difference in time of the volcanism that we think is
associated with slab foundering. Our model indicates the Wallowa
structure could be detached or in the process of detaching from
the overlying lithosphere.

We infer that PNW tectonism and volcanism involves both the
sinking of the negatively buoyant imaged high-velocity structures,
including the subducting Juan de Fuca slab and earlier foundering
of ocean lithosphere that was abandoned beneath the region (e.g.,
Wallowa and central Idaho structures), and the ascent of astheno-
sphere. Upward asthenospheric flow has been driven both pas-
sively by the sinking negatively buoyant lithosphere and actively
by positively buoyant asthenosphere delivered by the Yellowstone
plume. In addition, active (positively buoyant) asthenosphere as-
cent has played an important role in the PNW with the arrival
of the Yellowstone plume. In our study area, this ensemble of
small-scale buoyancy-driven flow fields interact to create a rather
complex convective system as destabilized lithosphere adjusts and
organizes to both the new tectonic setting and the passage of a
plume.

5. Conclusions

We improve upper mantle seismic imaging beneath the Pacific
Northwest interior by employing a combination of new data and
improved techniques. We resolved reduced horizontal thickness of
high-velocity structures and identify new anomalies. Following are
the main conclusions.

(1) Improved upper mantle tomography model. Our imaging in-
corporates data from USArray-TA stations, flexible-array ex-
periments, and the recent Idaho-Oregon and Wallowa2 de-
ployments. We employed improvements in tomographic tech-
niques, including ray-geometry weighting, careful calculation
of crustal delay times, 3-D ray-tracing, and finite-frequency ef-
fects.

(2) Wallowa-Idaho curtain separation and characteristics. A clear
separation between the Wallowa and Idaho anomalies occurs
beneath the Precambrian margin of North America. These two
structures have different shapes and seismic amplitude. This

suggests these structures have different origins, e.g., the Idaho

anomaly is a fragment of the Kula plate, and the Wallowa

anomaly is a fragment of Farallon; alternatively, they could be
pieces of the same plate that have experienced different tec-
tonic histories during or after fragmentation.

Fast velocity structure beneath the Atlanta lobe of the Idaho

Batholith. We envision several origins for the fast velocity

structure beneath the Atlanta lobe of the Idaho Batholith: a

remnant from the Cretaceous slab responsible for the forma-

tion of the initial phase of Idaho Batholith, a fragment related
to the deeper Idaho anomaly, or a preserved fragment of thick

North American lithosphere.

(4) Slow anomaly east of the Juan de Fuca slab gap. An unusu-
ally large, deep and slow anomaly occupies the volume in the
160-270 km depth range immediately east of the Juan de Fuca
slab. At this depth range, this structure is slower (and presum-
ably hotter) that any structure beneath the Pacific Northwest,
including Yellowstone. This anomaly may be plume mantle,
either from Yellowstone’s arrival beneath SE Oregon or that
accumulated beneath the Juan de Fuca ocean plate and flow-
ing through the Juan de Fuca slab gap.

(5) Other fast velocity heterogeneities in the Pacific Northwest in-
terior. We image several structures >1% faster that average
asthenosphere. We suspect these are slab fragments related to
the region’s evolving subduction history, and may account for
the thousands of kilometers of Juan de Fuca slab that is not
found downdip of the slab imaged above 400 km.

—
w
~—

The refined geometries and amplitudes of Pacific Northwest
seismic structure improve the potential for determining the ori-
gins of lithospheric fragments in the mantle and are key elements
for reconstructing the evolution of the Pacific Northwest-Farallon-
Kula-Juan de Fuca tectonic system.
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