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Figure 7. Ray coverage of turning, reflected, and refracted phases in the final velocity model. (A) Upper-crustal turning rays (Pg) are illus-
trated by hit count in 0.5 km grid cells. Every tenth ray is shown for the upper-mantle refraction Pn (gray). (B) Every fifth ray is shown for
reflections from the Moho (PmP light gray) and for reflections P1P to P9P (dark gray). See text for description of the labeled seismic arrivals.
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Figure 8. Misfit between picked and calculated traveltimes. (A) Refracted phases; Pg (black), Pn (gray). (B) Reflected phases (see Fig. 7B). Misfit

details are in Table 1.
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including longer offsets, was improved from >60 ms without the high-
resolution near-surface layer.

A nongeologic 2-D boundary was extracted from near the bottom of
the reliable Pg ray coverage, near 10 km subsurface depth. The model
above this boundary was held fixed when modeling the deeper crust. The
velocities at this boundary were extended to greater depth and smoothed
to produce the starting model for the middle crust.

Middle Crust and Reflectors

Once the upper-crust velocity was well resolved, wide-angle reflection
traveltimes from the midcrust were used to invert for reflector depth and
velocity structure between the fixed upper crust and the reflector. Velocity
was primarily constrained by the curvature of the reflected arrival times,
so phases observed over a long-offset range had little trade-off between
depth and the velocity of the overlying layer. This resolution was improved
when the reflected phase was observed on more than one shot.

Reflection traveltimes were initially inverted for the best-fitting con-
stant reflector depth in the extended Pg velocity model. Next, the reflection
was forward modeled using a range of constant velocities, starting with the
velocity at the base of the overlying Pg model and increasing in 0.1 km/s
increments until the misfits stopped improving and began to deteriorate.
This velocity model was then used to invert for reflector depth, and the
process was repeated until a best-fitting combination of constant velocity
and constant depth was found. For a shallowly dipping reflector, an incor-
rect average velocity produces misfits that are strongly dependent upon
distance. This pattern allows the average depth and overlying velocity of
reflectors observed over a long range of offsets and/or on multiple shots
to be well constrained. The best velocity and depth combination for each
reflector was used as the starting model for the 2-D inversion.

Reflection traveltimes were inverted for laterally varying reflector
depth in this best-fitting starting velocity model, and then for 2-D veloc-
ity between the reflector and the overlying fixed layer, and then again for
reflector depth (Zelt et al., 1996). Reflector depth was smoothed horizon-
tally during the inversion to maintain geologically reasonable structures
and eliminate topography that is not required by the data. For most of the
reflected phases from the midcrust, the reflectors were smoothed 10-20
km horizontally to incorporate ray paths from multiple shots (Fig. 7B;
Table 1). However, across the Idaho batholith, they were smoothed 40-60
km horizontally due to the gap in shot coverage. Velocity in the layers
above the reflectors and below the shallower fixed layer was smoothed
20-60 km in x, with larger smoothing used for deeper layers and larger
shot offsets, 3 km in z and forced to be constant in y. Where multiple
midcrustal reflectors were observed, reflector depth and velocity were
determined for the shallower reflector first, and then this structure was
fixed to model the deeper reflection traveltimes. While the ray coverage
on the reflectors is good (Fig. 7B), traveltime misfits of 200-300 ms (Fig.
8B; Table 1) represent probable cycle skips.

Most of the crustal reflections observed on the IDOR shots do not
have associated refractions from beneath the reflector, so there are not
well-constrained velocity contrasts across any of the reflectors. The high-
amplitude reflection recorded on the western end of the line probably has
an associated refracted phase, but modeling indicates this phase would
never emerge as a first arrival, so it is probably hidden in the coda of the
earlier arrivals. The reflections without associated refractions were mod-
eled as “floating” reflectors (Zelt, 1999). Although seismic energy can be
reflected back to the surface due to the impedance contrast between two
layers with different bulk properties (seismic velocity and/or density),
reflections may also result from the layering of thin beds, sills, or shear
fabrics. These reflections do not require a change in bulk properties across
the reflection surface, and therefore midcrustal reflections are modeled as

“floating” within a smooth velocity gradient unless a refraction is observed

from beneath the reflector, or deeper data require much higher velocity
beneath the reflector. For most of these reflectors, the deeper data allow
at most a small velocity contrast across the reflector, such that the next
layer’s average velocity is the same. Exceptions to these average veloci-
ties occurred in the lower crust on either side of the line.

The strong, deep P1P reflector beneath the western end of the line
implies a velocity contrast based on the reflector strength on shots 2, 3,
and 5 (Fig. 3; Data Repository Fig. S1A?Y). The underlying Moho PmP
reflection is not observed over a very long offset range, so velocity beneath
the P1P reflector is not well constrained by this shot. However, the differ-
ence in curvature between the P1P and PmP arrivals observed on multiple
shots implies a different average velocity above each reflector, indicat-
ing a higher-velocity layer must exist between the two reflectors. The
velocity assigned to this layer is the minimum average velocity required
to match the data.

On the eastern end of the line, the P2P and P3P reflections have very
similar curvature, indicating there is not a strong velocity contrast between
these reflectors. The curvature of the PmP reflection is different from that
of P2P and P3P, and it requires a higher velocity in the lower crust between
P3P and the Moho. East of shot 7, the difference in curvature between
the P2P and PmP reflections requires a higher velocity in the lower crust,
which is consistent with the westward extrapolation of the P3P velocity
discontinuity. However, the shot gap, missing stations, and complexities
across the WISZ disrupt the continuity of arrivals in this area, preventing
this reflector from being identified farther west. The same average veloc-
ity can be achieved with a smooth gradient from the P2P reflector to the
Moho, which is also consistent with the data, so the velocity discontinuity
was restricted to the region beneath the P3P reflector, and the remaining
lower crust was modeled with a gradient.

Lower Crust, Moho, and Uppermost Mantle

Once all of the midcrustal reflectors were fixed in place, the velocity
structure above those reflectors was fixed, and the PmP phase reflected
from the Moho was incorporated into the model. The initial ray path cal-
culations indicated significant variability in the Moho depth, and smooth-
ing the Moho beneath the entire seismic line resulted in severe velocity
artifacts. To isolate the source of the artifacts, PmP arrivals from each shot
were inverted independently for reflector depth. Based on these reflec-
tor depths, the Moho reflections were divided into two separate phases,
PmP-w and PmP-e. Traveltimes from shots 1, 2, 3, 5, and 7-west were
designated PmP-w, and traveltimes from shots 7-east, 8, 9, and 10 were
designated PmP-e. These reflectors were modeled independently.

The ray coverage at the Moho on the western side (PmP-w) is dense
for most of the model (Fig. 7B). The PmP-e ray coverage on the eastern
side is sparser, with modest coverage and higher estimated picking errors
beneath the Idaho batholith. Due to the shot distribution on the east and
the shadow-zone effect for shots from the west, the western end of the
PmP-e reflector is only constrained by the short-offset PmP arrivals from
shot 7. This relatively low-amplitude arrival is clearly visible behind the
high-amplitude midcrust P4P reflection (Fig. 4).

Inversion for reflector depth and lower-crustal velocity followed the
same procedures as for the shallower reflectors. The Moho on the west-
ern side of the line is better constrained due to smaller shot spacing and
higher-amplitude PmP-w reflections. Traveltime misfits for the lower
crust above the PmP-w reflector are ~107 ms. The PmP-e reflector is less

'GSA Data Repository Item 2017082, Figure S1, example of the model region
constrained by a reflected phase, is available at http://www.geosociety.org
/datarepository/2017, or on request from editing@geosociety.org.
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well constrained due to the shot gap across the batholith and near-surface
complexities from the shots in the Basin and Range. In the area of the
batholith, average misfits are ~180 ms, indicating probable cycle skips
due to the lack of reciprocity in this area. On the eastern end, misfits are
~220 ms (Fig. 8B; Table 1).

Once the crustal velocity model and Moho depth were fixed, Pn arrivals
were inverted for velocity in the uppermost mantle lid (Data Repository
Fig. S1B). The limited range of geologically feasible velocities in the
uppermost mantle means the Pn phase also serves to verify the crustal
velocity model and Moho depth. The Pn arrivals on shots 1, 2, and 3 have
good signal quality. Pn phases are observed on the other shots (except shot
9), but the signal-to-noise ratio is not as high, so the picking uncertainty
is greater for these arrivals (Table 1). Pn traveltimes calculated through
the final velocity model using a constant 8.0 km/s uppermost mantle
velocity provide a good fit for the observed Pn phases at less than ~220
km offset on all shots. Longer-offset Pn arrivals are difficult to identify
on most shots. A very large smoothing was utilized to invert for velocity
in the uppermost mantle, which did not vary significantly from 8.0 km/s.

Seismic Velocity Model

The whole-crust seismic velocity model produced from the IDOR
controlled-source data reveals a strong contrast in seismic properties
beneath the WISZ (Figs. 9 and 10). The western half of the line is char-
acterized by faster velocities throughout the entire crust, while the eastern
side has slower velocities (Figs. 9 and 10). These velocities are consistent
with those measured by Christensen and Mooney (1995) and Christensen
(1996) under laboratory conditions for intermediate-to-mafic and felsic
compositions, respectively. In addition, there is a large, steep step on the
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Figure 9. Comparison of vertical profiles through the
velocity model of Figure 10 at model km 50-400 in 50 km
intervals. Solid lines are profiles west of the western Idaho
shear zone (WISZ); dashed lines are east of the WISZ.
Gray line is crustal average velocity from Christensen and
Mooney (1995).

Moho beneath and slightly east of the WISZ. These structures indicate
the presence of a boundary that coincides with the surface expression
of the WISZ.

On the western and central portions of the line, there are several small,
surface low-velocity bodies that are modeled using the short-offset Pg
traveltimes recorded on densely deployed stations (Fig. 10). These corre-
late with Cenozoic sediment-filled basins identified at the surface (Fig. 1).
The eastern end of the profile also reveals sediment-filled basins, but these
Basin and Range-related fault-bounded basins are less well resolved due
to significant local north-south geologic variation and a lower signal-to-
noise ratio.

Below ~5 km depth on the western half of the profile in the accreted
terranes, velocities of 6.3-6.5 km/s in the middle crust (Figs. 9 and 10) are
consistent with rocks of felsic to intermediate composition (Christensen
and Mooney, 1995). The very high-amplitude P1P reflection observed on
the western shots (Figs. 3 and 4) indicates a boundary at 21-22 km sub-
surface depth (~20 km below sea level), 8-10 km above the Moho (Fig.
10). The lower crust beneath the reflector did not produce a first-arrival
refraction, but the relative curvatures of the P1P reflection and the PmP
phase reflected from the Moho constrain the layer to 6.8 £ 0.1 km/s. The
fastest portion of this layer corresponds to the highest-amplitude section
of the reflector (Fig. 3) and the thinnest crust (Fig. 10), strongly suggest-
ing a discontinuity across the boundary. This velocity is interpreted as
evidence of a mafic lower crust (Christensen and Mooney, 1995). Another
smaller-amplitude reflection, P5P, is west of shot 2 at ~10 km subsurface
depth. It has limited lateral extent and cannot be shown to correspond to
a velocity contrast and thus has been modeled as a “floating” reflector.

On the eastern half of the profile, the seismic velocity in the upper
24-30 km of the crust is <6.2 km/s, which is consistent with a felsic
lithology (Christensen and Mooney, 1995). The upper 10 km is <6.0
km/s, except in a region of slightly faster velocity at 5-8 km depth from
model km 270 to 325 (Fig. 10). In this area, a slightly faster velocity of
6.2-6.3 km/s is required by the data, based on velocity tests, but this is
in the region of poorest ray coverage due to the shot gap and fire-related
station gap (Fig. 7), so it is heavily smoothed. With the exception of this

feature, there is little velocity difference between the ldaho batholith and
the Precambrian craton to the east.
A continuous reflector, P2P, is observed on shots 7 and 8 (Figs. 4 and
5), which are reversed across the batholith. This phase corresponds to a
reflector at 20-24 km subsurface depth, dipping gently to the east (Fig.
10). A deeper reflector, P3P, is observed on shots 8, 9, and 10 and overlaps
laterally with the P2P reflector. This reflector is at ~29 km subsurface
depth, 8-10 km above the Moho (Fig. 10). The seismic velocity below
the P3P reflector is 6.6 + 0.1 km/s, constrained by curvature of the P3P
and PmP reflectors. This velocity is consistent with that of intermediate-
composition rocks at lower-crustal pressures and temperatures (Chris-
tensen and Mooney, 1995). The western end of P3P is not constrained by
shot 7 due to shot and receiver gaps and data quality, so it is possible this
reflector could extend further west. There is no evidence in the data for an
extension, but there is also not clear evidence of the reflector’s termination.
The curvature of the P2P and underlying PmP reflectors is consistent with
either a westward extension of the velocities above and below the P3P
reflector, or a smooth gradient with an equivalent average velocity (Fig.
10). A strong, short P4P reflector exists immediately east of the WISZ at
~27 km subsurface depth (Fig. 10). Velocity below this reflector, in the
lower-crustal corner near the WISZ, is not well constrained, but it is incon-
sistent with mantle velocity. Several shallow reflectors underlie the eastern
half of the line, but none requires an associated large increase in velocity.
The Moho was modeled independently on the east and west sides of
the profile to avoid artificially imposing structure when it became apparent
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is for inherited zircon cores in the Atlanta lobe of the Idaho batholith.

there was significant lateral variation. On the west under the accreted
terranes, the Moho is 31-32 km below the land surface and deepens
modestly toward the western end of the line (Fig. 10). The Moho beneath
the batholith and craton is at 37-40 km depth below the higher-elevation
land surface (Fig. 10). An ~7 km offset on the Moho exists within <15
km beneath the WISZ (Fig. 10).

The upper-mantle seismic velocity is constrained by the Pn arrivals.
After ray tracing through the crust’s strong lateral variations, the Pn travel-
times are consistent with ~8.0 km/s constant velocity along the entire line.

GEOLOGIC AND TECTONIC INTERPRETATION
Western Idaho Shear Zone

Analysis of the IDOR controlled-source seismic profile reveals the
WISZ to be a through-going feature of the crust, indicating that the jux-
taposition of oceanic- and continental-affinity rocks extends in a near-
vertical orientation through the entire crust, at least to the depth of the
Moho and possibly deeper into the lithosphere (Figs. 9 and 10). At the
surface, the steeply dipping WISZ represents the boundary that separates
relatively young oceanic-island-arc terranes of the Blue Mountains Prov-
ince from the Precambrian North American craton and Idaho batholith
(e.g., McClelland et al., 2000; Tikoff et al., 2001; Giorgis et al., 2008).
We determine that this strong contrast in terrane age and composition
extends throughout the entire crust, manifested as changes in the seismic
character and contrasting seismic wave speeds observed on either side of
the shear zone (Figs. 9 and 10). Below the surface expression of the WISZ,
the PmP reflections are not well constrained for a distance of <15 km

between the shallower western and deeper eastern portions of the Moho.
This gap begins directly beneath the WISZ and extends eastward under
Long Valley (Fig. 10). This location is consistent with surface mapping
of the WISZ, which indicates a current dip of 70°-80° to the east, while
estimates of Miocene-to-modern extension restore the boundary to near-
vertical prior to the Miocene (Tikoff et al., 2001). The contrasting crustal
seismic velocities, the sharp Moho offset, and the coincidence of these
features with the surface WISZ indicate that the WISZ is a through-going
crustal boundary.

Transpressional deformation on the WISZ resulted in significant tec-
tonic shortening of the broad Salmon River suture zone between the
accreted terranes and craton (e.g., Giorgis et al., 2005), resulting in a very
narrow boundary between oceanic and continental geochemical signatures
across the WISZ (Armstrong et al., 1977; Fleck and Criss, 1985; Man-
ducaetal., 1993). Syn-WISZ continental-arc plutons record an unusually
narrow &’Sr/%Sr isotopic break coincident with the WISZ, indicating a
steep boundary between oceanic and continental source rocks to at least
the lower crust. A similarly sharp Sr isotope transition was observed in
Miocene volcanic rocks ~120-150 km to the west of the WISZ in east-
ern Oregon, indicating a similar steep boundary in the lithospheric upper
mantle (Hart, 1985; Leeman et al., 1992; Evans et al., 2002). Based on
the differing depths of the source rocks, the dual steep ocean/continent
boundaries were interpreted as evidence for a “shelf” of continental litho-
sphere extending west beneath the oceanic terranes visible at the surface
(Fig. 2; Leeman et al., 1992). The top of this shelf was hypothesized to be
a younger detachment crosscutting the WISZ and related to Sevier orog-
eny deformation far inboard. Our seismic image indicates that the WISZ
extends steeply through the entire crust, and no detachment crosscuts it
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within the crust or at the Moho. Subhorizontal ductile detachments often
produce strong seismic reflections, but none was observed in the IDOR
data beneath the Moho. If compression was transmitted inboard via a
horizontal detachment, it must be deeper in the mantle.

The strong contrast in age, composition, and rheology between the
oceanic accreted terranes and the cratonic lithosphere had a significant
influence on tectonic processes since 90 Ma. Post-WISZ granitic plutons
of the Idaho batholith were emplaced close to the shear zone on the cra-
tonic side (Fig. 1) and appear to be the result of melting in a thickened
crust (Gaschnig et al., 2011; Byerly et al., 2016; Fayon et al., 2017). The
lack of widespread intracrustal melting west of the shear zone implies a
preferential susceptibility in the cratonic crust, probably due to greater
thickness and the lower temperature required to melt more felsic rocks.

Miocene extension associated with the Columbia River Basalts is
pervasive west of the WISZ (e.g., Camp and Ross, 2004; Hooper et al.,
2007; Camp, 2013). The feeder dike system for the Columbia River Basalt
volcanics is widespread in the accreted terranes and only crosses the
WISZ in small isolated locations (Fig. 1; Reidel et al., 2013b), although
some surface flows extend more broadly east of the WISZ (Reidel et al.,
2013a). Miocene-to-modern extension exists in easternmost Idaho, but
only affects the Idaho batholith in isolated locations such as Long Valley,
immediately to the east of the WISZ in the study area, where extension
has tilted the WISZ from near vertical to its current steep 70°-80° east-
ward dip (Tikoff et al., 2001; Giorgis et al., 2006). This distribution of
extensional features indicates that the thinner accreted terrane side of the
boundary is more susceptible to extension than the more felsic crust east
of the WISZ. The compartmentalization of magmatism and tectonic defor-
mation to either side of the WISZ likely results from the juxtaposition of
crustal architectures that respond independently to tectonic stresses and
heating events due to significantly different composition, thickness, and
deformation history. This effect demonstrates the importance of structural
and rheological inheritance on the response of the crust to subsequent
tectonic and magmatic events.

Blue Mountains Province Accreted Terranes

The accreted terranes observed in outcrops west of the WISZ consist
of oceanic island arcs and intervening sedimentary basins (Vallier and
Brooks, 1995; Dorsey and LaMaskin, 2007). The seismic velocities in
this region (Figs. 9 and 10) are inferred to represent intermediate com-
positions from 5 to 7 km depth through the middle crust, consistent with
other accreted oceanic-island-arc terranes in the North American Cordil-
lera (e.g., Spence et al., 1985; Spence and Asudeh, 1993; Hammer and
Clowes, 2004; Stephenson et al., 2011). Variations in the near-surface
velocity are caused by local sedimentary basins associated with Cenozoic
extensional valleys and by sedimentary units of the amalgamated terranes.

The crust in this region is ~32 km thick, and the Moho deepens toward
the west. Crustal thickness of ~35 km at the west end of the line is con-
sistent with that observed on controlled-source seismic data ~35 km to
the west in the High Lava Plains (Cox et al., 2013). Broadband seismic
data reveal a similar trend in crustal thickness across eastern Oregon and
western ldaho (Eagar et al., 2011).

The thinnest crust in the IDOR controlled-source profile, ~31 km,
occurs west of the WISZ near the Snake River at the boundary between
Oregon and Idaho (Fig. 10). This area is where the line crosses the south-
ern end of the Chief Joseph dike swarm, which fed the outpouring of
Columbia River Basalt flows (Fig. 1; Reidel et al., 2013b). Wolff and
Ramos (2013) identified this area as the primary source location for
mantle upwelling that supplied a significant volume of the Columbia
River Basalts via dikes that emerged in the massive Grande Ronde lava

flows up to 400 km to the north. The seismic data include an unusually
high-amplitude P1P reflection at this location (Fig. 3) from the top of
an 8-10-km-thick, lower-crustal layer with ~6.8 km/s velocity (Figs. 9
and 10). We interpret the high-velocity lower-crustal layer beneath this
strong seismic reflector (Fig. 10) as basaltic intrusion and/or underplating
in the source region of the Columbia River Basalt basalts.

North American Craton

East of the WISZ, the Precambrian craton is 37-40 km thick, averag-
ing ~5 km thicker than the accreted terrane crust west of the shear zone
(Figs. 9 and 10). On the craton side, the velocity is slower compared to
the accreted terranes and is interpreted to indicate felsic composition in
the upper and middle crust and intermediate composition in the lower
crust. Crust at all depths east of the WISZ has lower seismic velocity
and is interpreted to be more felsic than average continental crust, while
crust to the west is faster and therefore likely more mafic than average
(Fig. 9; Christensen and Mooney, 1995). There is no significant differ-
ence in velocity between the Idaho batholith and the host cratonic blocks
(Figs. 9 and 10).

The Idaho batholith extends approximately from the WISZ to the
location of shot 8, with the dominant Atlanta lobe between approximately
model km 225 and 320 on the seismic line (Figs. 1 and 10). Beneath the
Atlanta lobe, the velocities are interpreted to indicate a felsic composition
to >24 km depth below surface and are consistent with granite-granodi-
orite plutons and/or granitic metamorphic lithologies (Christensen and
Mooney, 1995). Beneath the eastern half of the Atlanta lobe, the velocity
gradient is slightly higher from 5 to 15 km depth compared to the adjacent
batholith or craton. The cratonic platform east of the Idaho batholith is
partially intruded by Challis magmatism at a shallow depth (Moye et al.,
1988). We did not observe a velocity signature associated with the Challis
plutons or volcanics. The eastern end of the seismic line crosses exten-
sional valleys and ridges associated with the Basin and Range. \elocity
in this region is similar to the western part of the craton and the ldaho
batholith, consistent with felsic lithologies to ~28 km depth. Reflectors
in this region could be detachments or other features related to Basin and
Range extension. None of the reflectors imaged east of the WISZ exhib-
its a high amplitude or lateral extent consistent with a large-scale Sevier
thrust detachment that could have offset the WISZ and transmitted Late
Cretaceous compression into Montana and Wyoming.

A modest-amplitude reflector at 22—25 km subsurface depth correlates
with the lateral extent of the Atlanta lobe, while a reflector at 28-29 km
depth extends east from the center of the batholith and also underlies the
unintruded craton (Fig. 10). The relative curvatures of the reflections from
these features constrain the composition to be felsic below the western
part of the Atlanta lobe at least to the depth of the shallower reflector at

~22 km, and to the depth of the deeper reflector at ~29 km beneath the
eastern half of the Atlanta lobe. Where the two reflectors overlap later-
ally, the velocity between them must be as slow as above the shallower
reflector. The relative curvatures of these reflections and the reflection
from the Moho constrain the lower crust to have a faster average velocity;
therefore, the composition is likely intermediate.

Beneath the deeper P3P reflector, the velocity average of the 8-10-km-
thick layer above the Moho is 6.6 km/s, which is consistent with the
P-wave velocity of diorite and in the range of velocities between felsic
and mafic granulite (Christensen and Mooney, 1995). This velocity is not
consistent with a mafic-to-ultramafic composition, such as mafic garnet
granulite (Vp ~7.0 km/s) or eclogite (Vp ~7.9 km/s), which would be
left behind by the melting of a mafic protolith in a continental arc (Beard
and Lofgren, 1991; Rapp and Watson, 1995). The velocity and inferred
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intermediate composition are consistent with a residual left by intracrustal
melting of a felsic protolith. A velocity discontinuity is the preferred
model for the P3P reflector based on the strength of the velocity contrast
across the reflector.

Beneath the western Atlanta lobe, near the offset in the WISZ, the
curvatures of the ~22 km P2P reflector and Moho reflections require an
increase in the average velocity between 22 and 40 km depth. A velocity
discontinuity is not required, since the data can be matched by either a
layered zone or a gradient with the same average velocity. The deeper

~28-29 km P3P reflector and associated intermediate-composition layer
could extend westward and connect to the P4P reflector at the WISZ
step, but there is no evidence in the data to support this connection due
to the shot and station gaps. If the P3P arrival is present on shot 7 at lon-
ger offsets, it is obscured by the P2P and PmP reflections; alternatively,
it may be truly absent. Additionally, P4P has high-amplitude, near-zero
offset and is not identifiable at >30 km offset. It would be very unusual
for a reflection from the top of a strong velocity contrast to decrease
in amplitude as it approaches the critical angle. For these reasons, the
velocity between P2P and the Moho has been modeled without a veloc-
ity discontinuity, and P4P has been considered an independent reflector
adjacent to the WISZ (Fig. 10).

Idaho Batholith

The mostly felsic to intermediate composition of the Idaho batholith is
similar to other exhumed Cordilleran Cretaceous batholiths in the Califor-
nia Sierra Nevada and Peninsular Ranges, and the British Columbia Coast
Mountains (Spence and McLean, 1998; Fliedner et al., 2000; Hammer
et al., 2000; Morozov et al., 2003). These other batholiths, like the west-
ern border suite of the Idaho batholith, are predominantly metaluminous
granodiorites, whereas the Atlanta and Bitterroot lobes are predominantly
peraluminous mica granites. Subduction-related continental arc batholiths
are typically formed by dehydration partial melting of a mafic proto-
lith, leaving behind a pyroxene-enriched residual (Beard and Lofgren,
1991; Rapp and Watson, 1995). Lack of evidence for this residual beneath
exhumed Cretaceous batholiths in North America has been interpreted as
evidence that it was delaminated into the mantle (Kay and Mahlburg Kay,
1993). The granites of the Atlanta lobe are primarily crustal-source granites
(Gaschnig et al., 2011), however, and do not necessitate the existence of
a pyroxene-rich residual. We did not observe evidence of a pyroxene-rich
residual in the lower crust beneath the Idaho batholith, which we interpret
as further evidence that the Idaho batholith melted in a thickened crust.

The lateral extent of the reflector at ~22 km subsurface depth coincides
with the surface extent of the Atlanta lobe of the Idaho batholith. Major
-and trace-element geochemistry indicates that the Atlanta lobe melted
in the garnet stability field of the lower crust, >35 km depth (Gaschnig
etal., 2011). This reflector is roughly consistent with the minimum Late
Cretaceous melting depth when >10 km of exhumation of the Idaho batho-
lith (Fayon et al., 2017) is considered. Adding the estimated minimum
exhumation to the current crustal thickness of 37-40 km yields a total
crustal thickness of >50 km at the time of magmatism. This thickness is
consistent with a thickened-crust melt source for the ldaho batholith, as
proposed by Foster et al. (2001) for the northern Bitterroot lobe and by
Gaschnig et al. (2011) for the Atlanta lobe, rather than a subduction-related
arc source. Thickened crust is also consistent with observed petrographic
fabrics (Byerley et al., 2016). The spatial extent, lack of velocity contrast,
and low amplitude of the reflection from the ~22 km reflector are con-
sistent with a structural or textural feature related to the formation of the
batholith, rather than a velocity discontinuity. We interpret this reflector
to be the top of the source zone of melting for the Atlanta lobe in a Late

Cretaceous thickened crust. Melting of a felsic protolith produce a smaller
volume of less-felsic residual than the melting of a mafic protolith. This
residual could be distributed in the lower crust, represented by the under-
lying rocks interpreted as intermediate composition.

The source zone for melting of the Atlanta lobe was >35 km, but the
relationship of the Atlanta lobe to plutons of the early metaluminous
suite indicates the depth of emplacement was much shallower, in the
mid-to-upper crust (Gaschnig et al., 2010), consistent with estimates of
exhumation (Fayon et al., 2017). There is evidence that the Bitterroot lobe
was emplaced in the crust as a relatively thin sill, because the floor of the
batholith is exposed in a metamorphic dome (Vallier and Brooks, 1986).
Beneath the Idaho batholith, the velocity and average crustal thickness
are very similar to the unintruded craton to the east, leading to the pos-
sibility that the Atlanta lobe is also relatively thin and extends to <10 km
current depth.

The lateral extent of the ~29-km-deep P3P reflector corresponds to
the region of higher velocity gradient in the upper crust, and to a change
in the depth of the Moho at the base of the crust (Figs. 9 and 10). These
lateral changes in the velocity model are all coincident with the Archean-
Proterozoic basement boundary at model km 275 + 20 (Fig. 1) interpreted
by Gaschnig et al. (2011) based on inherited zircon core data in Atlanta
lobe plutons. We interpret the lateral change in crustal architecture beneath
the center of the Atlanta lobe to be the northeastern margin of the Archean
Grouse Creek craton. The continuity of crustal structure below the eastern
surface boundary of the Idaho batholith combined with lateral contrasts
at multiple depths in the crust at the interpreted Archean craton bound-
ary indicate that the batholith has not strongly overprinted the crustal
architecture of the preexisting craton.

CONCLUSIONS

Transpressional deformation in the WISZ formed a steep boundary
between oceanic accreted terranes and the Precambrian North American
craton. Traveltime inversion of the IDOR controlled-source seismic data
indicates significant contrasts in velocity and crustal thickness that reveal
the boundary to be a through-going feature of the crust that offsets the
Moho ~7 km. This juxtaposition of crustal units with significantly differ-
ent compositions, ages, strengths, and thicknesses provided a mechanism
for preferential distribution of post-WISZ deformation and magmatism,
leading to structural inheritance influencing subsequent tectonic events.

West of the steep boundary, the accreted terrane crust is ~32 km thick,
with seismic velocities inferred to represent intermediate composition in
the upper and middle crust, consistent with the oceanic-arc terranes. We
interpret a high-velocity, 8-10-km-thick, lower-crustal layer to be a mafic
magmatic intrusion and/or underplating associated with the Chief Joseph
dike swarm feeder system of the Columbia River Basalt Group. On the
eastern, cratonic side of the WISZ, the crust is 37-40 km thick. Slower
seismic velocities that are interpreted as indicative of felsic lithologies
persist to 25-28 km depth. There is not a significant difference in upper-
and middle-crustal velocity below the granitic Idaho batholith and the
unintruded craton to the east. A reflector at 22-25 km depth beneath
the Atlanta lobe of the Idaho batholith is interpreted as the top of the
zone of melting that fed the intrusion. Continuity of crustal architecture
across the eastern margin of the Idaho batholith and a change of crustal
architecture beneath the center of the batholith are interpreted to map the
Archean Grouse Creek cratonic block extending beneath the batholith.
Thick felsic-to-intermediate crust, combined with exhumation, indicates
a Late Cretaceous crustal thickness of >50 km, which is consistent with
the voluminous Atlanta lobe of the Idaho batholith forming by internal
melting within a thickened crust.
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