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ABSTRACT

The deformational history of the eastern Snake River
Plain (SRP) isinterpreted from rocks, structures, and land-
formswithin and adjacent to it. Crustal extension ismani-
fested by west-dipping normal faults that define a half-
graben fault style along the north and south margins of
the plain. Cumulative extension averages 15-20 percent
and diminishes only dightly from the south margin to
the north, evidence of no lateral shear beneath the plain.
Miocene-Quaternary vol canic and sedimentary rocksfill
the half grabens and provide evidence of two pulses of
extension that migrated northeast through time. Onepulse
of minor extension began 16-11 Maand ended 11-9 Ma,
and a second pulse of major extension began 11-9 Ma
and lasted a few million years in any one location as it
migrated eastward to the eastern edge of the Basin and
Range, whereit continuestoday. Because many Miocene
faults project into the eastern SRP with no evidence of
diminishing offset, normal faults are interpreted to have
characterized the eastern SRPin middle and late Miocene
time. Since then, upper crustal extension has been ac-
commodated primarily by mafic dike injection.

Subsidence of eastern SRProcksrelativeto Basinand
Rangerocksismanifested by the accumulation of athick
volcanic succession, crustal flexure of its margins, and
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margina normal faults. Northeast-striking marginal nor-
mal faults only accommodated 2-5 percent extension as-
sociated with crustal flexure, not downfaulting of east-
ern SRPcrust. Crustal flexure along the northern margin
of the eastern SRP isevidenced by Cretaceousfold hinges
whose southward plunges increase regularly toward the
plain. Isoplunge contours define a zone of flexure about
20 km wide that accommodated 4.5-8.5 km of subsid-
ence of eastern SRP rocks. Age-depth relations of east-
ern SRP volcanic rocks indicate 1.7 km of rock subsid-
ence since 8.0 Ma, 3.1 km since 8.5 Ma, and the initia-
tion of subsidence before 10 Ma.

Subsidence of the eastern SRP surface relative to the
Basin and Range surfaceis manifested by axial drainage
that extends 50 km beyond the SRP margins. Streams
that are tributary to the Snake River have deeply incised
Basin and Range valleys along the southern margin of
the eastern SRP, a process attributed to SRP surface sub-
sidence and consequent base level lowering of the Snake
River. The age and amount of surface subsidence are re-
corded by a strath terrace near Pocatello that cuts across
tilted 7.3-Ma basin fill and is perched 900 m above the
modern plain. Drainagereversalsat tributary stream head-
waters provide evidence of ongoing Pleistocene subsid-
ence.

Space-time patterns of extension and subsidence are
used to support athree-stage model of deformation. Stage
1involved minor half-graben normal faulting and possi-
bly regional subsidence of the proto-eastern SRP. Stage
2involved regional rock subsidence and major extension
vianormal faulting. Extension was focused dlightly east
of coeval silicic magmatism, and both migrated north-
east after 11 Ma. Deformation and coeval magmatism
were widely dispersed across the plain at about 10 Ma.
Stage 3 has involved ongoing rock subsidence, surface
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subsidence after about 7 Ma, and extension via dike in-
jection after about 4 Ma. Stage 3 deformation has been
located west of coeval silicic magmatism.

Key words: Yellowstone, Snake River Plain, Basin
and Range, extensional tectonics, lower crustal flow,
crustal subsidence

INTRODUCTION

The eastern Snake River Plain (SRP) is a bimodal
magmatic provincewithlittle surficial evidenceof crustal
deformation. A few basaltic rift zones, rare normal faults,
and arelatively low regional elevation are the only indi-
cation of crustal movement. In contrast, the adjacent Ba-
sin and Range Province is characterized by arelatively
high regional elevation and widespread normal faultsthat
accommodate both crustal extension and vertical offset.
Structural and geomorphic features clearly indicate that
different deformational processes are currently operat-
ing in the two provinces, but what causes the differences
and what defines the transition remain difficult to dis-
cern. The two provinces also experienced temporal
changes in deformation style and kinematics. The east-
ern SRP evolved during the past 16 Ma through a com-
plicated process of magmatism and deformation, but little
is known about the Neogene deformational history dur-
ing the eruption of voluminous rhyolites and the early
stages of basaltic magmatism. Neogene rocks and struc-
tures of the eastern SRP that probably record this earlier
history are concealed beneath Quaternary basalts.

Fortunately, footwall uplifts of the adjacent Basin and
Range contain rocks and structures that record severa
pulses of late Cenozoic deformation. Some pulses were
restricted to the Basin and Range, whereas others were
more extensive and affected what isnow the eastern SRP.
Thelate Cenozoic rocks have been studied by somework-
ers, notably Kirkham (1927, 1931), Trimble (1980),
Trimble and Carr (1976), Allmendinger (1982), Kellogg
(1992), Pierceand Morgan (1992), and especially Anders
and his coworkers (Anders and others, 1989; Rodgers
and Anders, 1990; Andersand others, 1993; Anders, 1994)
who used the tectonic tilts of Neogene rocks to interpret
that the locus of Basin and Range faulting migrated east-
ward and away from the eastern SRP through time.

Similarly, we have worked in late Cenozoic rocks of
the Basin and Range, but we have focused al ong the east-
ern SRP margins where structures, basin fill, and geo-
morphology record deformation that may have affected
the eastern SRP. Results indicate that crustal extension
and subsidence occurred in the eastern SRP throughout
the Neogene and that deformation was intricately tied to
the rise of magma, its accumulation within the crust, and

the space-time pattern of eruptions. Our objectivein this
paper is to document the Neogene and Quaternary
deformational history, the space-time pattern of defor-
mation and magmatism, and the landscape evolution to
develop an evolutionary model of eastern SRP deforma-
tion. Most of the dataand interpretationsin this paper were
first presented in Master’s theses by Zentner (1989), Bobo
(1991), and McQuarrie (1997) who worked under the su-
pervision of D.W. Rodgersand H.T. Ore. Except for some
abstracts and one paper (McQuarrie and Rodgers, 1998),
theinformation was not widely disseminated or integrated,
adtuation this paper attemptsto rectify.

STRUCTURAL SETTING

A complicated pattern of crustal extension has affected
the eastern SRPregion (Figure 1). The eastern SRPitself
appears relatively unextended with just a few late Qua-
ternary volcanic rift zones presumed to overlie mafic
dikes. Neogene to early Quaternary structures are com-
pletely obscured by younger basalt flows. Beyond the
eastern SRP are normal faults of the Basin and Range
Province, some of which are active as indicated by arcu-
ate zones of high topography, high seismicity, and high
to moderate Quaternary dlip rates that are almost sym-
metrically distributed about the eastern SRP. M ost work-
ers attribute the modern extensional pattern to the
Yellowstone magmatic system and its interaction with
the southwest-drifting North American plate, though the
actual mechanics of this process are unclear. To better
understand the interaction between extension and
magmatism, a few workers have studied the older Neo-
genehistory of normal faults near the eastern SRP. Anders
and others (1989, 1993) measured the ages and rates of
faulting both north and south of the eastern SRP, and in-
terpreted them in terms of amigrating “ sei smic parabola’
shaped like the modern one. Rodgers and others (1990)
compiled the space-timerel ations of SRP magmatism and
faulting south of the SRP and proposed a model of con-
comitant tectonic activity, wherein the SRP experienced
crustal extension (via normal faulting, ductile attenua-
tion, and magma injection) before, during, and after
magmatism at any one locality. Recent studies, in par-
ticular new dating and correlation techniques, have re-
vised data and interpretations concerning the space-time
pattern of extension. One goal of this paper isto present
information that will explain the interaction of extension
and magmatism on the eastern SRP.

Perhaps as unusual asthe pattern of crustal extension
isthe pattern of subsidencein the eastern SRP. First rec-
ognized by King (1878) as “adepressed area which sub-
sided very gently with minimal faulting” (Kirkham,
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Figure 1. Geography and tectonic domains of eastern SRP and adjacent Basin and Range Province. Dashed lines divide Quaternary fault zones (1, I1,
111, 1V) of Pierce and Morgan (1992). Gray lines define seismic parabola of Anders and others (1989). Polygons indicate locations of study areas
shown in Figure 2. Lines labeled A-H indicate locations of composite cross section shown in Figures 3 and 4.

1931), the eastern SRP shows over 2 km of topographic
relief and asmuch as8 km of structural relief (McQuarrie,
1997) compared to adjacent regions. Surface subsidence
isalso apparent within the eastern SRP, as manifested by
asouthwestward declinein elevation along itsaxis. Brott
and others (1981) proposed that thermal contraction in
the wake of a hot spot was an important subsidence
mechanism, and Leeman (1982) proposed that crustal
densification by mafic magmawas significant. Quantita-
tive subsidence analyses were performed by afew work-
ers, notably Brott and others (1981) and Andersand Sleep
(1992), who studied along-axis subsidence, and
McQuarrie and Rodgers (1998) who studied cross-axis

subsidence. A useful approach adopted in thelatter study
was to consider the eastern SRP a basin, similar to sedi-
mentary basins, such that its margins record flexure and
faulting associated with basin formation and that its vol-
canic fill records the subsidence history. Although our
basin analysis of the eastern SRPis still underway, initial
results (Zentner, 1989; McQuarrie and Rodgers, 1998)
suggest a close relation between subsidence and crustal
densification by mafic magma. In this paper, we discuss
the subsidence record and available age constraints to aid
in understanding the space-time pattern of eastern SRPin-
trusive activity.
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Figure 2. Geographic maps along the north and south margins of the eastern Snake River Plain showing geographic features and specific locations
mentioned in text. Location of maps shown in Figure 1.
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CRUSTAL EXTENSION

The eastern SRP is surrounded by extended crust of
the Basin and Range Province. Nowhere along the plain
margins have any workers identified eastern SRP-paral-
lel strike-dlip faults, orographic bending, or minor pull-
apart basins that would indicate abrupt termination or
lateral offset of the Basin and Range faults. Until such
structures are found, it must be inferred that the eastern
SRP crust experienced akinematic history similar to that
of the adjacent Basin and Range Province.

Normal faulting and dike injection are two processes
that accommodated much of the eastern SRP extension.
Dikes were the main means by which Pliocene-Quater-
nary mafic magma rose from mantle through the crust
(Kuntz, 1992). Basaltic dikesare not observed in the east-
ern SRPtoday but areinferred from Quaternary volcanic
rift zonesthat cut acrossthe eastern SRP (Kuntz and oth-
ers, 1992). Their absence at the surface today merely re-
flects ongoing subsidence and accumulation of younger
volcanic rocks.

Large normal faults are similarly not observed on the
surface of the eastern SRP. We interpret, however, that
they exist at depth beneath the plain, because faults in
the surrounding Basin and Range project directly into the
plainand timing relations (di scussed bel ow) suggest many
faults were active before basalt magmatism commenced
onthe plain. To understand this early phase of extension,
we have studied the Miocene history of Basin and Range
faulting and then projected it into the eastern SRP.

PLIOCENE-QUATERNARY EXTENSION
OF THE EASTERN SNAKE RIVER PLAIN

Late Quaternary volcanic rift zonesare present onthe
eastern SRP and are interpreted to overlie basalt dikes
that accommodated crustal extension (Kuntz and others,
1992; Kuntz, 1992; Hackett and others, 1996). The rift
zones are paralel to the Basin and Range faults and in
places are nearly colinear with them. Rodgers and others
(1990) first proposed that dike emplacement wasthemain
extensional mechanism in the Pliocene-Quaternary east-
ern SRP, and Parsons and Thompson (1991) and Parsons
and others (1998) provided analytical evidencethat dikes
could accommodate asimilar amount of extension asthat
aong adjacent Basin and Range faults.

Quaternary volcanic rift zones are concentrated in the
northern half of the eastern SRP but are uncommon in
the southern half (Kuntz and others, 1992). We suggest
that this pattern reflects along-strike changes in Quater-
nary strain magnitude similar to those in the adjacent
Basin and Range Province (Anders and others, 1989;

Pierceand Morgan, 1992). The actively extending north-
ern half of the eastern SRP is compatible with Pierce and
Morgan’s (1992) fault zone 11 along the northern margin
of the eastern SRP, and the relatively inactive southern
half of the eastern SRP is compatible with fault zone IV
along the southern margin of the eastern SRPwhere nor-
mal faults are inactive (Pierce and Morgan, 1992). This
view of Quaternary deformation makes the Snake River
the axis of the regionally extensive zones of seismicity
and Quaternary extensional activity, such that these pat-
terns are symmetrically distributed about the modern
Snake River. In this interpretation, the margins of the
eastern SRP are thought to mark a fundamental change
in extensional style but not asignificant changein exten-
sional kinematics.

MIOCENE EXTENSION OF THE
EASTERN SNAKE RIVER PLAIN

The eastern SRP extensional history before basaltic
magmatism is speculative because the older structures
are conceal ed beneath younger basalt. However, normal
faults along the north and south margins of the eastern
SRP are exposed. They provide arecord of Miocene de-
formation that can be extrapolated beneath the eastern
SRP, a procedure justified by the absence of plain-paral-
lel strike-dlip faults and the geometry of crustal flexure
(McQuarrie and Rodgers, 1998; and described below).

Basin and Range Faults
South of the Eastern Snake River Plain

The style and kinematics of Basin and Range exten-
sion south of the eastern SRP were studied by compiling
geologic maps and cross sectionsinto oneregional cross-
section (Rodgers and others, 1994; Figures 3 and 4). Be-
cause the goal wasto extrapol ate extension into the east-
ern SRP, the section was|ocated closeto the eastern SRP
wherever extensive, high quality mapping was available.
The construction of each cross section is described in
Figure 3, and the regional style and kinematics of fault-
ingissummarized below. The age of faulting isaddressed
in a subsegent section on basin fill.

Extension occurred along normal faults that gener-
aly define a half-graben style. Nearly al normal faults
dip 25°-60° W. Most faults with small offset dip more
steeply, and faults (or fault sets) with more offset dip more
gently, evidence of domino-styletilting during fault slip.
Somefaullts, likethe Grand Valley fault and Aspen Range
fault, are influenced by older west-dipping thrust ramps
(Royse and others, 1975). Other west-dipping faults may
have been controlled by other west-dipping thrusts (e.g.,
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Figure 3. Cross sections of Basin and Range south of the eastern Snake River Plain, showing geometry and style of faulting. Location of cross sections
shown in Figure 1. From Rodgers and others (1994) and compiled from sources listed below cross sections.

Figures 3A and 3B. The western end of the cross section isin the Cassia Mountains which bound the Owyhee Plateau, arelatively unextended middle
Miocene rhyolite plateau. The Albion Range is a metamorphic core complex flanked by two different detachment faults, the Eocene-Oligocene
Middle Mountain shear zone (with rocks metamorphosed at 20+ km; Saltzer and Hodges, 1988) and the early to middie Miocene Raft River fault
(with 25 km dlip; Covington, 1983). West of the Albion Rangeistherelatively unextended middle Miocene Goose Creek Basin and to the east isthe
middle Miocene Raft River Valley. Space problems associated with the contrasting detachments have not been addressed in this cross section.
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Figure 3C. One mgjor fault lies within the Deep Creek Range, and one borders it on the west. Early(?) to middle Miocene rocks in Rockland Valley
dip gently east, whereas bedrock and early(?) to middle Miocene rocksin Arbon Valley dip more steeply east. The fault geometry in Arbon Valley is
not well-characterized: Trimble and Carr (1976) show repeated sections of Paleozoic bedrock plus Miocene basin fill that we have reinterpreted to be
bounded by several west-dipping normal faults. The overall westward decrease in age of exposed bedrock in Arbon Valley was interpreted by
Rodgers and Janecke (1992) to reflect a concealed Mesozoic thrust ramp. Two problems remain in this section: whether the Raft River detachment
exists at depth, and whether the geometry of the fault in western Arbon Valley is correct (because the fault shows major slip without forming a deep
basin). (Caption continues on the next page.)
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Figures 3D and 3E. Late Proterozoic to Middle Cambrian rocks are exposed in the Bannock Range and Pocatello Range. These once deep-seated
rocks were probably uplifted twice, first along aramp of the Mesozoic Putnam thrust (whose deep structure is unknown and not shown) and later
aong Miocene normal faults (Rodgers and Janecke, 1992). The normal faults are more gently dipping (25-45 degrees) than faults elsewhere in the
regional cross section. The comparatively shallow basins may reflect prolonged uplift above regional base level or the close spacing of normal faults.
The Portneuf Range is cut by normal faults, but the dominant structure is a duplex system associated with the Putnam thrust (Kellogg and others,
1989; Kellogg, 1990).

Figure 3F. Thiscross section isonly slightly modified from Royse and others (1975), who recognized afew normal faults superimposed on Mesozoic
thrust faults. Normal faultsin the Bear River Range are shown as uniformly west-dipping, though Royse and others (1975) show afew east-dipping
faults. The location of the normal fault that bounds the Aspen Range may have been determined by a footwall ramp in the Meade thrust.

Figures 3G and 3H. Anders and others (1989) proposed 4 km of middle to late Miocene slip on the Grand Valley fault. Royse and others (1975)
showed thisfault merging with the Absarokathrust, but we believe that 4-km slip requires amore deeply rooted geometry. No major normal faults cut
through the Snake River Range (Woodward, 1986) or the next range north, the Tetons (L ove and others, 1992). Along the Teton fault, the hanging wall
was vertically downfaulted 2.5 km since emplacement of the 2.0 Ma Huckleberry Ridge Tuff (HRT) and 5 km since a 5.5-Ma tuff was emplaced
(Pierceand Morgan, 1992). We estimate 10 km of total offset, measured along the Teton fault from the projected hanging wall trace of the 5.5-Matuff

to the projected footwall trace of the HRT. Jackson Hole isthe east edge of the Basin and Range Province.
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Figure 4. A schematic representation of the composite cross section shown in Figure 3 (and located in Figure 1), which summarizes fault geometry
and kinematics. The slant and width of gaps reflect the dip and offset along Neogene-Quaternary normal faults.

Arbon Valley faults by Arbon Valley ramp), by inferred
late Proterozoic rift-related faults, or by the west-thick-
ening Pal eozoic sedimentary sequence. Two major faults
dip east. The Teton fault may have been controlled by the
geometry of the underlying, east-dipping Cache Creek
thrust fault (Lageson, 1992). What controlled the east dip
of the Raft River detachment is unclear.

The spacing of normal faults isirregular. Faults are
closely spaced in the central region, from Arbon Valley
totheAspen Range, and widely spaced from Jackson Hole
to the Aspen Range and from Rockland Valley to the
CassiaMountains. Fault spacing appearsto be inversely
proportional to depth to crystalline basement, suggesting
that deep-seated sedimentary rocks with subhorizontal
weaknesses may havefacilitated half-graben faulting. Al-
ternatively, fault spacing may reflect proximity to the
volcanic provinceto the north: Pierceand Morgan (1992)
and Parsons and others (1998) noted that Basin and Range
faultsare more closely spaced near the SRP and suggested
that they formed when the brittle-ductile transition was
shallow because of an elevated geothermal gradient as-

sociated with magmatic activity.

The cumulative extension by middle Miocene to re-
cent normal faults is about 63 km across a modern dis-
tance of 360 km, yielding 21 percent extension (Figure
4). Three faults account for half of the extension—the
Raft River detachment (17 km from 17-7 Ma; Covington,
1983), the Fort Hall Canyon fault (7 km), and the Teton
fault (7 km). Significant slip a ong each fault isalso shown
by the metamorphosed Archean or L ate Proterozoic rocks
intheir footwalls (although in each place, uplift occurred
in two phases). The most highly extended regionisfrom
Arbon Valley to Gem Valley, where numerous faults ac-
commodated nearly 80 percent extension. As expected
inahalf-graben fault system, faultsin thisregion dip more
gently (25°-40°W.), and basinfill dips more steeply (25°-
40° E.) than elsewhere. The region may be highly ex-
tended either because of its thick sedimentary sequence
or because of reactivation of older thrust ramps or Prot-
erozoic faults. Alternatively, the region may have experi-
enced two magmatic events, each of which weakened the
crust and allowed it to extend.
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Basin and Range Faults North
of the Eastern Snake River Plain

A continuous cross section through the entire Basin
and Range just north of the eastern SRP has not been
completed, but previous studies have estimated Basin and
Range extension intheregion. In east-central 1daho, three
large normal faults, the Lost River, Lemhi, and
Beaverhead faults, bound adjacent ranges (Figure 2). The
faults generally strike northwest, dip southwest, and are
bound on the southwest by sediment-filled basinsas much
as 3.5 km deep and on the northeast by rangesthat rise as
much as 2 km above the basins. The pattern of earth-
quakes as well as geodetic studies associated with the
1983 M, = 7.3 Borah Peak earthquake on the Lost River
fault clearly show it is a planar fault that dips about 50
degrees and extends to 16 km depth (Richins and others,
1987; Barrientos and others, 1987). All three faults are
approximately 120 km in length. Janecke (1993) con-
structed balanced cross sections to measure 10-15 per-
cent extension across east-central daho. Andersand oth-
ers (1993) used tectonic tilts of fault blocks to measure
11 percent extension across southwestern Montana and
east-central ldaho.

The typical Basin and Range landscape is absent to
thewest in central 1daho, replaced by highlandswith few
sedimentary basins. Across the White Knob and Pioneer
Mountains, north- to northwest-striking, west-dipping
normal faults are spaced 5-20 km apart and cut through
fault blockstilted 10°-25° E. (Rodgers and others, 1995).
In the Smoky and Boulder Mountains (located 50 km
north of the eastern SRP), Basin and Range faults have
similarly broken the crust into gently northeast-tilted
blocks (Rodgersand others, 1995) bounded by faultswith
relatively long continuous map traces. Major faults in-
clude the Sun Valley fault zone along the east side of the
Wood River Valey, the Boulder fault along the front of
the Boulder Mountains, and the Big Smoky fault along
Big Smoky Creek. Offset along these faults was accom-
panied by 10-15 degrees of tilting to the northeast, as
shown by regional outcrop patterns of subplanar volcan-
ic and hypabyssal contacts (e.g., Mahoney, 1987) and
sparse measurements of the attitudes of Eocene Challis
Group volcaniclastic rocks. Overall, the typical east-
northeastern tectonic tilt of 15 degrees indicates about
15 percent extension has been accommodated by Basin
and Range faults.

In summary, two styles of Basin and Range faulting
are evident north of the eastern SRP: widely spaced, seg-
mented half-graben faults with significant offset and as-
sociated sedimentary basins and more closely spaced,
relatively short half-graben faults with small offset and

no associated basins. The contrast in style appearsto cor-
relate with a change in upper crustal rock type: Major
faults to the east cut through athick section of sedimen-
tary rock, whereas minor faults to the west cut through
the Eocene Challis volcanic field characterized by plu-
tonic rock at shallow depths. Despite these differences,
the cumulative extension throughout the region is con-
sistently estimated at about 15 percent in a NE to ENE
direction.

EXTENSION OF THE
EASTERN SNAKE RIVER PLAIN

The absence of eastern SRP-parallel strike-dip faults,
orographic bending, or minor pull-apart basins along the
margins of the eastern SRP provide strong evidence that
the eastern SRP experienced a kinematic history similar
to that of the adjacent Basin and Range Province. Where
individual faults can betraced from the Basin-Rangeinto
the eastern SRP, they progressively die out and overlap
with volcanic rift zones (Quaternary faults) or are buried
by younger rocks without showing evidence of dimin-
ished dlip (Miocene-Pliocene faults). Because the Basin
and Range experienced about 20 percent (south) to 15
percent (north) upper crustal extension, we interpret the
crust of the eastern SRP to be similarly extended 15-20
percent in an ENE direction. Dikes and normal faults
accommodated the extension in the upper crust, whereas
the lower crust probably extended through dikeinjection
and ductile attenuation. We predict that beneath the ve-
neer of Quaternary basalt on the eastern SRP, the upper
crust has structural relief and irregular topography remi-
niscent of the Basin and Range Province.

BASIN FILL: A RECORD OF
EXTENSION AND MAGMATISM
FROM 16 TO O MA

The stratigraphy of rock unitsin basinsthat flank the
eastern SRP provides an excellent record of tectonism
through time. Most basins formed as subsiding half gra-
bens during active vol canism on the eastern SRP and thus
contain afairly complete stratigraphic record of both distal
and proximal volcanic activity. Theintercalated vol canic
and sedimentary rocks, informally termed basin fill, are
exposed today because of postdepositional tilting or deep
incision by late Cenozoic streams, particularly along the
southern margin of the eastern SRP where fault activity
has ceased. We describe the evolution of two basins ad-
jacent to the eastern SRP, one to the north and one to the
south, to understand theinitiation and duration of exten-
sionintheregion.
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Arbon Valley

Arbon Valley (Figure 2) is separated from the Bannock
Range by the west-dipping Arbon Valley fault and from
the Deep Creek Range by minor normal faults. Trimble
and Carr (1976) defined the Neogene Starlight Forma-
tionin northern Arbon Valley whereit consists of alower
member, a middle volcanic member (the tuff of Arbon
Valley), and an upper member. Hladky and Kellogg
(1987) remapped some of Arbon Valley prior to Bobo's
(1991) detailed study of the Starlight Formation. Based
on the latter work, we describe the stratigraphy and age
of the Starlight Formation at two locations (Figure 5) and
interpret depositional environmentsin the basin and their
relation to eastern SRP tectonics.

The Trail Creek section, located in the northeastern
corner of Arbon Valley, contains about 1,000 m of gently
east-tilted Starlight Formation. The lower half includesa
multitude of intercalated limestone and reworked tuffs.
The limestones are interpreted to be lacustrine by lithol-
ogy, primary sedimentary structures, and the type of fos-
sils they contain. The intercalated tuffs indicate periods
of silicic volcanism that inundated the lakes with volu-
minous pyroclastic material, temporarily exterminating
the floraand fauna. New dating and correlation of ashes
based upon their chemistry indicate an agerangefor these
rocks from 15.65 Ma to older than 12.67 Ma (D.W.
Rodgers, unpub. data). Basalt and 12.67-Marhyalite tuff
arethe next unitsupsection. Planar bedding and very fine
ash laminae suggest emplacement of primary air-fall de-
positsinto standing water. Paleocurrentsindicate the flow
or flows came from the southwest. The tuff is overlain
by clast-supported conglomerate that isinterpreted to be
the channel deposits of a major meandering stream.
Pal eocurrent dataindicate southeasterly flow, away from
what is now the eastern SRP. Above the conglomerateis
about 250 m of mostly loess-covered terrain containing
rare outcrops of the 10.2 Ma tuff of Arbon Valley. The
tuff of Arbon Valley heralds the beginning of massive,
silicic volcanism that flooded much of Arbon Valley with
deposits of pyroclastic flows and epiclastic tuffs. The
number of exposures and the thicknesses of outcrops de-
crease to the south, ceasing altogether just south of
Pauline, providing evidence of asource vent to the north.
With the exception of an overlying 7.9-Maporphyry lava,
which occurs only in the extreme northern part of the
valley, ailmost no basin fill is preserved above the tuff of
Arbon Valley, indicating an end to deposition essentially
after 10.2 Main thislocation.

The Pauline section of the Starlight Formation, |o-
cated in central Arbon Valley, isdominantly siliciclastic.
Drilling data indicate that bedrock is overlain by about
50 m of sandstone, which is overlain by about 10 m of
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Figure 5. Stratigraphic columns of basin fill from Arbon Valley (modi-
fied from Bobo, 1991). Location of sections shown in Figure 2. Trail
Creek sectionincludes correlation ages (*) and ““Ar/®Ar ages (**) from
David Rodgers (unpub. data), and “Ar/*Ar ages (***) from Kellogg
and others (1994).

exposed tuffaceous conglomerateintercal ated with lenses
of clay, sand, and tuff. This is overlain by two, nearly
100-m-thick sections of pebble-, cobble-, and boulder-
conglomerate that locally fine upward. Pebble imbrica-
tions indicate a dominant northeast paleocurrent direc-
tion. The conglomerates are interpreted to be proximal
and upper middlefan-faciesfanglomerateswith the coars-
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est depositsrepresenting channel lag depositsand the beds
of pebbles, sand, and mud being sheetflood deposits. The
tuff deposits and tuffaceous matrix testify to distant vol-
canic activity.

Thus, Arbon Valley evolved as atypical half graben:
Erosion of horst blocks furnished siliciclastic sediments,
and periodic eruptions from distant volcanoes provided
significant quantities of silicic ash. Sedimentsweretrans-
ported to the graben and produced rocks ranging from
boulder conglomerates to fine mudstone in aluvia fan,
fluvial flood-plain, and lacustrine environments. Trunk
streams discharged into lakes that indicate a long-lived,
poorly integrated, endorheic drainage system. Inthe north-
ern part of the basin, proximal volcanism initiated with
the emplacement of the 10.2-Matuff of Arbon Valley and
7.9-Malavaflows. A second (or ongoing) pulse of fault-
ing resulted in gentle to moderate half-graben tilting of
the basin fill.

Theseresults support theinterpretation that Basin and
Range faulting occurred before and during voluminous
SRP magmatism in the region. From 16 to 10 Ma, when
northern Arbon Valley subsided and filled, magmatism
was focused to the west at the Owyhee Plateau and Twin
Falls volcanic center. Syn- to post-10-Matilting of basin
fill reflects extension that was approximately coeval with
the eruption of the Arbon Valley tuff, the final 8.6-Ma
volcanism in the Twin Falls volcanic center (Williams
and others, 1990), or initial 6.5-MavolcanismintheHeise
volcanicfield perhaps 50 km north of Arbon Valley (Mor-
gan and others, 1984).

Southern Birch Creek Valley

Southern Birch Creek Valley (Figure 2) is bounded
on the east by the Blue Dome segment of the west-dip-
ping Beaverhead normal fault. Rodgersand Anders (1990)
interpreted the stratigraphy and evolution of basinfill in
the Lone Pine vicinity and in places throughout southern
Birch Creek Valley. McBroome (1981), Kuntz and oth-
ers (1984; 19944), Rodgers and Zentner (1988), and
Hodges and Rodgers (1999) described the stratigraphy
of Howe Point at the southern end of Birch Creek Valley.
Rodgers and Anders (1990) suggested a northward mi-
gration of both fault initiation and cessation for southern
Birch Creek Valley. In this paper, we focus on fault ini-
tiation and itstiming relative to proximal eruption of rhyo-
lite volcanic rocks.

Angular unconformities and disconformities separate
all units exposed at Howe Point (Figure 6). The Medi-
cine Lodge beds, which include 90 m of fanglomerate
with minor lacustrine limestone and volcanic ash, accu-
mulated about 16.1 Maas determined by the age of inter-
calated vol canic ash near thetop of the sequence. Though

no syn-depositional fault was observed, these rocks are
typical of half-graben basin fill and thus interpreted to
reflect the earliest Basin and Range tectonism in the re-
gion. Attitudes of these and overlying rocks provide evi-
dence of 23 degrees of south-southeastward tilting be-
tween 16-10 Ma, followed by 52 degrees of east-north-
eastward tilting between 10-0 Ma (Figure 7). These two
tilt directionsaremost smply interpreted asan early pulse
of flexure associated with eastern SRP subsidence (de-
scribed below) and as progressive tilting associated with
ongoing Basin and Range tectonics. Furthermore, all
rocks older than 6.0 Ma are very gently folded about an
ENE-trending axis, which McQuarrie and Rodgers (1998)
interpreted in terms of alate, minor (12 degrees) pul se of
subsidence-related flexure.

In contrast, Neogene rock units near Lone Pine are
more commonly separated by disconformities (Figure 8),
suggesting no significant tilting of the Neogene section
until after Pliocene-Pliestocene conglomerate deposition
(Rodgers and Anders, 1990). Despite fewer angular
unconformities, the existence of a fault-bounded basin
during Medicine L odge accumulation is supported by the
presence of conglomerate east and west of correlative
limestone and by the eastward shift in depocenters from
the Medicine Lodge beds basin to the Lone Pine basalt
basin. Faulting just before the accumul ation of Lone Pine
basalt is strongly supported by the map pattern and ba-
salt thickness, indicating the basalt filled an asymmetric
valley with stream channels projecting into the Lemhi
Range. Significant tilting, and by inference faulting along
the Beaverhead fault, did not begin at Lone Pine until
after deposition of Pliocene-Pliestocene conglomerate.

These data clearly show a northward decrease in the
initial age and amount of extensiona displacement, a
pattern interpreted by Rodgers and Anders (1990) to re-
flect the outward migration of a Neogene seismic pa-
rabola

TIMING OF REGIONAL EXTENSION

Stipulating that many Basin and Range faults project
onto the eastern SRP and that the eastern SRP and adja-
cent Basin and Range Province share a common kine-
matic history, the age or ages of extensionin thetwo prov-
inces should be similar. Thus, the timing of Basin and
Range normal faulting can be used to indicate the timing
of eastern SRP extension.

In addition to detailed analysis of associated basin
fill, such as described above for Arbon Valley and Birch
Creek Valley, the age of normal faulting can be deter-
mined by cross-cutting relations between faults and dat-
ablerocks, by thermochronologic studies of uplifted fault
blocks, and (for activeterrains) by the study of fault scarps
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Interpretation

Gentle east-tilting:

The tuff of Blue Creek is tilted 5-25° east,
evidence of tilting between 6.2 and 0 Ma.

NNW-striking normal faults:

At least two generations of NNW-striking, WSW-
| dipping normal faults are present. They
accommodated 50-400m of offset. The fault
geometry parallels the larger scale faults of the
Basin and Range in this area, and is inferred to
be related to Basin and Range deformation.
Whether eastward tilting accompanied slip on
these normal faults or occurred before or after
|_local faulting on a more regional scale is unclear.

Gentle east-tilting:

The contact between the tuff of Blacktail and tuff
of Blue Creek is an angular unconformity indicating
that about 5° of eastward tilting occurred between
| 6.6 and 6.2 Ma

Gentle east-tilting:
—1 The contact between the tuff of Blacktail and tuff
of Kyle Can on is an an ular unconformity,
indicating that up to 20 of eastward tilting
occurred between 9.9 and 6.6 Ma

[Gentle south-tilting:

The contact between the Medicine Lodge beds

and the tuff of Arbon Valley is an angular

unconformity, indicating that about 23° of

?%uéhward tilting occurred between 16.1 and
Ma

|

Sub5|dence, sedimentation:

Conglomerate and limestone unconformably
overlie Paleozoic limestone. Lacustrine limestone
indicates a poorly evolved drainage system, and
the coarse clastic detritus indicates rapid upllft
of a nearby source area. The presence of a
volcanic plateau to the south appears unlikely
|_since no silicic volcanic clasts are evident.

_North-trending folds:
Uplift and E-W shortening

Figure 6. Summary of deformation and basin filling at Howe Point in southernmost Birch Creek Valley. See Figure 2 for location of Howe Point.
Sources of radiometric ages: (*) from Anders (unpublished), (**) from Morgan and others (1984), (***) Kellogg and others (1994), and (##) from
Rodgers and Anders (1990). Figure modified from Rodgers and Zentner (1988).

and geomorphic features. Unfortunately, cross-cutting
relations are rarely exposed, and no late Cenozoic fis-
sion-track or “Ar/*Ar ages have been reported from up-
lifted footwalls for the region, apparently because of in-
sufficient uplift or difficulty in obtaining adequate
samples. To interpret the ages of normal faulting across
the region, we summarize the ages and texture of basin

fill along the southern margin of the eastern SRP. In con-
cert with existing neotectonic data, such as the relative
degreesof Quaternary fault activity (Turko and Knuepfer,
1991; Pierce and Morgan, 1992) and the ages of recent
individual fault events based on trenching, these datain-
dicate the space-time pattern of extension that we inter-
pret to have affected the eastern SRP.
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Key to Symbols
4\ 6.6 Ma Tuff of Blacktail

9.9 Ma tuff of Kyle Canyon
0 10.2 Ma Tuff of Arbon Valley
© 16.1 Ma volcanic tuff
® 16 Ma marl and limestone

Mean Orientation

337,32 NE: 6.6 Ma
337, 52 NE: ~10 Ma
352, 58 NE: ~16 Ma

~16 Ma

Calculated Tilts
32° NE about a 337 axis from 6.6 to
20° NE about a 337 axis from 9.9 to
23° SE about a 060 axis from 16 t

Figure 7. Lower hemisphere, equal area projection of polesto bedding
and compaction foliation in Miocene rocks at Howe Point, southern-
most Birch Creek Valley. Left figure shows measured orientations of
rocks. Right figure shows mean orientations of rocksin three age groups.
The cal culated tiltswoul d generate the angular unconformities between
groups. These data provide evidence of eastern SRP flexure from 16-
10 Maand Basin and Range tilting from 10-0 Ma.

Figure 9 summarizes the interpreted age span of ex-
tension in several localities across southern Idaho and
adjacent regions. The figure assumes that basin filling
was associated with extensional faulting. The figure also
presents an incomplete record of extension because the
lower basin fill in several localities is undated. The fig-
ure does not indicate north-to-south variations in exten-
sional age or extensional pulses unaccompanied by ba-
sinfilling. Although morefield-based study of extensional
tectonics is needed throughout the region to clarify the
detailed pattern of extension, Figure 9 shows a regional
pattern first recognized by Allmendinger (1982) that we
interpret as two periods of Neogene extension.

First, the entire region extended in the middle Mi-
ocene. Basins in southern Idaho generally contain less
than 1,000 m of volcanic and fine-grained sedimentary
rocks, evidence of only minor extension at thistimein
contrast to northern Nevada where signficant extension
isindicated by basins with more than 3,000 m of basin
fill. Basinfilling began asearly as 15.7 MainArbon Val -
ley and before 10.2 Main Buckskin Basin, Swan Valley,
and Jackson Hole. Basin filling ceased by about 12 Ma
inArbon Valley and 9 Main Jackson Hole, but slow sub-
sidence continued in other regions (Figure 9).

A second period of extension affected southern Idaho

and western Wyoming during the last 9 million years, as
manifested by the accumulation of thick, coarse-grained
basin fill or the rapid tilting of basin fill (Figure 9). We
infer that most of the extension across southern Idaho
and western Wyoming occurred during this second pulse
of extension. Baoth the beginning and end of this exten-
sional pulse becomesyounger from west to east, evidence
that an east-migrating pulse of major extension passed
across southern ldaho. The modern coincidence of this
pulse with the Quaternary fault zones of Pierce and Mor-
gan (1992) and the seismic parabola of Anders and oth-
ers (1989) is strong evidence that the same pattern and
migration of normal faults existed during the late Neo-
gene.

CRUSTAL SUBSIDENCE

Although highin regional elevation, the eastern SRP
is a topographic and structural depression (Figure 1).
Along its axis, the surface slopes gently southwest from
an elevation of about 3 km on the Yellowstone Plateau to
1.5 km near Twin Falls. Across its axis, the surface is
relatively flat, with a subtle axial highland. At its mar-
gins, theterrain rises from elevations of 1.5-2 km on the
lavaplainsto 2-4 kmin the valleys and mountains of the
Basin and Range. Two wavelengths of cross-axis topog-
raphy are evident: a short wavelength depression about
40 km wider than the eastern SRP, and along wavelength
depression about 150 km wider than the eastern SRP.
Short wavelength, cross-axisstructural relief ismanifested
by marginal Paleozoic and Miocenerocksthat dip gently
toward the eastern SRP.

Kirkham (1927, 1931) first recognized and described
the“ Snake River downwarp” by noting anumber of geo-
morphic features and some tilted rocks that consistently
dipped toward the eastern SRP. Suppe and others (1975)
insightfully described regional topography and empha-
sized the downwarp’s relation to hot-spot magmatism.
Surface subsidence along the axis of the eastern SRP that
increased as afunction of distance from the Yellowstone
Plateau was documented by Reilinger and others (1977)
and modeled as thermal contraction (Brott and others,
1981; Blackwell and others, 1992) or as a relative in-
crease in loading by dense magmatic intrusions (Anders
and Sleep, 1992). Indeed, it is the gradua northeast to
southwest decreasein eastern SRP elevation that supports
thetheory that the eastern SRP marksthe passage of west-
ern North America over amantle plume.

Because vertical motions of the crust are intricately
tied to other tectonic processes, the subsidence history of
the eastern SRP is an important record of events other-
wise obscured by younger events and rocks. Subsidence
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data can be obtained from severa eastern SRP sources,
including drill holes, topography, seismic, and gravity
studies, or from analysis of the eastern SRPmarginswhere
faults, tilted rocks, and angular unconformitiesare present.
Many other workers have described and interpreted the
eastern SRP data (Reilinger and others, 1977; Doherty
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and others, 1979; Pankratz and Ackermann, 1982;
Greensfelder, 1981; Sparlin and others, 1982; Blackwell
and others, 1992; Anders and Sleep, 1992; Saltzer and
Humphreys, 1997; Peng and Humphreys, 1998), but few
have focused on subsidence recorded along the eastern
SRP margins. In the following sections, we describe the

Interpretation

Middle Pleistocene-Holocene gravels are virtually flat-lying.

_TiIting and faulting
The conglomerate and all Neogene rocks dip 7-12° east and are cut

— by a few WSW-dipping normal faults which have 20-100 m of offset.

The fault geometry is interpreted to be evidence of Basin and Range

Pliocene-Pleistocene conglomerate forms extensive sheets whose lower
contact appears relatively planar, evidence that emplacement of the
underlying volcanic rocks effectively filled the previously incised stream
|_channels and were not dissected.

The tuff of Blacktail occurs as a thin veneer on higher benches and a

| thicker deposit in the valley center. The thicker deposits, whose location

is similar to those inferred from underlying basalt and to channels

which lead from the eastern side of the modern Lemhi Range, are

| _interpreted to reflect the infilling of ancient river channels.

Regional uplift and dissection:

The basalt of Lone Pine occurs in the valley center as a thick sequence
of multiple basalt flows, farther to the west as thin, single flows, and
along the western edge of the valley as sinuous outcrops. These relations
are interpreted to reflect a pre-existing landscape characterized by an
incised central valley flanked by gently dipping terraces that were
themselves cut by sinuous streams derived from the Lemhi Range.
Subsidence and sedimentation:

The Medicine Lodge beds include silty, tuffaceous, and rarely fossiliferous

limestone with freshwater gastropods, pelycypods, and fish scales.

The limestone is thickest in the west-central portion of the valley; to

the west, north, and east, it thins and interfingers with conglomerate.

The lacustrine limestone indicates a poorly evolved drainage system.

The Challis Volcanics and underlying Eocene(?) gravels dip moderately
(55°) east, whereas the overlying Medicine Lodge Limestone dips
gently (15°) east. This angular unconformity suggests significant east
tilting occurred between Eocene and middle Miocene time.

Age Rock Units Contact .
_ Sedimentation:
Holocene- N
middle Conglomerate ——F5——
Pleistocene* T
Angular unconformity
deformation.
Pliocene- M~ .
early Conglomerate Sedimentation:
Pleistocene* ?
Disconformity -
Tuff of L - S
6.6Ma — B- kiail T Dissection:
Disconformity
middle Basalt of L
Miocene Lone Pine
Disconformity -
middle Medicine { -
Miocene Lodge beds
% | Eastward tilting:
Angular unconformity |
Challis L
Eocene Volcanics -
Contact uncertain
Eocene(?) Conglomerate [

Cretaceous%

Paleozoic F Limestone

Angular unconformity

F

‘|:North—trending folds:

Uplift and E-W shortening

Figure 8. Summary of deformation and basin filling at Lone Pine in southern Birch Creek Valley. See Figure 2 for location of Lone Pine. Ages (*)

from Scott (1982).



Rodgers and others—Extension and Subsidence of the Eastern Snake River Plain 135

Space-Time Pattern of Extension
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Figure 9. Interpreted age span of extension in specific localities across southern Idaho and adjacent Nevada and Wyoming. Horizontal bars indicate
dated volcanic rocks. Extension manifested by dikeinjection (NR), relative rates of basin-fill tilting (SV), normal faults cut by volcanic rocks (BM),
and the age span of basin fill (all other localities). Dark shading indicates a pulse of major extension and light shading a pulse of minor extension.
Localitiesand sources of datainclude northern Nevadarift (NR; Zoback and Thompson, 1978), Mary’sRiver (MR; Mueller and Snoke, 1993), Toano
basin (TB; Mueller and Snoke, 1993), Grouse Creek Valley (GrC; Compton, 1983), Goose Creek Valley (GC; Perkins and others, 1995), Raft River
Valley (RR; Williams and others, 1982), Rockland Valley (R; Trimble and Carr, 1976; this paper), Arbon Valley (A; Bobo, 1991; this paper), Portneuf
Valley (P; this paper), Buckskin Basin (BB; Kellogg and Marvin, 1988), Blackfoot Mountains (BM; Allmendinger, 1982), Swan Valley (SV; Anders
and others, 1989; Anders, 1990), and Jackson Hole (JH; Love, 1977; Love and others, 1992; Pierce and Morgan, 1992; Perkins and Nash, 1994).

Figure modified from Rodgers and others (1990, 1994).

resultsof several studiesundertaken to document thestyle,
geometry, and timing of eastern SRP subsidence. These
data, in conjunction with previous studies of the eastern
SRPitself, provide anew view of crustal processes asso-
ciated with magmatism and deformation.

Two types of eastern SRP subsidence will be dis-
cussed. Both are measured relative to rocks and eleva-
tions of the adjacent Basin and Range Province, not to an
external reference plane such as sealevel (England and
Molnar, 1990). One type is rock subsidence, character-
ized by a decrease in vertical position. Where rock sub-
sidenceisaccommodated viastructural tilting we usethe
term crustal flexure. The other typeissurface subsidence,
characterized by a reduced elevation of the earth’s sur-
face. Where surface subsidenceis manifested by regional
topographic gradients, we use the term downwarping.

NORMAL FAULTING
Based on seismic velocity data from the 1978

Yellowstone-eastern SRPseismic experiment, Sparlinand
others (1982), Braile and others (1982), and Smith and
others (1982) suggested that the eastern SRP experienced
subsidence by downdropping, half-graben style, along a
normal fault at its northern margin. If thefault exists, itis
concealed beneath the Quaternary basalts of the eastern
SRP and thus unavailable for structural analysis. How-
ever, other northeast-striking normal faults are present
just beyond the eastern SRP in the Basin and Range. To
document fault style and geometry, Zentner (1989)
mapped normal faultsin the southern Beaverhead Range
(Figure 2) wherethey offset Neogene ash-flow tuff whose
distinct lithologies, instantaneous emplacement, and
widespread lateral extent make them ideal for study.
Zentner (1989) also used published maps adjacent to the
entire eastern SRPto determinethelateral extent of smilar
faults. More recently, Kellogg (1990) and Rodgers and
Othberg (1999) have mapped similar faultsin the north-
ern Portneuf and Bannock Ranges (Figure 2). Theresults
of these studies are reported below.
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Figure 10. Cross sections showing fault patterns adjacent to the eastern SRP. A is north to south cross section near Lidy Hot Spring (located in Figure
2). B is south to north cross section in the northern Bannock Range (located in Figure 2). After Zentner (1989) and Rodgers and Othberg (1999).

Lidy Hot Springs,
Southern Beaverhead Range

The Lidy Hot Springs area at the southern tip of the
Beaverhead Mountains (Figure 2) contains a sequence
of sedimentary rocks and ash-flow tuffs (Embree and oth-
ers, 1982). Two distinct normal fault sets are apparent in
the study area, a northwest-striking set and a northeast-
striking set. The faults cut all rock units of the area, ex-
cept the Quaternary gravel, and truncate each other at
various locations throughout the field area.

The NNW-striking normal fault set comprises a se-
ries of faults spaced 0.1 to 0.7 km apart. No fault sur-
faces are exposed, but fault traces are located where for-
mations are juxtaposed contrary to their depositional or-
der. Strikes of faultsin this set average N. 25° W.; their
dipsrange from 55-65 degrees both northeast and south-
west. Individual faults offset the ash-flow sheetsasmuch
as 250 m. Calculations of the area’s width before and
after extension show that the area was extended about 7
percent northeast-southwest by these faults. The age of
thefault set isbetween the age of the youngest unit offset
by faults (4.3-Matuff of Kilgore) and the age of the old-
est unit (Quaternary alluvium) not offset. Because the
normal faults are parallel to major Basin and Range nor-
mal faults in the region, they are interpreted to reflect
Basin and Range extension.

The ENE-striking normal fault set (Figure 10) com-
prises faultsthat are spaced 0.3 to 0.7 km apart and gen-
erally extend several kilometersin length. They show no
evidence of strike-slip movement, which discreditsideas
that the eastern SRP represents a major strike-slip zone
between regions of differential extension (Pratt, 1982).
Strikes of the faultsin this set average around N. 60° E.,

and their dips are 70-80 degrees both northwest and south-
east. Individual faults offset the ash-flow tuffs up to 100
m. Calculations of the area’'s width before and after ex-
tension show that the area was extended only 2 percent
northwest-southeast. Cross-cutting relations with rocks
and the NNW-striking fault set indicate that both fault
sets were active at the same time.

Northern Bannock Range

Northeast-striking normal faultswere mappedin de-
tail inthe northern Bannock Range (Figure 2) by Rodgers
and Othberg (1999) and in the northern Portneuf Range
(Figure 2) by Kellogg (1990). Here, normal faults cut
Proterozoic to Middle Cambrian strata that previously
experienced both Cretaceous shortening and Basin and
Range extension. The eastern SRP-parallel faults strike
east-northeast to northeast, are spaced 1-5 km apart, dip
moderately to steeply southeast, and typically show 100-
1,000 m of normal dlip (Figure 10). The cumulative re-
sult of fault offset isto uplift rocksin the north more than
rocks in the south. The Bannock Range faults postdate
regional tilting associated with 9-7.3 Ma basin forma-
tion, show a mutually cross-cutting relation with the
range-bounding fault, and do not cut across 0.6 Ma ba-
salt.

Normal FaultsAlong the
Margins of the Eastern Snake River Plain

To document theregional extent and pattern of north-
east-striking normal faults along the margins of the east-
ern SRP, Zentner (1989) compiled published geologic
maps of areas within 50 km of it. Asshownin Figure 11,
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Idaho - Utah State Boundary

Figure 11. Compilation of northeast-striking normal faults adjacent to the eastern SRPfrom Zentner (1989). Faultsthat cut rocks older than 10 Maare
represented by thin lines, whereas faults that cut 10 Maand younger rocks are indicated by thick lines. Distribution of Tertiary rocks younger than 10
Mais shaded. Northeast-striking faults younger than 10 Maare restricted to a 30-km zone adjacent to the eastern SRP. Rectangleislocation of Figure
12. Sources of datainclude Albee and Cullins (1965), Armstrong and others (1978), Burgel (1986), Carlson (1968), Cluer and Cluer (1986), Corbett
(1978), Cress (1981), Garmezy (1981), Hladky (1986), Kellogg (1990), Kellogg and others (1989), LeFebre (1984), Oriel (1980), Oriel and Moore
(1985), Pierce and others (1983), Schmidt (1962), Skipp (1988), Skipp and others (1990, 1992), Trimble (1980), Trimble and Carr (1976), Waldrop
(1975), Witkind (1972, 1976).
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northeast-striking faults are present throughout southern
Idaho, western Wyoming, and southwestern Montanaand
are both adjacent to and distant from the eastern SRP.

Because southern |daho has experienced a protracted
deformational history, northeast-striking faultsin the re-
gion may have formed during Mesozoic thrusting, Neo-
gene Basin and Range faulting, or Neogene devel opment
of the eastern SRP. To discriminate faults of different ages,
northeast-striking faultsthat cut rocks younger than about
10 Ma are distinguished from faults that cut rocks older
than 10 Ma (Figure 11). The ages of faultsin pre-10 Ma
rocks are uncertain: they may also be younger than 10
Ma, or they may be older than 10 Maand therefore unre-
lated to the eastern SRP.

Figure 11 showsthat northeast-striking faults younger
than 10 Maarerestricted to two zones, each about 30 km
wide, along the northern and southern margins of the east-
ern SRP. Tertiary rocks not cut by northeast-striking faults
are more than 30 km from the eastern SRPmargins, indi-
cating that the zones of faults are situated near the mar-
ginsof the eastern SRP. Because of their orientation, their
proximity to the eastern SRP, and their similar age to the
eastern SRP, these faults are inferred to be related to the
development of the eastern SRP. Although the kinemat-
ics of these faults are in most places unknown, where
they have been studied (Allmendinger, 1982; Smith, 1966;
Hladky, 1986; Pogue, 1984) the faults show normal dip-
dlip displacements of less than 1 km. Thus, their style
and geometry appear to beidentical to the northeast-strik-
ing faults of the Lidy Hot Springs, Portneuf, and Bannock
regions.

The age of the northeast-striking normal faults across
the region is poorly constrained. Zentner (1989) and
Allmendinger (1982) determined the age of faulting to
be between 4.7 Ma and about 2.0 Ma, and Rodgers and
Othberg (1999) bracketed the age of faults between 7.3
and about 0.6 Ma.

Interpretation of Northeast-Striking
Normal Faults

Before this study, it was assumed that since the plain
isastructural basin, the northeast-striking normal faults
must have accommodated the downdropping of the plain
(Sparlin and others, 1982). Certainly the structural paral-
Ielism of the northeast-striking normal faultsand the axis
of the eastern SRP, aswell asthe coeval development of
the faults and eastern SRP, support the interpretation that
the faults and eastern SRP are genetically related.
Zentner’s (1989) mapping, however, shows that the net
vertical displacement along these normal faultsis mini-
mal, and many of the faults dip away from the eastern
SRP's axis. Thus, the exposed northeast-striking normal

faults clearly do not contribute to a structural
downdropping towardsthe plain. Alternateinterpretations
of plain-parallel normal faultsinclude (1) regional north-
west-southeast extension, (2) faulting along cal deramar-
gins, (3) horizontal thermal contraction, and (4) exten-
sion related to crustal flexure. We believe the first three
options are not supported by the distribution, geometry,
and kinematics of faulting. However, the zone of normal
faultsis coincident with azone of downwarping first de-
scribed by Kirkham (1927, 1931). Recognizing the coin-
cidence of faults and downwarped crust, Zentner (1989)
proposed that the minor northeast-striking normal faults
along both margins of the eastern SRPformed astherigid
uppermost crust flexed downward beneath the eastern
SRP. Asobserved in foreland basins and subducting oce-
anic dabs (Turcotte and Schubert, 1982), such flexure
would be accompanied by extensional structures of uni-
form orientation, restricted extent, and variable dipsiden-
tical to the faults observed in this study. This interpreta-
tion is most consistent with the available data and is
strongly supported by the more recent work of McQuarrie
(1997; and summarized below), who measured the ex-
tent and amount of crustal flexure and confirmed that it
was coincident with the zone of northeast-striking nor-
mal faults. Thus, the normal faults along the margins of
the eastern SRP are interpreted to reflect extension due
to crustal flexure.

ROCK SUBSIDENCE AND
CRUSTAL FLEXURE

Subsidence of the eastern SRP and the associated
downwarping and flexure of the adjacent Basin and Range
are manifested by surfacetilts and 1- to 20-degree struc-
tural dips of late Cenozoic rockstoward the eastern SRP
(Kirkham, 1927, 1931; Trimble and Carr, 1976; Rodgers
and Anders, 1990; Houser, 1992). To systematically mea-
sure the amount and distribution of crustal flexure and to
interpret the mechanisms of eastern SRP crustal subsid-
ence, McQuarrie (1997; and McQuarrie and Rodgers,
1998) completed a quantitative analysis of crustal flex-
ure along the northwestern margin of the eastern SRP,

Crusta Flexure

Crustal flexure adjacent to the eastern SRP should
cause Cretaceous fold hinges in Paleozoic rocks to tilt
toward the plain. If thesefold hingeswereoriginally hori-
zontal, the amount of flexure can be determined.
McQuarrie (1997) measured the plunges of 313 Creta-
ceous fold hinges, and locally the dip of Neogene vol-
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canic rocks, to quantify the amount of flexure. Fold data
indicatearegular pattern of orientations: fold hingestrend
southeast approximately perpendicular to thetrend of the
eastern SRP, plunge 0°-25° SE., and show aprogressively
increasing plunge to the southeast. After accounting for
tilting due to Basin and Range extension, the fold data
were contoured to smooth out irregularities, emphasize
overall trends, and provide numerical values for areas
with no measured folds. The map of contoured fold hinges
showsaconsistent pattern throughout the study area (Fig-
ure 12). The contour lines parallel the axis of the eastern
SRP and define a narrow downwarped zone that extends
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approximately 10-20 km north of the eastern SRP. They
also show a southeastward increase in plunge, to amaxi-
mum of 25° SE. A second-order trend is the prominent
pattern of reentrants and salients that give a scalloped
appearance to the contours. The reentrants make sharp
curvesinward on both the ranges (Pioneer Mountainsand
the AppendicitisHills) and theintervening valleys (Little
Lost River Valley and Birch Creek Valley) and have both
closely and widely spaced contours (Figure 12).

Cross sections show that measured structural relief
due to flexure is much greater than the 1.5 km indicated
by topographic relief and that the structural surface de-
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Figure 12. Summary of crustal flexure along the northern margin of the eastern SRP. Black dots in the ranges are locations where Cretaceous fold
plunges were measured. Contours represent lines of equal southward fold plunge through the study area. The contour interval is 5°. Fold plunges
increase from Q° to greater than 20° to the south. Also shown are Quaternary volcanic rift zones on the eastern SRP (after Kuntz and others, 1992),
which emphasize their spatial correlation to reentrant contours. Location of figure is shown in Figure 11. Modified from McQuarrie (1997).
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Figure 13. Cross sections of crustal flexure and topography aong the
northern margin of the eastern SRP. Topographic downwarping isshown
by thin linesthat are average elevations of ranges measured along each
ridge crest. Crustal flexure is shown by bold lines that represent the
projected plunge of folds measured along the surface. W = minimum
amount of measured crustal flexure. X, is half-width of eastern SRP,
measured from 0° plunge to eastern SRP axis. Sections are located in
Figure 12. Figure from McQuarrie (1997).

lineated by plunge values does not paralel topography
(Figure 13). Structural relief ranges from 4.5 to 8.5 km,
amounts which represent the minimum rock subsidence
of the eastern SRP with respect to the Basin and Range.

Crustal flexure has not been systematically examined
beyond the study area of McQuarrie (1997), athough
such work is currently underway. The ubiquitous devel-
opment of topographic downwarping along the eastern
SRP margins is a good indication that crustal flexure
everywhere flanks the eastern SRP and is supported by
measurements of tilted structural markers elsewhere
(Trimbleand Carr, 1976; Houser, 1992; Rodgers, unpubl.
data, 1995).

Eastern Snake River Plain
L oading Mechanisms

The pattern of subsidence and downwarping reveals

that alaterally extensive, crustal to lithospheric process
has affected the greater eastern SRP region. McQuarrie
(1997) and McQuarrie and Rodgers (1998) attributed re-
gional subsidence of both rocks and the surface to the
isostatic compensation of aload emplaced on or beneath
the eastern SRP; the load is imposed by crustal layers
that are thicker or denser than correlative layers in the
adjacent Basin and Range. Loading by thermal contrac-
tion of the eastern SRP was rejected because heat flow is
greater on the eastern SRP (107 mWm®) than on the ad-
jacent Basin and Range (80 mWm; Blackwell and oth-
ers, 1992). Loading by the 5- to 8-km-thick sequence of
basalts and underlying sediments and rhyolites, which
congtitute the “basin fill” of the eastern SRP, was aso
rejected because these rocks have relatively low densi-
ties (2.5 g cm™ according to Sparlin and others, 1982).
L oading generated by dense mafic rock that was emplaced
into the eastern SRP crust is the preferred mechanism,
and previouswork suggeststhat such rocksare present at
depth (Leeman, 1982; Sparlin and others, 1982;
Greensfelder, 1981; Anders and Sleep, 1992).

Flexural Modeling

Flexural modeling was used to test the hypothesisthat
a dense crustal layer or layers beneath the eastern SRP
could generate the appropriate load to produce the ob-
served downwarping and flexure along the eastern SRP
flanks and to provide a range of load dimensions that
could produce the measured flexure as well as estimates
of crustal strength and depth of compensation. A flexure
model developed for the study of an aulocogen (Nunn
and Aires, 1988) was applied to eastern SRP subsidence,
with the exception that no extension was included. As
reported in McQuarrie and Rodgers (1998) and shownin
Figure 14, the main results of modeling include the fol-
lowing:

(1) Subsidence was isostatically compensated in the
lower crust, not asthenosphere, because only crustal com-
pensation allowsfor the development of arelatively nar-
row, deep basin like the eastern SRP. Compensation in
the lower crust is supported by aflat Moho (Sparlin and
others, 1982; Peng and Humphreys, 1998), by a close
relationship between topography and Bouguer gravity
suggesting compensation by plastic flow within the up-
per 20 km of the crust (Eaton and others, 1978), and by a
high heat flow sufficient for partial melting or subsolidus
grain-boundary relaxation of the lower crust
(Greensfelder, 1981; Blackwell and others, 1992).

(2) The calculated strength of the Basin and Range
crust isvery low, as expected with such a high heat flow.
Flexural parameters of 5-10 km are dlightly lower than
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Figure 14. Summary figure depicting crustal flexure and subsidence associated with the eastern SRP. Figure shows (1) an extensive midcrustal load
emplaced by 10 Ma (black area), (2) a post-Neogene load related to the volcanic rift zones (gray area), (3) 5-8 km of downwarped Basin and Range
crust, (4) anortheast-striking fault set associated with flexure of the crust (Zentner, 1989), (5) an angular unconformity between the downwarped fold
hinges and vol canic rocks of the SRP (dashed lines), (6) aflat Moho, and (7) lower crustal flow from beneath the eastern SRP to the extending Basin
and Range (seismic parabola). Figure from McQuarrie and Rodgers (1998).
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Figure 15. Schematic cross section along the northern margin of the eastern SRP showing age-depth relations of various horizons and rock units. See
text for discussion. Data from Morgan and others (1984), Anderson and others (1997), McQuarrie and Rodgers (1998), and M. McCurry (oral
commun., 1999).
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previous estimates of about 12 km (Anders and others,
1993; Lowry and Smith, 1995), and much lower than that
typical of cratonal regions.

(3) The eastern SRP crustal layering proposed by
Sparlin and others (1982) would induce somewhat less
subsidence and a wider depression than is actually ob-
served. To produce a close match between model and
actual flexure curves, a middle crustal sill must have a
half width of 40-50 km, roughly coincident with the bor-
ders of the eastern SRP, and a thickness ranging from 17
to 25 kmiif its average density is 2.88 g cm™.

Age and Rate of Rock Subsidence

The age of initial rock subsidence is unknown be-
cause the oldest rocks in the eastern SRP basin have not
been penetrated by drilling. Instead, two deep drill holes
located south of the Lemhi Range on the eastern SRP
provide partial evidence of the subsidence history of the
eastern SRP. As shown in Figure 15, holes WO-2 and
INEL-1 penetrated the basalt sequence and terminated in
atered rhyolite. New ages of 8.0 and 8.5 Ma (SHRIMP
U-Pb, zr) were obtained from rhyolite at depths of 1,482
m and 3,060 m in hole INEL-1 (M. McCurry, oral
commun., 1999). These ages differ from preliminary fis-
sion track ages of identical rocks (Morgan and others,
1984) but are believed to be more accurate based on the
improved methodol ogy.

A rock subsidence curve can be compiled using the
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Figure 16. Eastern SRP subsidence graph constrained by INEL-1 and
WO-2 well log data. Figure assumes 5 km of subsidence measured
relative to correlative rocks in the adjacent Basin and Range (see Fig-
ure 13). The total subsidence is a combination of tectonic subsidence
(due to midcrustal densification) and subsidence due to the weight of
basin-filling volcanic and sedimentary rocks. Age-depth relations in
WO-2 are from Hackett and others (1994) and Anderson and others
(1997). Other data are from McBroome (1981), Morgan and others
(1984), and M. McCurry (oral commun., 1999). Initial subsidence at
Howe Point (16-10 Ma) from Figure 7.

age-depth relations of volcanic rocksin INEL -1 and WO-
2 (Figure 16). According to these data, 3.1 km of subsid-
ence occurred since 8.5 Ma, and the remaining subsid-
ence (between 1.4 and 4.4 km) occurred before 8.5 Ma.
The smooth curveshownin Figure 16 indicatesrapid (1.5
km/m.y.) subsidence before 8 Maand slow (0.2 km/m.y.)
subsidence since 8 Ma. If subsidence at INEL-1 was due
toregional processes, the curveimpliesthat regional east-
ern SRP subsidence started about 10 Ma. Alternatively,
the rapid accumulation rate, rock texture (Morgan and
others, 1984), and absence of correlative rocksin nearby
ranges may be evidence that INEL-1 rhyolitic rocks ac-
cumulated in a fault-bounded basin, perhaps a caldera.
Inthisscenario, the INEL -1 ages record significant local
subsidence between 8.5 and 8 Ma and about 1.7 km of
regional subsidence since 8 Ma. In this interpretation,
most of the calculated regional subsidence (between 2.8
and 5.8 km) occurred before 8 Ma but is not manifested
in the drill hole data.

SURFACE SUBSIDENCE AND
TECTONIC GEOMORPHOLOGY

The eastern SRP and surrounding regions are charac-
terized by axia drainage, wherein tributary streams flow
toward the eastern SRP and its trunk river, the Snake
River, which itself flows southwest along the axis of the
eastern SRP. This geomorphic system reflects tectonic
processes, including first-order surface subsidence and
second-order fault and vol canic rift patterns, and climatic
processes. Becausethe drainage systemisstrongly influ-
enced by regional surface subsidence, we can use it to
study subsidence through time. In particular, the extent
and initiation of surface subsidence should be recorded
by the extent and age of axial drainage development. To
this end, aregion immediately south of the eastern SRP
was studied to describe landscape evolution during east-
ern SRPdevelopment. The study areaencompassesArbon
Valley to the Portneuf Range including two streams, the
Portneuf River and Bannock Creek (Figure 2).

Maximum Basin Filling

A low gradient surfaceis perched at higher elevations
in the northern Bannock Range (Figure 17), as much as
900 m above the eastern SRP. Near Kinport Peak, the
surface cuts across tilted Proterozoic rocks, whereas to
the south it cuts acrosstilted Miocene basin fill. The sur-
face is generally undissected by modern streams and is
overlain by rare but distinctive white quartzite cobbles
derived from the Ordovician Swan Peak Quartzite. The
surface is fringed by dissected, lower-elevation terrain
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Figure 17. Schematic cross-section of high-level pediplain surfacein northern Bannock Range. Surfaceis at an €levation of about 7,200 feet and cuts
across east-tilted Proterozoic, Paleozoic, and Miocene rocks. South of Kinport Peak, the vertical distance between the mountain profile and the
superimposed Bannock Creek profile represents the maximum incision interpreted for valleys like Arbon Valley and Portneuf Valley. North of
Kinport Peak, crustal flexure and downwarping has occurred. Location of cross section shown in Figure 2. Vertical exaggeration is about 5.

that ultimately gradesto the Portneuf River and Bannock
Creek.

The perched surface and overlying cobbles are inter-
preted to be aregional pediplain with lag concentrate re-
sulting from fluvial processes. The surface, although dis-
continuous and irregular today, must have been laterally
continuous across the northern Bannock Range and must
have formed after Basin and Rangetilting was completed
(post-7.3 Ma; Figure 9). The profound implication isthat
after Basin and Range faulting ceased thetop of the north-
ern Bannock Range and the Portneuf and Arbon valleys
were at the same el evation as one another and asthe east-
ern SRP. Miocene basin fill must have filled the valleys
to the tops of theintervening ranges, 800 to 900 m above
themodern valley floors. An alternative explanation, that
the terrace was uplifted relative to the modern valleys
during renewed Basin and Range faulting, is untenable
because (1) basin fill is present immediately below the
terrace, (2) the terrace is at similar elevations on either
side of amajor Basin and Range fault, and (3) the hori-
zontal terrace shows no indication of eastward tilting that
would accompany faulting. Our preferred interpretation
isthat basin fill accumulated to the level of the pediplain
and that this low-relief surface may have been graded to
the eastern SRP before its surface subsided, or to are-
gional base level to the east. Paleocurrent information
relating to processes on this surface has not been found.

Basin Emptying

The Bannock and Portneuf rivers are consequent
streams that flow north to the Snake River. The rivers
flow parallel to the structural grain imparted by rocks
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Figure 18. Bannock Creek drainage patternsin southern Arbon Valley.
Location shownin Figure 2. Tributary streamsin zone 1 have “ barbed”
confluence angles with Bannock Creek, and other streams undergo an
abrupt change in direction from south to north. Tributaries show per-
pendicular confluence anglesin zone 2 and acute confluence anglesin
zone 3. A related geomorphic feature isthe offset drainage dividein the
Deep Creek Range: Knox Canyon discharges into Arbon Valley, and
Bull Canyon discharges south into the Bonneville Basin, but the divide
that separates the two is 10-12 km north of the Arbon Valley divide.
The drainage patterns are interpreted to reflect headward (southward)
erosion of Bannock Creek. Headward migration and progressive stream
capture are recorded where streams incise nonresistant gravels, but
where streams incise resistant bedrock the divide is relatively fixed.
The Arbon Valley divide has migrated 10 km south since incision into
bedrock and about 23 km south since the early to middle Pleistocene
terraces of Arbon Valley were formed. From Bobo (1991).
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and faults, preferentially incising nonresistant late Ceno-
zoic basin fill and impeded by bedrock horsts. By incis-
ing the land, they have created subsequent valleys such
asthe Marsh Creek, Portneuf, and Arbon valleys (Figure
2). In these young valleys, Miocene basin fill from O to
600 m below the pediplainis generally absent, and basin
fill from 600 to 900 m below the surface is partialy in-
cised or concealed beneath younger deposits.

We attribute valley incision to surface subsidence of
the eastern Snake River Plain and the ancestral Snake
River that flowed over it; the reduction in base level of
the Bannock and Portneuf rivers induced significant
downcutting by these tributary streams. In this scenario,
widespread erosion occurred first but was later replaced
by several smaller cut-and-fill cycles, which weinterpret
to reflect the second-order effects of Pleistocene climate
change and basaltic volcanism on the eastern SRP.

The age of incision and inferred surface subsidence
has not been systematically studied. Incision by the
Portneuf River system began after 7.3 Ma, the youngest
age of basin fill beneath the pediplain. About 700 m of
incision was completed before a prominent bajada sur-
face developed aong the Portneuf River, which isinter-
preted to be early to middle Pleistocene (Scott, 1982).
About 900 m of incision was completed when the ances-
tral Portneuf River channel was filled by the Portneuf
Valley basalt, which yielded awhole rock K-Ar date of
580 Ka(Pierce and Scott, 1982). The base of the basalt is
at the same level asthe modern Portenuf River, evidence
of minimal incision since that time. The age of incision
by Bannock Creek is partially recorded near its headwa-
ters, where the drainage pattern is interpreted to record
23 km of headward migration induced by base level
change (Figure 18; Bobo, 1991). Becausetheincised sub-
strateisalluvia gravel of early to middle Pleistocene age
(Scott, 1982), migration isinterpreted to be the result of
middleto late Pleistocene surface subsidence of the east-
ern SRP. Other mechanisms of base level change, such
aslocalized incision of eastern SRP basalts by the Snake
River or pluvia lake formation in the Bonneville Basin,
may have been contributing factors as well.

DISCUSSION

CRUSTAL DEFORMATION MODEL

In an earlier paper (Rodgers and others, 1990, p.
1,140), we proposed a model of eastern SRP deforma-
tion that emphasized extension and the role of a mantle
plume:

East of the locus of volcanism, the crust extended

by normal faulting at shallow levels and ductile

attenuation at depth. Sedimentary basins formed
and were filled by horst-derived clastic detritus.
Basins east-northeast of the locus of volcanism
were progressively obliterated as the continent
drifted over the plume, but basins north or south
of the path of vol canismwere preserved. Over the
plume, the crust extended by normal faulting at
very shallow level sand magma injection at depth.
North and south of the plume, the crust continued
to extend by faulting and ductile attenuation, re-
sulting in basinsfilled with plume-derived volcanic
detritus. West of the plume, minor extensioninthe
volcanic province was accommodated by the in-
jection of basalt dikes and by rare normal faults.
Some revision of thismodel is needed to account for
the space-time patterns of extension and subsidence sum-
marized in this paper and by Pierce and Morgan (1992)
and McQuarrie and Rodgers (1998). As before, defor-
mation is described in relation to transgressing silicic
volcanism (Figure 19). Data and interpretations used to
build the new model are summarized in Figure 20, and
the new model isillustrated in Figure 21 and described
below. The model is predicated on the interpretation that
rocks and structures similar to those beside the eastern
SRPwere formerly present on the eastern SRP, but have
since subsided and been covered by younger volcanic and
sedimentary rocks.

Stage 1 (16-11 Ma)

Intheinitial stage of deformation, the “proto-eastern
SRP’ was characterized by half-graben development.
Basinfill included thin sequences of carbonaterocks, fine-
grained clastic rocks, air-fall tuff and rare basalt that com-
pose the Beaverdam Formation in Goose Creek, the lower
Starlight Formationin Arbon Valley, the Medicine Lodge
beds throughout the northeast margin of the eastern SRP,
and the Teewinot Formation in Jackson Hole. The rocks
accumulated in lacustrine and fluviolacustrine environ-
ments and were flanked by mountains or highlands, as
shown by theuncommonintercalation of pebble conglom-
erate and by regional facies patternsin at least two ba-
sins (Goose Creek and Birch Creek) indicative of Basin
and Range morphology. Sedimentation rates of 50-80 m/
m.y. are interpreted to reflect dow basin subsidence due
to slow rates of extension. Available age constraints (Fig-
ure 9) indicate the basins existed from 16 to 9 Ma over-
all, with basin initiation from 16 to about 11 Ma and an
east-migrating basin cessation from 11 to 9 Ma.

Rocksinthelower Starlight Formation and Medicine
Lodge beds are not areally restricted to individual half
grabens, but they arerestricted to the margins of the east-
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Figure 19. Space-time pattern of rhyolite magmatism and its relation to extension (see Figure 9). The duration of rhyolite magmatism from the
Owyhee Plateau to Yellowstone Plateau is shown, including the following volcanic fields and calderas: McDermitt (M), Juniper Mountain (JM),
Bruneau-Jarbidge (BJ), Twin Falls (TF), Picabo (P), INEL-1 drill hole, Blacktail (B), Blue Creek (BC), Kilgore (K), Huckleberry Ridge (HR),
Henry's Fork (HF), and Yellowstone. The eastward migration of silicic magmatism isafirst-order pattern of the eastern SRP, supported by most data
with the following caveats: (1) well WO-2 on the INEEL was drilled within the inferred caldera of the 6.6 Ma tuff of Blacktail but met a Blacktail
outflow sheet instead of intracalderafill (Hackett and others, 1994); (2) wells INEL-1 and WO-2 intersected thick rhyolite units that were previously
undocumented along the eastern SRP margins (Hackett and others, 1994, M. McCurry, ora commun., 1999) indicating the marginal record is
incomplete here and possibly elsewhere; (3) the 10.2 Matuff of Arbon Valley (from the Picabo caldera) is petrologically distinct (Trimble and Carr,
1976; Kellogg and others, 1994) and perhaps petrogenetically distinct from other eastern SRP rhyolites; and (4) silicic magmatism was widespread
acrossthe central and eastern SRPfrom 8.5-11.5 Ma. Neogene rhyolite magmatism migrated northeast at aconstant rate (Armstrong and others, 1975;
Rodgers and others, 1990) or two constant rates before and after 10 Ma (Pierce and Morgan, 1992). Note that the difference between Pierce and
Morgan’s volcanic migration rate (29 + 5 km/m.y.) and the Basin and Range extension rate (4-6 km/m.y; see Figure 4) is equivalent to the indepen-
dently calculated North America plate migration rate of 22 + 8 km/m.y. (Gripp and Gordan, 1990), evidence in support of a hot-spot origin for the
eastern SRP. Sources of datainclude Bonnichsen (1982), Christiansen (1984), Ekren and others (1982, 1984), Kellogg and others (1994), Morgan and
others (1984), Perkins and others (1995), Pierce and Morgan (1992), Rytuba and McKee (1984), and sources listed in Figure 9.
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ern SRP. In addition, the age and lithol ogies of these two
units are identical at two points (Trail Creek and Howe
Point; Figure 2) on opposite margins. A speculative hy-
pothesisisthat the smaller half-graben basins were inte-
grated across the proto-eastern SRP, and that integration
was due to regional subsidence. Documenting regional

Feature
Late Quaternary Rift Zones

Description

Width and distribution

Extension direction
Extension amount

Narrow, discrete
Broad, diffuse
W to WSW
Unknown

Neogene-Late Quaternary Normal Faults

Cumulative extension
Direction
Amount

Older extension
Amount

Age

Relation to volcanism
Younger extension

Amount

Age

Relation to volcanism

W to WSW
20% (south), 10-15% (north)

Inferred minor

Migrated ENE through time
began 16 to 10 Ma
ended 11 to 9 Ma

Prior to initial silicic eruptions

Inferred major

Migrated ENE through time
began 10 Ma, ongoing today

Migrated outward from SRP

Preceding and beside initial
silicic eruptions

Neogene-Quaternary Rock Subsidence

Amount

Age
Rate
Relation to magmatism

4.5 to 8.5 km

Decreases north to south(?)
Increases near Pleistocene rifts
Began 16-10 Ma, ongoing today
Decreases through time

Coeval and after silicic eruptions
Coeval with midcrustal intrusion
Coeval with basaltic eruptions

Neogene-Quaternary Surface Subsidence

Amount

Age
Relation to volcanism

References:

900 m

Unknown along north margin
Younger than 7.3 Ma

After silicic eruptions

Coeval with basaltic eruptions

Tectonic and Magmatic Evolution of the Snake River Plain Volcanic Province

subsidence during stage 1 would be significant because
it could relate stages 1 and 2: Subsidence wasinduced by
regional dike injection and densification of the crust,
which heated and weakened the lower crust allowing the
upper crust to fail in extension and form minor half gra-
bens. After afew million yearsof dikeinjection, regional

Evidence Reference

—_

Exposed vents and fisures
Exposed and subsurface vents 2
Trend of rift zones

Strike of normal faults

Restored cross sections Figs. 3 & 4;4
Thin, fine-grained clastic and 3
carbonate basin fill
Sedimentation rates of 50-80 m/m.y.
Age of basin fill, south margin Fig. 9
Space-time pattern Fig. 19
Thick, coarse-grained clastic basin fill 3
Sedimentation rates of 100-300 m/m.y.
Age of basin fill, south margin Fig. 9
5,6
Age pattern of rapid tilting of basin fill 7
Space-time pattern Fig.- 19
Crustal flexure, north margin 8
Howe Point unconformity Fig. 7
Subsidence curve Fig. 16
Age-depth relations in INEL-1 drill hole Fig. 15
Subsidence model 8

Pocatello perched pediplain, incised valleys Fig. 17

Age of basin fill below Pocatello terrace 3
Age of rhyolite near Pocatello

(1) Kuntz, 1992; (2) Wetmore and others, 2000; (3) this paper; (4) Janecke, 1993; (5) Rodgers and others, 1990; (6)
Pierce and Morgan, 1992; (7) Anders and others, 1989; (8) McQuarrie and Rodgers, 1998

Figure 20. Summary of Miocene to Quaternary deformation, eastern SRP.
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Stage 1: 16-11 Ma

\\ Inferred Normal Fault
O Sedimentary Basin

°
Twin Falls

‘Q>11
Stage 2: 11-4 Ma

\\ Normal Fault \

O Volcanic Center
O Sedimentary Basin

Minor
Extension

Major
Extension

Stage 3: 4-0 Ma

\\ Normal Fault
O Volcanic Center %
\ .

O Sedimentary Basin

et Major 6

Extension

Figure 21. Schematic maps of the eastern SRP showing the space-time
pattern of extension, subsidence, sedimentation, and volcanism during
deformational stages 1, 2, and 3. The ages (shown in millions of years)
associated with each deformational event are useful approximations,
but because of the transgressive nature of tectonism they may not be
accurate for al locations. Magjor silicic volcanic centers include Twin
Falls (TF), Picabo (P), INEL-1 drill hole (INEL), Heise (H), and
Yellowstone Plateau (Y P). Data and references presented in Figures 9
and 19.

subsidence, and upper crustal extension, partial melting
of the lower crust created silicic meltsthat erupted peri-
odically across the region during stage 2.

Stage 2 (11-4 Ma)

In the second stage of deformation, a major pulse of
extension swept eastward from longitude 115° to its cur-
rent position on the Yellowstone Plateau. The upper crust
extended by normal faulting, and thelower crust presum-
ably extended and thinned by lower crustal flow and dike
injection. Extension is manifested along the eastern SRP
marginsby half grabenswith distinctively thick sequences
of clastic rocks including the upper Starlight Formation
in Raft River Valley, Rockland Valley, Arbon Valley,
Portneuf Valley, and Buckskin Basin. Sedimentation rates
of 100-300 m/m.y. areinterpreted to reflect rapid subsid-
enceand rapid rates of extension. Extension isalso mani-
fested by normal faults in the Blackfoot Mountains, by
rapidly tilted basin fill in Swan Valley, Grand Valley, and
Jackson Hole, and by current patterns of seismicity, el-
evation, and Quaternary faultsin the circum-eastern SRP.
Cumulative extension along the eastern SRP margins,
which decreases slightly from south (20 percent) to north
(10-15 percent), mostly occurred during this event. The
extension rate was 4-6 km/m.y. from 11 to 0 Ma (de-
pending upon how much extension occurred from 16-11
Ma versus 11-0 Ma). As measured along the southern
margin of the eastern SRP, thisextensional event migrated
eastward from 11 to 0 Ma, preceding and beside initial
silicic magmatism at any one place on the eastern SRP
(Rodgers and others, 1990; Pierce and Morgan, 1992).
Based only on data from southern Birch Creek Valley
(Figure 7; Rodgers and Anders, 1990), extension was
coeval aong the north margin.

The eastern SRP experienced significant rock sub-
sidence with respect to the adjacent Basin and Range. At
least 4.5 km total subsidence occurred near the north
margin and was accommodated by a narrow zone of
crustal flexure and northeast-striking normal faults. Rock
subsidence along the southern margin has not been stud-
ied, although northeast-striking normal faults and
downwarping are widespread there. Regional subsidence
wasdriven by the emplacement of dense mafic dikesand
sillsin the middle crust and accentuated by the accumu-
lation of volcanic and sedimentary rocks on the surface
(Figure 16). Most of the subsidence along the north mar-
gin occurred during or before local silicic magmatism
from 8.5 to 6.0 Ma (Figure 21), evidence that the
midcrustal sill formed during or before the pulse of si-
licic magmatism.

Silicic volcanism and thermal expansion may have
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created a (migrating?) topographic highland, similar to
the modern Yellowstone Plateau, across some of the east-
ern SRP (Fritz and Sears, 1993), but more paleocurrent
data from marginal half-graben basin fill are needed to
document this. East of and beside silicic volcanism on
the plain, half grabensthat formed during the extensional
pulse probably created arugged Basin and Range topog-
raphy characterized by north-trending valleys and moun-
tains. However, the rugged landscape experienced trun-
cation and filling near the end of Stage 2 as shown by the
presence of aregional pediplain across mature half gra-
bens in the northern Bannock Range.

Stage 3 (4-0 Ma)

Inthethird stage of deformation, the eastern SRP has
experienced dike injection, rock subsidence, and surface
subsidence. Extension viaupper crustal dikeinjection has
occurred beneath volcanic rift zones (Rodgers and oth-
ers, 1990; Hackett and others, 1996). Exposed rift zones
are rather sharply defined (Kuntz and others, 1992), but
the distribution of late Pleistocene subsurface vents is
more diffuse (Hughes and others, this volume). The di-
rection of extension changeswithin the southeastern half
of the eastern SRP: ranges south of here trend north,
whereasvolcanic rift zones north of heretrend northwest,
and the Great Rift itself bendsin thisregion (Pierce and
Morgan, 1992, and references therein). The amount of
extension shows a similar pattern of change. The south-
eastern edge of the eastern SRP appearsto bethelocus of
lowest strain, with extension increasing gradually and
symmetrically away to the arcuate zones of seismicity,
high topography, and active Quaternary faults docu-
mented by Anders and others (1989) and Pierce and
Morgan (1992). Indeed, calculations suggest that the
amount of strain via dike injection on the plain is the
same order of magnitude as that accommodated by nor-
mal faults north of the plain (Parsons and others, 1998).

Rock subsidence has continued during stage 3, but
the amount and rate of subsidence (about 1,000 min 4
m.y.) have been significantly less than that during stage
2. Quaternary subsidence isindicated along the northern
margin of the plain where flexure contours define a pat-
tern of reentrants that coincide with late Quaternary vol-
canic rift zones (Figure 12), and along the south margin
where the Pleistocene Raft Formation is gently tilted
northward (Houser, 1992). Cumulative rock subsidence
has been at least 4.5 km, evidence of a midcrustal dike
and sill complex at least 17 km thick. Asin stage 2, sub-
sidence during stage 3 has been accommodated at deeper
levels by the ductile flow of lower crust to the Basin and
Range from the eastern SRP.

Surface subsidence and the emplacement of basalt
lava flows have created the modern eastern SRP during
stage 3. Surface subsidence is manifested by down-
warping of rocksalong both margins of the plain, by axial
drainage throughout the region, by as much as 900 m of
incision of aperched pediplain near Pocatello, by drain-
agereversalsof streamstributary to the Snake River, and
by theodolite surveys of the modern surface (Reilinger
and others, 1977). The age of surface subsidenceisonly
known to beyounger than 7.3 Ma, although further study
may significantly improve the constraints. Basalt thins
and the plain increasesin el evation to the east (Brott and
others, 1981), evidence of an eastward migration of ba-
salt volcanism and subsidence during stage 3.

CRITIQUE OF TECTONIC MODELS

The revised deformation model can be used to test
various tectonic models for the origin of the province.
Tectonic models for the origin and development of the
SRP-Yellowstone system include a propagating rift
(Hamilton, 1987; 1989), a crustal flaw (Eaton and oth-
ers, 1978), a transform fault (Christiansen and McKee,
1978), an origin by meteorite impact (Alt and others,
1988), a hot-spot track (Morgan, 1972; Suppe and oth-
ers, 1975; Pierce and Morgan, 1992, and references
therein), and a self-propagating convective melt (Saltzer
and Humphreys, 1997). All but the last model were cri-
tiqued in detail by Pierce and Morgan (1992), who con-
cluded that a two-phase hot-spot model was uniquely
supported by most of the magmatic, deformational, geo-
physical, and sedimentary data. Without repeating the
discussion of Pierce and Morgan (1992), what followsis
abrief critique of the tectonic models (except the crustal
flaw and meteorite impact models, for which we have no
relevant data) based upon the space-time relations de-
scribed in this paper.

Eastward-Propagating Rift

We have found no faults that accommodated
downfaulting of the eastern SRP, nor have we observed
northeast-striking dikeswhile mapping along itsmargins.
Flexure along its margins is similar to monoclines that
border a few rifts (Sengor, 1995), but flexure is inter-
preted to reflect vertical subsidence of the eastern SRP
without horizontal (NW-SE) extension. In a few locali-
ties, we have documented mutual cross-cutting relations
between Basin and Range faults and flexure-rel ated nor-
mal faults, indicating NE-SW extension and crustal flex-
ure occurred synchronously. Eastern SRP-parallel nor-
mal faultsin the adjacent Basin and Range Province show
only minor offset and areinterpreted to be aconsequence



Rodgers and others—Extension and Subsidence of the Eastern Snake River Plain 149

of crustal flexure (Zentner, 1988), not regional NW-SE
extension. Overall, the structural data of the region pro-
vide little support for interpreting the eastern SRP as an
eastward-propagating extensiona rift (Hamilton, 1987,
1989).

Transform Fault at the
Northern End of the Basin and Range

Nowhere along the margins of the eastern SRP have
we or others identified eastern SRP-paralel strike-slip
faults, orographic bending, or minor pull-apart basinsthat
would indicate lateral offset of the crust (see discussion
in Pierce and Morgan, 1992). The amount of Basin and
Range extension diminishes slightly to the north, and the
direction changes by 30 degrees, but these are small dif-
ferences that do not require a transform system. Crustal
flexure has affected both margins of the eastern SRP:
documented flexure on the north side appears greater than
the estimated flexure on the south side, but againthe small
differencein kinematics doesnot require atransform sys-
tem. Further work is needed to document the inception
of Basin and Range faulting on the north side of the east-
ern SRPand to seek a significant age difference between
initial extension on the north and south, but the available
dataare in favor of abroadly symmetrical pattern of ex-
tension and subsidence through time.

Mantle Plume or
Self-Propagating Convective Instability

Much of the history outlined in this paper is compat-
iblewith previously proposed model sthat the eastern SRP
marksthe passage of North Americaover amantle plume
(Pierceand Morgan, 1992, and referencestherein) or self-
propagating convective instability (Saltzer and
Humphreys, 1997), now located beneath the Yellowstone
Plateau. In particular, these models are well-supported
by the space-time patterns of extension, subsidence, and
tectonic geomorphology manifested during stages 2 and
3 of the deformation model presented above. The models
differ from one another in mantle dynamics and kine-
matics: the plume model incorporates a deep mantle
source, whereastheinstability model involveslengthwise
convection cells in the asthenospheric mantle that are
instigated by lithospheric shear (Saltzer and Humphreys,
1997). However, the models as currently conceived are
indistinguishablein crustal dynamicsand kinematics: the
crust of the eastern SRP, Yellowstone Plateau, and adja-
cent Basin and Range would host the same deformational
processes and experience the same deformational history
in either case.

We conclude by emphasizing that whatever tectonic
model isultimately chosen for the eastern SRP, that model
must incorporate crustal deformation before silicic vol-
canism. Half-graben normal faulting occurred in front of
and prior to silicic volcanism in any one location. Re-
gional rock and surface subsidence may have preceded
silicic volcanism as well, although more evidence is
needed to document this process. The leading edge of
the migrating Yellowstone system was manifested on the
surface by crustal extension and basin formation, and
possibly by mafic plutonism at depth.

SUGGESTIONS FOR FUTURE WORK

The deformational model outlined in this paper is
supported by evidence of the style, kinematics, and tim-
ing of extension and subsidence observed in isolated
places along the margins of the eastern SRP. The model
should be tested and revised by completing similar stud-
ies in many more places along the margins. Some sug-
gestions include:

(1) Determine the ages of initial and rapid extension
along the north margin of the eastern SRP by describing
and dating half-graben basin fill in several locations and
by measuring the angular unconformities between dif-
ferent units.

(2) Estimate the amount of crustal flexure along the
south margin by measuring fold plunges or tilted Miocene
rocks and calculating a best-fit flexural curve.

(3) Estimate therate of crustal flexure along the north
and south margins by measuring the angularity across
unconformitiesin differentially flexed Neogene rocks.

(4) Document the age and amount of surface subsid-
ence along the south and north margins wherever appro-
priate erosional surfaces are preserved.

(5) Study the stratigraphy and sedimentology of the
Medicine Lodge beds and lower Starlight Formation to
characterize the tectonic setting of the eastern SRP be-
fore silicic volcanism initiated.

(6) Complete high resolution gravity studies of the
eastern SRP to identify concealed half grabens beneath
the volcanic rocks.

(7) Obtain precise ages on basalt and rhyolite in drill
holes on the eastern SRP to better define age-depth rela-
tions and to document the initial age of voluminous ba-
salt eruptions.

COMMENTS ON RESEARCH
SINCE MANUSCRIPT
ORIGINALLY SUBMITTED

Additional data and interpretations about deforma
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tion near the eastern SRP have been presented since our
paper was written and submitted over five years ago.
Janecke and others (2000) discuss eastern SRP-parallel
normal faults of the northeastern Basin and Range Prov-
ince. Whereas Zentner (1988) documented late Cenozoic
activity on faultswithin 30 km of the eastern SRP, Janecke
and others (2000) identified late Cenozoic movement on
faults farther from the plain. They proposed that crustal
subsidence within the arc of high topography and seis-
micity has induced a secondary strain field, character-
ized by approximately plain-perpendicular extension, that
issuperimposed onthe Basin and Range strain field. This
model is compatible with the one proposed by Zentner
(1988) and discussed in our paper, if two strain fields
exist in association with two wavelengths of crustal flex-
ure. Both strain fieldsinvolve plain-perpendicul ar exten-
sion, but the amount of extension is much smaller than
the amount of plain-parallel “Basin and Range” exten-
sion.

Hough (2001) addresses the age and rate of crustal
flexure in the Lidy Hot Springs region (Figure 2) along
the northeastern margin of the eastern SRP. He measured
the plunges of six map-scale fold hinges in Paleozoic
rocksand used theseto locate aflexural hingethat roughly
parallelsthe eastern SRPmargin. Theflexural hinge sepa-
rates horizontal folds (to the north) from folds with 25-
degree southward plunges (to the south), similar to the
oneidentified by McQuarrie and Rodgers (1998). Hough
(2001) found that the M edicine L odge beds, which over-
lie the folded Paleozoic rocks, have the same orientation
north and south of the flexural hinge, evidence that the
Medicine Lodge beds postdate the flexure recorded by
Paleozoic folds. The Medicine Lodge bedsin thisregion
are undated, but inferred to be middle Miocene (Skipp
and others, 1979), and contain tuff that ischemically simi-
lar to eastern SRP tuffs (Hough, 2001). Hough also rec-
ognized disconformable contacts between Medicine
Lodge bedsand overlying 6.6-6.2 Mavolcanic rocks, and
aminor amount of post-6.2 Ma eastward tilting. Hough
proposed a Neogene history that includes the deposition
of the Medicine Lodge beds at Howe Point (about 16
Ma), an initial pulse of southward flexure everywhere
along the eastern SRP margin (between 16 and 10 Ma
according to Figure 7), the deposition of the Medicine
Lodgebedsat Lidy Hot Springs, the emplacement of 6.6
to 6.2 Ma volcanic rocks everywhere along the eastern
SRPmargin, and the eastward tilting of Lidy Hot Springs
rocks due to Basin and Range faulting. This history
matches that of deformation proposed in our paper and
awalits confirmation by dates on the Medicine L odge beds
at Lidy Hot Springs.

Kuntz and others (2002) analyze exposed structures
of the eastern SRP, including tension cracks, eruptivefis-

sures, conceal ed dikes, and faults. Their mapping shows
that dike systems of the eastern SRP average 20 km long
but may be asmuch as40 km long. They interpreted some
structures, like the Arco rift zone, to represent continua-
tions of normal faults adjacent to the eastern SRP.

The Big Lost trough has recently been defined by
Gedlin and others (2002) and Bestland and others (2002)
as a subbasin of the eastern SRP. With upper Pliocene-
Quaternary rocks as much as 200 m deeper than correla
tive rocks beyond the subbasin, the Big L ost trough pro-
vides evidence of non-uniform subsidence acrossthe east-
ern SRP. The trough is located immediately south of the
Lost River Range, coincident with the greatest amount
of crustal flexure along the eastern SRP margin (Figure
13).

Humphreys and others (2000) propose that
Yellowstone tectonism is intricately related to the pro-
gression of magmatism across the High Lava Plains of
Oregon, because the bilateral symmetry of this broader
tectonic system argues against a simple hotspot origin
for the Yellowstone system. Expanding upon the model
of Saltzer and Humphreys (1997), they proposed that
partial melting beneath these two magmatic tracks has
left aresiduum of uppermost mantle. Thisresiduumwould
block therise of underlying hot, fertile mantlerock, caus-
ing it to be bilaterally deflected to the leading tips of the
two tracks. The larger volume of magma along the
Yellowstone track is attributed in part to greater crustal
extension there than in eastern Oregon. With regard to
the Yellowstone-eastern SRP, thismodel differsfromthe
hotspot model in mantle dynamics but not in crustal dy-
namics, and it is compatible with the deformational pro-
cesses described in this paper.
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